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Arterial hypertension represents a leading cause of cardiovascular morbidity and mortality worldwide, and the identification of effective solutions for treating the early stages of elevated blood pressure (BP) is still a relevant issue for cardiovascular risk prevention. The pathophysiological basis for the occurrence of elevated BP and the onset of arterial hypertension have been widely studied in recent years. In addition, consistent progress in the development of novel, powerful, antihypertensive drugs and their appropriate applications in controlling BP have increased our potential for successfully managing disease states characterized by abnormal blood pressure. However, the mechanisms responsible for the disruption of endogenous mechanisms contributing to the maintenance of BP within a normal range are yet to be fully clarified. Recently, evidence has shown that several natural antioxidants containing active ingredients originating from natural plant extracts, used alone or in combination, may represent a valid solution for counteracting the development of arterial hypertension. In particular, there is evidence to show that natural antioxidants may enhance the viability of endothelial cells undergoing oxidative damage, an effect that could play a crucial role in the pathophysiological events accompanying the early stages of arterial hypertension. The present review aims to reassess the role of oxidative stress on endothelial dysfunction in the onset and progression of arterial hypertension and that of natural antioxidants in covering several unmet needs in the treatment of such diseases.
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1 Introduction

Maintaining normal BP has been shown to significantly decrease the risk of cardiovascular events, including myocardial infarction, stroke, and chronic kidney disease (CKD) (1). The central mechanisms regulating blood pressure, liquid and electrolyte balance, endocrine factors, and local mechanisms that modulate vascular tone have all been implicated in the pathophysiological mechanisms underlying the development of arterial hypertension (2). However, the mechanisms that play a key role in the development of arterial hypertension during the early stages of the disease and their optimal treatment still remain to be clarified. Endothelial cells were shown to be able to generate vasoactive products, radicals, and molecules that enable the maintenance of proper vascular tone, the physiological course of hemostasis, and angiogenesis, thereby contributing to the regulation of endocrine and metabolic functions (3). All of the above are involved in preventing atherosclerosis and thrombosis (4); in particular, evidence shows that nitric oxide (NO) and a healthy endothelium are able to maintain normal BP (5). Hypertension has been shown to be closely associated with an increase in free radicals, which counteracts normal endothelial performance (6). Different therapies are currently used to counteract the onset and progression of hypertension resulting from endothelial dysfunction (7, 8). Nevertheless, approximately 40% of hypertensive patients showed resistance to traditional pharmacological therapies (9–11). This implicates the presence of other molecular pathways, including oxidative stress and inflammation, in hypertension development and progression, suggesting the need to investigate the potential role of natural antioxidants as adjuvants to antihypertensive drugs. For this reason, this review aims to evaluate the potential effect exerted by free radical species generated by the vascular wall on hypertension and, in particular, whether supplementation with natural antioxidants can maintain endothelial health and positively affect blood pressure. In particular, we will describe the key role of nitrosative and oxidative stress in promoting the transition from normal BP to hypertension. Finally, we will conclude with a description of the underlying mechanisms of selected nutraceuticals with antioxidant and antihypertensive activities that were recently assessed in clinical trials.



2 Role of a healthy endothelium in the regulation of blood pressure


2.1 The endothelial cell layer

While until the early 1980s it was believed that the endothelium had a solely passive role in organizing the vascular envelope and managing the selective passage of water and electrolytes alone, it is now known that this tissue performs numerous other vital functions. These involve vascular quiescence, vascular tone and structure regulation, angiogenesis, the control of hemostasis and inflammation, endocrine–metabolic functions, and protection from tissue and ischemic injuries (3, 12). The endothelium is able to release a large variety of molecules, including vasoactive substances, growth factors, adhesion molecules, inflammation mediators, and proteins involved in the hemostatic process, into both the blood and the interstitial space. Taken together, these mechanisms are responsible for endothelial homeostasis and its autocrine activity since they can act at a distance, conferring endocrine activity on the endothelium itself and paracrine activity on nearby cells (13). The balance obtained results in an adequate immune response. Reduced or inadequate vasodilation, on the other hand, will eventually lead to common heart conditions, including hypertension, peripheral vascular disease, coronary artery disease, diabetes, chronic renal failure, or different viral infections (14).



2.2 Role of NO in endothelium-dependent vasodilation

NO is a small molecule with a few seconds of half-life, is involved in cardiac contractility regulation, and is at the forefront of the pathway that regulates blood vessel dilation. It leads to an increase in blood supply with the consequent BP reduction (15). Indeed, NO regulates blood flow supply to the cardiovascular and renal systems. In the first case, NO prevents platelet aggregation, smooth muscle cell proliferation, and leukocyte adhesion. On the renal level, it promotes diuresis and natriuresis (16). In healthy endothelial cells, NO is the reaction product between L-arginine and molecular O2, catalyzed by NO synthase (NOS), which consists of three isoforms: endothelial (eNOS), inducible (iNOS), and neuronal (nNOS). The activity of eNOS is regulated by several partners, such as heat shock protein 90 (HSP90), calmodulin (CaM), eNOS-interacting protein (NOSIP), and caveolin-1 (Cav-1). Studies on Cav-1 knockout mice demonstrated increased levels of eNOS and subsequent vasorelaxation. Indeed, the reduction in caveolin levels attenuates hypertension caused by angiotensin II (Ang II) uptake via the Ang II type I receptor (AT1) at the renal proximal tubule (17). Kleschyov (18) suggests that it is not the free NO that is released by NOS but rather the whole heme–NO complex. Indeed, it has been shown that NO, produced by NOS, through binding with cytosolic heme, forms a complex that triggers the assembly and activation of guanylate cyclase (sGC) (19). Furchgott and Zawadzki (20) demonstrated, for the first time, how the removal of the endothelium from vascular preparations in vitro can prevent Ach-induced vasodilatation, thus proposing CaM as the primum movens of eNOS activation; in fact, CaM could be regulated by intracellular calcium flux modifications and mobilization. Furthermore, it appears that heat shock protein 90 could play a role in the regulation of CaM sensitivity toward the eNOS enzyme (21).

The posttranslational regulation of eNOS is dependent on protein kinase C (PKC), and during an inflammatory state, it is mediated by Rho-kinase. PKC phosphorylation occurs in all endothelial cells with a negative regulatory significance. In particular, the inhibition of eNOS results from the PKC phosphorylation of Thr495, amplified by the simultaneous dephosphorylation of Ser-1177 (22). eNOS is constitutively expressed in endothelial cells and is mainly located in the Golgi apparatus, peri-nucleus, and caveolae (23). Schlaich et al. (24) showed that the seizure of Arg in intracellular compartments inaccessible to eNOS and the compartmentation of the enzyme within the caveolae can significantly limit NO production. In this study, hypertensive and normotensive subjects who were genetically predisposed to positive hypertension were compared with subjects with a family history of negative hypertension. Both groups were radiomarked with Arg via intra-arterial infusion, and blood venous samples were analyzed. The results obtained showed that the subjects with a family history of negative hypertension were unable to maintain significant intracellular concentrations of Arg. The use of mice with alteration of the eNOS gene stresses the role of this enzyme on vasodilatation. This alteration caused an increase of 20 mmHg in mean pressure if compared with that of wild-type mice in the waking state (15). iNOS results are upregulated during the inflammatory state, which can be induced by LPS stimulation or endogenous cytokine production. iNOS could lead to endothelial dysfunction and, finally, to atherothrombosis. Furthermore, it causes a constant, albeit delayed, release of a significant amount of NO, which triggers apoptosis as a defense mechanism, contributing to the pathogenesis of chronic diseases (25). NO produced via iNOS catalysis results in elevated levels of peroxynitrite, a radical that is harmful to health as it leads to the apoptosis of endothelial cells. Finally, nNOS is involved in astrocyte and neuron neurotransmission (16). It is expressed in the peripheral and central nervous systems and is upregulated in hypertension (26). Once produced, NO spreads to the underlying vascular smooth muscle cells (VSMCs) and activates sGC. These events, through specific cascade activation, lead to calcium efflux prevention from the sarcoplasmic reticulum (SR) and calcium entry into the cell. The final outcome is vasodilatation, since the reduction in calcium concentration prevents the activation of myosin light chain kinase through the calcium–calmodulin complex while upregulating, however, the acitivity of myosin light chain phosphatase (Figure 1) (15).
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FIGURE 1
Mechanisms of NO-mediated vasodilation. NO produced through the degradation reaction of L-arginine into citrulline diffuses from endothelial cells to smooth muscle cells and activates sGC by forming cGMP and PPi. cGMP activates PKG, which stimulates the opening of SERCA and PMCA, enabling the reduction in intracellular calcium concentrations: in the former case, ions enter the interior of the SR, while in the latter case, they escape from the cell. Finally, PKG inhibits IP3r and VDCC, preventing calcium efflux from the SR and ion entry into the cell, respectively. Arg, arginine; VDCC, voltage-dependent calcium channels; PMCA, plasma membrane ATPases; sGC, guanylate cyclase; PPi, inorganic pyrophosphate; PKG, protein kinase G; SERCA, sarcoplasmic calcium ATPases; IP3R, inositol trisphosphate receptors. Created with BioRender.com.




2.3 Other players involved in endothelium-dependent vasodilatation and vasoconstriction

Endothelium-derived contraction factors include Ang II, thrombin, thromboxane A2 (TxA2), O2−, and endothelin 1 (ET-1) (14). The latter is generated by endothelial cells as a result of different stimuli, such as the presence of reactive oxidative species (ROS), inflammation, and adhesion molecules. It induces vasoconstriction by activating ETA and ETB2 receptors on smooth muscle cells, increases calcium concentration in intracellular compartments, and subsequently triggers myosin light chain activation. However, ET-1 binds endothelial membrane ETB1 receptors, activating a signaling cascade leading to the production of NO and PGI2 and, finally, vascular relaxation (27). This different behavior regarding the activity of ET-1 is related to its concentration: reduced levels of ET-1 result in vasodilatation, while increased levels lead to peripheral vascular resistance and high BP. Indeed, ET-1 is actively involved in the arterial remodeling process and causes the thickening of small arteries through hypertrophy. The combination of vascular wall thickness and tone determines the increase in peripheral vascular resistance, which is a distinctive trait of hypertension onset (28). In addition, ET-1 induces inflammation by recruiting and activating immune cells in the bloodstream (29) and by promoting NOX expression in vascular cells. ROS production causes the synthesis and release of inflammatory molecules, including cytokines and adhesion molecules (30). Another important molecule for maintaining BP is the angiotensin-converting enzyme (ACE). Angiotensin, once converted into Ang II, interacts with the AT1 receptor, leading to the synthesis of aldosterone, vasopressin, prolactin, and ROS. In addition, Ang II production induces the release of different molecules (ET-1, adhesion molecules, and growth factors), resulting in sodium and water retention and initiating endothelial impairment. Consequently, this leads to increased vasoconstriction, inflammation, and remodeling of resistant arteries. Moreover, Ang II leads to myocyte hypertrophy, fibrosis, and ultimately hypertension. In contrast, when the same molecule binds Ang II type II (AT2) receptors, the effects produced conflict with the ones described above; they result, in fact, in homeostatic effects and in vasodilation states. However, because Ang II has greater affinity for the first receptor, the corresponding pathway is prevalent, with consequent detrimental effects on BP (31). The spread of SARS-CoV-2 has drawn attention to a second isoform of this enzyme, known as ACE2. ACE2 converts Ang II into Angiotensin 1-7, which interacts with the MAS receptor on endothelial cells, achieving an increase in NO availability, ROS reduction, and positive effects on BP (32).



2.4 Regulation of the endothelium integrity: the role of endothelial glycocalyx on NO bioavailability

Macromolecules can cross the endothelial barrier through cell–cell junctions, diffusion, vesicular transport, endothelial gaps, or through the cells themselves. Moreover, different endothelial cell microstructures are important for the integrity of endothelial cells. Several of these, including proteoglycan core proteins, sialo-glycoproteins, surface glycoproteins, and glycosaminoglycans (GAGs), constitute endothelial glycocalyx and are essential for tissue integrity (14). The relationship between endothelial health and NO availability is significantly influenced by the endothelial glycocalyx, which represents a mediator for NO production itself. The endothelial glycocalyx decay leads to a decrease in NO production by endothelial cells in response to fluid shear stress (33). The glycocalyx is involved in endothelial phenotype preservation and regulates flow-dependent NO production, trans-endothelial permeability, leukocyte adhesion, and passage through the endothelium. Heparan sulfate is the major endothelial GAG and is covalently linked to proteoglycan core proteins: transmembrane syndecans (such as SDC-1) and membrane-bound glypican (GPC-1). Heparan sulfate, together with GPC-1 and SDC-1, is produced and released by endothelial cells following flow alterations. In particular, GPC-1 is located within the caveolae, where it interacts with eNOS and other flux-regulated signaling molecules (34). eNOS expression is regulated by the glycosaminoglycan heparan sulfate and the proteoglycan core protein glypican-1. Ebong et al. (34) demonstrated that the knockdown of GPC1 in bovine aortic endothelial cells, and a minor one in SDC-1, leads to the inhibition of shear-induced eNOS phosphorylation. Specifically, since phosphorylated eNOS levels remain elevated after only SDC-1 knockdown, the inhibition is due to GPC-1 suppression. These data are confirmed by the study conducted by Bartosch and colleagues (33). They demonstrated, for the first time, the NO production by specific glycocalyx structures. In particular, they used antibody-functionalized atomic force microscopy probes on both GPC-1 and SDC-1 for 10 min, showing that NO levels were increased in the former case. Therefore, it is possible to consider GPC-1 as the main regulator of the flux-induced eNOS phosphorylation, and there is a need to identify treatments for the maintenance of GPC-1 in the glycocalyx, a structure that is often underestimated but represents an important contribution to endothelial health. Under conditions of intact glycocalyx, regular flow, and elevated physiological shear stress, endothelial permeability appears to be reduced. On the other hand, the latter increases when the flow is altered, with decreased physiological shear stress and a low component of heparan sulfate and sialic acids (34). Salt overload can lead to glycocalyx degradation and consequent endothelial dysfunction; the glycocalyx buffering capacity decreases, the amount of sodium able to reach the endothelial cells increases, as well as the adhesion forces between endothelial surfaces and monocytes, resulting in vascular inflammation (35). Other stimuli may cause acute and chronic alterations in endothelium permeability, such as the vascular endothelial growth factor (VEGF), thrombin, and histamine release, as well as acute inflammation regulators such as tumor necrosis factor-α (TNF-α) and interleukin 1b (IL-1b). Excessive endothelial permeability and increased Ang II levels can arise from high levels of inflammation and oxidative stress, leading to the reduced availability of NO and the disruption of proteins involved in adherens junctions, tight junctions, and gap junctions (36). RNS and ROS are able to break the glycocalyx GAGs, resulting in modifications of the saccharide residues. Hydrolytic cleavage leads to unstable constituents obtaining, thus, polysaccharide fragmentation (37). Furthermore, sepsis status leads to pro-oxidant events, where ROS production is increased by leukocytes and endothelial cells. Overall, these factors induce glycocalyx deterioration, increased permeability, and endothelial dysfunction (38). Oxidative stress actively participates in the alteration of the glycocalyx. ROS cause a decrease in tissue inhibitors of metalloproteinases (TIMPs), thus resulting in high levels of metalloproteases (MMPs). These enzymes cleave the syndecan core protein, resulting in the alteration of the vascular walls, inflammation, and thrombosis. Hyaluronidase degrades hyaluronic acid, the byproducts of which enable ROS production. A vicious circle is therefore created as the latter depolymerizes the hyaluronic acid itself. Finally, heparanase cleaves the heparan sulfate side chains; this decreases extracellular SOD, the overexpression of which attenuates that of heparanase. This suggests that the preventive antioxidant strategy is functional to obviate the degradation of the glycocalyx (39). In addition, several studies highlighted the interdependent activity of glycocalyx and epithelial Na+ channels (ENaC). In particular, recent experimental data showed that the physical connection (based on N-glycans attached to glycosylated asparagines of α-ENaC) between glycocalyx and ENaC plays a crucial role in shear stress sensing; thus, specific N-glycan removal is able to downregulate the shear stress response. Another experimental study demonstrated the blood pressure increase in animals transduced with an endothelial-specific viral transduction of α-ENaC, while an attenuation of blood pressure increase has been observed in animals transduced with α-ENaC versions lacking N-glycans (40).



