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Abstract

:

The maintenance of the physiological values of blood pressure is closely related to unchangeable factors (genetic predisposition or pathological alterations) but also to modifiable factors (dietary fat and salt, sedentary lifestyle, overweight, inappropriate combinations of drugs, alcohol abuse, smoking and use of psychogenic substances). Hypertension is usually characterized by the presence of a chronic increase in systemic blood pressure above the threshold value and is an important risk factor for cardiovascular disease, including myocardial infarction, stroke, micro- and macro-vascular diseases. Hypertension is closely related to functional changes in the endothelium, such as an altered production of vasoconstrictive and vasodilator substances, which lead to an increase in vascular resistance. These alterations make the endothelial tissue unresponsive to autocrine and paracrine stimuli, initially determining an adaptive response, which over time lead to an increase in risk or disease. The gut microbiota is composed of a highly diverse bacterial population of approximately 1014 bacteria. A balanced intestinal microbiota preserves the digestive and absorbent functions of the intestine, protecting from pathogens and toxic metabolites in the circulation and reducing the onset of various diseases. The gut microbiota has been shown to produce unique metabolites potentially important in the generation of hypertension and endothelial dysfunction. This review highlights the close connection between hypertension, endothelial dysfunction and gut microbiota.
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1. Introduction


Blood pressure (BP) is the pressure exerted by blood against the walls of blood vessels and depends on the amount of blood that pumps the heart and the resistances that oppose its free flow. Physiological BP values are approximately 115/75 mm Hg [1,2]. The maintenance of these values is closely related to lifestyle; in particular, some non-modifiable factors, including genetic predisposition or pathological alterations, can negatively influence BP. On the other hand, modifiable factors, such as dietary fat and salt intake, sedentary lifestyle, overweight, inappropriate combinations of drugs, alcohol abuse, smoking and the use of psychogenic substances, are fundamental for the alteration of the homeostatic condition and for the alteration of BP [3]. It is also important to highlight that some commonly taken medications (steroids, non-steroidal anti-inflammatory drugs, nasal decongestants, oral contraceptives and antidepressants) can result in BP elevations [4]. The American College of Cardiology, the American Heart Association and the European Society of Hypertension have established behavioral guidelines to ensure the maintenance of baseline BP values, based on non-pharmacological interventions such as intensifying physical activity with a program of defined aerobic exercises, limited salt and alcohol intake, weight loss, and use of the Dietary Approaches to Stop Hypertension (DASH) diet, with a high intake of fruits and vegetables and low in fat [5,6,7].



Accordingly, even in guidelines for the identification and management of systemic hypertension in animals, such as dogs and cats, factors such as age and sex are related to increased BP [8]. Indeed, an association has been found between aging, sex, systolic and diastolic BP and mean arterial blood pressure values [9]. Among several factors (temperament, exercise regimen, breed or sex), age accounts for the majority of the variation in systolic and diastolic blood pressure in healthy dogs. In fact, a significant difference was found between all these parameters among young and elderly dogs, with an increase in systolic and diastolic blood pressure per year from 1 to 16 years of age of 1–3 mmHg [10]. Interestingly, as in humans with secondary hypertension, it has been suggested that increased blood pressure can be expected in dogs and cats with kidney disease, hypothyroidism, diabetes mellitus, liver disease and hyper-adreno-corticism. For the latter, a close relationship with increased blood pressure was found along with the risk of consequences such as retinal or renovascular damage [8,11].



Furthermore, obesity is an additional factor related to the increase in BP. Indeed, overweight animals have higher BP than normal weight ones [10]. A significant increase in blood pressure was observed in rabbits fed a high-fat diet compared to lean controls, and this finding was associated with higher glycosaminoglycan content in the kidney leading to impaired renal fluid regulation with the onset of arterial hypertension [11]. Moreover, it has been suggested that the presence of co-morbidities, such as chronic kidney disease, endocrinopathies or cardiopathies could explain the relationship between obesity and hypertension [12].



Hypertension is usually characterized by a chronic increase in systemic BP above a certain threshold value and is an important risk factor for the onset of cardiovascular diseases including myocardial infarction, stroke, micro- and macro-vascular diseases [13]. In fact, the progression of hypertension is associated with functional and structural cardiovascular abnormalities with damage to the heart, vessels, kidneys, brain and other organs. In humans, hypertension can cause alterations to other organs that will produce some typical symptoms; in fact, although the conduction arteries try to protect the tissues from large pressure excursions, some organs will be damaged. In particular, the heart will have to work with a greater load leading to ischemia [14], thickening of the arteries [15], rupture of the brain thin vessels generating brain hemorrhages [16], damage to the retinal arteries of the ocular fundus [17] and possible renal microangiopathy which will contribute to systemic arterial hypertension [18]. The main organ damage generated by hypertension, is shown in Figure 1.



Hypertension is often associated with renal damage, and it still represents one of the most important causes of end-stage renal disease. Kidney damage induced by hypertension determines morphological and functional renal alterations, which results in nephropathy associated to glomerular, tubular and interstitial injury. The severity of disease depends on several factors, such as the causes of disease, the presence of underlying kidney disease or the hypertension degree, as well as on individual susceptibility. In particular, it is well known that, among the complex mechanism involved in the mechanism of hypertension, kidney modifications occurs [19]. As is known, alteration of physiological pressure levels is linked to the modification of several neurohumoral system such as the role of natriuretic peptides and the endothelium, the sympathetic nervous system (SNS) and the immune system and in particular, the renin–angiotensin–aldosterone system (RAAS), alterations in which lead to increase in mean blood pressure, blood pressure variability and organ damage such as chronic kidney disease, associated with cardiovascular disease [20]. RAAS has the important role of balancing pressure and volume in the kidney in response to a reduction of extracellular fluid linked to sodium excretion. These actions are made by the ability of RAAS to regulate blood pressure as it mediates sodium retention and natriuretic pressure, salt sensitivity, vasoconstriction, endothelial dysfunction and vascular injury [20]. As for humans, and also in small animals, renal disease is a frequent event associated with hypertension. Similarly, there are multi-factorial causes leading to the development of renal hypertension, such as the above-mentioned sodium retention, or RAAS activation that could lead to kidney disease. Kidney disease is commonly associated with hypertension in dogs, cats and other species. There are multiple mechanisms underlying the development of renal hypertension including sodium retention, activation of the renin–angiotensin system and sympathetic nerve stimulation. The relative importance of these and other mechanisms may vary, both between species and according to the type of kidney disease that is present. Consideration of underlying disease mechanisms may aid in the rational choice of therapy in hypertensive patients performed by the gut microbiota [21]. Indeed, thanks to its metabolites, the gut microbiota stimulates the enteric afferent sensory fibers or affects the target organs responsible for BP regulation, such the kidney, as has been observed in the link between Gut’s SCFAs production and blood pressure alteration, which is due to olfactory receptors expressed in the vasculature and kidneys [22,23].



As with humans, a sustained increase in BP also causes damages to various tissues in animals. Studies in dogs, cats and humans have observed a link between proteinuria and renal damage [8]. Indeed, dogs with renal damage and hypertension have higher kidney lesion scores for mesangial matrix, tubule damage, fibrosis and cell infiltrate [24].



Moreover, in dogs with proteinuria associated with chronic renal glomerular damage, renal pathological analysis showed tubulointerstitial damage, fibrosis, atrophy, and renal inflammation [25,26].



Other lesions also affect the eye, due to hypertensive retinopathy with blindness, retinal detachment, and retinal hemorrhage with ocular lesion [27]; the brain, with encephalopathy associated with microhemorrhages and thrombi [28,29,30]; and the heart, with cardiovascular changes along with left ventricular hypertrophy, impaired cardiac function, increased heart rate, left ventricular mass index, decreased E/A ratio and diastolic dysfunction [31]. Histological observation showed multifocal dissolution and fragmentation of the myofilaments in cardiomyocytes with mitochondrial and cellular swelling, and loss of mitochondria and cells, along with myocardial fibrosis [32]. Although hypertension affects 30% of the population and 70% of the elderly, as well as being the most common cardiovascular risk factor, the etiology of most cases remains undefined [33]. In fact, in about 90% of cases the precise causes are unknown [34]. The functioning of the endothelium, the inner layer of blood vessels that controls circulation through the production of vasoactive substances and maintains vascular homeostasis, is one of the first targets in cardiovascular risk factors [35,36]. One of the first diseases associated with the reduced bioavailability of factors released by the endothelium is arterial hypertension, but, from the knowledge available in the scientific literature, it is not possible to determine whether endothelial dysfunction is the cause or a consequence of arterial hypertension [37]. Furthermore, a great deal of evidence describes the role of the gut microbiota in cardiovascular diseases, with particular attention to hypertension. In this review the role of the endothelium and intestinal microbiota in the phenomenon of arterial hypertension will be investigated in order to provide new therapeutic targets in the study, treatment and resolution of this pathology, which considerably increases cardiotoxic risk.



1.1. Endothelial Function and Dysfunction


Anatomically, the endothelium is made up of a monolayer of endothelial cells (EC) that extends along the entire circulatory system and forms the inner lining of blood vessels. Initially it was thought that the endothelium was made up of inert cells, with an exclusively structural function. To date, it is known that these cells are metabolically active, dealing with different physiological functions including the control of vasomotor tone, blood cellular traffic, maintenance of vascular homeostasis, permeability, proliferation, survival, innate and adaptive immunity. The main functions of the endothelium are the maintenance of vascular tone, cell adhesion, platelet aggregation, leukocyte trafficking, coagulation cascade, inflammation, permeability and regulation of thrombosis and fibrinolysis [38]. Vascular tone, defined as the balance between the degree of constriction of the blood vessel and its maximum dilation, is modulated by the release of relaxing and constricting factors derived from the endothelium. In fact, physiologically, ECs synthesize and release several endothelium-derived relaxing factors including vasodilator nitric oxide (NO), prostaglandins and endothelium-dependent hyperpolarization factors (EDHs).



NO is a soluble gas that demonstrates important protective vaso-relaxing functions and is regulated by endothelial nitric oxide synthase (e-NOS), an enzymatic isoform constitutively expressed in ECs. This enzyme catalyzes the conversion of L-arginine into L-citrulline and NO. When NO is synthesized, it spreads into smooth vascular muscle cells, stimulating soluble guanyl cyclase and increasing cyclic guanosine monophosphate, (NO effector), which promotes vasodilation [39]. Nevertheless, the endothelium is also able to produce contracting factors such as endothelin, thromboxane A2, angiotensin II, and superoxide; thus the correct balance between the production of vasodilators and vasoconstrictors guarantees a correct maintenance of the vascular tone [40]. Endothelial cells are also able to relax vascular smooth muscle cells by generating EDH, the mechanism of which may vary depending on vascular beds and species. In fact, in some vascular beds and under specific conditions, endothelial cells generate EDH, release the calcium ion, presumably from the endoplasmic reticulum, and activate K+ channels. Their spread to adjacent smooth muscle cells, via myoendothelial gap junctions, induces endothelial-dependent hyperpolarization and relaxation in arteries’ resistance [41]. This mechanism makes it clear that EDH impairment can lead to both endothelial dysfunction and altered blood pressure regulation [42].



The endothelium also plays an important role of acting as a selective barrier between the blood and surrounding tissue, regulating the exchange of water, solutes and cells, and maintaining normal homeostasis. An alteration of this function can lead to hyper-permeability with the passage of blood components through the endothelium [43]. The passage of water and solutes occurs through the endothelial cell itself, from the luminal membrane to the basolateral membrane or in the opposite direction, through the so-called transcellular transport. Macromolecules cross the endothelium using the nearby endothelial transcellular space, connected by protein complexes, also called junctions. Cell junctions can be of three types: gap junctions, adherent junctions and tight junctions [44,45]. The endothelium plays a crucial role in maintaining blood fluidity and preventing thrombosis: in physiological conditions, it provides the correct hemostatic balance through different anticoagulant and antiplatelet mechanisms [46,47]. The endothelium is also involved in the formation of blood vessels. Indeed, endothelial cells produce a specific growth factor for vascular endothelium (VEGF) and recent studies have described a pattern of vascular formation that begins with the formation of immature vessels, which subsequently undergo remodeling and maturation [48]. Some of the main functions of the endothelium are represented in Figure 2. The inability of the endothelium to maintain vascular homeostasis is defined as endothelial dysfunction, a state in which the endothelial cell phenotype is altered, vasodilation is reduced, and the proinflammatory and prothrombotic state and the accumulation of reactive species are increased. Endothelial impairment includes two consecutive moments: (a) activation of endothelial cells; (b) overt endothelial dysfunction. The activation of endothelial cells occurs following an insult that causes the phenotypic transformation of the cells from a physiological condition to a pro-inflammatory state [49]. The pro-inflammatory phenotype is characterized by an increased expression of chemokines, cytokines, and cell adhesion molecules (CAMs) that facilitate the recruitment and adhesion of circulating leukocytes on the vascular wall [50]. If the harmful stimulus is prolonged and/or repeated there is the pathological transformation of the endothelium into an overt endothelial dysfunction, characterized by a pro-coagulant state, increased reactive oxygen species (ROS) levels, a sustained inflammatory state and constriction of blood vessels [51]. The blood cells that first reach the inflammatory site are the neutrophils which, after being firmly attached to the CAMs’ components expressed by the endothelium (selectins and integrins), cross the endothelial barrier, and thus leaving it. The process by which leukocytes transmigrate across endothelial barriers consists of six sequential steps: (1) rolling; (2) activation of leukocytes and endothelium; (3) adhesion to endothelial cells; (4) crawling toward the endothelial junctions; (5) trans-endothelial migration and (6) diapedesis [52].



Endothelial dysfunction is associated with most cardiovascular diseases (such as chronic heart failure, peripheral vascular disease, coronary heart disease, hypertension, diabetes, chronic kidney failure) [53,54,55], but also with severe viral infections, neurological diseases, and metabolic diseases among others [56,57,58,59]. ROS are reactive oxygen intermediates, which are physiological by-products of cellular metabolism. At physiological concentrations, ROS are very useful for cellular homeostasis, acting as second messengers in the cellular signals’ transduction and predisposing toxicity reactions against bacterial infections [60]. Conversely, when the amount of ROS exceeds the antioxidant capabilities of the cell or when the antioxidant enzymes have a reduced activity, oxidative stress occurs. This condition is extremely dangerous as ROS can react with major biological macromolecules and modify them accordingly [61,62]. Cell membranes are particularly susceptible to oxidative damage caused by ROS and can undergo “lipid peroxidation”, a process in which ROS remove electrons from lipids and damage phospholipids. This alteration can also lead the cell to apoptotic death [63,64]. The accumulation of ROS is involved in the onset of several diseases, including cancer, metabolic diseases, such as diabetes and obesity, neurodegenerative disorders, lung diseases and kidney diseases [65,66,67,68]. It has recently been shown that there is a close correlation between ROS accumulation, increased inflammation, and endothelial dysfunction [69,70,71]. For example, the reduction in the bioavailability of NO may be due not only to the reduced expression of e-NOS protein, but also to an increase in the level of ROS and above all of anion superoxide (O•−), responsible for the formation of peroxy-nitrite (ONOO−). The latter promotes protein nitration contributing to endothelial dysfunction and cell death [72,73]. The pathologies in which the availability of NO is altered, and which determine a harmful impact on the endothelium, through the mechanism described are multiple and include not only metabolic disorders (hyperglycemia, hyperlipidemia, hypertension) [74,75], but also prolonged exposure to drugs, aging and mental disorders [76,77,78,79]. To date, it is known that oxidative stress favors the extravasation of leukocytes: indeed, some scientific studies have shown that the exposure of Human Umbilical Vein Endothelial Cells (HUVECs) with hydrogen peroxide for 1 h, involves the translocation of selectin P on the cell surface, thus increasing the adhesion of neutrophils [53,80]. At the same time, antioxidant cell treatment removes O•− accumulation reducing the early stages of the extravasation mechanism [81,82]. The Intercellular Adhesion Molecule 1 (ICAM 1) is a protein continuously present at low concentrations in the membranes of leukocytes and endothelial cells, which when stimulated by cytokines, considerably increases its concentration. ICAM-1 is another inflammatory mediator that plays a key role in neutrophil recruitment and neutrophil-mediated vascular injury. In addition, ICAM-1 is regulated at the level of gene transcription by numerous transcription factors involved in oxidative stress, including NF-kB, and Activator protein 1 (AP-1), highlighting the involvement of ROS in the transcriptional activation of this adhesion molecule. Treatment with hydrogen peroxide has been shown to rapidly increase ICAM-1 mRNA and its cell-to-surface protein expression in HUVECs [82,83]. Furthermore, treatment with the antioxidant N-acetyl-L-cysteine (NAC) reduces the expression of ICAM-1 by reducing the extravasation of leukocytes [84]. The accumulation of ROS can facilitate the induction of the autophagic process, which determines the elimination of dysfunctional mitochondria. However, when autophagy is excessive, it can lead to cell death. Recent experiments have shown that antioxidant treatment reduces ROS excess, restores proper autophagy, and reduces endothelial cell death [57,85,86]. The inflammatory process is closely related to the accumulation of ROS in endothelial dysfunction. Indeed, these two effects are complementary to each other and it is difficult to determine which effect occurs first: they can certainly be considered the common denominator of endothelial dysfunction [87,88]. The endothelium plays an important role in the initiation of the inflammatory process. The first step involves, as already mentioned, endothelial cells undergoing an activation process, usually classified into two types: type I activation is rapid and generates a transient response in which endothelial cells interact with leukocytes and platelets after loss of their cellular junctions and subsequent release of the P-selectin adhesion protein; type II activation is slower but more persistent and affects the expression of a variety of proinflammatory cytokines, including tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1) [89]. Following the activation of endothelial cells, there is an increase in vascular permeability, the expression of pro-inflammatory cytokines, chemokines and enzymes, and an over-expression of adhesion molecules, such as ICAM-1, selectin-E and vascular cell adhesion molecule-1. This condition generates a real inflammatory process, responsible for the activation of leukocytes [90]. The release of inflammatory mediators, including vasoactive amines (histamine and serotonin), peptides (bradykinin, protease of thrombin) and eicosanoids (thromboxanes, leukotrienes and prostaglandins) and the recruitment of leukocytes continues with an intracellular inflow of calcium ion. Calcium is a key second messenger involved in the signaling pathways that affect endothelial permeability. The mediators produced bind their receptors on endothelial cells, triggering the opening of calcium channels; the increased concentration of this ion activates calcium-dependent proteins. Calcium influx is involved in a number of phases of the inflammatory cascade and the leukocyte extravasation cascade, including leukocyte rolling, adhesion, migration and diapedesis [91]. It is increasingly confirmed that hypertension reduces endothelium-dependent relaxation in both large and small arteries [92]. In general, most studies on endothelial dysfunction focus on mechanisms related to the reduced bioavailability of NO resulting from both decreased NO production and increased NO degradation. In hypertension, the mechanisms involved in changes in NO metabolism are decreased NO production and increased NO inactivation [93,94]. A reduced NO synthesis can result from:




	(a)

	
a deficiency in the substrate of NO synthase, L-arginine [95];




	(b)

	
a high concentration of endogenous NO synthase inhibitors [96];




	(c)

	
deficiency of cofactor for NO endothelial synthesis [97];




	(d)

	
reduced expression of e-NOS [98];




	(e)

	
an alteration of the transduction signals leading to the uncoupling of endothelial NO synthase [99];










1.2. Endothelial Dysfunction and Hypertension


Considering these findings, it is known that hypertension is associated with an increase in ROS production and a decrease in the level of antioxidants [100,101]. The connection between oxidative stress and hypertension is also demonstrated by the knowledge of scientific data, which shows that vitamin C restores NO production and improves endothelial function in hypertension. In arterial hypertension, the reduction in the bioavailability of NO, also justified by its binding with various molecules such as hemoglobin or albumin, becomes more persistent due to the interaction of NO with O•−. In fact, in physiological conditions, the endogenous antioxidant system limits the interaction between NO and O•−. On the contrary, pathological diseases, such as diabetes mellitus, tobacco smoke, hyperlipidemia and hypertension, lead to an increase in the production of O•−, which results in a reduction of NO availability. In this case, NO reduction is responsible for vasoconstriction, arterial remodeling, arterial stiffness, thickening of the subendothelial sheet, increase in the amounts of proteins, lipids and proinflammatory cells, changes in the viscoelastic properties of the arterial wall, the onset of local inflammatory processes and increased leukocyte adhesion [102,103]: precisely for this reason, antioxidant agents are included in the treatment of hypertension. Hypertension is closely related to functional changes in the endothelium and hypertensive patients exhibit endothelial-associated vasodilation impairment with an abnormal NO function. The impaired production of vasoconstricting and vasodilating substances can lead to an increase in vascular resistance. These alterations make the endothelial tissue unresponsive to autocrine and paracrine stimuli, initially determining an adaptive response which over time leads to an increase in risk or disease. Therefore, targeting of endothelial dysfunction is crucial for the treatment of hypertensive subjects [104,105,106].



In rabbits, intravenous administration of a NOS inhibitor, N omega-monomethyl-L-arginine (L-NMMA), induced a dose-dependent increase in mean systemic arterial blood pressure. This increase in BP was due to inhibition of NO release from ex vivo perfused aortic segments. L-arginine infused through the aortic segments was able to reverse this inhibition within 15 min, demonstrating that L-arginine-derived NO in the vascular endothelium is important in regulating blood pressure [107]. Furthermore, L-arginine was also able to counteract the inhibitory effect on endothelium-dependent relaxation of L-NG-methylarginine, which after its infusion in guinea pigs leads to a dose-dependent increase in systolic and diastolic blood pressure [108].



Moreover, changes in NO-mediated vasodilatations via L-NMMA infusion in dogs were highlighted by a dose-related increase in aortic pressure, decreased rest phasic coronary blood flow and heart rate, and by the increase in basal epicardial coronary vasomotor tone [109].



In all in vivo models of hypertension there is a high impairment of endothelium-dependent vessel relaxation in both large and small resistance arteries.



Endothelial dysfunction is also well described in human hypertension, in small and large epicardial coronary arteries [110,111]. Hypertension is not only responsible for changes in endothelial regulation of vasomotor function, but also for the induction of inflammation in the vascular wall [112]. Hypertension contributes to the endothelial development of many serum markers’ inflammation, including cytokines, interleukin-6, alpha tumor necrosis factor, CAMs, fibrinogen and C-reactive protein [113]. A representation of endothelial involvement in hypertension is shown in Figure 3.





2. Gut Microbiota and Hypertension


The gut microbiota is composed of a very varied bacterial population of about 1014 bacteria and whose intestinal colonization begins at the birth of the organism. Although the fetal microbiota has been shown to depend on the maternal microbiota, it is now known that its composition differs within the first 3–5 years of life [114]. The microbiota of an adult individual is mainly characterized by three enterotypes, each of which is composed of a prevalent bacterial species: enterotype 1 is characterized by Bacteroides, which recover maximum energy from the fermentation of carbohydrates and proteins. They are also responsible for the production of biotin, riboflavin, pantothenic acid and ascorbic acid. Enterotype 1 is often related to a diet high in animal proteins and fats and low in fiber and plants, such as the Western diet. Enterotype 2 is characterized by a preponderance of bacteria of the genus Prevotella, which can degrade host glycans and proteins. They produce high levels of thiamine and folic acid. Enterotype 2 is related to a diet high in fiber and carbohydrates. Enterotype 3 is characterized by bacteria of the genus Ruminococcus, which can colonize the superficial mucosa, consume simple sugars, and could play an important role in modulating the immune system. Due to the absorption of carbohydrates and simple sugars, enterotype 3 can be related to a tendency to gain weight [115]. After birth, breastfeeding involves the intake of lactose, the main carbohydrate in human milk, which promotes the growth of Lactobacillus. Subsequently, the consumption of solid foods reshapes the intestinal microbiota, with the colonization by anaerobic Proteobacteria, Lactobacillus and Bifidobacterium. Subsequently, several genera will appear within the phylum Bacteroidetes [116,117]. In healthy adults, the composition of the gut microbiota is stable but diet and environmental factors can generate imbalances. In the elderly population there is a reduction in bacterial diversity, with an increase in some Proteobacteria and a decrease in Bifidobacteria. This modification causes an interruption of the intestinal barrier function and the likelihood of toxin accumulation [118]. The integration of probiotics and prebiotics has been shown to have protective effects on health, with a reduction in chronic inflammation and increase in longevity [119,120]. This important observation highlights the importance of the gut microbiota in maintaining general health [121]. Therefore, it is clear, that a balanced intestinal microbiota preserves the digestive and absorbent functions of the intestine, limits the invasion of pathogens and toxic metabolites into the circulation and reduces the occurrence of various diseases [122,123,124,125,126,127]. The gut microbiota has been shown to produce unique metabolites that are potentially important in blood pressure control. These bacteria are the only source of short-chain fatty acids (SCFAs), products of the digestion of dietary fibers and the fermentation of undigested carbohydrates, from the gut microbiota, for the body. SCFAs are fatty acids with less than six carbon atoms, including the most abundant, acetic acid, propionic acid, butyric acid, and the least abundant, valeric acid and caproic acid. Bacteria synthetize SCFAs in sequential steps from glycolysis of glucose to pyruvate, acetyl-CoA and finally acetic acid, propionic acid, and butyric acid. SCFAs are known to be beneficial metabolites for blood vessel control and can influence the immune, epithelial, nervous and blood vessel systems and modulate blood pressure, reducing the risk of hypertension [128]. Indeed, hypertension has been associated with a decreased intestinal microbial diversity and SCFA-producing bacteria [129]. Furthermore, the abundance of SCFA-producing bacteria in pregnant women is negatively correlated with blood pressure [130]. Mechanistically, SCFAs has been shown to bind to a G protein by activating intracellular signaling in various cell types [131] and by modulating blood pressure [132,133]. Indeed, a relationship was found between Gpr41, a G protein-coupled receptors, and SCFAs produced by the gut microbiota. In particular, the binding of SCFAs to Gpr41 leads to a stimulation of renin secretion which results in a BP increase. Moreover, Grp41 has been shown to influence the endothelium in determining vasodilation and that the absence of this G protein in KO mice results in isolated systolic hypertension compared to wild type mice, together with an elevated pulse wave velocity, as observed by the telemetry measurement. These effects suggest that the gut microbiota, through SCFAs, can influence BP regulation [134]. The modulation of BP, SCAF mediated, occurs also with many sensory receptors (olfactory receptors, taste receptors). These receptors, in addition to playing their role in sensory tissues, also act in other districts where they serve as selective and sensitive chemo-receptors. For example, olfactory receptors (OR) are expressed in a variety of tissues in mice, humans, and other primates, and their ligands are often generated by physiological or metabolic processes [135,136]. Olfactory Receptor78 (Olfr78) is expressed in olfactory epithelium, but also in renal afferent arteriole, the site where renin (the initial, limiting passage in the renin–angiotensin–aldosterone pathway) is stored for possible release into the blood, playing an important role in blood pressure control, autoregulation of tissue blood flow, and/or extracellular fluid volume regulation. In vitro and in vivo studies have shown that Olfr78 is a receptor for SCFAs, in particular acetate and propionate [137,138].