2.5 Exosome's role in endothelial function

Exosomes are small vesicles that play an important role in the endothelial tissue, allowing intercellular communication and contributing to different physiological processes. Indeed, cells secrete exosomes, which transport bioactive molecules such as nucleic acids (DNA, RNA, mRNA, miRNA), as well as proteins, cytokines, and lipids (41). In endothelial tissue, exosomes act as messengers, transporting these bioactive molecules to neighboring or distant cells, immune cells, or smooth muscle cells, thereby influencing cellular functions. Exosomes contribute to the regulation of the inflammation state, vascular permeability, angiogenesis, and vascular homeostasis (42). Therefore, in addition to their role in intercellular communication, they may represent diagnostic markers and potential therapeutic targets for endothelium-related disorders such as cardiovascular disease, inflammation-driven conditions, and vascular dysfunction (43). Exosomes originate by budding on the internal side of the multivesicular body (MVB) membrane, a process mediated by the lipid ceramide or by the endosomal sorting complex required for transport (ESCRT). Vesicles and target cells interact in different ways. Exosomes are released into the extracellular space through the fusion of the cellular membrane and the MVB. Following this stage, the vesicles subsequently deliver their contents through a new process of fusion with the target cell via phagocytosis, endocytosis, or pinocytosis. Fusion depends on the lipid composition of the vesicle membrane, and phosphatidylserine appears to contribute to this process (44). Moreover, the vesicles could also directly activate the surface receptors of the target cells through bioactive proteins and ligands (45). Through the transfer regulation of bioactive molecules, exosomes significantly contribute to the modulation of endothelial inflammatory processes, thereby affecting vascular function and the pathogenesis of inflammatory conditions related to endothelial dysfunction (Figure 2) (46).
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FIGURE 2
Exosomes are essential vesicles for communication among nearby or far-off cells. They are involved in inflammation control, vascular permeability, new blood vessel formation, and maintaining vascular balance. MVB, multivesicular body.


Extracellular vesicles are involved in endothelial health preservation, contributing to both advantageous and disadvantageous processes. In particular, they play a role in vascular protection by reducing endothelial cell apoptosis through the p38 inhibition. Also, they promote endothelial repair through SPRED-1 inhibition via mRNA-126. However, extracellular vesicles impair vascular relaxation, decrease NO production by lowering eNOS phosphorylation, boost NADPH activity, and increase oxidative stress (47); in addition, by transferring miRNA-222, exosomes decrease the endothelial expression of ICAM-1 (48). Furthermore, depending on where the vesicles originate, they contribute to inflammation by releasing pro-inflammatory cytokines, transmigration, and monocyte adhesion following the increased expression of adhesion molecules. In fact, exosomes derived from monocytes that transfer inflammatory miRNAs to endothelial cells increase ICAM-1, IL-6, and CCL2 expressions and promote endothelial apoptosis (49). Exosomes secreted by endothelial cells stimulated by shear stress or transduced by KLF-2 contribute to atheroprotection by carrying miRNA 143/145. Those deriving from leukocytes and platelets and containing miRNA-223 penetrate the vascular wall, inhibit the proliferation and migration of VSMCs, and reduce the plaque size. However, unstable plaques are characterized by the large-quantity release of extracellular vesicles from VSMCs, leukocytes, and erythrocytes from the necrotic nucleus. They express surface antigens that induce T-cell proliferation, carry the catalytically active TNF-α converting enzyme, and promote the inflammatory response (46, 50). Lin et al. studied the exosomes’ crucial function on the endothelium, demonstrating that miR-92a, a nucleotide derived from endothelial cells, was able to negatively influence their activity, affecting migration and proliferation. The correlation between this miRNA and the transcription factors KFL-2 and KFL-4 has been highlighted in a balloon injury model and in HCAEC treatment. In particular, it has been observed that KFL-2 is involved in antithrombotic, anti-inflammatory, and antimigratory activities. Chrysin, a type of flavone found in several plants such as Cytisus villosus Pourr., Passiflora caerulea L., Passiflora incarnata L., Hyphaene thebaica L., and Matricaria chamomilla L., as well as in honey and propolis, could contribute to upregulating KLF2, thus decreasing miR-92a secretion from exosomes and improving intercellular communication (51, 52). Further studies demonstrated that the exosomes are involved in the miRNA transport during a myocardial infarction; indeed, once released into circulation, miRNAs are carried to the bone marrow, inactivate CXCR4 present on monocytes and lymphocytes, and boost the circulating bone marrow stem cell production (53). Moreover, exosomes originating from cells derived from the cardiosphere are transported toward macrophages, allowing cardioprotection in cases of acute myocardial infarction (54, 55). Unraveling the multifaceted contributions of exosomes to safeguarding endothelial integrity could lead to the development of innovative interventions aimed at a spectrum of endothelium-associated disorders.




3 Oxidative stress and endothelium damage


3.1 Oxidative stress is a multicompartmental phenomenon originating from different sources

Oxidative stress occurs when there is large-scale production of ROS and/or an underperforming antioxidant system. These processes contribute to the onset of hypertension in animal models. Experimental evidence has shown that the overproduction of oxygen and nitrogen free radicals (RNS) is responsible for endothelial dysregulation. ROS are produced from molecular oxygen; as free radicals, they are characterized by at least one unpaired electron, which causes their high reactivity. Examples of ROS include O2−, hydrogen hyperoxide (H2O2), hydroxyl, peroxyl, and alkoxyl radicals, singlet oxygen, peroxynitrite, ozone, and hypochlorous acid (56). Subjects with hypertension show significantly higher levels of O2− and H2O2 than healthy people. The former is characterized by a short half-life and contributes to vasodilation inactivation. The latter possesses a longer half-life, diffuses more readily, and, in contrast to O2−, acts as a vasodilator (57). The resulting reaction originates from the interaction of a free radical with a non-radical species; therefore, a cascade of reactions is created that leads to the formation of other reactive compounds. As an example, this kind of reaction occurs in the lipid peroxidation mechanism, where reactive radicals attack the lateral chains of fatty acids (58). ROS are primarily produced in the cardiovascular and renal systems, whereas at the cellular level, they are formed by the mitochondria in the respiratory chain and by phagocytic cells through the enzyme nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase, NOX), of which there are several isoforms. VSMCs, endothelial cells, and fibroblasts express NOX-1, NOX-2, NOX-4, and NOX-5 (59). The first two are involved in hypertension onset, as the produced radicals promote inflammation, endothelial dysfunction, lipid peroxidation, increased contractility, and vascular remodeling (56, 59, 60). NOX is stimulated when, under conditions of increased intravascular pressure, there is stretching of VSMCs and endothelial cells, resulting in ROS production. Oxidative stress is implicated in the increase of renin–angiotensin system (RAS) signaling, and the activity of RAS also enhances ROS production. In fact, Ang II is a promoter of oxidative stress; it binds to AT1 receptors and, via G-proteins, activates signaling, in which the secondary messenger, diacylglycerol, contributes to the activation of the phagocytic NOX p47phox, also known as neutrophil cytosol factor 1 (NCF1), a 47 kDa cytosolic subunit (Figure 3) (61). NCF1 with neutrophil cytosol factor 2 (NCF2) and a membrane-bound cytochrome b558 are decisive for NOX activation. In addition, the NCF1 gene interacts with other NOX subunits with significant roles in innate immunity, produces ROS, reduces the gravity and duration of infections and autoimmune diseases, and is involved in T-cell activation. On the cellular level, oxidative damage subsequently occurs, leading to endothelial dysfunction and, thus, hypertension (62). In addition, other factors contribute to ROS-dependent hypertension, such as salt, growth factors, ET-1, immune factors, and aldosterone. Binding to mineralocorticoid receptors, specifically, increases ROS production in endothelial cells and in VSMCs through non-genomic and genomic pathways, activating both NOX1 and NOX4. In fact, signaling of the AT1 receptor is involved in aldosterone-induced oxidative stress, and mineralcorticoid receptor inhibition attenuates ROS generation dependent on Ang II, proving the link between both systems. Endothelial ET-1, NOX1, and NOX2 overexpression in mice is associated with oxidative stress and hypertension. Ang II and ET-1, via G-protein-coupled receptors, activate growth factor receptors including IGF-1, PDGF, and EGF, thereby increasing redox-dependent vascular processes such as vascular remodeling, inflammation, medial hypertrophy, and fibrosis (63). Other cellular sources of endogenous ROS include the endoplasmic reticulum (ER) and peroxisomes (64, 65). However, air pollutants, radiation, and xenobiotics also represent essential sources of ROS (66).
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FIGURE 3
Overproduction of free radicals is responsible and originates from several sources. There is a two-way relationship between ROS production and RAS activation; the Ang II produced activates AT1 (Gq) receptors, which, downstream of the pathway, through the action of DAG, predicts the activation of p47phox, a subunit of NOX, which is also capable of activating the enzyme. ROS, reactive oxygen species; RAS, renin–angiotensin system; AT1, Ang II type 1 receptors; PLC, phospholipase C; PIP2, phosphatidylinositol-4,5-diphosphate; DAG, diacylglycerol; IP3, inositol 1,4,5-trisphosphate; PKC, protein kinase C. Created with BioRender.com.




3.2 The antioxidants in the endothelial barrier protection

Antioxidants are substances that prevent, decrease, and repair damage caused by ROS. They are able to inhibit the production of radicals in cells and facilitate their removal, thereby repairing the oxidative damage. The antioxidants can originate from endogenous sources, such as superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase, or they can be derived from foods (56). The establishment of elevated pressure, in addition to the aforementioned causes, is caused by an imbalance between the free radical production and the insufficient ability to counteract their damage using antioxidants (67). Thus, the lack of balance between the antioxidant enzyme activity and the pro-oxidant system results in an excessive increase in oxidative stress that, in turn, results in the manifestation of a dysfunctional endothelium. In this regard, Brunelli et al. (68) demonstrated that at a level of 150 mmHg, reactive oxygen metabolite values remained constant while antioxidant capacity decreased. The reduced antioxidant levels can lead to vascular endothelial cell damage, and in conditions such as preeclampsia during pregnancy, for example, the defensive ability of the total plasma antioxidant barrier is unable to overcome oxidative stress. In a meta-analysis conducted by Taravati and Tohidi (69), it was observed that in pregnant women with preeclampsia, the level of the lipid peroxidation product, malondialdehyde (MDA), was heightened compared with that with a normal pregnancy. The isoforms of SOD prevent excessive generation of ROS at the level of respiratory chain complexes I and III in the mitochondria and also protect against the pathological reduction in NO levels (70). Vascular endothelial cells possess a smaller number of mitochondria, but endothelial dysfunction is still associated with oxidative stress originating from the mitochondria (71). Indeed, the mitochondria influence vascular function through various mechanisms, such as heightened ROS production in the bloodstream and aldehyde dehydrogenase (ALDH) deficiency. In particular, ALDH-2 is a crucial factor for the physiological maintenance of endothelial cells and mitochondria due to its double role in the detoxification of xenobiotics or reactive aliphatic aldehydes and the bioactivation of organic nitrates. Lipid peroxidation and consequent toxic aldehydes are harmful to the inner mitochondrial membrane, as they result in mtDNA damage, apoptosis, mitochondrial permeability, and an impaired electron transport chain (ETC). Therefore, ALDH deficiency is correlated with increased mitochondrial ROS and vascular dysfunction (72).



3.3 Relationship between oxidative stress and inflammation, both causes of arterial hypertension

The mitochondria produce an important rate of ROS in the ETC during oxidative phosphorylation and through oxidant enzymes associated with ROS systems in other cellular organelles that act as signaling agents in processes such as inflammation or cell death (56). There is a relationship between the increase in pro-inflammatory cytokines produced by blood cells and the amount of mitochondrial-derived ROS (mtROS), as well as the NLRP3 inflammasome activation and the overproduction of cytokines themselves. This leads to the subsequent accumulation of compromised mitochondria, which drives to the production of ROS in greater quantities. Inflammasomes cause greater permeability to pass H2O2 through the mitochondrial membrane as it becomes more permeable. Once it reaches the cytoplasmic compartment, H2O2 contributes to activating the inflammatory cells and triggering the pro-inflammatory pathways (56). ET-1, through the stimulation of its receptor, mediates inflammation and oxidative stress. The inhibition of this receptor has proven to be an efficacious method for the elimination of inflammatory cells (56). In addition, ROS influence inflammatory processes through the formation of extracellular neutrophil traps (NETs); they also regulate the modulation of transcription factors involved in inflammatory pathways, such as nuclear factor erythroid factor 2-related 2 (Nrf2) and nuclear factor-kappa B (NF-kB). Furthermore, ROS decrease the levels of inflammatory mediators such as DAMP and S100 (73). Thus, the oxidative stress and inflammation pathways synergize and interpenetrate with each other (Figure 4) (74).
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FIGURE 4
Components contributing to the elevation of BP include oxidative stress and inflammation. One follows the other through the relationship between mtROS, the activation of NLRP3 and subsequent accumulation of damaged mitochondria, the H2O2 passage from the mitochondrion to the cytoplasm, and the inflammatory cells activation. Created with BioRender.com.


Different studies showed that microbiota alteration can influence inflammation and substance production, which, if not balanced, could cause endothelium damage and increase arterial stiffness and blood pressure (75). Intermittent fasting, alternating eating periods with fasting periods, influences the microbiota’s composition and activity, indirectly impacting hypertension. This cyclical diet leads to the remodeling of the intestinal microbiota, thereby promoting the growth of beneficial bacteria that produce metabolites such as short-chain fatty acids (SCFA), decreasing systemic inflammation, and enhancing metabolic health (76). Furthermore, the caloric restriction resulting from the intermittent fasting practice leads to weight loss, adipose tissue reduction, better regulation of adipokine secretion, and therefore better insulin sensitivity (77). This interconnection suggests that diet may affect cardiovascular health through changes in gut microbiota and metabolite production; future research is essential to assume the underlying mechanisms.