Moreover, SCFAs demonstrate an epigenetic effect on epithelial cells by acting on histone deacetylase [139] and by increasing the transcription of interleukin-10, an anti-inflammatory and immunosuppressive cytokine produced by a variety of mammalian cell types and capable of reducing inflammation, inhibiting the synthesis of pro-inflammatory cytokines such as IFN-γ, IL-2, IL-3, TNFα. Iterleukin-10 also exhibits a potent ability to suppress the antigen presenting-capability of antigen presenting-cells. Knockout studies have suggested that interleukin-10 acts as an essential immunoregulator in the intestinal tract: in fact, patients with Crohn’s disease react favorably to treatment with recombinant interleukin-10 producing bacteria [140,141].



The correlation between SCFA concentrations, inflammatory status and dysbiosis has also been demonstrated in dogs with chronic enteropathy which show lower fecal concentration and altered SCFA patterns associated with fecal microbiota modifications [142]. Dysbiosis caused by inflammatory bowel disease resulted in a reduction of SCFA-producing bacteria and alterations in ileal and colon mucosal bacteria in dogs, as observed by the increase in adherent bacteria, such as total bacteria, Enterobacteriaceae, E. coli and the presence of invasive bacteria, such as Enterobacteriaceae, E. coli, and Bacteroides in the sites of intestinal mucosa. Overall, these effects lead to worsening of the clinical disease [143,144].



SCFA maintains the epithelial barrier to reduce inflammation and their reduction has been identified as a responsible factor for the increase in blood pressure in obese pregnant women [145]. Overall, these findings support the assumption that the gut microbiota reduces the risk of hypertension [146,147,148]. However, it is important to note that some intestinal bacteria by-products have direct negative effects on blood pressure in the case of intestinal dysbiosis [149]. The composition of the gut microbiota is constantly changing and evolving and is influenced by several factors including diet, intestinal mucosa, drug consumption/abuse, the immune system, and the microbiota itself. When there is a correct balance between the composition of the gut microbiota and its entire genetic heritage (microbiome), a condition known as “intestinal eubiosis” is established. Conversely, when there are reductions in microbial diversity with expansion of specific bacterial taxa, a state of dysbiosis occurs [150]. Therefore, dysbiosis is a condition of microbial imbalance caused by an excessive growth of “harmful” bacteria inside the intestine, which cause irritation and predispose to the onset of various diseases including ulcerative colitis and Crohn’s disease, necrotizing enterocolitis, colorectal cancer, autoimmune diseases and neurological disorders [127,151,152,153,154,155,156]. The close connection between intestinal dysbiosis and hypertension has been well studied and highlighted [157]. Some by-products of intestinal bacteria can induce, as previously described, the onset of diseases in the case of intestinal dysbiosis and this can occur when a systemic inflammatory process is induced. For example, microbiota-derived metabolites can easily cross the blood-brain barrier (BBB), affecting the inflammatory state in the brain and inducing pathologies such as multiple sclerosis [158] and hypertension [159]. Probiotic and prebiotic supplementation should be administered in all adult/elderly individuals, to ensure intestinal eubiosis and also to normalize blood pressure. Figure 4 shows a diagram representing the protective role of the gut microbiota in a condition of eubiosis.



2.1. Gut Microbiota and Endothelial Dysfunction


The maintenance of endothelial function also occurs in relation to the endogenous mediators with which it comes into contact. Therefore, the derivatives of the metabolism of the microbiota can contribute to the physiology of the organism by helping to maintain homeostasis or causing the onset of diseases. It has also been shown that these metabolites can demonstrate different effects on endothelium function [160]. In particular, intestinal bacteria can affect the endothelium of the circulatory system through two main pathways: on the one hand, the microbiota and its metabolites can stimulate the enteric nervous system and, consequently, the activity of the brain centers that control the cardiovascular system; on the other hand, it can enter the bloodstream, through the blood–intestinal barrier, modulating the function of the tissues and organs that control the homeostasis of the circulatory system [161]. For this reason, the maintenance of the microbial composition in a state of eubiosis and the attenuation/resolution of intestinal dysbiosis has been proposed as a strategy to reduce endothelial and vascular dysfunction [162]. SCFAs, as previously mentioned, have beneficial effects on the endothelium and blood vessel control. Conversely, there are some harmful metabolites that will be investigated below. Trimethylamine (TMA), an organic compound with the formula N(CH3)3, is a tertiary amine produced in humans following the ingestion of foods from certain plants and animals, containing choline, phosphatidylcholine, glycerol-phosphocholine, carnitine, betaine, lecithin and L-carnitine. These substrates provide the gut microbiota with the ability to form TMA, which is absorbed into the bloodstream and subsequently oxidized to trimethylamine N-oxide (TMAO) in the liver [163]. TMAO is considered a cardiac risk biomarker as it possesses pro-atherogenic properties and is capable of predicting myocardial infarction, stroke or death [164]. In particular, the mechanism of action involves endothelial dysfunction and the prothrombotic effect caused by platelet aggregation [165]. TMAO-induced endothelial dysfunction occurs following activation of the transcription factor NF-kB, responsible for up-regulation of inflammatory signals and adhesion of leukocytes to endothelial cells [166,167]. In addition, in vitro studies have shown that high plasma TMAO levels were related to a reduction in circulating endothelial metabolites, increased endothelial dysfunction and severe cardiovascular events [168,169]. Moreover, it was found that an increase in TMAO is related to endothelial dysfunction and atherosclerosis [170] and that mice with high TMAO values, following a diet rich in choline, showed high endothelial damage, evident dyslipidemia and hyperglycemia [171]. Furthermore, an interesting clinical study showed that a high plasma level of TMAO was associated with increased inflammation and concomitant reduction of endothelial progenitor cells in patients with cardiovascular disorders [172]. In addition to the mechanisms already described, TMAO downregulates the expression of the anti-inflammatory cytokine IL-10, which can protect the endothelium from damage caused by increased inflammation and oxidative stress [173] TMAO leads to ROS generation and reduction of nitric oxide, both of which exert adverse effects in maintaining normal vascular function [174]. In an important and elegant study, Matsumoto et al. highlighted another mechanism by which TMAO is able to alter the vascular endothelial function. In fact, the effects of TMAO on endothelial-dependent relaxation in two arteries, in particular the upper mesenteric artery and the femoral arteries, have been studied and it has been shown that TMAO is able to induce both the inhibition of EDH and its consequent arterial relaxation. However, it is important to note that the described phenomenon does not occur in all vascular beds, but acts selectively: in this case, in particular, the femoral arteries are involved, but not the upper mesenteric artery [175].



A relationship between blood levels of TMAO, increased risk of mortality and renal insufficiency was found in humans and animals as observed by renal tubulointerstitial fibrosis, with increased levels of the early renal injury marker KIM-1 and enhanced phosphorylation of Smad3, and renal dysfunction observed by elevated cystatin C values after choline intake [176].



Finally, TMAO impairs the self-healing ability of damaged endothelial cells, leading to irreversible endothelial dysfunction [177].



Uremic toxins are metabolites derived from the metabolism of the gut microbiota of amino acids that contain aromatic groups, such as tyrosine, phenylalanine and tryptophan. The gut microbiota metabolizes these amino acids in the host liver to produce certain toxins, such as indoxyl sulfate, indoxyl glucuronide, indoleacetic acid, p-cresyl sulfate, p-cresyl glucuronide, phenyl sulfate, phenyl glucuronide, phenylacetic acid, and hippuric acid [178,179]. These circulating nitrogen metabolites are considered to be a predictive biomarker of coronary atherosclerosis [180]. Uremic toxins alter endothelial balance and promote dysfunction by activating NF-kB transcription factor signalling, overriding ICAM-1, the endothelial- and leukocyte-associated transmembrane protein long known for its importance in stabilizing cell–cell interactions, and monocyte chemoattractant protein-1 (MCP-1), which plays an important role in the selective recruitment of monocytes, neutrophils, and lymphocytes [181]. Furthermore, these toxins inhibit NO synthesis and increase ROS accumulation. The involvement of oxidative stress is provided by the consideration that the antioxidants N-acetylene and apocynin can mitigate the pro-apoptotic effect of p-cresyl sulfate in the endothelium [182]. In addition, the treatment with caffeic acid, a polyphenol present in white wine with antioxidant properties, was able to restore NO production and reduce ROS [183,184]. 3-hydroxyphenylacetic acid (3-HPAA), other metabolites produced by the gut microbiota after the intake of polyphenol-rich foods, and in particular quercetin have been shown to be potentially beneficial in hypertension. Indeed, in spontaneous hypertensive rats a dose-dependent reduction in mean systolic and diastolic pressure, associated with no heart rate changes, was observed after administration of 3-HPAA, by bolus or after slow intravenous infusions, but not by intravenous injection, suggesting that this effect was based only on peripheral relaxation. Meanwhile, 3-HPAA treated porcine coronary arteries isolated from pigs’ hearts showed a dose dependent vasodilatory response mediated by endothelium-derived NO [185].



Finally, intestinal microorganisms release proteins and peptides that act not only on other bacteria, but also on the rest of the body. Pathological bacteria are able to release peptides that destroy the blood–intestinal barrier, resulting in the spread of bacteria in the bloodstream, a considerable increase in inflammatory state and induction of permeability, transmigration and angiogenesis in the intestinal microvascular endothelial cells [186].



Along with human observation, a reduction of fecal bacterial diversity has been observed in cats affected by chronic kidney disease, which is associated with a significantly higher blood indoxyl sulfate concentration [187,188]. Likewise, in cats and dogs with chronic kidney disease with persistent azotemia, it was shown that increased levels of indoxyl sulfate were related to serum phosphorous concentration, loss of renal function, and smaller kidneys compared to non-azotemic cats [189]. Moreover, the increased levels of uremic toxins were associated with the increased concentration of fibroblast growth factor-23 [190] and with the increase of blood urea nitrogen, serum creatinine phosphate and the decrease of hematocrit [191].



Although the study of the direct correlation between gut microbiota and the development and progression of hypertension in animals, such as dogs and cats, is still premature, some interesting noteworthy research has been conducted in relation to other known cardiovascular diseases.



For example, canine degenerative mitral valve disease (DMVD) is one of the most common forms of cardiovascular disease in the dog and shares several molecular and pathophysiological similarities with that of humans.



Recent studies have shown that high circulating concentrations of TMAO and its nutrient precursors, including choline and L-carnitine, phosphatidylcholine, betaine, and trimethyl-lysine, together with uremic toxins, such as guanidino compounds and urea, were recorded in dogs with DMVD and Congestive Heart Failure (CHF) compared to asymptomatic or healthy dogs [192,193]. Interestingly, some of the short-chain and long-chain acyl-carnitine concentrations were reduced after a targeted dietary intervention mainly based on medium-chain triglycerides, fish oil and antioxidants [194,195].



The main question for the authors is to establish whether the increased concentrations of TMAO and its precursors registered represent the cause of the development and progression of DMVD and CHF or an effect of these conditions. Elevated TMAO concentrations are the result of impaired cardiovascular energy metabolism, or alternatively may be related to the inflammation associated with cardiovascular diseases.



A pilot study recently published on Scientific Reports clearly showed that quantifiable dysbiosis occurs in dogs with CHF due to increased levels of Proteobacteria, with a particular increase in Escherichia coli and an unclassified species of Enterobacteriaceae, suggesting a similar pattern to that described in human patients [196,197]. In agreement with previous studies, the authors correlated the elevated levels of Escherichia coli with the increased concentrations of TMAO in dogs with CHF. Furthermore, they pointed out the opportunistic nature of these bacteria; indeed, while some strains of E. coli are benign, some other are compatible with pathobionts inducing inflammation and contributing to inappetence, malnutrition and cachexia seen in dogs with CHF [198].



An interesting study published on 2021 identified, for the first time the relationship between gut microbial dysbiosis and circulating gut-derived metabolites in dogs with preclinical mixomatous mitral valve disease (MMVD) or with CHF secondary to MMVD, compared to healthy dogs [199]. In particular, the authors showed greater alpha and beta diversities in the gut of healthy dogs than in the dogs with MMVD, identified changes in five genera and six species of bacteria and clearly demonstrated that the dysbiosis index progressively increased with the severity of MMVD. Moreover, the dysbiosis index was inversely associated with Clostridium hiranosis, a key bile acid converter in the gut, while secondary bile acids promote the growth of beneficial bacteria and inhibit that of harmful ones. Finally, a positive correlation was identified between the key intermediates of long-chain fatty acid transport and oxidation, circulating short-chain acyl-carnitines and gut bacteria Lactobacillus and Megamonas, whose levels are reduced in MMVD dogs [199].



Thanks to these and other studies, the so-called “gut hypothesis” has been confirmed. According to this hypothesis, gut dysbiosis arises in the preclinical stages of the disease when no symptoms of cardiac remodeling are detectable, laying the foundations for a future targeted diagnostic and therapeutic approach. The beneficial or harmful effects of circulating metabolites of the gut microbiota on endothelium are shown in Figure 5.