4 From eNOS uncoupling to hypertension: several molecular mechanisms contribute to the pathology establishment

The altered NO production may be involved in the essential hypertension pathogenesis, as human studies showed that an increase in the mean diurnal BP corresponded with a reduced urinary excretion of nitrate, an index of endogenous NO generation. In fact, in patients with untreated essential hypertension, nitrate excretion was lower than that in healthy subjects (15). Among the mechanisms responsible for NO deficiency in hypertension is its destruction by O2−. By reacting with the NO molecule, O2− produces peroxynitrite, which interacts with the amino acid tyrosine and, through a nitration reaction, forms nitrotyrosine, an indicator of nitration levels in patients (78). Several enzyme systems produce ROS. Specifically, O2− is produced by NOS, uncoupled eNOS, xanthine oxidase, cyclo-oxygenase (COX), and the enzyme of the mitochondrial respiratory chain (79). Under pathological conditions, NOX is the main cause of the ROS increase, thus leading to a decrease in BH4; consequently, the electrons are not transported to the N-terminal oxygenase domain of either eNOS monomer. As a result, BH4 no longer performs its role as a cofactor, promoting the normal dimerization of eNOS (80). Among ROS, peroxynitrite is mainly responsible for the oxidation of both BH4 and BH2. The latter competes with the former for interaction with eNOS. It does not act as a cofactor itself but causes the enzyme to uncouple (81). The BH4 oxidation by peroxynitrite induces the eNOS uncoupling, which leads to the O2− production rather than NO. Various potential factors could lead to eNOS uncoupling: arginine deficiency, protein–protein interaction other than phosphorylation, S-glutathionylation, or acetylation of eNOS. Cigarette smoking is one factor that triggers the acytelation reaction. This causes oxidative stress, accompanied by a decrease in silent information regulatory protein 1 (SIRT1), acetylation of eNOS, and a reduction in NO levels (82). The altered L-arginine/NO pathway also contributes to NO deficiency in hypertension, and a wealth of data attests to the association between L-arginine and the essential hypertension onset (24). In fact, L-arginine transport appears altered in both normotensive and hypertensive patients with a predisposition to essential hypertension for a genetic reason. Furthermore, the offspring of patients with essential hypertension have a reduced capacity to respond to ACH stimuli due to a defect in the NO pathway. The supplementation of L-arginine improves endothelial dysfunction in hypertension (26). In the study conducted by Kimura et al., (83), hypertensive rats characterized by a decreased renal mass demonstrated a reduced NO-mediated relaxation, thus confirming the link to an abnormality at the level of the arterial endothelium. In a study conducted on Dahl hypertensive rats treated with high amounts of salt, in the mesenteric arterioles, the expression of eNOS mRNA was downregulated (84). One of the most well-studied experimental models of hypertension induction in rats, which was first developed by Selye (85) in 1943, involved the administration of deoxycorticosterone acetate (DOCA) and 1% NaCl for 7 weeks. This model has been shown to cause eNOS dysfunction and elevate blood pressure by up to 187–130 mmHg, as compared to the 110–80 mmHg observed in control rats. A study conducted on DOCA salt hypertensive mice has shown decreased levels of the limiting enzyme of the sepiapterin conversion to BH4, sepiapterin reductase (SPR), in aortic endothelial cells compared with the endothelium-denuded aortic ones. This demonstrated an SPR-specific deficiency for endothelium (86). In addition, in hypertensive rats treated with DOCA, the phosphorylation of eNOS in the mesenteric arterioles was downregulated, leading to a decrease in the NO/cGMP pathway at the level of the mesenteric arteries (87).



5 Hypertension treatment: old friends and new players


5.1 Overview of antihypertensive therapies

In clinical practice, the role of antihypertensive drugs that serve to improve endothelial dysfunction is crucial and enacted through multiple mechanisms, such as counteracting aortic stiffness, oxidative stress, inflammation, EndoMT, and altered vascular tone (88). The pharmacological treatment of arterial hypertension involves possible actions on different pivotal points that, in their own ways, result in the elevation of blood pressure; the mechanisms exploited involve interventions on the RAS system [angiotensin-converting enzyme inhibitors (ACEIs), angiotensin II receptor blockers (ARBs)], vasodilation induced by direct vasodilators [calcium channel blockers (CCBs) such as dihydropyridine], the reduction in atrioventricular conduction (beta-blockers, CCBs such as phenylalkylamine, benzothiazepine), or diuretic actions capable of reducing electrolyte levels, particularly Na+ (including loop diuretics, thiazides, and potassium sparing). To induce additive pressure lowering, the current monotherapy is usually combined with a second agent that can block compensatory responses to the initial one, and this drug is represented by the low-dose thiazide diuretic (89). The drug categories that result in the lowering of BP due to the improvement of endothelial function include angiotensin II receptor blockers and angiotensin-converting enzyme inhibitors, confirming that Ang II is responsible for endothelial dysfunction. In fact, the binding of AT1 receptors increases SOD and plasminogen activator inhibitor (PAI-1) production, inflammation, vascular permeability, and sympathetic tone. Ang II also causes aldosterone secretion, sodium and water retention, myocyte hypertrophy, and fibrosis (90). The tight relationship between endothelial dysfunction and hypertension represents a precursor of small vessel disease at the vital organ levels, which include the heart, kidneys, and brain. This supports the hypothesis that endothelial dysfunction has an important impact on the process of systemic vascular remodeling initiated by hypertension and, in general, by other cardiovascular risk factors (91). Mineralocorticoid receptor antagonists (MRAs) are recommended for the management of resistant hypertension. The mineralocorticoid receptor (MR) stimulates ROS formation in endothelial cells and reduces NO production and availability; furthermore, aldosterone potentiates the signaling processes of Ang II in VSMCs. The association of MR block and ACE inhibition in heart failure allows for a decrease in ROS production and the improvement of both endothelial function and left ventricle remodeling (92). Among the drug categories of interest, CCBs have been shown to have pleiotropic effects able to improve endothelial function and reduce central aortic pressure (93). However, the effects of these drugs are not directly related to their well-known mechanism of action but rather to a secondary mechanism that involves the reduction of ET-1, C-reactive protein (CRP), and the production of monocyte chemoattractant protein-1 (MCP-1). Third-generation beta-blockers, such as nebivolol, characterized by dual actions on β and α receptors, also enhance endothelial function through NO-dependent vasodilatation and antioxidant effects. In addition, ET-1 receptor antagonists are attracting growing interest for the prevention of vascular remodeling, endothelial dysfunction, and possible organ damage that may occur in hypertensive disease (94). The use of combinations of multiple fixed-dose antihypertensive drugs also improves patient compliance by eliminating issues related to forgetfulness or difficulty taking multiple tablets each day, thus allowing the therapeutic target to be finally reached. Drug combinations with similar action mechanisms or clinical effects should be avoided, as should the use of two drugs that target the same BP control system; in fact, these will be less effective and harmful if used concomitantly, as may be the case for the combination of ACE inhibitors and sartans, which can increase the risks of cardiovascular and renal problems. However, a combination of K-sparing diuretics such as amiloride and thiazide results in an equivalent CCB treatment and causes fewer side effects than thiazide alone (glucose intolerance and hypokalemia). The concomitant use of different classes of diuretics (such as thiazide, K-sparing diuretics, and/or loop diuretics) and CCBs (such as dihydropyridine and non-dihydropyridine) may be combined. Other associations with benefit are ACEIs and CCBs and ARBs or ACEIs and diuretics. The use of ACEIs and CCBs, or ARBs and diuretics, has proved more efficient than the beta-blocker with diuretics, a therapy that could result in diabetes in susceptible individuals (7, 8). Figure 4 represents an overview of antihypertensive therapies (Figure 5).
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FIGURE 5
Pharmacological treatments of hypertension. Therapeutic treatment involves actions on multiple targets: on the RAS system by acting on the Ang-converting enzyme in order to reduce its level or by blocking AT1 receptors; on vessels via direct vasodilation; and on atrioventricular conduction or diuresis, thus reducing electrolyte levels. ACEIs, ACE inhibitors; ARBs, Ang II receptor blockers; CCBs, calcium channel blockers; ET-1, endothelin-1; IL-8, interleukin-8; MCP-1, monocyte chemoattractant protein-1; CRP, C-reactive protein; PAI-1, plasminogen activator inhibitor-1. Created with BioRender.com.




5.2 Nutraceuticals: natural antioxidants and valid aids for hypertension treatment

In recent years, nutraceuticals and functional foods have increasingly been incorporated into adjunctive therapies for treating various cardiovascular disorders. Specifically, nutraceuticals consist of concentrated forms of bioactive substances obtained by foods, which are used at dosages above those obtainable from them (95). Based on current guidelines, depending on the lipid profile and the associated cardiovascular risk of the patient, a correct strategy must be adopted for that specific group of patients (96, 97). In those already treated, a combined therapy is used, and the non-pharmacological treatment is always associated with lifestyle modification. This is recommended for all types of patients, while lipid-lowering agents are recommended only under certain conditions, as taken from the 2019 ESC/EAS guidelines on dyslipidemia treatment (98). Nutraceuticals and functional foods have beneficial effects that help in achieving therapeutic targets regarding total cholesterol concentration. Natural products, in fact, improve not only the lipid profile but also insulin resistance, glucose concentration, inflammation, oxidative stress, vascular stiffness, and blood pressure. They are safe products, assuming that the production quality is guaranteed as well as the absence of additives and impurities, such as the presence of citrinin in red rice. Due to the growing attention regarding the properties of nutraceuticals, we can talk about nutrivigilance, thanks to the efforts of experts and manufacturers who have improved the monitoring, safety, and reporting process of any side effects (96). Nutraceuticals can prevent the development of hypertension in prehypertensive patients by avoiding the need for the prescription of blood-pressure-lowering drugs, and they can be used as a supplement for hypertensive patients close to their optimal goal. The use of nutraceuticals has been shown to result in a lower hypertensive status and a decreased risk of cardiovascular disease and metabolic syndrome (89). In fact, several trials have shown that certain flavonoids are useful for the natural treatment of mild hypertension. Among the widely studied and well-known molecules playing this role are coenzyme Q10, melatonin, L-arginine, vitamin C, and omega-3 PUFAs (99), as well as flavonoids from beans, tea, red wine, cocoa (Theobroma cacao L. bean seeds possess more phenolic compounds and higher antioxidant activity) (100), garlic (although it is known to enhance the effects of oral antidiabetic drugs and anticoagulants), extra virgin olive oil, Orthosiphon stamineus Benth., and monacolins of red yeast extract. Carrizzo et al. (101) demonstrated that Morus alba L. extract causes NO-mediated endothelial vasorelaxation through the increased phosphorylation of eNOS. The beneficial activity of Morus alba L. seems to occur through the activation of protein kinase RNA-like ER kinase (PERK) and HSP90, important stress sentinel proteins, and chaperones. In addition, the studies conducted by Badran et al. on ethanolic extracts of Origanum majorana L. and by Anwar and colleagues on Salvia fruticosa Mill. have highlighted the ability to cause vasodilation and relaxation of the thoracic aortic vessels in rats. This occurs through the endothelium-dependent process that activates the PI3-K/eNOS/cGMP phosphoinositide 3-kinase pathway (102, 103). However, this type of treatment needs to be accompanied by a balanced and healthy lifestyle, including exercise, a proper diet, with the most widely recommended option being the Mediterranean diet, and the loss of excess weight. These different contributions effectively reduce cardiometabolic risk factors and the Framingham Risk Score (104). However, although the selective action of antioxidants in counteracting the production of ROS is an interesting therapeutic strategy for the treatment of hypertension, in patients with various cardiovascular risk factors and with probable, however realistic, irreversible oxidative damage, the only antioxidant therapy may not be sufficient to reverse the damage (9).



5.3 Nutraceuticals actives

Polyphenols play a key role in the therapeutic action based on nutraceutical use. These constitute a broad and heterogeneous class of phytochemicals that include flavonoids, stilbenes, phenolic acids, and lignans (105). Polyphenols are produced by herbs as secondary metabolites to protect themselves from the damage caused by oxidative stress, ultraviolet light, and extreme temperatures. As active ingredients in nutraceuticals, polyphenols are primarily involved in the prevention of cardiovascular diseases, which mainly include blood pressure, endothelial function, platelet function, and circulating lipids (106). Their ability to protect against ROS is mainly related to their structure consisting of one or more phenolic groups, which explains the growing and justified interest in the polyphenol role in the prevention of chronic diseases related to oxidative stress (107). Among the aforementioned polyphenols, flavonoids are probably the most representative group. They are low-molecular-weight polyphenolic molecules, mainly consisting of two benzene rings (A and B) bonded together by three carbons and an oxygen atom to form a pyran (C) (Figure 6). Based on the different functional groups acting as accessories to the main scaffold, flavonoids are divided into subfamilies such as flavanones, flavanols, flavonols, flavones, isoflavones, and anthocyanidins, depending on the degrees of oxidation and unsaturation of the oxygenated heterocycle. The flavonoid structure has a key role in their biological functions, such as their cytotoxicity as well as their antioxidant and antiproliferative activities. Again, depending on their structure, they are also able to expose zinc metalloproteinase, as in the case of the ACE enzyme (108).
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FIGURE 6
General structure of flavonoids. The structure is critical for the biological functions performed by flavonoids, such as their cytotoxicity and antioxidant and antiproliferative activities. In fact, according to the different accessory functional groups, these polyphenols are divided into subfamilies (flavanones, flavones, flavonols, isoflavones, flavanols, and anthocyanidins), depending on the degrees of unsaturation and oxidation of the oxygenated heterocycle. Created with BioRender.com.




5.4 A new nutraceutical squad: Citrus bergamia (Risso et Poiteau), Orthosiphon stamineus Benth., Hibiscus sabdariffa L., Berberis aristata L., and Olea europaea L.

The anti-inflammatory and antioxidant properties of main polyphenols from plants such as Citrus bergamia (Risso et Poiteau), Orthosiphon stamineus Benth., Hibiscus sabdariffa L., Berberis aristata L., and Olea europaea L. have been studied. The phytocomplex resulting from this combination, called BergaPress [developed at H&D s.r.l. Bianco (RC)], was analyzed for its polyphenol content: Hibiscus sabdariffa L. contained more than 5%, Orthosiphon stamineus Benth. contained sinensetin at a concentration greater than 0.20%, Berberis aristata L. contained berberine at 87.76%, Olea europaea L. contained oleuropein at 20%, and the bergamot polyphenolic fraction contained neohesperidin (>11%), naringin (>11%), neoeriocitrin (>9%), bruteridin (>2%), and melitidine (>1%) (109). The multiple beneficial properties exerted by a single plant/herb, through the reduction of oxidative stress, the modulation of different molecular pathways, and the regulation of various energy and cellular mechanisms are listed in Table 1.


TABLE 1 Different mechanisms of action exerted by the plant/herb listed below to counteract oxidative stress, inflammatory status, and metabolic and endothelial dysfunctions.
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5.5 Citrus bergamia (Risso et Poiteau)

Bergamot (Citrus bergamia Risso et Poiteau) is an endemic species that grows exclusively on the Ionian coast of Calabria. This fruit is distinguished from other fruits of the genus Citrus by its important composition of glycosides and flavonoids (naringin, neohesperidin, neoeriocitrin, rutin, and poncirin) and particularly high juice content (128). Bergamot reduces hunger sensations and has a strong effect on insulin sensitivity, lipid metabolism, and glucose tolerance. The positive influence of bergamot on cardiovascular health is well documented, mostly due to its anti-inflammatory properties that protect the vascular endothelium from ROS (129). The bergamot essential oil non-volatile fraction (BEO-NVF) has been shown to possess significant antioxidant properties; thus, it is considered promising to prevent endothelial dysfunction, proliferation of smooth muscle cells, and inflammation. The antioxidant effect was tested in a neointima hyperplasia experimental model. Mollace et al. (130) demonstrated that the pretreatment of rats with BEO-NVF reduced neointima formation, ROS generation, oxidized-LDL receptor-1 (LOX-1) expression, and the degree of stenosis caused by prior balloon injury in carotid arteries. Bergamot juice can be concentrated using a patented method based on size-exclusion chromatography, filtration on polystyrene gel, and drying of the eluate to obtain a powder enriched in polyphenols, the bergamot polyphenol fraction (BPF) (109). The use of BPF is of great interest because of its demonstrated antihypertensive, anti-dyslipidemic, and antioxidant activities. Mollace R. et al. (131) performed a study on cyclists in order to evaluate how much BPF Gold [BPF at 48.9% in polyphenols: naringin (>14%), neohesperidin (>13%), neoeriocitrin (>13%), bruteridin (>5%), and melitidine (>2%) developed at H&D s.r.l. Bianco (RC)] supplementation was required to improve serum asymmetric dimethyl-arginine (ADMA) concentrations and NO, EndoPAT vascular indices related to endothelium-dependent vasodilation, and muscle oxidative capacity in athletes. Indeed, it is known that performing high-intensity exercise results in an excessive production of free radicals and increased oxidative stress compared with normal conditions. BPF Golf supplementation for 4 weeks was shown to exert a beneficial effect on endothelium-dependent vasodilation at rest, as serum NO levels were found to be increased compared with the levels prior to supplementation. The underlying mechanisms potentially responsible for the BPF Gold vasoprotective effect include NO production and hepatic fat oxidation in the skeletal muscle. The mechanism underlying the reduction in inflammation and liver fibrosis is based on the inhibition of poly(ADP-ribose) polymerase-1 (PARP1) by BPF. The additional vasoprotective effect of BPF is closely related to its antioxidant properties. It has been revealed to decrease lipid peroxidation biomarkers (TBARS) and MDA, enhance the activity of GPx, SOD, and glutathione S-transferase P1 (GSTP1) enzymes, and inhibit nitrotyrosine levels (132). BPF is able to decrease LOX-1 expression levels, which are highly modulated in the establishment and progression of endothelial dysfunction toward atherosclerosis. The BPF vasoprotective action is also related to the increased phosphorylation of PKB, which provides protection against atherogenic vascular damage (109). Stanzione et al. (133), by means of an interesting study on SHR stroke-prone animals, demonstrated the beneficial action of BPFs. Primary brain endothelial cells were placed in a culture environment and exposed to high saline concentrations (NaCl 20 nM) for 72 h in the presence or absence of BPF. The results obtained showed that BPF is able to inhibit the molecular mechanisms underlying salt-induced endothelial cell damage, confirming that it could be a valuable adjuvant in the treatment of vascular disorders. In fact, in agreement with others, this study found that the supplement of BPF decreases mitochondrial oxidative stress, rescuing mitochondrial function itself, cell viability, and angiogenesis, in contrast to the effects of a high salt concentration.



5.6 Orthosiphon stamineus Benth.

Orthosiphon stamineus (OS) Benth., also known as Misai Kucing, is a medicinal herb in the Lamiaceae family, native to Southeast Asia. It is traditionally known for its use in the treatment of hypertension. Studies have demonstrated that its leaves possess diuretic, antidiabetic, and anticancer effects; renal, gastric, and hepatic protective activities; and antioxidant and anti-inflammatory activities (134). OS leaves contain high levels of phenolic acids, such as rosmarinic acid (RA), and flavonoids, such as eupathrin (EUP), sinensetin (SIN), and 30-hydroxy-5,6,7,40-tetramethoxyflavone (TMF). Due to these properties, OS has been identified as a potential candidate for drugs with ACE inhibitory activity. Indeed, Shafaei et al. (108) evaluated ACE inhibitory activity in vitro using different OS leaf extracts. The study showed that the mechanism of action of flavonoid compounds depends on their ability to bind the zinc ion at the active site of the ACE enzyme, thus inhibiting it. Through docking studies, it was possible to explore the quality and quantity of the bonds that the single molecules were able to create in the enzymatic pocket. It emerged that EUP is able to contribute to the inhibition of the enzyme as it can form seven hydrogen bonds with the active site of the enzyme itself. Other studies have shown that the vasorelaxant activity of the herb is due to SIN. In this regard, Yam et al. (110) used the precontracted aortic ring assay in vitro, demonstrating that the mechanism underlying the SIN vasorelaxant effect involves the NO/sGC/cGMP pathways, potassium and calcium channels, and β-adrenergic and muscarinic receptors.


5.6.1 Evidence of different mechanisms of action of Orthosiphon stamineus Benth.

The antihypertensive activity of OS is due to its vasodilator and diuretic activities, the latter probably due to its binding with the renal adenosine A1 receptor (135). Yam et al. (136) studied the mechanism of action that characterized the therapeutic effect of OS using the chloroform fraction of methanolic extract at 50% OS on the aorta of Sprague Dawley rats. OS was shown to possess multiple mechanisms. The vasodilation effect occurs through the antagonization of aortic ring contraction in both an indirect and endothelium-independent direct manner. In this latter case, the vasodilation effect was far greater than that in the former. The vasorelaxant action of OS extract was reduced via L-NAME, indicating that the NO/cGMP pathway is implicated in the vasorelaxant mechanism of this herb. To evaluate the possible involvement of PGI2, the action of OS was compared with that of indomethacin, a non-selective COX inhibitor. However, the low degree of inhibition demonstrated by the extract suggested that this type of pathway was not primarily involved in the vasodilation process. The underlying mechanism was found to involve other actions on potassium and calcium channels and β-adrenergic and muscarinic receptors. Upon interaction with the receptor, phenylephrine, an adrenergic agonist, produces diacylglycerol, activates PKC, and enables Ca2+ influx through ROCC, the receptor-activated calcium channel. Calcium influx through ROCC and VOCC, voltage-operated calcium channels (137), will cause ion release from the sarcoplasmic reticulum through the activation of IP3 and ryanodine receptors. OS extract leads to a reduction in intracellular calcium levels and subsequent relaxation via ion influx inhibition through VOCC, as the nifedipine action, and reduces vasoconstriction caused by phenylephrine, demonstrating its involvement in IP3 and/or ryanodine receptors. Furthermore, OS induces relaxation, modulating the opening of four potassium channels present in arterial smooth muscle cells: voltage-dependent K+ channels (KV), Ca2+-activated K+ channels (KCa), rectifying K+ channels (Kir), and ATP-sensitive K+ channels (KATP) (138). In agreement with these results, Manshor et al. (111) showed how OS induces vasorelaxant effects through the release of NO from the endothelium by inhibiting the release of intracellular Ca2+ and/or through the blockade of ROCC channels and the involvement of α1-receptors. In addition, in this study, it was found that PGI2 release might not participate in vasodilation; however, in the group treated with methanolic extract, the improvement might have been due to the fact that PGI2 is released continuously, as evidenced by its effects on platelet cAMP. In addition, OS evidently consists of compounds that behave as agonists for muscarinic and beta- adrenergic receptors, since the extract-induced vascular relaxation was affected by the respective antagonists, atropine and propranolol, with which pretreatment was carried out (136). Orthosiphon stamineus Benth., combined with policosanol, berberine, red yeast rice extract, coenzyme Q10, and folic acid, demonstrates potential for controlling blood pressure in those with normal BP, high-normal BP, and grade I hypertension. Through 24-hour ambulatory BP monitoring (ABPM), average reductions of more than 15 mmHg in systolic BP and 10 mmHg in diastolic BP were demonstrated following the administration of the nutraceutical (139).




5.7 Berberis aristata L.

Cultivated and known in the West as Indian Berberis or barberry, Berberis aristata L. is a thorny shrub of the Berberidaceae family. This herb is native to the mountainous areas of India, Nepal, and Sri Lanka. Its roots, used in Ayurvedic and popular Indian medicine, have curative and purifying virtues. The antibacterial, anti-inflammatory, and antioxidant properties of Berberis aristata L. are due to berberine (BBR), an important isoquinoline alkaloid found in many herbs in the genera Berberis and in the Chinese herb Coptis chinensin Franch (140). BBR, used extensively in traditional Chinese medicine, has demonstrated the ability to inhibit the growth of various bacteria, viruses, fungi, protozoa, chlamydia, and helminths. It is also beneficial for cancer, cerebrovascular disease, atherosclerosis, obesity, and respiratory disorders; protects vascular endothelial function; reduces the progression of hypertension; and restores insulin secretion by inhibiting oxidative stress. In SHR rats, BBR was shown to be able to inhibit cholinesterase and decrease BP by directly bonding the M receptor of vascular endothelial cells without dilating the blood vessels (113). It also improves endothelial function by inhibiting ER stress and the expression of NF-kB, Toll-like receptor 4 (TLR4), TNF-α, and myeloid differentiation primary response 88 (Myd88). Tian H. et al. (141) studied how BBR infusion into the paraventricular nucleus (PVN), a relevant site for the central regulation of blood pressure, could inhibit hypertension in two-kidney, one-clamp (2K1C) rats. In the study, BBR was found to decrease sympathetic activity and hypertension via the ROS/Erk1/2/iNOS pathway. On the PVN level, radicals activate the sympathetic system during hypertension via the p44/42 MAPK pathway. ERK1 (p44 MAPK) and ERK2 (p42 MAPK) are activated due to the increased presence of ROS (140). Chronic infusion of berberine into the PVN reduces the expression levels of iNOS, highlighting the close relationship between pressure elevation and increased iNOS expression. BBR has a hypotensive effect through the inhibition of cGMP production and the release of NO and ACE in vascular tissues. It inhibits oxidative stress and decreases the expression of oxidized LDL (oxLDL) and oxidized-LDL lectin-like receptor 1 (140). BBR has an interesting stabilizing effect on the LDL cholesterol receptor (LDLr) on the hepatic cell surface, the same mechanism of action as that of PCSK9 inhibitors. The combination of berberine and monakolina has led to the improvement of BP via flow-mediated dilation in humans (89). BBR improves vascular stiffness and aging via the blockade of transient receptor potential vanilloid 4 (TRPV4) channels and the reduction in intracellular Ca2+ levels in VSMCs (142).



5.8 Hibiscus sabdariffa L.

Hibiscus sabdariffa L. is an herbaceous plant that can be annual or perennial, or a woody-based subshrub, which belongs to the Malvaceae family and is native to Malaysia and India (143). The phytocomplex that characterizes H. sabdariffa L. includes polysaccharides, organic acids, and flavonoids, including anthocyanins such as delphinidin-3-sambubioside, called hibiscina, and cyanidin-3-sambubioside, also known as gossypicianin, which are responsible for the plant vasorelaxant activity (120). The different chemical structures of the polyphenols influence their bioavailability and activity, determining the general hypotensive effect characteristic of H. sabdariffa L. For example, ponidin, cyanidin, catechin, and epicatechin, by means of catechol-O-methyltransferase, generate compounds analogous to apocynin, a vasoactive compound. Furthermore, quercetin derivates, such as 4-methylcatechol (4MC), dihydroxyphenylacetic acid (DHPA), and 3-(3-hydroxyphenyl) propionic acid (3HPPA), demonstrate hypotensive effects when they act simultaneously. The vasodilator action takes place through the metabolites of bioactive compounds at the colonic level, of which 3HPPA is the most effective compound (144). H. sabdariffa L. extract is traditionally used as an antihypertensive agent, as evidenced by several in vivo studies on 2K1C and clinical rats. It has been demonstrated that the antihypertensive action of H. sabdariffa L. extracts used in volunteers is due to the inhibition of the ACE enzyme by the anthocyanins hibiscina and gossypicianin (121). H. sabdariffa L. also has an endothelium-dependent vasodilator effect involving the PI3-kinase/Akt pathway and subsequent NO release (122) and an endothelium-independent effect via the inhibition of Ca2+-channels and the Ca2+–calmodulin complex and activation of potassium channels. Haji Faraji and Haji Tarkhani (123) assessed the effect of H. sabdariffa L. tea on 54 patients with moderate hypertension and, within 12 days, revealed a reduction in BP, with an elevation in BP observed 3 days after stopping the treatment. Other studies conducted by Ali et al. (145) assessed the antihypertensive effects of H. sabdariffa L. and the anthocyanin isolated from it in CKD in Wistar rats by preventing systolic BP elevation following adenine treatment, while Joven et al. (146) evaluated the efficacy of the polyphenolic compound in both SHR rats and patients with metabolic syndrome. Serban et al. (147) analyzed the aqueous extract effect of the HS dried calyx on SHR rats. In addition to reducing systemic blood pressure, it decreased left ventricular mass in a dose-dependent manner and increased the surface area and myocardial capillary length density. Elkafrawy N. et al. (148) studied the synergistic effects of O. europaea L. and H. sabdariffa L. in Egyptian patients with first-degree hypertension. It was found that this composition, at both high and low doses, was able to reduce mean arterial pressure in a manner comparable with the ACE inhibitor captopril.



5.9 Olea europaea L.

Olea europaea L. is a typical fruit tree found in the Mediterranean region and is probably native to Asia Minor. Olive leaves, particularly in Mediterranean countries, are commonly used as a traditional remedy to counteract several diseases. The geographical origin of olive drupes, the cultivar, the ripening stage, the irrigation, and oil extraction conditions influence the concentration of the extract. O. europaea L. leaf extract is rich in monounsaturated fatty acids (MUFAs), particularly oleic acid; 2% of the total weight of the oil unsaponifiable fraction is composed of minor components, which are heterogeneous compounds chemically not related to fatty acids (149). The nutraceutical properties of O. europaea L. are correlated with secoiridoid oleuropein (OL) and derivatives, p-hydroxyphenyl ethanol (also known as tyrosol), and 3,4-dihydroxyphenyl ethanol (or hydroxytyrosol, HT) (150). Olive leaf extract (OLE) has antihypertensive and antioxidant effects. OL and HT have antioxidant effects, working as metal chelators and scavengers of free radicals. Due to their catechol structure, they are able to scavenge peroxyl radicals and disrupt peroxidative chain reactions, producing species with a stable structure (151). They inhibit the oxidation of HDL and LDL in vitro and in vivo through the repression of radical reactions. However, this beneficial effect cannot definitively be attributed to the antioxidant action against ROS due to excessively low plasma concentrations (approximately 1–10 uM), as compared with the analyzed concentrations of the blood antioxidants vitamin C, E, and glutathione (152). The potential mechanism underlying the effect of HT could be the autoxidation of the hydroxyl groups of phenolic compounds in the intracellular compartment. Subsequent to the increased production of ROS, cells stimulate the expression of antioxidant enzymes through the activation of the transcription of NrF2. This appears to be stimulated by olive oil, HT, tyrosol, and OL (153). The combined effect of 20 mg of HT and 100 mg of oleuropein per day led to a decrease in BP and the protection of the cardiovascular system by the enhancement of endothelial function and the synthesis of NO (153). Either in cellular or animal models, OL and HT have been found to increase the production of NO by upregulating eNOS. This effect has proved useful in the resolution of the pathological components of metabolic syndrome.