2.2. Gut Microbiota and LPS/TLR4 Signal Transduction


The correlation between microbiota and hypertension has been studied experimentally using numerous animal models including spontaneous hypertensive rats, Dahl-sensitive rats, angiotensin-II induced hypertensive rats and deoxycorticosterone acetate (DOCA)-salt mice [200,201,202,203]. The results obtained showed that hypertension is accompanied by marked differences in the composition of the microbiota and their metabolites. In particular, there is less abundance of SCFA-producing bacteria, less abundance of Bacteroidetes, more abundance of lactate-producing bacteria and more abundance of proteobacteria and cyanobacteria [204]. Hypertension has been associated with lower gut microbial alpha diversity in several cross-sectional studies; in fact a greater abundance of Gram-negative bacteria has been appreciated, such as Klebsiella, Parabacteroides, Desulfovibrio and Prevotella [23,205,206]. Gram-negative bacteria are a source of endotoxins, such as lipopolysaccharides (LPS), which are pro-inflammatory molecules. The potential mechanisms contributing to hypertension development linked to dysbiosis involve: (1) metabolism-dependent pathways, consisting in a decrease in SCFA and TMAO production; (2) metabolism-independent pathways: LPS and peptidoglycan translocation [207]. In animal studies, LPS has been commonly used to induce vascular dysfunction [208], while in human samples the presence of high levels of LPS in the bloodstream has been identified as “endotoxemia” and has been correlated with cardiovascular disease and mortality [209]. Lower gut microbial alpha diversity in hypertension leads to intestinal dysbiosis with impaired integrity of the intestinal barrier resulting in the entry of LPS into the blood stream. In this way, LPS can advance intestinal dysregulation creating positive feedback damage. Bacterial endotoxins are recognized by toll-like receptors (TLRs), 13 integral I-type transmembrane receptors that play an essential role in hypertension and produce low-grade chronic inflammation, vascular remodeling, and oxidative stress [210]. TLRs are known for their ability to recognize evolutionarily conserved components of microorganisms, including bacteria, viruses, fungi and parasites [211]. Among these, TLR4 is the most commonly explored in hypertension. TLR4 binds LPS with the help of LPS-binding proteins and contribution of the MD-2 protein, stably associated with the extracellular fragment of the receptor. Prolonged activation of TLR4 is associated with several human neurodegenerative and autoimmune diseases and cancer [212,213]. When bacterial LPS binds to TLR4, this Complex activates the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and promotes the subsequent inflammasome activation [214]. The infammasome serves to promote autoproteolysis and activation of caspase-1, which, in turn, cleaves pro-IL-1β and pro-IL-18. In summary, animal studies suggest a causal link between gut microbiota composition and BP regulation. In fact, the use of prebiotics has determined the reduction of BP in hypertensive patients [215]. Despite these favorable outcomes, it is still not clear how TLR4 affects BP under normal and hypertensive conditions and additional and specific studies should be organized.




2.3. High Salt Intake, Hypertension and Gut Microbiota


In order to maintain the balance of liquids and cellular homeostasis, the human body needs a very small amount of salt. Over time, however, salt consumption has increased exponentially both because of a diet based on the “emphasis of flavor” (diet developed in Western countries), and the development of food technologies that use salt as a preservative in many foods. The result has been a consumption of a quantity of salt that exceeds by approximately 20 times the real requirement [216]. Since the human body is not adapted to expel this large amount of salt, multiple repercussions on our health have occurred, motivating millions of deaths per year [217]. To date, it is known that excess salt in the diet is an important risk factor for hypertension and the onset of cardiovascular disease; for this reason, the American Heart Association has recommended the correct amount of salt to be taken [218]. The salt should not exceed 2300 mg per day, although less than 10% of the US population observes this recommendation [219]. In addition, large numbers of individuals are hypersensitive to salt changes and develop BP alterations even if they are normotensive subjects. An excess of salt involves organ damage in the kidney, vasculature, and central nervous system, although it has recently been discovered that even the intestinal microbiota and immune cells can perceive excesses of Na+ and contribute to inflammation and hypertension [220,221,222]. The involvement of the gut microbiota has been demonstrated with some experimental evidence: first of all the transplantation of the intestinal microbiome of hypertensive subjects causes increased blood pressure in germ-free receiving mice [223]. In addition, germ-free mice are resistant to hypertension, vascular dysfunction and have less renal and vascular infiltration of immune cells after infusion of angiotensin II [224]. Both examples of evidence suggest a causal role of the intestinal microbiome in the development of hypertension. A high salt intake in the diet modulates both the composition and the function of the microbiota in rodent models and in humans [225,226]. Several bacterial taxa were observed to be different between hypertensive and normotensive groups: for example, gut microbiome of both hypertensive rats and humans is characterized by an increase in the Firmicutes/Bacteroidetes ratio [227]. High salt administration also reduces the prevalence of Lactobacillus murinus by increasing the count of splenic pro-inflammatory Th17 cells. Daily administration of Lactobacillus murinus, as a probiotic therapy, leads to the reduction of Th17 cells and improves blood pressure in treated rats [228]. Therefore, it can be deduced that the high salt intake and the reduced abundance of species Lactobacillus generates a mechanism that causes the interruption of intestinal homeostasis, as well as hypertension. Since the excessive intake of salt causes an alteration that also involves the gut microbiota, it would be desirable, in this condition, to take pre and probiotics, which regulate immune function, improve the intestinal environment, tend to decrease inflammation, increase levels of SCFAs, Bacteroidetes, Bifidobacterium, and decrease Firmicutes [229,230].





3. Discussion


This review highlights the close connection between hypertension, endothelial dysfunction and gut microbiota. In the first part of the article the meaning of blood pressure and hypertension was developed. Hypertension is the best known risk factor for developing heart failure. In fact, chronic hypertension causes cardiac remodeling within the left ventricle, which culminates in the onset of hypertensive cardiomyopathy and heart failure [231].To date, it is known that there are numerous factors that prevent proper blood pressure control, such as unhealthy lifestyle that includes smoking, alcohol abuse, excess fat and salt in the diet, use of incorrect dosages and/or inappropriate associations of drugs, poor adherence to treatment, overweight and sedentary lifestyles, or prescription of drugs that induce hypertension including nonsteroidal anti-inflammatory drugs, antidepressants, steroids, nasal decongestants and oral contraceptives [232]. Non-pharmacological recommendations for the control of hypertension include weight loss, limited salt and alcohol intake, use of the Dietary Approaches to Stop Hypertension (DASH) diet, high in fruits and vegetables, and intensification of physical activity [233,234]. Although antihypertensive drug treatment is a well-established strategy, hypertension remains poorly controlled worldwide for the following reasons: (1) not all the pathophysiological mechanisms underlying hypertension are fully neutralized by the various classes of pharmacological treatments currently available and (2) the counter-regulatory mechanisms activated by these drugs can reduce their hypotensive effect [235,236,237]. The second part of this review delves into the correlation between hypertension and endothelial dysfunction. In fact, it has been shown that morphological and functional alterations of the endothelium also occur in hypertension, as evidenced by the accumulation of subcutaneous fibrin, by the infiltration of endothelial cells, by alterations in NO-mediated processes and by variations in endothelium-dependent vascular tone. Furthermore, the essential role of the endothelium in the control of inflammation, vascular function, thrombosis and proliferation, makes it particularly involved in hypertension. For this reason, endothelial dysfunction should be considered a central focus for the treatment of hypertension. Several treatments for endothelial dysfunction have been tested for the management of hypertension and, although they have provided promising results, further studies are needed [238,239]. Finally, the third part of this review explores the possible correlation existing between hypertension and the gut microbiota. Despite limited studies, it is now known that not only there is a link between hypertension and endothelial dysfunction but also between endothelial dysfunction and gut microbiota. Indeed, animal models of hypertension have shown concomitant intestinal pathologies and dysbiosis [240,241]. Furthermore, hypertension has been observed to become more pronounced with increased intestinal permeability, fibrosis, decreased calyx cells and villous length in the small intestine [242]. The gut microbiota is capable of releasing certain metabolites which have different effects on endothelial function and blood pressure. Among these, SCFAs, TMAO and uremic toxins may or may not be beneficial for both the endothelium and the control of hypertension [243]. Alongside the great advances made in understanding the important role of gut microbial dysbiosis on hypertension and also other severe cardiovascular diseases in humans and in experimental rodent models, a great deal of attention has turned, in the research, to companion animals such as the dogs and cats. Thanks to the scientific data collected so far, the so-called “gut hypothesis” has been corroborated. According to this hypothesis, the presence of gut dysbiosis could represent early evidence connected to the subsequent onset and progression of hypertension and other cardiovascular diseases when, however, there are no detectable symptoms, thus serving as a potential therapeutic approach for the treatment of cardiovascular and metabolic diseases.




4. Conclusions


In conclusion, we suggest that hypertension, endothelial dysfunction, and intestinal microbiota can be considered as the vertices of the same triangle, which are closely related. For the improvement of one of these dysfunctions, it is possible to act on the other two. Despite the data reported in the scientific literature, further confirmatory data would be needed.







Author Contributions


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




Funding


The work was supported by public resources from the Italian Ministry of Research.




Acknowledgments


This work was supported by PON-MIUR 03PE000_78_1, PON-MIUR 03PE000_78_2 and PONa3 00359.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



García-Orellana, M.; Valero, R.; Fàbregas, N.; de Riva, N. Is “normal” arterial blood pressure “optimal” in all patients? Rev. Esp. Anestesiol. Reanim. 2020, 67, 53–54. [Google Scholar] [CrossRef] [PubMed]

	



Michard, F.; Scheeren, T.W.; Saugel, B. A glimpse into the future of postoperative arterial blood pressure monitoring. Br. J. Anaesth. 2020, 125, 113–115. [Google Scholar] [CrossRef] [PubMed]

	



Unda Villafuerte, F.; Llobera Cànaves, J.; Lorente Montalvo, P.; Moreno Sancho, M.L.; Oliver Oliver, B.; Bassante Flores, P.; Estela Mantolan, A.; Pou Bordoy, J.; Rodríguez Ruiz, T.; Requena Hernández, A.; et al. Effectiveness of a multifactorial intervention, consisting of self-management of antihypertensive medication, self-measurement of blood pressure, hypocaloric and low sodium diet, and physical exercise, in patients with uncontrolled hypertension taking 2 or more antihypertensive drugs: The MEDICHY study. Medicine 2020, 99, e19769. [Google Scholar] [PubMed]

	



Liu, X.; Zhang, D.; Liu, Y.; Sun, X.; Han, C.; Wang, B.; Ren, Y.; Zhou, J.; Zhao, Y.; Shi, Y.; et al. Dose-response association between physical activity and incident hypertension: A systematic review and meta-analysis of cohort studies. Hypertension 2017, 69, 813–820. [Google Scholar] [CrossRef] [PubMed]

	



Williams, B.; Mancia, G.; Spiering, W.; Agabiti Rosei, E.; Azizi, M.; Burnier, M.; Clement, D.; Coca, A.; De Simone, G.; Dominiczak, A.; et al. 2018 Practice Guidelines for the management of arterial hypertension of the European Society of Hypertension and the European Society of Cardiology: ESH/ESC Task Force for the Management of Arterial Hypertension. J. Hypertens 2018, 36, 2284–2309. [Google Scholar] [CrossRef]

	



Whelton, P.K.; Carey, R.M.; Aronow, W.S.; Casey, D.E., Jr.; Collins, K.J.; Dennison Himmelfarb, C.; DePalma, S.M.; Gidding, S.; Jamerson, K.A.; Jones, D.W.; 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. Circulation 2018, 138, e426–483. [Google Scholar]

	



Cao, L.; Li, X.; Yan, P.; Wang, X.; Li, M.; Li, R.; Shi, X.; Liu, X.; Yang, K. The effectiveness of aerobic exercise for hypertensive population: A systematic review and meta--analysis. J. Clin. Hypertens. 2019, 21, 868–876. [Google Scholar] [CrossRef]

	



Acierno, M.J.; Brown, S.; Coleman, A.E.; Jepson, R.E.; Papich, M.; Stepien, R.L.; Syme, H.M. ACVIM consensus statement: Guidelines for the identification, evaluation, and management of systemic hypertension in dogs and cats. J. Vet.-Intern. Med. 2018, 32, 1803–1822. [Google Scholar] [CrossRef]

	



Bright, J.M.; Dentino, M. Indirect Arterial Blood Pressure Measurement in Nonsedated Irish Wolfhounds: Reference Values for the Breed. J. Am. Anim. Hosp. Assoc. 2002, 38, 521–526. [Google Scholar] [CrossRef]

	



Bodey, A.R.; Michell, A.R. Epidemiological study of blood Sressure in omestic dogs. J. Small Anim. Pract. 1996, 37, 116–125. [Google Scholar] [CrossRef]

	



Dwyer, T.M.; Banks, S.A.; Alonso-Galicia, M.; Cockrell, K.; Carroll, J.F.; Bigler, S.A.; Hall, J.E. Distribution of renal medullary hyaluronan in lean and obese rabbits. Kidney Int. 2000, 58, 721–729. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Sánchez, A.P.; Del-Angel-Caraza, J.; Quijano-Hernandez, I.A.; Barbosa-Mireles, M.A. Obesity-hypertension and its relation to other diseases in dogs. Vet.-Res. Commun. 2015, 39, 45–51. [Google Scholar] [CrossRef]

	



Murray, C.J.; Lopez, A.D. Measuring the Global Burden of Disease. N. Engl. J. Med. 2013, 369, 448–457. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.-Y.; Yang, Q.-M.; Fang, J.-X.; Guo, H.-F. The Value of Three-Dimensional Speckle-Tracking Echocardiography in the Prediction of Cardiovascular Events in Patients with Hypertension Complicated by Acute Myocardial Infarction: A Long-Term Follow-Up Study. Int. J. Gen. Med. 2021, 14, 6703–6712. [Google Scholar] [CrossRef]

	



Antza, C.; Vazakidis, P.; Doundoulakis, I.; Bouras, E.; Haidich, A.B.; Stabouli, S.; Kotsis, V. Masked and white coat hypertension, the double trouble of large arteries: A systematic review and meta-analysis. J. Clin. Hypertens. 2020, 22, 802–811. [Google Scholar] [CrossRef] [PubMed]

	



Kelly, D.M.; Rothwell, P.M. Blood pressure and the brain: The neurology of hypertension. Pract. Neurol. 2020, 20, 100–108. [Google Scholar] [CrossRef]

	



Ramoshaba, N.E.; Huisman, H.W.; Lammertyn, L.; Kotliar, K.E.; Schutte, A.E.; Smith, W. Retinal microvasculature and masked hypertension in young adults: The African-PREDICT study. Hypertens. Res. 2020, 43, 1231–1238. [Google Scholar] [CrossRef]