5.9.1 Olea europaea L. extract improves endothelial function acting on multiple compartments

OLE reestablishes the phosphorylation of aortic eNOS at the levels of Thr-495 and Ser-1177, increasing the activity of eNOS itself. It reduced the mRNA levels of NOX-1 and NOX-2, resulting in downstream reductions in NADPH oxidase activity and aortic superoxide levels (22). Studies performed on SHR have demonstrated improvements in vascular function following treatment with OLE, which is able to decrease BP in essential hypertension patients and, albeit slightly, blood glucose and calcemia (154). Susalit et al. (125), though a double-blind, controlled, parallel, randomized trial using olive leaf extract vs. captopril, evaluated the extract tolerability and the antihypertensive effect in patients with hypertension at the first stage. They found that 500 mg of the extract administered twice daily reduced BP to a degree comparable with the ACE inhibitor at a dose of 12.5–25 mg twice daily. Colica et al. (155) demonstrated that the administration of 14 mg/day of HT for 3 weeks among 28 healthy volunteers conferred a strong antioxidant effect on the plasma through the increased expression of thiol proteins and SOD and a decreased concentration of MDA. The activity of the active ingredients, oleuropein and oleacin, is probably associated with the ACE inhibitory action. In particular, oleuropein was responsible for the vasodilatory effects of endothelium-independent and reduced sinus node function and the contractile response of the atria in Guinea pigs (156). In fact, the study conducted by Romero et al. (22) demonstrated that OLE directly and reversibly inhibited the L-type calcium channel. In addition, a significant increase in red fluorescence was found in the aorta of the SHR group incubated with dihydroethidium (DHE), indicating increased vascular O2− levels. The in vivo administration of OLE treatment effectively counteracted the observed increase in oxidative stress, as evidenced by the decrease in serum levels of MDA. This effect was observed in both hypertensive and diabetic rats treated with oleuropein and in rats fed a high-carbohydrate and high-fat diet and treated with an olive leaf extract enriched in oleuropein. In addition, a consequence of a protracted hypertensive state establishment is the development of hypertrophy on the cardiac and renal levels, as was observed in SHRs that presented increased indices of left ventricular and renal weights compared with the normotensive WKY rat group. In contrast, chronic treatment with OLE significantly reduced this impairment. In addition, the antioxidant effects, the reduction in heart rate, and protection from NO reduction provided by OLE appear to play a preventive role in the morphological changes in SHR rats treated with OLE. Treatment with the extract of O. europaea L. demonstrated, in a mouse model of isoproterenol-induced myocardial infarction, that it prevented the inflammation state and decreased infarct size, enhancing the shortening and ejection fraction. O. europaea L. plays its protective roles through the involvement of signaling pathways of Akt/eNOS and ERK1/2-Prdx1 and 2 (157). OLE protective effects on vascular inflammation could be associated with TLR4 expression due to the p38 MAPK activation and decreased ROS production; moreover, OLE modulates TLR4 signaling, reducing the phosphorylation of IκBα and pro-inflammatory cytokine production. In SHR rats, the phosphorylation of ERK1/2 and TLR4 levels in the aorta was found to be higher than that in WKYs. Treatment with OLE reduces the levels of phosphorylation and TLR4. In addition, OL and HT inhibit LPS-induced NF-kB activation in endothelial cells. LPS stimulates TLR4 expression in vessels, which contributes to increased BP, inflammation, and NOX-dependent O2 production (158). The production of ROS and the activation of the MAPK signaling pathway lead to an increased TLR4 expression and subsequent mRNA stabilization in human aortic smooth muscle cells. Cirmi et al. (159) focused on oleacin (OLC), an abundant secoiridoid present in the O. europaea L. phytocomplex. The data revealed the intense molecular anti-inflammatory and antioxidant OLC activities, which determine ROS level reduction in the intracellular compartment and a decrease in COX-2, NO, and PGE2 levels augmented via exposure to LPS in THP-1-derived macrophages. In fact, OLC inhibits the CD14/TLR4/CD14/MyD88 axis and activates NF-κB, thus modulating inflammatory signaling pathways. OLE is able to reduce the IL-6 and IL-8 levels in human coronary artery endothelial cells (HCAECs) via endogenous serum amyloid A (SAA) inflammation, probably as a result of NF-kB p65 phosphorylation. OLE treatment also resulted in the reduced expression of the pro-adhesive molecules E-selectin and VCAM-1 in HCAECs and human umbilical vein endothelial cells (HUVECs) following pro-inflammatory stimulation with LPS, TNF-, and PMA (160).





6 Discussion

In this review, we highlighted the importance of endothelial function as the central hub of vascular health. Endothelium integrity has a crucial role in the preservation of balance and the release of vasoactive molecules that, depending on various conditions, result in vasodilation or vasoconstriction. Conversely, an altered endothelium leads to the loss of this balance; on the molecular level, a series of events occur that rely on the chief molecule of endothelium-dependent relaxation, NO, including the uncoupling of NOS and oxidative stress. The prolongation of such events unquestionably leads to endothelial damage and the debilitation of vascular tone, eventually resulting in increased peripheral resistance. These changes represent the critical point that establishes arterial hypertension, which is identified in the pressure increase on the blood vessels, resulting in increased afterload by forcing the heart to exert more effort in order to compensate for the resistance created by the metarterioles. There are several ways to improve a hypertensive state: pharmacologically, one can act on the RAAS system, on the blood vessels via vasodilation, or on the heart via a reduction in atrioventricular conduction or through a diuretic action that can lower electrolyte levels and, above all, Na + . In addition to drug therapy, however, the use of nutraceuticals with antioxidant actions, including bergamot polyphenolic fraction, Orthosiphon stamineus Benth., Hibiscus sabdariffa L., Berberis aristata L., and Olea europaea L., is of clear scientific interest. These nutraceuticals have some mechanisms of action in common, including the inhibition of ACE, the enhancement of NO-mediated vasodilation, interactions with ion channels including the blocking of calcium channels and opening of potassium channels with consequent membrane hyperpolarization, anti-inflammatory effects with reductions in synthesis and release of pro-inflammatory cytokines, and enhancement of endogenous antioxidant actions exerted by different enzymes, such as SOD, GPx, and GSTP. The phytocomplexes of these plants were titrated into polyphenols and used in the formation of a new product, BergaPress, in order to exploit the actions characterizing these different components to obtain a synergy that could be employed in the prevention of BP or as a supplementary adjuvant to BP therapy.



7 Evidence gaps and future perspectives

The present review has extensively examined, through highlighting the many preclinical and clinical studies, the mechanisms underlying endothelial dysfunction and hypertension and the current conventional and innovative therapeutic strategies to counteract them.

Nevertheless, evidence gaps exist; indeed, although there are several epidemiological and natural history studies that suggest that the early treatment and prevention of hypertension could improve outcomes, further clinical studies are needed to provide more comprehensive and wide-ranging guidance. In particular, further evidence regarding the hypertensive target organ damage and cardiovascular disease risk and outcomes is required, which should include the investigation of the effects of more extensive combined therapy, broadening awareness of hypertension as a risk factor, and the benefits of treatment. The therapeutic approach to optimization involves continuous, focused research that examines the prevention of hypertension development and the benefits of maintaining a lifetime low BP. Among these, the analysis of genetic expression, epigenetic modulation, and proteomics could add significant knowledge about the identification of new treatment targets through understanding the underlying pathophysiological mechanisms. Given the current evidence regarding the role of antioxidants of natural origin in the prevention of endothelial dysfunction, further clinical trials should be directed toward the development of combined therapies that directly counteract the mechanisms accounting for the development of hypertension and disease progression. Further research using conventional therapy in combination with nutraceuticals could aim to develop clinical and population-based strategies to prevent obesity, improve fitness, and control excessive food intake. There is a need for large-scale clinical studies to evaluate the effects of this strategy, which could have an important impact on public health by significantly reducing cardiovascular risk.



Author contributions

RC: Conceptualization, Data curation, Writing – original draft. CC: Conceptualization, Data curation, Writing – original draft. RcM: Conceptualization, Data curation, Writing – original draft. RtM: Data curation, Writing – review & editing. FS: Data curation, Writing – review & editing. FO: Writing – review & editing. JM: Data curation, Writing – review & editing. MS: Data curation, Writing – review & editing. SfR: Data curation, Writing – review & editing. SN: Data curation, Writing – review & editing. AT: Data curation, Writing – review & editing. MG: Data curation, Writing – review & editing. VMu: Data curation, Writing – review & editing. EP: Data curation, Writing – review & editing. CM: Data curation, Writing – review & editing. SrR: Writing – review & editing. MrV: Writing – review & editing. MF: Writing – review & editing. MsV: Conceptualization, Writing – review & editing. VMo: Conceptualization, Funding acquisition, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article.

The work was supported by the public resources from the Italian Ministry of Research PON-MIUR 03PE000_78_1 and PON-MIUR 03PE000_78_2. POR Calabria FESR FSE 2014–2020 Asse 12-Azioni 10.5.6 e 10.5.12.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Jun M, Lv J, Perkovic V, Jardine MJ. Managing cardiovascular risk in people with chronic kidney disease: a review of the evidence from randomized controlled trials. Ther Adv Chronic Dis. (2011) 2(4):265–78. doi: 10.1177/2040622311401775

2. Chopra S, Baby C, Jacob JJ. Neuro-endocrine regulation of blood pressure. Indian J Endocrinol Metab. (2011) 15(Suppl 4):S281–8. doi: 10.4103/2230-8210.86860

3. Maiuolo J, Oppedisano F, Carresi C, Gliozzi M, Musolino V, Macrì R, et al. The generation of nitric oxide from aldehyde dehydrogenase-2: the role of dietary nitrates and their implication in cardiovascular disease management. Int J Mol Sci. (2022) 23(24):15454. doi: 10.3390/ijms232415454

4. Whayne TF. Atherosclerosis: current status of prevention and treatment. Int J Angiol. (2011) 20(4):213–22. doi: 10.1055/s-0031-1295520

5. Habib S, Ali A. Biochemistry of nitric oxide. Indian J Clin Biochem. (2011) 26(1):3–17. doi: 10.1007/s12291-011-0108-4

6. Ambrosino P, Bachetti T, D'Anna SE, Galloway B, Bianco A, D'Agnano V, et al. Mechanisms and clinical implications of endothelial dysfunction in arterial hypertension. J Cardiovasc Dev Dis. (2022) 9(5):136. doi: 10.3390/jcdd9050136

7. Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M, et al. 2018 ESC/ESH guidelines for the management of arterial hypertension. Eur Heart J. (2018) 39(33):3021–104. doi: 10.1093/eurheartj/ehy339

8. Whelton PK, Carey RM, Aronow WS, Casey DE, Collins KJ, Dennison Himmelfarb C, et al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APHA/ASH/ASPC/NMA/PCNA guideline for the prevention, detection, evaluation, and management of high blood pressure in adults: executive summary: a report of the American college of cardiology/American heart association task force on clinical practice guidelines. Hypertension. (2018) 71(6):1269–324. doi: 10.1161/hyp.0000000000000066

9. Amponsah-Offeh M, Diaba-Nuhoho P, Speier S, Morawietz H. Oxidative stress, antioxidants and hypertension. Antioxidants (Basel). (2023) 12(2):281. doi: 10.3390/antiox12020281

10. Drummond GR, Vinh A, Guzik TJ, Sobey CG. Immune mechanisms of hypertension. Nat Rev Immunol. (2019) 19(8):517–32. doi: 10.1038/s41577-019-0160-5

11. Mercier K, Smith H, Biederman J. Renin-angiotensin-aldosterone system inhibition: overview of the therapeutic use of angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, mineralocorticoid receptor antagonists, and direct renin inhibitors. Prim Care. (2014) 41(4):765–78. doi: 10.1016/j.pop.2014.08.002

12. Gimbrone MA, García-Cardeña G. Endothelial cell dysfunction and the pathobiology of atherosclerosis. Circ Res. (2016) 118(4):620–36. doi: 10.1161/circresaha.115.306301

13. Triggle CR, Ding H, Marei I, Anderson TJ, Hollenberg MD. Why the endothelium? The endothelium as a target to reduce diabetes-associated vascular disease. Can J Physiol Pharmacol. (2020) 98(7):415–30. doi: 10.1139/cjpp-2019-0677

14. Xu S, Ilyas I, Little PJ, Li H, Kamato D, Zheng X, et al. Endothelial dysfunction in atherosclerotic cardiovascular diseases and beyond: from mechanism to pharmacotherapies. Pharmacol Rev. (2021) 73(3):924–67. doi: 10.1124/pharmrev.120.000096

15. Khalaf D, Krüger M, Wehland M, Infanger M, Grimm D. The effects of oral L-arginine and L-citrulline supplementation on blood pressure. Nutrients. (2019) 11(7):1679. doi: 10.3390/nu11071679

16. Gliozzi M, Scicchitano M, Bosco F, Musolino V, Carresi C, Scarano F, et al. Modulation of nitric oxide synthases by oxidized ldls: role in vascular inflammation and atherosclerosis development. Int J Mol Sci. (2019) 20(13):3294. doi: 10.3390/ijms20133294

17. Li XC, Gu V, Miguel-Qin E, Zhuo JL. Role of caveolin 1 in At1a receptor-mediated uptake of angiotensin ii in the proximal tubule of the kidney. Am J Physiol Renal Physiol. (2014) 307(8):F949–61. doi: 10.1152/ajprenal.00199.2014

18. Kleschyov AL. The no-heme signaling hypothesis. Free Radic Biol Med. (2017) 112:544–52. doi: 10.1016/j.freeradbiomed.2017.08.025

19. Dai Y, Faul EM, Ghosh A, Stuehr DJ. No rapidly mobilizes cellular heme to trigger assembly of its own receptor. Proc Natl Acad Sci U S A. (2022) 119(4):e2115774119. doi: 10.1073/pnas.2115774119

20. Furchgott RF, Zawadzki JV. The obligatory role of endothelial cells in the relaxation of arterial smooth muscle by acetylcholine. Nature. (1980) 288(5789):373–6. doi: 10.1038/288373a0

21. Amour J, Brzezinska AK, Weihrauch D, Billstrom AR, Zielonka J, Krolikowski JG, et al. Role of heat shock protein 90 and endothelial nitric oxide synthase during early anesthetic and ischemic preconditioning. Anesthesiology. (2009) 110(2):317–25. doi: 10.1097/ALN.0b013e3181942cb4

22. Romero M, Toral M, Gómez-Guzmán M, Jiménez R, Galindo P, Sánchez M, et al. Antihypertensive effects of oleuropein-enriched olive leaf extract in spontaneously hypertensive rats. Food Funct. (2016) 7(1):584–93. doi: 10.1039/c5fo01101a

23. Villanueva C, Giulivi C. Subcellular and cellular locations of nitric oxide synthase isoforms as determinants of health and disease. Free Radic Biol Med. (2010) 49(3):307–16. doi: 10.1016/j.freeradbiomed.2010.04.004

24. Schlaich MP, Parnell MM, Ahlers BA, Finch S, Marshall T, Zhang WZ, et al. Impaired L-arginine transport and endothelial function in hypertensive and genetically predisposed normotensive subjects. Circulation. (2004) 110(24):3680–6. doi: 10.1161/01.Cir.0000149748.79945.52