	



Lu, X.; Crowley, S.D. Inflammation in Salt-Sensitive Hypertension and Renal Damage. Curr. Hypertens. Rep. 2018, 20, 1–8. [Google Scholar] [CrossRef]

	



Mennuni, S.; Rubattu, S.; Pierelli, G.; Tocci, G.; Fofi, C.; Volpe, M. Hypertension and kidneys: Unraveling complex molecular mechanisms underlying hypertensive renal damage. J. Hum. Hypertens. 2013, 28, 74–79. [Google Scholar] [CrossRef]

	



Hall, E.M.; Jordan, J.H.; Juncos, A.L.; Hundley, W.G.; Hall, J. BOLD magnetic resonance imaging in nephrology. Int. J. Nephrol. Renov. Dis. 2018, 11, 103–112. [Google Scholar] [CrossRef]

	



Syme, H. Hypertension in Small Animal Kidney Disease. Vet.-Clin. N. Am. Small Anim. Pract. 2011, 41, 63–89. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, C.-N.; Chan, J.Y.H.; Wu, K.L.H.; Yu, H.-R.; Lee, W.-C.; Hou, C.-Y.; Tain, Y.-L. Altered Gut Microbiota and Its Metabolites in Hypertension of Developmental Origins: Exploring Differences between Fructose and Antibiotics Exposure. Int. J. Mol. Sci. 2021, 22, 2674. [Google Scholar] [CrossRef] [PubMed]

	



Sun, S.; Lulla, A.; Sioda, M.; Winglee, K.; Shikany, J.M.; Donald, M.; Lloyd-Jones, M.D.; Lenore, J.; Launer, A.; Fodor, A.; et al. Gut microbiota composition and blood pressure: Coronary Artery Risk Development in Young Adults (CARDIA) Study. Hypertension 2019, 73, 998–1006. [Google Scholar] [CrossRef] [PubMed]

	



Finco, D.R. Association of Systemic Hypertension with Renal Injury in Dogs with Induced Renal Failure. J. Vet. Intern. Med. 2004, 18, 289–294. [Google Scholar] [PubMed]

	



Hokamp, J.A.; Leidy, S.A.; Gaynanova, I.; Cianciolo, R.E.; Nabity, M.B. Correlation of electrophoretic urine protein banding patterns with severity of renal damage in dogs with proteinuric chronic kidney disease. Vet.-Clin. Pathol. 2018, 47, 425–434. [Google Scholar] [CrossRef]

	



McLeland, S.M.; Cianciolo, R.E.; Duncan, C.G.; Quimby, J.M. A Comparison of Biochemical and Histopathologic Staging in Cats with Chronic Kidney Disease. Vet. Pathol. 2014, 52, 524–534. [Google Scholar] [CrossRef]

	



LeBlanc, N.L.; Stepien, R.L.; Bentley, E. Ocular lesions associated with systemic hypertension in dogs: 65 cases (2005–2007). J. Am. Vet.-Med. Assoc. 2011, 238, 915–921. [Google Scholar] [CrossRef]

	



Jacob, F.; Polzin, D.J.; Osborne, C.A.; Neaton, J.D.; Lekcharoensuk, C.; Allen, T.A.; Kirk, C.A.; Swanson, L.L. Association between initial systolic blood pressure and risk of developing a uremic crisis or of dying in dogs with chronic renal failure. J. Am. Vet.-Med Assoc. 2003, 222, 322–329. [Google Scholar] [CrossRef]

	



Violette, N.P.; Ledbetter, E.C. Punctate retinal hemorrhage and its relation to ocular and systemic disease in dogs: 83 cases. Vet. Ophthalmol. 2017, 21, 233–239. [Google Scholar] [CrossRef]

	



Carter, J. Hypertensive ocular disease in cats: A guide to fundic lesions to facilitate early diagnosis. J. Feline Med. Surg. 2018, 21, 35–45. [Google Scholar] [CrossRef]

	



Sampedrano, C.C.; Chetboul, V.; Gouni, V.; Nicolle, A.P.; Pouchelon, J.-L.; Tissier, R. Systolic and Diastolic Myocardial Dysfunction in Cats with Hypertrophic Cardiomyopathy or Systemic Hypertension. J. Vet.-Intern. Med. 2006, 20, 1106–1115. [Google Scholar] [CrossRef]

	



Tu, S.; Shen, Z.-J.; Wang, X.-Y.; Zeng, L.-X.; Zhang, Z.-H. Catheter-Based Radiofrequency Renal Sympathetic Denervation Decreases Left Ventricular Hypertrophy in Hypertensive Dogs. Mediat. Inflamm. 2021, 2021, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Montaniel, K.R.; Harrison, D.G. Is hypertension a bone marrow disease? Circulation 2016, 134, 1369–1372. [Google Scholar] [CrossRef] [PubMed]

	



Vallée, A.; Safar, M.E.; Blacher, J. Essential hypertension: Definitions, hemodynamic, clinical and therapeutic review. Presse Med. 2019, 48 Pt 1, 19–28. [Google Scholar] [CrossRef]

	



Bernatova, I. Endothelial dysfunction in experimental models of arterial hypertension: Cause or consequence? Biomed. Res. Int. 2014, 2014, 598271. [Google Scholar] [CrossRef]

	



da Silva, G.M.; da Silva, M.C.; Nascimento, D.V.G.; Lima Silva, E.M.; Gouvêa, F.F.F.; de França Lopes, L.G.; Araújo, A.V.; Ferraz Pereira, K.N.; de Queiroz, T.M. Nitric Oxide as a Central Molecule in Hypertension: Focus on the Vasorelaxant Activity of New Nitric Oxide Donors. Biology 2021, 10, 1041. [Google Scholar] [CrossRef]

	



Paulo, M.; Costa, D.E.F.R.; Bonaventura, D.; Lunardi, C.N.; Bendhack, L.M. Nitric Oxide Donors as Potential Drugs for the Treatment of Vascular Diseases Due to Endothelium Dysfunction. Curr. Pharm. Des. 2020, 26, 3748–3759. [Google Scholar] [CrossRef]

	



Aird, W.C. Endothelium in health and disease. Pharmacol. Rep. 2008, 60, 139–143. [Google Scholar]

	



Vanhoutte, P.M.; Shimokawa, H.; Feletou, M.; Tang, E.H.C. Endothelial dysfunction and vascular disease-a 30th anniversary update. Acta Physiol. 2015, 219, 22–96. [Google Scholar] [CrossRef]

	



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

	



Garland, C.J.; Dora, K.A. EDH: Endothelium-dependent hyperpolarization and microvascular signalling. Acta Physiol. 2016, 219, 152–161. [Google Scholar] [CrossRef] [PubMed]

	



Goto, K.; Ohtsubo, T.; Kitazono, T. Endothelium-Dependent Hyperpolarization (EDH) in Hypertension: The Role of Endothelial Ion Channels. Int. J. Mol. Sci. 2018, 19, 315. [Google Scholar] [CrossRef] [PubMed]

	



Ghim, M.; Mohamied, Y.; Weinberg, P.D. The Role of Tricellular Junctions in the Transport of Macromolecules across Endothelium. Cardiovasc. Eng. Technol. 2020, 12, 101–113. [Google Scholar] [CrossRef]

	



Bazzoni, G.; Dejana, E. Endothelial Cell-to-Cell Junctions: Molecular Organization and Role in Vascular Homeostasis. Physiol. Rev. 2004, 84, 869–901. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Paul, O.; Tao, J.Q.; West, E.; Litzky, L.; Feldman, M.; Montone, K.; Rajapakse, C.; Bermudez, C.; Chatterjee, S. Vascular Inflammation in Lungs of Patients with Fatal Coronavirus Disease 2019 (COVID-19): Possible Role for the NLRP3 Inflammasome. medRxiv 2021. [Google Scholar] [CrossRef]

	



Aird, W.C. Endothelium and Haemostasis. Hämostaseologie 2015, 35, 11–16. [Google Scholar] [CrossRef]

	



Lertkiatmongkol, P.; Liao, D.; Mei, H.; Hu, Y.; Newman, P.J. Endothelial functions of platelet/endothelial cell adhesion molecule-1 (CD31). Curr. Opin. Hematol. 2016, 23, 253–259. [Google Scholar] [CrossRef]

	



Baselet, B.; Belmans, N.; Coninx, E.; Lowe, D.; Janssen, A.; Michaux, A.; Tabury, K.; Raj, K.; Quintens, R.; Benotmane, M.A.; et al. Functional gene analysis reveals cell cycle changes and infammation in endothelial cells irradiated with a single X-ray dose. Front. Pharmacol. 2017, 8, 213. [Google Scholar] [CrossRef]

	



Baselet, B.; Sonveaux, P.; Baatout, S.; Aerts, A. Pathological effects of ionizing radiation: Endothelial activation and dysfunction. Cell. Mol. Life Sci. 2018, 76, 699–728. [Google Scholar] [CrossRef]

	



Deanfeld, J.E.; Halcox, J.P.; Rabelink, T.J. Endothelial function and dysfunction: Testing and clinical relevance. Circulation 2007, 115, 1285–1295. [Google Scholar] [CrossRef] [PubMed]

	



Mittal, M.; Siddiqui, M.R.; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive Oxygen Species in Inflammation and Tissue Injury. Antioxid. Redox Signal. 2014, 20, 1126–1167. [Google Scholar] [CrossRef] [PubMed]

	



Incalza, M.A.; D’Oria, R.; Natalicchio, A.; Perrini, S.; Laviola, L.; Giorgino, F. Oxidative stress and reactive oxygen species in endothelial dysfunction associated with cardiovascular and metabolic diseases. Vasc. Pharmacol. 2018, 100, 1–19. [Google Scholar] [CrossRef] [PubMed]

	



Buford, T.W. Hypertension and aging. Ageing Res Rev. 2016, 26, 96–111. [Google Scholar] [CrossRef] [PubMed]

	



Monteiro, J.P.; Bennett, M.; Rodor, J.; Caudrillier, A.; Ulitsky, I.; Baker, A.H. Endothelial function and dysfunction in the cardiovascular system: The long non-coding road. Cardiovasc. Res. 2019, 115, 1692–1704. [Google Scholar] [CrossRef]

	



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

	



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

	



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

	



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

	



Tseng, C.-Y.; Wang, J.-S.; Chao, M.-W. Causation by Diesel Exhaust Particles of Endothelial Dysfunctions in Cytotoxicity, Pro-inflammation, Permeability, and Apoptosis Induced by ROS Generation. Cardiovasc. Toxicol. 2016, 17, 384–392. [Google Scholar] [CrossRef]

	



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

	



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

	



Su, L.-J.; Zhang, J.-H.; Gomez, H.; Murugan, R.; Hong, X.; Xu, D.; Jiang, F.; Peng, Z.-Y. Reactive Oxygen Species-Induced Lipid Peroxidation in Apoptosis, Autophagy, and Ferroptosis. Oxidative Med. Cell. Longev. 2019, 2019, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



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

	



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

	



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

	



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

	



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

	



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

	



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

	



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

	



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

	



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

	



Dharmashankar, K.; Widlansky, M.E. Vascular Endothelial Function and Hypertension: Insights and Directions. Curr. Hypertens. Rep. 2010, 12, 448–455. [Google Scholar] [CrossRef]

	



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

	



Toda, N.; Nakanishi-Toda, M. How mental stress affects endothelial function. Pflugers Arch. 2011, 462, 779–794. [Google Scholar] [CrossRef]

	



Soni, S.; Ruhela, R.K.; Medhi, B. Nanomedicine in Central Nervous System (CNS) Disorders: A Present and Future Prospective. Adv. Pharm. Bull. 2016, 6, 319–335. [Google Scholar] [CrossRef]

	



Herrera, M.D.; Mingorance, C.; Rodriguez-Rodriguez, R.; Alvarez de Sotomayor, M. Endothelial dysfunction and aging: An update. Ageing Res. Rev. 2010, 9, 142–152. [Google Scholar] [CrossRef]

	



Soultati, A.; Mountzios, G.; Avgerinou, C.; Papaxoinis, G.; Pectasides, D.; Dimopoulos, M.; Papadimitriou, C. Endothelial vascular toxicity from chemotherapeutic agents: Preclinical evidence and clinical implications. Cancer Treat. Rev. 2012, 38, 473–483. [Google Scholar] [CrossRef]

	



Hernández-Reséndiz, S.; Muñoz-Vega, M.; Contreras, E.W.; Crespo-Avilan, E.G.; Rodriguez-Montesinos, J.; Arias-Carrión, O.; Pérez-Méndez, O.; Boisvert, A.W.; Preissner, K.T.; Cabrera-Fuentes, A.H. Responses of Endothelial Cells Towards Ischemic Conditioning Following Acute Myocardial Infarction. Cond. Med. 2018, 1, 247–258. [Google Scholar]

	



Dolmatova, E.V.; Wang, K.; Mandavilli, R.; Griendling, K.K. The effects of sepsis on endothelium and clinical implications. Cardiovasc. Res. 2020, 117, 60–73. [Google Scholar] [CrossRef] [PubMed]

	



Karki, P.; Birukov, K.G. Rho and Reactive Oxygen Species at Crossroads of Endothelial Permeability and Inflammation. Antioxid. Redox Signal. 2019, 31, 1009–1022. [Google Scholar] [CrossRef] [PubMed]

	



Checa, J.; Aran, J.M. Reactive Oxygen Species: Drivers of Physiological and Pathological Processes. J. Inflamm. Res. 2020, 13, 1057–1073. [Google Scholar] [CrossRef] [PubMed]

	



Zinovkin, R.; Romaschenko, V.P.; Galkin, I.I.; Zakharova, V.; Pletjushkina, O.Y.; Chernyak, B.; Popova, E.N. Role of mitochondrial reactive oxygen species in age-related inflammatory activation of endothelium. Aging 2014, 6, 661–674. [Google Scholar] [CrossRef]

	



Chen, S.; Wang, Y.; Zhang, H.; Chen, R.; Lv, F.; Li, Z.; Jiang, T.; Lin, D.; Zhang, H.; Yang, L.; et al. The Antioxidant MitoQ Protects Against CSE-Induced Endothelial Barrier Injury and Inflammation by Inhibiting ROS and Autophagy in Human Umbilical Vein Endothelial Cells. Int. J. Biol. Sci. 2019, 15, 1440–1451. [Google Scholar] [CrossRef]

	



Chen, W.; Guo, C.; Huang, S.; Jia, Z.; Wang, J.; Zhong, J.; Ge, H.; Yuan, J.; Chen, T.; Liu, X.; et al. MitoQ attenuates brain damage by polarizing microglia towards the M2 phenotype through inhibition of the NLRP3 inflammasome after ICH. Pharmacol. Res. 2020, 161, 105122. [Google Scholar] [CrossRef]

	



Naik, E.; Dixit, V.M. Mitochondrial reactive oxygen species drive proinflammatory cytokine production. J. Exp. Med. 2011, 208, 417–420. [Google Scholar] [CrossRef]

	



Meza, C.A.; La Favor, J.D.; Kim, D.H.; Hickner, R.C. Endothelial Dysfunction: Is There a Hyperglycemia-Induced Imbalance of NOX and NOS? Int. J. Mol. Sci. 2019, 20, 3775. [Google Scholar] [CrossRef]

	



Amin, M.N.; Siddiqui, S.A.; Ibrahim, M.; Hakim, M.L.; Ahammed, M.S.; Kabir, A.; Sultana, F. Inflammatory cytokines in the pathogenesis of cardiovascular disease and cancer. SAGE Open Med. 2020, 8, 2050312120965752. [Google Scholar] [CrossRef]

	



Yang, X.; Chang, Y.; Wei, W. Endothelial Dysfunction and Inflammation: Immunity in Rheumatoid Arthritis. Mediat. Inflamm. 2016, 2016, 1–9. [Google Scholar] [CrossRef]

	



Dalal, P.J.; Sullivan, D.P.; Weber, E.W.; Sacks, D.B.; Gunzer, M.; Grumbach, I.M.; Brown, J.H.; Muller, W.A. Spatiotemporal restriction of endothelial cell calcium signaling is required during leukocyte transmigration. J. Exp. Med. 2020, 218, e20192378. [Google Scholar] [CrossRef] [PubMed]

	



Ashcheulova, T.V.; Kovalyova, O.N.; Gerasimchuk, N.N. Endothelial immune activation and functional state in patients with hypertensive disease. Ter Arkh. 2017, 89, 20–24. [Google Scholar] [CrossRef] [PubMed]

	



Thuillez, C.; Richard, V. Targeting endothelial dysfunction in hypertensive subjects. J. Hum. Hypertens. 2005, 19 (Suppl. 1), S21–S25. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhary, P.; Pandey, A.; Azad, C.S.; Tia, N.; Singh, M.; Gambhir, I.S. Association of oxidative stress and endothelial dysfunction in hypertension. Anal. Biochem. 2019, 590, 113535. [Google Scholar] [CrossRef]

	



Gambardella, J.; Khondkar, W.; Morelli, M.B.; Wang, X.; Santulli, G.; Trimarco, V. Arginine and Endothelial Function. Biomedicines 2020, 8, 277. [Google Scholar] [CrossRef]

	



Goudhaman, L.; Jagadeesan, A.R.; Sundaramoorthi, S.; Thotla, S.; Mohan, S.K. Association of Serum Asymmetric Dimethylarginine with the Severity of Coronary Artery Disease: A Pilot Study. Rep. Biochem. Mol. Biol. 2021, 10, 302–306. [Google Scholar] [CrossRef]

	



Suresh, V.; Reddy, A. Dysregulation of nitric oxide synthases during early and late pathophysiological conditions of diabetes mellitus leads to amassing of microvascular impedement. J. Diabetes Metab. Disord. 2021, 20, 989–1002. [Google Scholar] [CrossRef]

	



Yuyun, M.F.; Ng, L.; Ng, G.A. Endothelial dysfunction, endothelial nitric oxide bioavailability, tetrahydrobiopterin, and 5-methyltetrahydrofolate in cardiovascular disease. Where are we with therapy? Microvasc. Res. 2018, 119, 7–12. [Google Scholar] [CrossRef]

	



Ning, D.-S.; Ma, J.; Peng, Y.-M.; Li, Y.; Chen, Y.-T.; Li, S.-X.; Liu, Z.; Li, Y.-Q.; Zhang, Y.-X.; Jian, Y.-P.; et al. Apolipoprotein A-I mimetic peptide inhibits atherosclerosis by increasing tetrahydrobiopterin via regulation of GTP-cyclohydrolase 1 and reducing uncoupled endothelial nitric oxide synthase activity. Atherosclerosis 2021, 328, 83–91. [Google Scholar] [CrossRef]

	



Sabbatino, F.; Conti, V.; Liguori, L.; Polcaro, G.; Corbi, G.; Manzo, V.; Tortora, V.; Carlomagno, C.; Vecchione, C.; Filippelli, A.; et al. Molecules and Mechanisms to Overcome Oxidative Stress Inducing Cardiovascular Disease in Cancer Patients. Life 2021, 11, 105. [Google Scholar] [CrossRef]

	



Sorriento, D.; De Luca, N.; Trimarco, B.; Iaccarino, G. The Antioxidant Therapy: New Insights in the Treatment of Hypertension. Front. Physiol. 2018, 9, 258. [Google Scholar] [CrossRef] [PubMed]

	



Frenis, K.; Kuntic, M.; Hahad, O.; Jimenez, M.T.B.; Oelze, M.; Daub, S.; Steven, S.; Münzel, T.; Daiber, A. Redox Switches in Noise-Induced Cardiovascular and Neuronal Dysregulation. Front. Mol. Biosci. 2021, 8, 784910. [Google Scholar] [CrossRef] [PubMed]

	



Griendling, K.K.; Camargo, L.L.; Rios, F.J.; Alves-Lopes, R.; Montezano, A.C.; Touyz, R.M. Oxidative Stress and Hypertension. Circ. Res. 2021, 128, 993–1020. [Google Scholar] [CrossRef] [PubMed]

	



Montezano, A.C.; Dulak-Lis, M.; Tsiropoulou, S.; Harvey, A.; Briones, A.M.; Touyz, R.M. Oxidative Stress and Human Hypertension: Vascular Mechanisms, Biomarkers, and Novel Therapies. Can. J. Cardiol. 2015, 31, 631–641. [Google Scholar] [CrossRef]

	



Edwards, J.M.; McCarthy, C.G.; Wenceslau, C.F. The Obligatory Role of the Acetylcholine-Induced Endothelium-Dependent Contraction in Hypertension: Can Arachidonic Acid Resolve this Inflammation? Curr. Pharm. Des. 2020, 26, 3723–3732. [Google Scholar] [CrossRef]

	



Siltari, A.; Korpela, R.; Vapaatalo, H. Bradykinin -induced vasodilatation: Role of age, ACE1-inhibitory peptide, mas- and bradykinin receptors. Peptides 2016, 85, 46–55. [Google Scholar] [CrossRef]

	



Rees, D.D.; Palmer, R.M.; Moncada, S. Role of endothelium-derived nitric oxide in the regulation of blood pressure. Proc. Natl. Acad. Sci. USA 1989, 86, 3375–3378. [Google Scholar] [CrossRef]

	



Aisaka, K.; Gross, S.S.; Griffith, O.W.; Levi, R. NG-methylarginine, and inhibitor of endothelium-derived nitric oxide synthesis, is a potent pressor agent in the guinea pig: Does nitric oxide regulate blood pressure in vivo? Biochem. Biophys. Res. Commun. 1989, 160, 881–886. [Google Scholar] [CrossRef]

	



Chu, A.; Chambers, E.D.; Lin, C.C.; Kuehl, W.D.; Palmer, R.M.; Moncada, S.; Cobb, F.R. Effects of inhibition of nitric oxide formation on basal vasomotion and endothelium-dependent responses of the coronary arteries in awake dogs. J. Clin. Investig. 1991, 87, 1964–1968. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, J.; Wier, W.G.; Chen, L.; Blaustein, M.P. NO-induced vasodilation correlates directly with BP in smooth muscle-Na/Ca exchanger-1-engineered mice: Elevated BP does not attenuate endothelial function. Am. J. Physiol. Heart Circ. Physiol. 2021, 320, H221–H237. [Google Scholar] [CrossRef]

	



Zhang, J.; Wang, Y.; Chen, L.; Wier, W.G.; Blaustein, M.P. Na+/Ca2+ exchanger overexpression in smooth muscle augments cytosolic Ca2+ in femoral arteries of living mice. Am. J. Physiol. Heart Circ. Physiol. 2019, 316, H298–H310. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Xing, C.; Li, Z.; Liu, Y.; Li, Q.; Wang, Y.; Hu, J.; Yuan, L.; Yang, G. Bioinspired therapeutic platform based on extracellular vesicles for prevention of arterial wall remodeling in hypertension. Bioact. Mater. 2021, 8, 494–504. [Google Scholar] [CrossRef] [PubMed]

	



Stark, R.J.; Krispinsky, L.T.; Lamb, F.S. The Inverse Relationship between Endothelium-Dependent Vasodilation and Blood Pressure is Lost after Cardiopulmonary Bypass. J. Cardiovasc. Transl. Res. 2021, 14, 1114–1116. [Google Scholar] [CrossRef]

	



Mueller, N.T.; Bakacs, E.; Combellick, J.; Grigoryan, Z.; Dominguez-Bello, M.G. The infant microbiome development: Mom matters. Trends Mol. Med. 2015, 21, 109–117. [Google Scholar] [CrossRef]

	



Costea, P.I.; Hildebrand, F.; Arumugam, M.; Bäckhed, F.; Blaser, M.J.; Bushman, F.D.; de Vos, W.M.; Ehrlich, S.D.; Fraser, C.M.; Hattori, M.; et al. Enterotypes in the landscape of gut microbial community composition. Nat. Microbiol. 2018, 3, 8–16. [Google Scholar] [CrossRef]

	



Rodríguez, J.M.; Murphy, K.; Stanton, C.; Ross, R.P.; Kober, O.I.; Juge, N.; Avershina, E.; Rudi, K.; Narbad, A.; Jenmalm, M.C.; et al. The composition of the gut microbiota throughout life, with an emphasis on early life. Microb. Ecol. Health Dis. 2015, 26, 26050. [Google Scholar] [CrossRef]

	



Yang, T.; Richards, E.M.; Pepine, C.J.; Raizada, M.K. The gut microbiota and the brain-gut-kidney axis in hypertension and chronic kidney disease. Nat. Rev. Nephrol. 2018, 14, 442–456. [Google Scholar] [CrossRef]

	



Maynard, C.; Weinkove, D. The Gut Microbiota and Ageing. Subcell. Biochem. 2018, 90, 351–371. [Google Scholar]

	



Balta, I.; Butucel, E.; Mohylyuk, V.; Criste, A.; Dezmirean, D.S.; Stef, L.; Pet, I.; Corcionivoschi, N. Novel Insights into the Role of Probiotics in Respiratory Infections, Allergies, Cancer, and Neurological Abnormalities. Diseases 2021, 9, 60. [Google Scholar] [CrossRef]

	



Zhou, Y.; Hu, G.; Wang, M.C. Host and microbiota metabolic signals in aging and longevity. Nat. Chem. Biol. 2021, 17, 1027–1036. [Google Scholar] [CrossRef]

	



Rinninella, E.; Raoul, P.; Cintoni, M.; Franceschi, F.; Miggiano, G.A.D.; Gasbarrini, A.; Mele, M.C. What is the Healthy Gut Microbiota Composition? A Changing Ecosystem across Age, Environment, Diet, and Diseases. Microorganisms 2019, 7, 14. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Zhao, W.; Liu, X.; Cheng, L. Metagenomic analysis of the gut microbiome in atherosclerosis patients identify cross-cohort microbial signatures and potential therapeutic target. FASEB J. 2020, 34, 14166–14181. [Google Scholar] [CrossRef] [PubMed]

	



Bakir-Gungor, B.; Bulut, O.; Jabeer, A.; Nalbantoglu, O.U.; Yousef, M. Discovering Potential Taxonomic Biomarkers of Type 2 Diabetes from Human Gut Microbiota via Different Feature Selection Methods. Front. Microbiol. 2021, 12, 628426. [Google Scholar] [CrossRef] [PubMed]

	



Scher, J.U.; Sczesnak, A.; Longman, R.S.; Segata, N.; Ubeda, C.; Bielski, C. Expansion of intestinal Prevotella copri correlates with enhanced susceptibility to arthritis. Elife 2013, 2, e01202. [Google Scholar] [CrossRef] [PubMed]

	



Qin, N.; Yang, F.; Li, A.; Prifti, E.; Chen, Y.; Shao, L.; Guo, J.; Le Chatelier, E.; Yao, J.; Wu, L.; et al. Alterations of the human gut microbiome in liver cirrhosis. Nature 2014, 513, 59–64. [Google Scholar] [CrossRef]

	



Zeller, G.; Tap, J.; Voigt, A.Y.; Sunagawa, S.; Kultima, J.R.; Costea, P.I. Potential of fecal microbiota for early-stage detection of colorectal cancer. Mol. Syst. Biol. 2014, 10, 766. [Google Scholar] [CrossRef]

	



Maiuolo, J.; Gliozzi, M.; Musolino, V.; Carresi, C.; Scarano, F.; Nucera, S.; Scicchitano, M.; Oppedisano, F.; Bosco, F.; Ruga, S.; et al. The Contribution of Gut Microbiota-Brain Axis in the Development of Brain Disorders. Front. Neurosci. 2021, 15, 616883. [Google Scholar] [CrossRef]