25. Zamora R, Vodovotz Y, Billiar TR. Inducible nitric oxide synthase and inflammatory diseases. Mol Med. (2000) 6(5):347–73. doi: 10.1007/BF03401781

26. Förstermann U, Sessa WC. Nitric oxide synthases: regulation and function. Eur Heart J. (2012) 33(7):829–37, 37a–37d. doi: 10.1093/eurheartj/ehr304

27. Rafnsson A, Matic LP, Lengquist M, Mahdi A, Shemyakin A, Paulsson-Berne G, et al. Endothelin-1 increases expression and activity of arginase 2 via etb receptors and is co-expressed with arginase 2 in human atherosclerotic plaques. Atherosclerosis. (2020) 292:215–23. doi: 10.1016/j.atherosclerosis.2019.09.020

28. Davenport AP, Hyndman KA, Dhaun N, Southan C, Kohan DE, Pollock JS, et al. Endothelin. Pharmacol Rev. (2016) 68(2):357–418. doi: 10.1124/pr.115.011833

29. Kostov K. The causal relationship between endothelin-1 and hypertension: focusing on endothelial dysfunction, arterial stiffness, vascular remodeling, and blood pressure regulation. Life (Basel). (2021) 11(9):986. doi: 10.3390/life11090986

30. Idris-Khodja N, Ouerd S, Trindade M, Gornitsky J, Rehman A, Barhoumi T, et al. Vascular smooth muscle cell peroxisome proliferator-activated receptor Γ protects against endothelin-1-induced oxidative stress and inflammation. J Hypertens. (2017) 35(7):1390–401. doi: 10.1097/hjh.0000000000001324

31. Siragy HM. The role of the At2 receptor in hypertension. Am J Hypertens. (2000) 13(5 Pt 2):62S–7S. doi: 10.1016/s0895-7061(00)00274-0

32. Maiuolo J, Mollace R, Gliozzi M, Musolino V, Carresi C, Paone S, et al. The contribution of endothelial dysfunction in systemic injury subsequent to Sars-Cov-2 infection. Int J Mol Sci. (2020) 21(23):9309. doi: 10.3390/ijms21239309

33. Bartosch AMW, Mathews R, Tarbell JM. Endothelial glycocalyx-mediated nitric oxide production in response to selective afm pulling. Biophys J. (2017) 113(1):101–8. doi: 10.1016/j.bpj.2017.05.033

34. Ebong EE, Lopez-Quintero SV, Rizzo V, Spray DC, Tarbell JM. Shear-induced endothelial nos activation and remodeling via heparan sulfate, glypican-1, and syndecan-1. Integr Biol (Camb). (2014) 6(3):338–47. doi: 10.1039/c3ib40199e

35. Sembajwe LF, Ssekandi AM, Namaganda A, Muwonge H, Kasolo JN, Kalyesubula R, et al. Glycocalyx–sodium interaction in vascular endothelium. Nutrients. (2023) 15(13):2873. doi: 10.3390/nu15132873

36. Komarova YA, Kruse K, Mehta D, Malik AB. Protein interactions at endothelial junctions and signaling mechanisms regulating endothelial permeability. Circ Res. (2017) 120(1):179–206. doi: 10.1161/circresaha.116.306534

37. Sieve I, Münster-Kühnel AK, Hilfiker-Kleiner D. Regulation and function of endothelial glycocalyx layer in vascular diseases. Vascul Pharmacol. (2018) 100:26–33. doi: 10.1016/j.vph.2017.09.002

38. Joffre J, Hellman J. Oxidative stress and endothelial dysfunction in sepsis and acute inflammation. Antioxid Redox Signal. (2021) 35(15):1291–307. doi: 10.1089/ars.2021.0027

39. Potje SR, Paula TD, Paulo M, Bendhack LM. The role of glycocalyx and caveolae in vascular homeostasis and diseases. Front Physiol. (2020) 11:620840. doi: 10.3389/fphys.2020.620840

40. Fronius M. Epithelial na+ channel and the glycocalyx: a sweet and salty relationship for arterial shear stress sensing. Curr Opin Nephrol Hypertens. (2022) 31(2):142–50. doi: 10.1097/mnh.0000000000000779

41. Zhang Y, Liu Y, Liu H, Tang WH. Exosomes: biogenesis, biologic function and clinical potential. Cell Biosci. (2019) 9(1):1–18. doi: 10.1186/s13578-019-0282-2

42. Mathiesen A, Hamilton T, Carter N, Brown M, McPheat W, Dobrian A. Endothelial extracellular vesicles: from keepers of health to messengers of disease. Int J Mol Sci. (2021) 22(9):4640. doi: 10.3390/ijms22094640

43. Ranghino A, Dimuccio V, Papadimitriou E, Bussolati B. Extracellular vesicles in the urine: markers and mediators of tissue damage and regeneration. Clin Kidney J. (2015) 8(1):23–30. doi: 10.1093/ckj/sfu136

44. Rautou P-E, Leroyer AS, Ramkhelawon B, Devue C, Duflaut D, Vion A-C, et al. Microparticles from human atherosclerotic plaques promote endothelial icam-1–dependent monocyte adhesion and transendothelial migration. Circ Res. (2011) 108(3):335–43. doi: 10.1161/CIRCRESAHA.110.237420

45. Dasgupta SK, Le A, Chavakis T, Rumbaut RE, Thiagarajan P. Developmental endothelial locus-1 (Del-1) mediates clearance of platelet microparticles by the endothelium. Circulation. (2012) 125(13):1664–72. doi: 10.1161/CIRCULATIONAHA.111.068833

46. Jansen F, Li Q, Pfeifer A, Werner N. Endothelial-and immune cell-derived extracellular vesicles in the regulation of cardiovascular health and disease. JACC Basic Transl Sci. (2017) 2(6):790–807. doi: 10.1016/j.jacbts.2017.08.004

47. Jansen F, Yang X, Franklin BS, Hoelscher M, Schmitz T, Bedorf J, et al. High glucose condition increases nadph oxidase activity in endothelial microparticles that promote vascular inflammation. Cardiovasc Res. (2013) 98(1):94–106. doi: 10.1093/cvr/cvt013

48. Jansen F, Yang X, Baumann K, Przybilla D, Schmitz T, Flender A, et al. Endothelial microparticles reduce icam-1 expression in a micro rna-222-dependent mechanism. J Cell Mol Med. (2015) 19(9):2202–14. doi: 10.1111/jcmm.12607

49. Aharon A, Tamari T, Brenner B. Monocyte-Derived microparticles and exosomes induce procoagulant and apoptotic effects on endothelial cells. Thromb Haemost. (2008) 100(05):878–85. doi: 10.1160/th07-11-0691

50. Canault M, Leroyer AS, Peiretti F, Leseche G, Tedgui A, Bonardo B, et al. Microparticles of human atherosclerotic plaques enhance the shedding of the tumor necrosis factor-Α converting enzyme/Adam17 substrates, tumor necrosis factor and tumor necrosis factor receptor-1. Am J Pathol. (2007) 171(5):1713–23. doi: 10.2353/ajpath.2007.070021

51. Espíndola C. Some nanocarrier’s properties and chemical interaction mechanisms with flavones. Molecules. (2023) 28(6):2864. doi: 10.3390/molecules28062864

52. Lin C-M, Wang B-W, Pan C-M, Fang W-J, Chua S-K, Cheng W-P, et al. Chrysin boosts Klf2 expression through suppression of endothelial cell-derived exosomal microrna-92a in the model of atheroprotection. Eur J Nutr. (2021) 60(8):4345–55. doi: 10.1007/s00394-021-02593-1

53. Cheng M, Yang J, Zhao X, Zhang E, Zeng Q, Yu Y, et al. Circulating myocardial micrornas from infarcted hearts are carried in exosomes and mobilise bone marrow progenitor cells. Nat Commun. (2019) 10(1):959. doi: 10.1038/s41467-019-08895-7

54. Mentkowski KI, Euscher LM, Patel A, Alevriadou BR, Lang JK. Monocyte recruitment and fate specification after myocardial infarction. Am J Physiol Cell Physiol. (2020) 319(5):C797–806. doi: 10.1152/ajpcell.00330.2020

55. De Couto G, Gallet R, Cambier L, Jaghatspanyan E, Makkar N, Dawkins JF, et al. Exosomal microrna transfer into macrophages mediates cellular postconditioning. Circulation. (2017) 136(2):200–14. doi: 10.1161/CIRCULATIONAHA.116.024590

56. Krzemińska J, Wronka M, Młynarska E, Franczyk B, Rysz J. Arterial hypertension-oxidative stress and inflammation. Antioxidants (Basel). (2022) 11(1):172. doi: 10.3390/antiox11010172

57. Paravicini TM, Touyz RM. Redox signaling in hypertension. Cardiovasc Res. (2006) 71(2):247–58. doi: 10.1016/j.cardiores.2006.05.001

58. Lobo V, Patil A, Phatak A, Chandra N. Free radicals, antioxidants and functional foods: impact on human health. Pharmacogn Rev. (2010) 4(8):118–26. doi: 10.4103/0973-7847.70902

59. Matsuno K, Yamada H, Iwata K, Jin D, Katsuyama M, Matsuki M, et al. Nox1 is involved in angiotensin ii-mediated hypertension: a study in Nox1-deficient mice. Circulation. (2005) 112(17):2677–85. doi: 10.1161/circulationaha.105.573709

60. Shaito A, Aramouni K, Assaf R, Parenti A, Orekhov A, El Yazbi A, et al. Oxidative stress-induced endothelial dysfunction in cardiovascular diseases. Front Biosci (Landmark Ed). (2022) 27(3):105. doi: 10.31083/j.fbl2703105

61. Garrido AM, Griendling KK. Nadph oxidases and angiotensin ii receptor signaling. Mol Cell Endocrinol. (2009) 302(2):148–58. doi: 10.1016/j.mce.2008.11.003

62. Touyz RM, Rios FJ, Alves-Lopes R, Neves KB, Camargo LL, Montezano AC. Oxidative stress: a unifying paradigm in hypertension. Can J Cardiol. (2020) 36(5):659–70. doi: 10.1016/j.cjca.2020.02.081

63. Griendling KK, Camargo LL, Rios FJ, Alves-Lopes R, Montezano AC, Touyz RM. Oxidative stress and hypertension. Circ Res. (2021) 128(7):993–1020. doi: 10.1161/circresaha.121.318063

64. Sarniak A, Lipińska J, Tytman K, Lipińska S. Endogenous mechanisms of reactive oxygen Species (Ros) generation. Postepy Hig Med Dosw. (2016) 70:1150–65. doi: 10.5604/17322693.1224259

65. Camargo LL, Wang Y, Rios FJ, McBride M, Montezano AC, Touyz RM. Oxidative stress and endoplasmic reticular stress interplay in the vasculopathy of hypertension. Can J Cardiol. (2023) 39(12):1874–87. doi: 10.1016/j.cjca.2023.10.012

66. Ray PD, Huang BW, Tsuji Y. Reactive oxygen Species (Ros) homeostasis and redox regulation in cellular signaling. Cell Signal. (2012) 24(5):981–90. doi: 10.1016/j.cellsig.2012.01.008

67. Aramouni K, Assaf R, Shaito A, Fardoun M, Al-Asmakh M, Sahebkar A, et al. Biochemical and cellular basis of oxidative stress: implications for disease onset. J Cell Physiol. (2023) 238(9):1951–63. doi: 10.1002/jcp.31071

68. Brunelli E, La Russa D, Pellegrino D. Impaired oxidative Status is strongly associated with cardiovascular risk factors. Oxid Med Cell Longev. (2017) 2017:6480145. doi: 10.1155/2017/6480145

69. Taravati A, Tohidi F. Comprehensive analysis of oxidative stress markers and antioxidants Status in preeclampsia. Taiwan J Obstet Gynecol. (2018) 57(6):779–90. doi: 10.1016/j.tjog.2018.10.002

70. Fukai T, Ushio-Fukai M. Superoxide dismutases: role in redox signaling, vascular function, and diseases. Antioxid Redox Signal. (2011) 15(6):1583–606. doi: 10.1089/ars.2011.3999

71. Park SY, Kwon OS, Andtbacka RHI, Hyngstrom JR, Reese V, Murphy MP, et al. Age-related endothelial dysfunction in human skeletal muscle feed arteries: the role of free radicals derived from mitochondria in the vasculature. Acta Physiol (Oxf). (2018) 222(1). doi: 10.1111/apha.12893

72. Wenzel P, Schuhmacher S, Kienhöfer J, Müller J, Hortmann M, Oelze M, et al. Manganese superoxide dismutase and aldehyde dehydrogenase deficiency increase mitochondrial oxidative stress and aggravate age-dependent vascular dysfunction. Cardiovasc Res. (2008) 80(2):280–9. doi: 10.1093/cvr/cvn182

73. Wenzel P, Kossmann S, Münzel T, Daiber A. Redox regulation of cardiovascular inflammation—immunomodulatory function of mitochondrial and nox-derived reactive oxygen and nitrogen Species. Free Radic Biol Med. (2017) 109:48–60. doi: 10.1016/j.freeradbiomed.2017.01.027

74. Daiber A, Kröller-Schön S, Frenis K, Oelze M, Kalinovic S, Vujacic-Mirski K, et al. Environmental noise induces the release of stress hormones and inflammatory signaling molecules leading to oxidative stress and vascular dysfunction-signatures of the internal exposome. Biofactors. (2019) 45(4):495–506. doi: 10.1002/biof.1506

75. Aboukhater D, Morad B, Nasrallah N, Nasser SA, Sahebkar A, Kobeissy F, et al. Inflammation and hypertension: underlying mechanisms and emerging understandings. J Cell Physiol. (2023) 238(6):1148–59. doi: 10.1002/jcp.31019

76. Jiao Y, Li W, Zhang Q, Jiang Q. Gut microbiota and hypertension: a bibliometric analysis of recent research (2014–2023). Front Nutr. (2023) 10:1253803. doi: 10.3389/fnut.2023.1253803

77. Al Zein M, Zein O, Diab R, Dimachkie L, Sahebkar A, Al-Asmakh M, et al. Intermittent fasting favorably modulates adipokines and potentially attenuates atherosclerosis. Biochem Pharmacol. (2023) 218:115876. doi: 10.1016/j.bcp.2023.115876

78. Cuzzocrea S, Mazzon E, Dugo L, Di Paola R, Caputi AP, Salvemini D. Superoxide: a key player in hypertension. FASEB J. (2004) 18(1):94–101. doi: 10.1096/fj.03-0428com

79. Zhang Y, Murugesan P, Huang K, Cai H. Nadph oxidases and oxidase crosstalk in cardiovascular diseases: novel therapeutic targets. Nat Rev Cardiol. (2020) 17(3):170–94. doi: 10.1038/s41569-019-0260-8

80. Zou MH, Shi C, Cohen RA. Oxidation of the zinc-thiolate complex and uncoupling of endothelial nitric oxide synthase by peroxynitrite. J Clin Invest. (2002) 109(6):817–26. doi: 10.1172/jci14442

81. Crabtree MJ, Smith CL, Lam G, Goligorsky MS, Gross SS. Ratio of 5,6,7,8-tetrahydrobiopterin to 7,8-dihydrobiopterin in endothelial cells determines glucose-elicited changes in NO vs. superoxide production by eNOS. Am J Physiol Heart Circ Physiol. (2008) 294(4):H1530–40. doi: 10.1152/ajpheart.00823.2007

82. Arunachalam G, Yao H, Sundar IK, Caito S, Rahman I. Sirt1 regulates oxidant- and cigarette smoke-induced enos acetylation in endothelial cells: role of resveratrol. Biochem Biophys Res Commun. (2010) 393(1):66–72. doi: 10.1016/j.bbrc.2010.01.080

83. Kimura K, Nishio I. Impaired endothelium-dependent relaxation in mesenteric arteries of reduced renal mass hypertensive rats. Scand J Clin Lab Invest. (1999) 59(3):199–204. doi: 10.1080/00365519950185724

84. Gadkari TV, Cortes N, Madrasi K, Tsoukias NM, Joshi MS. Agmatine induced NO dependent rat mesenteric artery relaxation and its impairment in salt-sensitive hypertension. Nitric Oxide. (2013) 35:65–71. doi: 10.1016/j.niox.2013.08.005

85. Selye H, Hall CE, Rowley EM. Malignant hypertension produced by treatment with desoxycorticosterone acetate and sodium chloride. Can Med Assoc J. (1943) 49(2):88–92. PMID: 2032284620322846

86. Youn JY, Wang T, Blair J, Laude KM, Oak JH, McCann LA, et al. Endothelium-specific sepiapterin reductase deficiency in doca-salt hypertension. Am J Physiol Heart Circ Physiol. (2012) 302(11):H2243–9. doi: 10.1152/ajpheart.00835.2011

87. Sasser JM, Sullivan JC, Elmarakby AA, Kemp BE, Pollock DM, Pollock JS. Reduced NOS3 phosphorylation mediates reduced NO/cGMP signaling in mesenteric arteries of deoxycorticosterone acetate-salt hypertensive rats. Hypertension. (2004) 43(5):1080–5. doi: 10.1161/01.HYP.0000122804.32680.c9

88. Kim HL. Arterial stiffness and hypertension. Clin Hypertens. (2023) 29(1):31. doi: 10.1186/s40885-023-00258-1

89. Cicero AF, De Sando V, Izzo R, Vasta A, Trimarco A, Borghi C. Effect of a combined nutraceutical containing orthosiphon stamineus effect on blood pressure and metabolic syndrome components in hypertensive dyslipidaemic patients: a randomized clinical trial. Complement Ther Clin Pract. (2012) 18(3):190–4. doi: 10.1016/j.ctcp.2012.02.002

90. Te Riet L, van Esch JH, Roks AJ, van den Meiracker AH, Danser AH. Hypertension: renin-angiotensin-aldosterone system alterations. Circ Res. (2015) 116(6):960–75. doi: 10.1161/circresaha.116.303587

91. Gallo G, Volpe M, Savoia C. Endothelial dysfunction in hypertension: current concepts and clinical implications. Front Med (Lausanne). (2021) 8:798958. doi: 10.3389/fmed.2021.798958

92. Bauersachs J, Fraccarollo D. More NO-NO more ROS: combined selective mineralocorticoid receptor blockade and angiotensin-converting enzyme inhibition for vascular protection. Hypertension. (2008) 51(3):624–5. doi: 10.1161/hypertensionaha.107.106625

93. Williams B, Lacy PS, Thom SM, Cruickshank K, Stanton A, Collier D, et al. Differential impact of blood pressure-lowering drugs on central aortic pressure and clinical outcomes: principal results of the conduit artery function evaluation (cafe) study. Circulation. (2006) 113(9):1213–25. doi: 10.1161/circulationaha.105.595496

94. Silva IVG, de Figueiredo RC, Rios DRA. Effect of different classes of antihypertensive drugs on endothelial function and inflammation. Int J Mol Sci. (2019) 20(14):3458. doi: 10.3390/ijms20143458

95. Rozza F, de Simone G, Izzo R, De Luca N, Trimarco B. Nutraceuticals for treatment of high blood pressure values in patients with metabolic syndrome. High Blood Press Cardiovasc Prev. (2009) 16(4):177–82. doi: 10.2165/11530420-000000000-00000

96. Banach M, Burchardt P, Chlebus K, Dobrowolski P, Dudek D, Dyrbuś K, et al. POLA/CFPIP/PCS/PSLD/PSD/PSH guidelines on diagnosis and therapy of lipid disorders in Poland 2021. Arch Med Sci. (2021) 17(6):1447–547. doi: 10.5114/aoms/141941

97. Al Disi SS, Anwar MA, Eid AH. Anti-hypertensive herbs and their mechanisms of action: part I. Front Pharmacol. (2016) 6:323. doi: 10.3389/fphar.2015.00323

98. Mach F, Baigent C, Catapano AL, Koskinas KC, Casula M, Badimon L, et al. 2019 ESC/EAS guidelines for the management of dyslipidaemias: lipid modification to reduce cardiovascular risk. Eur Heart J. (2020) 41(1):111–88. doi: 10.1093/eurheartj/ehz455

99. Cicero AF, Tartagni E, Ertek S. Nutraceuticals for metabolic syndrome management: from laboratory to benchside. Curr Vasc Pharmacol. (2014) 12(4):565–71. doi: 10.2174/15701611113119990120

100. Lee KW, Kim YJ, Lee HJ, Lee CY. Cocoa has more phenolic phytochemicals and a higher antioxidant capacity than teas and red wine. J Agric Food Chem. (2003) 51(25):7292–5. doi: 10.1021/jf0344385

101. Carrizzo A, Ambrosio M, Damato A, Madonna M, Storto M, Capocci L, et al. Morus alba extract modulates blood pressure homeostasis through enos signaling. Mol Nutr Food Res. (2016) 60(10):2304–11. doi: 10.1002/mnfr.201600233

102. Badran A, Baydoun E, Samaha A, Pintus G, Mesmar J, Iratni R, et al. Marjoram relaxes rat thoracic aorta via a PI3-K/eNOS/cGMP pathway. Biomolecules. (2019) 9(6):227. doi: 10.3390/biom9060227

103. Anwar MA, Samaha AA, Ballan S, Saleh AI, Iratni R, Eid AH. Salvia Fruticosa induces vasorelaxation in rat isolated thoracic aorta: role of the PI3K/Akt/eNOS/NO/cGMP signaling pathway. Sci Rep. (2017) 7(1):686. doi: 10.1038/s41598-017-00790-9

104. Volpe R, Sotis G. Nutraceuticals: definition and epidemiological rationale for their use in clinical practice. High Blood Press Cardiovasc Prev. (2015) 22(3):199–201. doi: 10.1007/s40292-015-0092-5

105. Ditano-Vázquez P, Torres-Peña JD, Galeano-Valle F, Pérez-Caballero AI, Demelo-Rodríguez P, Lopez-Miranda J, et al. The fluid aspect of the mediterranean diet in the prevention and management of cardiovascular disease and diabetes: the role of polyphenol content in moderate consumption of wine and olive oil. Nutrients. (2019) 11(11):2833. doi: 10.3390/nu11112833

106. Di Pietro N, Baldassarre MPA, Cichelli A, Pandolfi A, Formoso G, Pipino C. Role of polyphenols and carotenoids in endothelial dysfunction: an overview from classic to innovative biomarkers. Oxid Med Cell Longev. (2020) 2020:6381380. doi: 10.1155/2020/6381380

107. Pandey KB, Rizvi SI. Plant polyphenols as dietary antioxidants in human health and disease. Oxid Med Cell Longev. (2009) 2(5):270–8. doi: 10.4161/oxim.2.5.9498

108. Shafaei A, Sultan Khan MS, Aisha A FA, Abdul Majid AM, Hamdan MR, Mordi MN, et al. Flavonoids-rich orthosiphon stamineus extract as new candidate for angiotensin I-converting enzyme inhibition: a molecular docking study. Molecules. (2016) 21(11):1500. doi: 10.3390/molecules21111500

109. Carresi C, Gliozzi M, Musolino V, Scicchitano M, Scarano F, Bosco F, et al. The effect of natural antioxidants in the development of metabolic syndrome: focus on bergamot polyphenolic fraction. Nutrients. (2020) 12(5):1504. doi: 10.3390/nu12051504

110. Yam MF, Tan CS, Shibao R. Vasorelaxant effect of sinensetin via the NO/sGC/cGMP pathway and potassium and calcium channels. Hypertens Res. (2018) 41(10):787–97. doi: 10.1038/s41440-018-0083-8

111. Manshor NM, Dewa A, Asmawi MZ, Ismail Z, Razali N, Hassan Z. Vascular reactivity concerning orthosiphon stamineus benth-mediated antihypertensive in aortic rings of spontaneously hypertensive rats. Int J Vasc Med. (2013) 2013:456852. doi: 10.1155/2013/456852

112. Nelson MT, Quayle JM. Physiological roles and properties of potassium channels in arterial smooth muscle. Am J Physiol. (1995) 268(4 Pt 1):C799–822. doi: 10.1152/ajpcell.1995.268.4.C799

113. Liu X, Xu W, Pan Y, Du E. Liu et al. suspect that Zhu et al. (2015) may have underestimated dissolved organic nitrogen (N) but overestimated total particulate N in wet deposition in China. Sci Total Environ. (2015) 520:300–1. doi: 10.1016/j.scitotenv.2015.03.004

114. Zhang H, Niu H, Yuan X, Chang J, Wang X. Trimetazidine combined with berberine on endothelial function of patients with coronary heart disease combined with primary hypertension. Exp Ther Med. (2018) 16(2):1318–22. doi: 10.3892/etm.2018.6278

115. Ueda T, Shikano M, Kamiya T, Joh T, Ugawa S. The Trpv4 channel is a novel regulator of intracellular Ca2+ in human esophageal epithelial cells. Am J Physiol Gastrointest Liver Physiol. (2011) 301(1):G138–47. doi: 10.1152/ajpgi.00511.2010

116. Romero CD, Varma TK, Hobbs JB, Reyes A, Driver B, Sherwood ER. The toll-like receptor 4 agonist monophosphoryl lipid a augments innate host resistance to systemic bacterial infection. Infect Immun. (2011) 79(9):3576–87. doi: 10.1128/iai.00022-11

117. Shao YJ, Tao J, Yu BB, Meng D, Yang XL, Sun JP, et al. Berberine-Promoted Cxcr4 expression accelerates endothelial repair capacity of early endothelial progenitor cells in persons with prehypertension. Chin J Integr Med. (2018) 24(12):897–904. doi: 10.1007/s11655-018-2568-3

118. Liu X, Zhang X, Ye L, Yuan H. Protective mechanisms of berberine against experimental autoimmune myocarditis in a rat model. Biomed Pharmacother. (2016) 79:222–30. doi: 10.1016/j.biopha.2016.02.015

119. Potdar D, Hirwani RR, Dhulap S. Phyto-chemical and pharmacological applications of Berberis aristata. Fitoterapia. (2012) 83(5):817–30. doi: 10.1016/j.fitote.2012.04.012

120. Alsayed AMA, Zhang BL, Bredeloux P, Boudesocque-Delaye L, Yu A, Peineau N, et al. Aqueous fraction from Hibiscus sabdariffa relaxes mesenteric arteries of normotensive and hypertensive rats through calcium current reduction and possibly potassium channels modulation. Nutrients. (2020) 12(6):1782. doi: 10.3390/nu12061782

121. Riaz G, Chopra R. A review on phytochemistry and therapeutic uses of Hibiscus sabdariffa L. Biomed Pharmacother. (2018) 102:575–86. doi: 10.1016/j.biopha.2018.03.023

122. Sarr M, Ngom S, Kane MO, Wele A, Diop D, Sarr B, et al. In vitro vasorelaxation mechanisms of bioactive compounds extracted from Hibiscus sabdariffa on rat thoracic aorta. Nutr Metab (Lond). (2009) 6:45. doi: 10.1186/1743-7075-6-45

123. Faraji M H, Tarkhani A H. The effect of sour tea (Hibiscus sabdariffa) on essential hypertension. J Ethnopharmacol. (1999) 65(3):231–6. doi: 10.1016/s0378-8741(98)00157-3

124. Ali BH, Al Wabel N, Blunden G. Phytochemical, pharmacological and toxicological aspects of Hibiscus sabdariffa L.: a review. Phytother Res. (2005) 19(5):369–75. doi: 10.1002/ptr.1628

125. Susalit E, Agus N, Effendi I, Tjandrawinata RR, Nofiarny D, Perrinjaquet-Moccetti T, et al. Olive (Olea europaea) leaf extract effective in patients with stage-1 hypertension: comparison with captopril. Phytomedicine. (2011) 18(4):251–8. doi: 10.1016/j.phymed.2010.08.016

126. Widmer RJ, Freund MA, Flammer AJ, Sexton J, Lennon R, Romani A, et al. Beneficial effects of polyphenol-rich olive oil in patients with early atherosclerosis. Eur J Nutr. (2013) 52(3):1223–31. doi: 10.1007/s00394-012-0433-2

127. Barcenilla A, Pryde SE, Martin JC, Duncan SH, Stewart CS, Henderson C, et al. Phylogenetic relationships of butyrate-producing Bacteria from the human gut. Appl Environ Microbiol. (2000) 66(4):1654–61. doi: 10.1128/aem.66.4.1654-1661.2000

128. Salerno R, Casale F, Calandruccio C, Procopio AJP. Characterization of flavonoids in Citrus bergamia (Bergamot) polyphenolic fraction by liquid chromatography–high resolution mass spectrometry (LC/HRMS). Pharmanutrition. (2016) 4:S1–7. doi: 10.1016/j.phanu.2015.10.001

129. Lipert A, Szadkowska I, Matusiak-Wieczorek E, Kochan E. The effect of herbal supplements on blood pressure: systematic review and meta-analysis. Antioxidants (Basel). (2022) 11(8):1419. doi: 10.3390/antiox11081419

130. Mollace V, Ragusa S, Sacco I, Muscoli C, Sculco F, Visalli V, et al. The protective effect of bergamot oil extract on lecitine-like oxyldl receptor-1 expression in balloon injury-related neointima formation. J Cardiovasc Pharmacol Ther. (2008) 13(2):120–9. doi: 10.1177/1074248407313821

131. Mollace R, Gliozzi M, Tavernese A, Musolino V, Carresi C, Scicchitano M, et al. Bergamot polyphenolic fraction supplementation improves metabolic balance, endothelial function and maximal oxygen uptake in athletes. J Sports Med Ther. (2018) 3:53–61. doi: 10.29328/journal.jsmt.1001027

132. La Russa D, Giordano F, Marrone A, Parafati M, Janda E, Pellegrino D. Oxidative imbalance and kidney damage in cafeteria diet-induced rat model of metabolic syndrome: effect of bergamot polyphenolic fraction. Antioxidants (Basel). (2019) 8(3):66. doi: 10.3390/antiox8030066

133. Stanzione R, Forte M, Cotugno M, Oppedisano F, Carresi C, Marchitti S, et al. Beneficial effects of Citrus bergamia polyphenolic fraction on saline load-induced injury in primary cerebral endothelial cells from the stroke-prone spontaneously hypertensive rat model. Nutrients. (2023) 15(6):1334. doi: 10.3390/nu15061334

134. Ameer OZ, Salman IM, Asmawi MZ, Ibraheem ZO, Yam MF. Orthosiphon stamineus: traditional uses, phytochemistry, pharmacology, and toxicology. J Med Food. (2012) 15(8):678–90. doi: 10.1089/jmf.2011.1973