	



Verhaar, B.J.H.; Prodan, A.; Nieuwdorp, M.; Muller, M. Gut Microbiota in Hypertension and Atherosclerosis: A Review. Nutrients 2020, 12, 2982. [Google Scholar] [CrossRef]

	



Li, J.; Zhao, F.; Wang, Y.; Chen, J.; Tao, J.; Tian, G.; Wu, S.; Liu, W.; Cui, Q.; Geng, B.; et al. Gut microbiota dysbiosis contributes to the development of hypertension. Microbiome 2017, 5, 14. [Google Scholar] [CrossRef]

	



Gomez-Arango, L.F.; Barrett, H.L.; McIntyre, H.D.; Callaway, L.K.; Morrison, M.; Dekker Nitert, M.; SPRING Trial Group. Increased systolic and diastolic blood pressure is associated with altered gut microbiota composition and butyrate production in early pregnancy. Hypertension 2016, 68, 974–981. [Google Scholar] [CrossRef]

	



Pluznick, J.L. A novel SCFA receptor, the microbiota, and blood pressure regulation. Gut Microbes 2014, 5, 202–207. [Google Scholar] [CrossRef] [PubMed]

	



Ohira, H.; Tsutsui, W.; Fujioka, Y. Are short chain fatty acids in gut microbiota defensive players for inflammation and atherosclerosis? J. Atheroscler. Thromb. 2017, 24, 660–672. [Google Scholar] [CrossRef] [PubMed]

	



Miyamoto, J.; Kasubuchi, M.; Nakajima, A.; Irie, J.; Itoh, H.; Kimura, I. The role of short-chain fatty acid on blood pressure regulation. Curr. Opin. Nephrol. Hypertens. 2016, 25, 379–383. [Google Scholar] [CrossRef]

	



Natarajan, N.; Hori, D.; Flavahan, S.; Steppan, J.; Flavahan, N.A.; Berkowitz, D.E.; Pluznick, J.L. Microbial short chain fatty acid metabolites lower blood pressure via endothelial G protein-coupled receptor 41. Physiol. Genom. 2016, 48, 826–834. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Chen, Z.; Geng, B.; Cai, J. The Bidirectional Signal Communication of Microbiota-Gut-Brain Axis in Hypertension. Int. J. Hypertens. 2021, 2021, 8174789. [Google Scholar] [CrossRef] [PubMed]

	



Pluznick, J.L. Microbial Short-Chain Fatty Acids and Blood Pressure Regulation. Curr. Hypertens. Rep. 2017, 19, 25. [Google Scholar] [CrossRef]

	



Pluznick, J.L.; Protzko, R.J.; Gevorgyan, H.; Peterlin, Z.; Sipos, A.; Han, J.; Brunet, I.; Wan, L.X.; Rey, F.; Wang, T.; et al. Olfactory receptor responding to gut microbiota-derived signals plays a role in renin secretion and blood pressure regulation. Proc. Natl. Acad. Sci. USA 2013, 110, 4410–4415. [Google Scholar] [CrossRef]

	



Du, H.X.; Xiao, G.X.; Du, X.L.; Zhu, Y. New effect of G-protein coupled receptors on blood pressure regulation. Zhongguo Zhong Yao Za Zhi 2021, 46, 6–14. [Google Scholar]

	



Krautkramer, K.A.; Kreznar, J.H.; Romano, K.A.; Vivas, E.I.; Barrett-Wilt, G.A.; Rabaglia, M.E.; Keller, M.P.; Alan, D.; Attie, A.D.; Federico, E.; et al. Diet-microbiota interactions mediate global epigenetic programming in multiple host tissues. Mol. Cell 2016, 64, 982–992. [Google Scholar] [CrossRef]

	



Whelton, A.K. Role of Gut Microbiota and Their Metabolites on Atherosclerosis, Hypertension and Human Blood Platelet Function: A Review. Nutrients 2021, 13, 144. [Google Scholar]

	



Nadeem, A.; Ahmad, S.F.; Al-Harbi, N.O.; Al-Ayadhi, L.Y.; Sarawi, W.; Attia, S.M.; Bakheet, S.A.; Alqarni, S.A.; Ali, N.; AsSobeai, H.M. Imbalance in pro-inflammatory and anti-inflammatory cytokines milieu in B cells of children with autism. Mol. Immunol. 2021, 141, 297–304. [Google Scholar] [CrossRef]

	



Minamoto, Y.; Minamoto, T.; Isaiah, A.; Sattasathuchana, P.; Buono, A.; Rangachari, V.R.; McNeely, I.H.; Lidbury, J.; Steiner, J.M.; Suchodolski, J.S. Fecal short-chain fatty acid concentrations and dysbiosis in dogs with chronic enteropathy. J. Vet. Intern. Med. 2019, 33, 1608–1618. [Google Scholar] [CrossRef]

	



Cassmann, E.; White, R.; Atherly, T.; Wang, C.; Sun, Y.; Khoda, S.; Mosher, C.; Ackermann, M.; Jergens, A. Alterations of the ileal and colonic mucosal microbiota in canine chronic enteropathies. PLoS ONE 2016, 11, e0147321. [Google Scholar] [CrossRef]

	



Wernimont, S.M.; Radosevich, J.; Jackson, M.I.; Ephraim, E.; Badri, D.V.; MacLeay, J.M.; Jewell, D.E.; Suchodolski, J.S. The Effects of Nutrition on the Gastrointestinal Microbiome of Cats and Dogs: Impact on Health and Disease. Front. Microbiol. 2020, 11, 1266. [Google Scholar] [CrossRef]

	



Richards, E.M.; Pepine, C.J.; Raizada, M.K.; Kim, S. The Gut, Its Microbiome, and Hypertension. Curr. Hypertens. Rep. 2017, 19, 36. [Google Scholar] [CrossRef]

	



Felizardo, R.J.F.; Watanabe, I.K.M.; Dardi, P.; Rossoni, L.V.; Câmara, N.O.S. The interplay among gut microbiota, hypertension and kidney diseases: The role of short-chain fatty acids. Pharmacol. Res. 2019, 141, 366–377. [Google Scholar] [CrossRef]

	



Li, D.Y.; Tang, W.H.W. The interplay among gut microbiota, hypertension and kidney diseases: The role of short-chain fatty acids. Semin. Nephrol. 2018, 38, 193–205. [Google Scholar] [CrossRef]

	



Al-Rashidi, H.E. Gut microbiota and immunity relevance in eubiosis and dysbiosis. Saudi J. Biol. Sci. 2022, 29, 1628–1643. [Google Scholar] [CrossRef]

	



Tomasova, L.; Dobrowolski, L.; Jurkowska, H.; Wróbel, M.; Huc, T.; Ondrias, K.; Ostaszewski, R.; Ufnal, M. Intracolonic hydrogen sulfide lowers blood pressure in rats. Nitric Oxide 2016, 60, 50–58. [Google Scholar] [CrossRef]

	



Weiss, G.A.; Hennet, T. Mechanisms and consequences of intestinal dysbiosis. Cell. Mol. Life Sci. 2017, 74, 2959–2977. [Google Scholar] [CrossRef]

	



Wlodarska, M.; Kostic, A.D.; Xavier, R.J. An integrative view of microbiome-host interactions in inflammatory bowel diseases. Cell Host Microbe 2015, 17, 577–591. [Google Scholar] [CrossRef]

	



Gerard, P. Gut microbiota and obesity. Cell. Mol. Life Sci. 2016, 73, 147–162. [Google Scholar] [CrossRef]

	



Knip, M.; Siljander, H. The role of the intestinal microbiota in type 1 diabetes mellitus. Nat. Rev. Endocrinol. 2016, 12, 154–167. [Google Scholar] [CrossRef]

	



Tremlett, H.; Bauer, K.C.; Appel-Cresswell, S.; Finlay, B.B.; Waubant, E. The gut microbiome in human neurological disease: A review. Ann. Neurol. 2017, 81, 369–382. [Google Scholar] [CrossRef]

	



Rich, B.S.; Dolgin, S.E. Necrotizing Enterocolitis. Pediatr. Rev. 2017, 38, 552–559. [Google Scholar] [CrossRef]

	



Schwabe, R.F.; Jobin, C. The microbiome and cancer. Nat. Rev. Cancer 2013, 13, 800–812. [Google Scholar] [CrossRef]

	



Yang, T.; Santisteban, M.M.; Rodriguez, V.; Li, E.; Ahmari, N.; Carvajal, J.M.; Zadeh, M.; Gong, M.; Qi, Y.; Zubcevic, J.; et al. Gut dysbiosis is linked to hypertension. Hypertension 2015, 65, 1331–1340. [Google Scholar] [CrossRef]

	



Rothhammer, V.; Mascanfroni, I.D.; Bunse, L.; Takenaka, M.C.; Kenison, J.E.; Mayo, L.; Chao, C.C.; Patel, B.; Yan, R.; Blain, M.; et al. Type I interferons and microbialmetabolites of tryptophan modulate astrocyte activity and central nervous system inflammation via the aryl hydrocarbon receptor. Nat. Med. 2016, 22, 586–597. [Google Scholar] [CrossRef]

	



Santisteban, M.M.; Ahmari, N.; Carvajal, J.M.; Zingler, M.B.; Qi, Y.; Kim, S.; Joseph, J.; Garcia-Pereira, F.; Johnson, R.D.; Shenoy, V.; et al. Involvement of bone marrow cells and neuroinflammation in hypertension. Circ. Res. 2015, 117, 78–191. [Google Scholar] [CrossRef]

	



Amedei, A.; Morbidelli, L. Circulating Metabolites Originating from Gut Microbiota Control Endothelial Cell Function. Molecules 2019, 24, 3992. [Google Scholar] [CrossRef]

	



Yang, T.; Zubcevic, J. Gut-brain axis in regulation of blood pressure. Front. Physiol. 2017, 8, 845. [Google Scholar] [CrossRef] [PubMed]

	



Battson, M.L.; Lee, D.M.; Jarrell, D.K.; Hou, S.; Ecton, K.E.; Weir, T.L.; Gentile, C.L. Suppression of gut dysbiosis reverses western diet-induced vascular dysfunction. Am. J. Physiol. Endocrinol. Metab. 2018, 314, E468–E477. [Google Scholar] [CrossRef]

	



Brunt, V.E.; Gioscia-Ryan, R.A.; Casso, A.G.; VanDongen, N.S.; Ziemba, B.P.; Sapinsley, Z.J.; Richey, J.J.; Zigler, M.C.; Neilson, A.P.; Davy, K.P.; et al. Trimethylamine-N-Oxide Promotes Age-Related Vascular Oxidative Stress and Endothelial Dysfunction in Mice and Healthy Humans. Hypertension 2020, 76, 101–112. [Google Scholar] [CrossRef] [PubMed]

	



Peng, J.; Xiao, X.; Hu, M.; Zhang, X. Interaction between gut microbiome and cardiovascular disease. Life Sci. 2018, 214, 153–157. [Google Scholar] [CrossRef]

	



Zhu, W.; Gregory, J.C.; Org, E.; Buffa, J.A.; Gupta, N.; Wang, Z.; Li, L.; Fu, X.; Wu, Y.; Mehrabian, M.; et al. Gut microbial metabolite TMAO enhances platelet hyperreactivity and thrombosis risk. Cell 2016, 165, 111–124. [Google Scholar] [CrossRef] [PubMed]

	



Ahmad, A.F.; Dwivedi, G.; O’Gara, F.; Caparros-Martin, J.; Ward, N.C. The gut microbiome and cardiovascular disease: Current knowledge and clinical potential. Am. J. Physiol. Heart Circ. Physiol. 2019, 317, H923–H938. [Google Scholar] [CrossRef]

	



Nowiński, A.; Ufna, M. Trimethylamine N-oxide: A harmful, protective or diagnostic marker in lifestyle diseases? Nutrition 2018, 46, 7–12. [Google Scholar] [CrossRef]

	



Chou, R.H.; Chen, C.Y.; Chen, I.C.; Huang, H.L.; Lu, Y.W.; Kuo, C.S.; Chang, C.C.; Huang, P.H.; Chen, J.W.; Lin, S.J. Trimethylamine N-Oxide, Circulating Endothelial Progenitor Cells, and Endothelial Function in Patients with Stable Angina. Sci. Rep. 2019, 9, 4249. [Google Scholar] [CrossRef]

	



Sun, X.; Jiao, X.; Ma, Y.; Liu, Y.; Zhang, L.; He, Y.; Chen, Y. Trimethylamine N-oxide induces inflammation and endothelial dysfunction in human umbilical vein endothelial cells via activating ROS-TXNIP-NLRP3 inflammasome. Biochem. Biophys. Res. Commun. 2016, 481, 63–70. [Google Scholar] [CrossRef]

	



Ren, D.; Liu, Y.; Zhao, Y.; Yang, X. Hepatotoxicity and endothelial dysfunction induced by high choline diet and the protective effects of phloretin in mice. Food Chem. Toxicol. 2016, 94, 203–212. [Google Scholar] [CrossRef]

	



Kanitsoraphan, C.; Rattanawong, P.; Charoensri, S.; Senthong, V. Trimethylamine N-Oxide and Risk of Cardiovascular Disease and Mortality. Curr. Nutr. Rep. 2018, 7, 207–213. [Google Scholar] [CrossRef]

	