135. Yuliana ND, Khatib A, Link-Struensee AM, Ijzerman AP, Rungkat-Zakaria F, Choi YH, et al. Adenosine A1 receptor binding activity of methoxy flavonoids from Orthosiphon stamineus. Planta Med. (2009) 75(2):132–6. doi: 10.1055/s-0028-1088379

136. Yam MF, Tan CS, Ahmad M, Ruan S. Vasorelaxant action of the chloroform fraction of Orthosiphon stamineus via No/Cgmp pathway, potassium and calcium channels. Am J Chin Med. (2016) 44(7):1413–39. doi: 10.1142/s0192415X16500798

137. McFadzean I, Gibson A. The developing relationship between receptor-operated and store-operated calcium channels in smooth muscle. Br J Pharmacol. (2002) 135(1):1–13. doi: 10.1038/sj.bjp.0704468

138. Thorneloe KS, Nelson MT. Ion channels in smooth muscle: regulators of intracellular calcium and contractility. Can J Physiol Pharmacol. (2005) 83(3):215–42. doi: 10.1139/y05-016

139. Trimarco V, Cimmino CS, Santoro M, Pagnano G, Manzi MV, Piglia A, et al. Nutraceuticals for blood pressure control in patients with high-normal or grade 1 hypertension. High Blood Press Cardiovasc Prev. (2012) 19(3):117–22. doi: 10.1007/bf03262460

140. Song D, Hao J, Fan D. Biological properties and clinical applications of berberine. Front Med. (2020) 14(5):564–82. doi: 10.1007/s11684-019-0724-6

141. Tian H, Kang YM, Gao HL, Shi XL, Fu LY, Li Y, et al. Chronic infusion of berberine into the hypothalamic paraventricular nucleus attenuates hypertension and sympathoexcitation via the ROS/Erk1/2/iNOS pathway. Phytomedicine. (2019) 52:216–24. doi: 10.1016/j.phymed.2018.09.206

142. Wang J, Guo T, Peng QS, Yue SW, Wang SX. Berberine via suppression of transient receptor potential vanilloid 4 channel improves vascular stiffness in mice. J Cell Mol Med. (2015) 19(11):2607–16. doi: 10.1111/jcmm.12645

143. Mohamed R, Fernández J, Pineda M, Aguilar M. Roselle (Hibiscus sabdariffa) seed oil is a rich source of gamma-tocopherol. J Food Sci. (2007) 72(3):S207–11. doi: 10.1111/j.1750-3841.2007.00285.x

144. Marhuenda J, Pérez-Piñero S, Arcusa R, Victoria-Montesinos D, Cánovas F, Sánchez-Macarro M, et al. A randomized, double-blind, placebo-controlled trial to determine the effectiveness of a polyphenolic extract (Hibiscus sabdariffa and Lippia citriodora) for reducing blood pressure in prehypertensive and type 1 hypertensive subjects. Molecules. (2021) 26(6):1783. doi: 10.3390/molecules26061783

145. Ali BH, Cahliková L, Opletal L, Karaca T, Manoj P, Ramkumar A, et al. Effect of aqueous extract and anthocyanins of calyces of Hibiscus sabdariffa (Malvaceae) in rats with adenine-induced chronic kidney disease. J Pharm Pharmacol. (2017) 69(9):1219–29. doi: 10.1111/jphp.12748

146. Joven J, March I, Espinel E, Fernández-Arroyo S, Rodríguez-Gallego E, Aragonès G, et al. Hibiscus Sabdariffa extract lowers blood pressure and improves endothelial function. Mol Nutr Food Res. (2014) 58(6):1374–8. doi: 10.1002/mnfr.201300774

147. Serban C, Sahebkar A, Ursoniu S, Andrica F, Banach M. Effect of sour tea (Hibiscus sabdariffa L.) on arterial hypertension: a systematic review and meta-analysis of randomized controlled trials. J Hypertens. (2015) 33(6):1119–27. doi: 10.1097/hjh.0000000000000585

148. Elkafrawy N, Younes K, Naguib A, Badr H, Kamal Zewain S, Kamel M, et al. Antihypertensive efficacy and safety of a standardized herbal medicinal product of Hibiscus sabdariffa and olea Europaea extracts (NW Roselle): a phase-ii, randomized, double-blind, captopril-controlled clinical trial. Phytother Res. (2020) 34(12):3379–87. doi: 10.1002/ptr.6792

149. Bulotta S, Celano M, Lepore SM, Montalcini T, Pujia A, Russo D. Beneficial effects of the olive oil phenolic components oleuropein and hydroxytyrosol: focus on protection against cardiovascular and metabolic diseases. J Transl Med. (2014) 12:219. doi: 10.1186/s12967-014-0219-9

150. Nediani C, Ruzzolini J, Romani A, Calorini L. Oleuropein, a bioactive compound from. Antioxidants (Basel). (2019) 8(12):578. doi: 10.3390/antiox8120578

151. Bulotta S, Oliverio M, Russo D, Procopio A. Biological activity of oleuropein and its derivatives. In: Ramawat KG, Merillon JM, editors. Handbook of Natural Products. United States: Francesco Marincola, MD, Sonata Therapeutics (2013). p. 3605–38.

152. Marković AK, Torić J, Barbarić M, Jakobušić Brala C. Hydroxytyrosol, tyrosol and derivatives and their potential effects on human health. Molecules. (2019) 24(10):2001. doi: 10.3390/molecules24102001

153. Hermans MP, Lempereur P, Salembier J-P, Maes N, Albert A, Jansen O, et al. Supplementation effect of a combination of olive (Olea europea L.) leaf and fruit extracts in the clinical management of hypertension and metabolic syndrome. Antioxidants (Basel). (2020) 9(9):872. doi: 10.3390/antiox9090872

154. Ranieri M, Di Mise A, Centrone M, D'Agostino M, Tingskov SJ, Venneri M, et al. Olive leaf extract (OLE) impaired vasopressin-induced aquaporin-2 trafficking through the activation of the calcium-sensing receptor. Sci Rep. (2021) 11(1):4537. doi: 10.1038/s41598-021-83850-5

155. Colica C, Di Renzo L, Trombetta D, Smeriglio A, Bernardini S, Cioccoloni G, et al. Antioxidant effects of a hydroxytyrosol-based pharmaceutical formulation on body composition, metabolic state, and gene expression: a randomized double-blinded, placebo-controlled crossover trial. Oxid Med Cell Longev. (2017) 2017:2473495. doi: 10.1155/2017/2473495

156. Duarte J, Pérez O, Zarzuelo A, Jiménez J, Pérez-Vizcaíno F, Tamargo J. Effects of oleuropeoside in isolated Guinea-pig atria. Planta Med. (1993) 59(4):318–22. doi: 10.1055/s-2006-959690

157. Mollace V, Rosano GMC, Anker SD, Coats AJS, Seferovic P, Mollace R, et al. Pathophysiological basis for nutraceutical supplementation in heart failure: a comprehensive review. Nutrients. (2021) 13(1):257. doi: 10.3390/nu13010257

158. Lee IT, Shih RH, Lin CC, Chen JT, Yang CM. Role of TLR4/NADPH oxidase/ROS-activated p38 MAPK in VCAM-1 expression induced by lipopolysaccharide in human renal mesangial cells. Cell Commun Signal. (2012) 10(1):33. doi: 10.1186/1478-811x-10-33

159. Cirmi S, Maugeri A, Russo C, Musumeci L, Navarra M, Lombardo GE. Oleacein attenuates lipopolysaccharide-induced inflammation in THP-1-derived macrophages by the inhibition of TLR4/MYD88/NF-κB pathway. Int J Mol Sci. (2022) 23(3):1206. doi: 10.3390/ijms23031206

160. Burja B, Kuret T, Janko T, Topalović D, Živković L, Mrak-Poljšak K, et al. Olive leaf extract attenuates inflammatory activation and DNA damage in human arterial endothelial cells. Front Cardiovasc Med. (2019) 6:56. doi: 10.3389/fcvm.2019.00056



OPS/images/fcvm-11-1345218-g006.jpg





OPS/images/fcvm-11-1345218-g005.jpg
p-blockers, third generation
(T L-arginine-NO, 4 NOX, & sympathetic.
tone)

CCBs (phenylalkylamines, benzothiazepine)
CBs (dihydropyridines)

(LET1, IL-8, MCP-1, CRP)

Direct vasodilators

ARBS, ACEIs
um.mgemc factors,superoxide
prod electin, vascular

e sympamenc tone)

MRA
(4 endothelin, ROS production, 1e-NOS)





OPS/images/fcvm-11-1345218-g004.jpg
Oxidative stress
—

« pro-oxidative enzymes activation (NOX,
X0

crosstalk redox between mitochondria,
phagocytes and vascular NADPH
oxidase

eNOS dysregulation

deficiency of antioxidants (SOD2, GP)
proteins and lipid damage

eI

higher pro-inflammatory cytokines
production and release

inflammatory cells activation
extracellular NETs formation
modulation of transcription factors
inflammatory pathways-related (NK-kB,
Nrf2)

reducing inflammatory mediators
(DAMP and $100)

B Endothelial dysfunction 1N

1ROS
NOS uncoupling
INO

* Senescence
« EndoMT

T ‘J’ Hypertension
T

Vascular tone
Na+ ritention
Sympathetic tone

Aortic stiffness
Vascular remodeling






OPS/xhtml/Nav.xhtml




Contents





		Cover



		The potential effect of natural antioxidants on endothelial dysfunction associated with arterial hypertension

		1 Introduction



		2 Role of a healthy endothelium in the regulation of blood pressure



		2.1 The endothelial cell layer



		2.2 Role of NO in endothelium-dependent vasodilation



		2.3 Other players involved in endothelium-dependent vasodilatation and vasoconstriction



		2.4 Regulation of the endothelium integrity: the role of endothelial glycocalyx on NO bioavailability



		2.5 Exosome's role in endothelial function











		3 Oxidative stress and endothelium damage



		3.1 Oxidative stress is a multicompartmental phenomenon originating from different sources



		3.2 The antioxidants in the endothelial barrier protection



		3.3 Relationship between oxidative stress and inflammation, both causes of arterial hypertension











		4 From eNOS uncoupling to hypertension: several molecular mechanisms contribute to the pathology establishment



		5 Hypertension treatment: old friends and new players



		5.1 Overview of antihypertensive therapies



		5.2 Nutraceuticals: natural antioxidants and valid aids for hypertension treatment



		5.3 Nutraceuticals actives



		5.4 A new nutraceutical squad: Citrus bergamia (Risso et Poiteau), Orthosiphon stamineus Benth., Hibiscus sabdariffa L., Berberis aristata L., and Olea europaea L.



		5.5 Citrus bergamia (Risso et Poiteau)



		5.6 Orthosiphon stamineus Benth.



		5.6.1 Evidence of different mechanisms of action of Orthosiphon stamineus Benth.











		5.7 Berberis aristata L.



		5.8 Hibiscus sabdariffa L.



		5.9 Olea europaea L.



		5.9.1 Olea europaea L. extract improves endothelial function acting on multiple compartments



















		6 Discussion



		7 Evidence gaps and future perspectives



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cardiovascular Medicine

The potential effect of natural
antioxidants on endothelial dysfunction
associated with arterial hypertension





OPS/images/fcvm-11-1345218-t001.jpg
Plant/herb
Citrus bergamia
(Risso et Poiteau)
(109)

Active principle/specialty
BPF, BEO-NVF naringin, melitidine,
bruteridin, neoeriocitrin, rutin,
neohesperidin, poncirin.

Mechanism of action
Enhancement of NO and PGI2
‘production, with a consequent
vasodilating effect.

Inhibition of tyrosine nitration.
Reduction in lipid peroxidation
biomarkers (TBARS).

Improved SOD, GPx, and GSTP1
activity.

Reduced expression levels of LOX-1 and
MDA.

Increased potassium regulation due to
maintenance of the Na + /K + pump.
Reduced cholesterol levels in serum and
tissue via the inhibition of HMG-CoA
reductase.

Side effects
Lack of significant side effects.

Reduction in total cholesterol, LDL, IDL,
and TG (PAP inhibition) levels in
plasma.

Reduction in fasting plasma glucose
levels.

Increased HDL levels.

Reduction in inflammation and liver
fibrosis through PARP inhibition.
Increased PKB phosphorylation.

Orthosiphon
stamineus Benth.
(110-112)

Rosmarinic acid (RA), sinensetin (SIN),
eupathrin (EUP), 30-hydroxy-5,6,7,40-
tetramethoxyflavone (TME).

NO-mediated vasorelaxation.

VOCC and ROCC channel inhibition.
Opening of KCa, KV, KATP, Kir
channels.

Muscarinic and beta-adrenergic receptor
ago nist.

ACE inhibitor.

Alpha-adrenergic receptor antagonist.
Probable involvement of PGI2.

There are no known side effects, contraindications, or
interactions with other drugs or medications.

Berberis aristata
L. (113-119)

Berberine (BBR).

ACE inhibitor.

Activation of via ROS/Erk1/2/iNOS.
NO-mediated vasorelaxation and
promotion of vasodilation.

M endothelial receptor stimulation.
Reduced expression of iNOS.

Reduced oxidative stress.

LOX-1 production, reduced expression
of ox- LDL, and increased hepatic LDLr.
Reduction in intracellular Ca + in
VSMCs

Inhibition of PP2A pathway.
Maintenance of arterial elasticity.
TRPV4 channel inhibition, VSMC
relaxation.

MyD88-TLR4 pathway inhibition and
endo- thelial apoptosis.

CXCR4/JAK-2 pathway inhibition,
endothelial cell protection.

AMPK pathway activation, RE stress
inhibition in endothelial cells.
Decreased NF-kB and TNF-o: expression.

No serious adverse effects were found during the treatment.
o type 2 diabetes, hyperlipidemia, and hypertension. In
these studies, BBR treatments had a relatively low cost
compared with other drugs and first line treatments

Hibiscus sabdariffa
L. (98, 120-124)

Hibiscina, gossypicianin.

ACE inhibition.

NO-dependent vasodilation.

K+ channels activation.

Ca2 + channels inhibition.
Ca2+-calmodulin complex inhibition
Antioxidant and anti-inflammatory
effects.

Does not present particular problems and usually does not
generate side effects.

Olea europaca
L. (125-127)

Oleuropein, oleacin, tyrosol,
hydroxytyrosol, Tensiofytol ™.

Antioxidants via stimulation of the NrF2
pathway.

Antiarterosclerotic activity via
antiplatelet and antiperoxidative
antiplatelet activity.

eNOS upregulation.

Reduction in plasma levels of total
cholesterol, LDL, TG, IL-8.

Reduction in LDL oxidation.

Hepatic fat oxidation.

Increased HDL levels.
Anti-inflammatory activity with
downregula tion of NF-kB via the
inhibited translocation of p65 and p50
(PMA).

Increased LPS-induced NO production
via iNOS stimulation.

NO-mediated vasodilation.

Improved endothelial function measured
as RHL

Clostridia XIV abundance inversely
correlated with systolic BP values.

No significant side effects but only slight ones including
nausea, cramps, diarrhea, or headache. It was observed no
‘mutagenicity evidence in vitro, either genotoxicity
evidence in vivo.
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