Seldin, M.M.; Meng, Y.; Qi, H.; Zhu, W.; Wang, Z.; Hazen, S.L.; Lusis, A.J.; Shih, D.M. Trimethylamine N-oxide promotes vascular inflammation through signaling of mitogen-activated protein kinase and nuclear factor-kappaB. J. Am. Heart Assoc. 2016, 5, e002767. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Li, J.; Li, N.; Liu, H.; Tang, J. Increased circulating trimethylamine N-oxide plays a contributory role in the development of endothelial dysfunction and hypertension in the RUPP rat model of preeclampsia. Hypertens. Pregnancy 2019, 38, 96–104. [Google Scholar] [CrossRef] [PubMed]

	



Kirichenko, T.V.; Markina, Y.V.; Sukhorukov, V.N.; Khotina, V.A.; Wu, W.K.; Orekhov, A.N. A Novel Insight at Atherogenesis: The Role of Microbiome. Front. Cell Dev. Biol. 2020, 8, 586189. [Google Scholar] [CrossRef] [PubMed]

	



Matsumoto, T.; Kojima, M.; Takayanagi, K.; Taguchi, K.; Kobayashi, T. Trimethylamine-N-oxide Specifically Impairs Endothelium-Derived Hyperpolarizing Factor-Type Relaxation in Rat Femoral Artery. Biol. Pharm. Bull. 2020, 43, 569–573. [Google Scholar] [CrossRef]

	



Tang, W.H.W.; Wang, Z.; Kennedy, D.J.; Wu, Y.; Buffa, J.A.; Agatisa-Boyle, B.; Li, X.S.; Levison, B.S.; Hazen, S.L. Gut Microbiota-Dependent Trimethylamine N-Oxide (TMAO) Pathway Contributes to Both Development of Renal Insufficiency and Mortality Risk in Chronic Kidney Disease. Circ. Res. 2014, 116, 448–455. [Google Scholar] [CrossRef] [PubMed]

	



Nallu, A.; Sharma, S.; Ramezani, A.; Muralidharan, J.; Raj, D. Gut microbiome in chronic kidney disease: Challenges and opportunities. Transl. Res. 2017, 179, 24–37. [Google Scholar] [CrossRef]

	



Pereira-Fantini, P.M.; Byars, S.G.; Pitt, J.; Lapthorne, S.; Fouhy, F.; Cotter, P.D.; Bines, J.E. Unravelling the metabolic impact of SBS-associated microbial dysbiosis: Insights from the piglet short bowel syndrome model. Sci. Rep. 2017, 7, 43326. [Google Scholar] [CrossRef]

	



Hsu, C.C.; Lu, Y.C.; Chiu, C.A.; Yu, T.H.; Hung, W.C.; Wang, C.P.; Lu, L.F.; Chung, F.M.; Lee, Y.J.; Tsai, I.T. Levels of indoxyl sulfate are associated with severity of coronary atherosclerosis. Clin. Investig. Med. 2013, 36, E42–E49. [Google Scholar] [CrossRef]

	



Singh, S.; Anshita, D.; Ravichandiran, V. MCP-1: Function, regulation, and involvement in disease. Int. Immunopharmacol. 2021, 101 Pt B, 107598. [Google Scholar] [CrossRef]

	



Han, H.; Zhu, J.; Zhu, Z.; Ni, J.; Du, R.; Dai, Y.; Chen, Y.; Wu, Z.; Lu, L.; Zhang, R. p-Cresyl sulfate aggravates cardiac dysfunction associated with chronic kidney disease by enhancing apoptosis of cardiomyocytes. J. Am. Heart Assoc. 2015, 4, e001852. [Google Scholar] [CrossRef] [PubMed]

	



Jing, Y.J.; Ni, J.W.; Ding, F.H.; Fang, Y.H.; Wang, X.Q.; Wang, H.B.; Chen, X.N.; Chen, N.; Zhan, W.W.; Lu, L.; et al. p-Cresyl sulfate is associated with carotid arteriosclerosis in hemodialysis patients and promotes atherogenesis in apoE-/- mice. Kidney Int. 2016, 89, 439–449. [Google Scholar] [CrossRef] [PubMed]

	



Migliori, M.; Cantaluppi, V.; Mannari, C.; Bertelli, A.A.; Medica, D.; Quercia, A.D.; Navarro, V.; Scatena, A.; Giovannini, L.; Biancone, L.; et al. Ca_eic acid, a phenol found in white wine, modulates endothelial nitric oxide production and protects from oxidative stress-associated endothelial cell injury. PLoS ONE 2015, 10, e0117530. [Google Scholar] [CrossRef] [PubMed]

	



Schirbel, A.; Rebert, N.; Sadler, T.; West, G.; Rieder, F.; Wagener, C.; Horst, A.; Sturm, A.; de la Motte, C.; Fiocchi, C. Mutual Regulation of TLR/NLR and CEACAM1 in the Intestinal Microvasculature: Implications for IBD Pathogenesis and Therapy. Inflamm. Bowel Dis. 2019, 25, 294–305. [Google Scholar] [CrossRef]

	



Dias, P.; Pourová, J.; Vopršalová, M.; Nejmanová, I.; Mladěnka, P. 3-Hydroxyphenylacetic Acid: A Blood Pressure-Reducing Flavonoid Metabolite. Nutrients 2022, 14, 328. [Google Scholar] [CrossRef]

	



Di Palo, K.E.; Barone, N.J. Hypertension and Heart Failure: Prevention, Targets, and Treatment. Heart Fail. Clin. 2020, 16, 99–106. [Google Scholar] [CrossRef]

	



Summers, S.C.; Quimby, J.M.; Isaiah, A.; Suchodolski, J.S.; Lunghofer, P.J.; Gustafson, D.L. The fecal microbiome and serum concentrations of indoxyl sulfate and p--cresol sulfate in cats with chronic kidney disease. J. Vet. Intern. Med. 2018, 33, 662–669. [Google Scholar] [CrossRef]

	



Vaziri, N.D.; Wong, J.; Pahl, M.; Piceno, Y.M.; Yuan, J.; DeSantis, T.Z.; Ni, Z.; Nguyen, T.H.; Andersen, G.L. Chronic kidney disease alters intestinal microbial flora. Kidney Int. 2013, 83, 308–315. [Google Scholar] [CrossRef]

	



Cheng, F.P.; Hsieh, M.J.; Chou, C.C.; Hsu, W.L.; Lee, Y.J. Detection of indoxyl sulfate levels in dogs and cats suffering from naturally occurring kid-ney diseases. Vet. J. 2015, 205, 399–403. [Google Scholar] [CrossRef]

	



Liao, Y.-L.; Chou, C.-C.; Lee, Y.-J. The association of indoxyl sulfate with fibroblast growth factor-23 in cats with chronic kidney disease. J. Vet. Intern. Med. 2019, 33, 686–693. [Google Scholar] [CrossRef]

	



Chen, C.N.; Chou, C.; Tsai, P.S.J.; Lee, Y.J. Plasma indoxyl sulfate concentration predicts progression of chronic kidney disease in dogs and cats. Vet. J. 2018, 232, 33–39. [Google Scholar] [CrossRef] [PubMed]

	



Karlin, E.T.; Rush, J.E.; Freeman, L.M. A pilot study investigating circulating trimethylamine N-oxide and its precursors in dogs with degenerative mitral valve disease with or without congestive heart failure. J. Vet. Intern. Med. 2019, 33, 46–53. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Larouche-Lebel, E.; Loughran, K.A.; Huh, T.P.; Suchodolski, J.S.; Oyama, M.A. Metabolomics analysis reveals deranged energy metabolism and amino acid metabolic reprogramming in dogs with myxomatous mitral valve disease. J. Am. Heart Assoc. 2021, 10, e018923. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Heaney, A.; Langenfeld-McCoy, N.; Boler, B.V.; Laflamme, D.P. Dietary intervention reduces left atrial enlargement in dogs with early preclinical myxomatous mitral valve disease: A blinded randomized controlled study in 36 dogs. BMC Vet. Res. 2019, 15, 425. [Google Scholar] [CrossRef]

	



Li, Q.; Laflamme, D.P.; Bauer, J.E. Serum untargeted metabolomic changes in response to diet intervention in dogs with preclinical myxomatous mitral valve disease. PLoS ONE 2020, 15, e0234404. [Google Scholar] [CrossRef]

	



Tang, W.H.W.; Li, D.Y.; Hazen, S.L. Dietary metabolism, the gut microbiome, and heart failure. Nat. Rev. Cardiol. 2019, 16, 137–154. [Google Scholar] [CrossRef]

	



Cui, X.; Ye, L.; Li, J.; Jin, L.; Wang, W.; Li, S.; Bao, M.; Wu, S.; Li, L.; Geng, B.; et al. Metagenomic and metabolomic analyses unveil dysbiosis of gut microbiota in chronic heart failure patients. Sci. Rep. 2018, 8, 1–15. [Google Scholar] [CrossRef]

	



Seo, J.; Matthewman, L.; Xia, D.; Wilshaw, J.; Chang, Y.M.; Connolly, D.J. The gut microbiome in dogs with congestive heart failure: A pilot study. Sci. Rep. 2020, 10, 13777. [Google Scholar] [CrossRef]

	



Li, Q.; Larouche-Lebel, E.; Loughran, K.A.; Huh, T.P.; Suchodolski, J.S.; Oyama, M.A. Gut Dysbiosis and Its Associations with Gut Microbiota-Derived Metabolites in Dogs with Myxomatous Mitral Valve Disease. mSystems 2021, 6, e00111-21. [Google Scholar] [CrossRef]

	



Mell, B.; Jala, V.R.; Mathew, A.V.; Byun, J.; Waghulde, H.; Zhang, Y.; Haribabu, B.; Vijay-Kumar, M.; Pennathur, S.; Joe, B. Evidence for a link between gut microbiota and hypertension in the Dahl rat. Physiol. Genom. 2015, 47, 187–197. [Google Scholar] [CrossRef]

	



Adnan, S.; Nelson, J.W.; Ajami, N.J.; Venna, V.R.; Petrosino, J.F.; Bryan, R.M.; Durgan, D.J. Alterations in the gut microbiota can elicit hypertension in rats. Physiol. Genom. 2017, 49, 96–104. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, J.W.; Phillips, S.C.; Ganesh, B.P.; Petrosino, J.F.; Durgan, D.J.; Bryan, R.M. The gut microbiome contributes to blood-brain barrier disruption in spontaneously hypertensive stroke prone rats. FASEB J. 2021, 35, guo e21201. [Google Scholar] [CrossRef] [PubMed]

	



Marques, F.Z.; Nelson, E.; Chu, P.-Y.; Horlock, D.; Fiedler, A.; Ziemann, M.; Tan, J.K.; Kuruppu, S.; Rajapakse, N.W.; El-Osta, A.; et al. High-Fiber Diet and Acetate Supplementation Change the Gut Microbiota and Prevent the Development of Hypertension and Heart Failure in Hypertensive Mice. Circulation 2017, 20, 964–977. [Google Scholar] [CrossRef] [PubMed]

	



Jama, H.A.; Kaye, D.M.; Marques, F.Z. The gut microbiota and blood pressure in experimental models. Curr. Opin. Nephrol. Hypertens. 2019, 28, 97–104. [Google Scholar] [CrossRef] [PubMed]

	



Verhaar, B.J.H.; Collard, D.; Prodan, A.; Levels, J.H.M.; Zwinderman, A.H.; Bäckhed, F.; Vogt, L.; Peters, M.J.L.; Muller, M.; Nieuwdorp, M.; et al. Associations between gut microbiota, faecal short-chain fatty acids, and blood pressure across ethnic groups: The HELIUS study. Eur. Heart J. 2020, 41, 4259–4267. [Google Scholar] [CrossRef] [PubMed]

	



Yan, Q.; Gu, Y.; Li, X.; Yang, W.; Jia, L.; Chen, C.; Han, X.; Huang, Y.; Zhao, L.; Li, P.; et al. Alterations of the Gut Microbiome in Hypertension. Front. Cell. Infect. Microbiol. 2017, 7, 381. [Google Scholar] [CrossRef]

	



Lau, K.; Srivatsav, V.; Rizwan, A.; Nashed, A.; Liu, R.; Shen, R.; Akhtar, M. Bridging the gap between gut microbial dysbiosis and cardiovascular diseases. Nutrients 2017, 9, 859. [Google Scholar] [CrossRef]

	



Battson, M.L.; Lee, D.M.; Weir, T.L.; Gentile, C.L. The gut microbiota as a novel regulator of cardiovascular function and disease. J. Nutr. Biochem. 2018, 56, 1–15. [Google Scholar] [CrossRef]

	



Grylls, A.; Seidler, K.; Neil, J. Link between microbiota and hypertension: Focus on LPS/TLR4 pathway in endothelial dysfunction and vascular inflammation, and therapeutic implication of probiotics. Biomed. Pharmacother. 2021, 137, 111334. [Google Scholar] [CrossRef]

	



Vidya, M.K.; Kumar, V.G.; Sejian, V.; Bagath, M.; Krishnan, G.; Bhatta, R. Toll-like receptors: Significance, ligands, signaling pathways, and functions in mammals. Int. Rev. Immunol. 2018, 37, 20–36. [Google Scholar] [CrossRef]

	



Pedrosa Nunes, K.; Almeida de Oliveira, A.; Vitorino Lima, V.; Clinton Webb, R. Toll-Like Receptor 4 and Blood Pressure: Lessons from Animal Studies. Front. Physiol. 2019, 10, 655. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Block, M.S.; Vierkant, R.A.; Fogarty, Z.C.; Winham, S.J.; Visscher, D.W.; Kalli, K.R.; Wang, C.; Goode, E.L. The infammatory microenvironment in epithelial ovarian cancer: A role for TLR4 and MyD88 and related proteins. Tumour Biol. 2016, 201637, 13279–13286. [Google Scholar] [CrossRef] [PubMed]

	



Gambuzza, M.; Licata, N.; Palella, E.; Celi, D.; Foti Cuzzola, V.; Italiano, D.; Marino, S.; Bramanti, P. Targeting Toll-like receptors: Emerging therapeutics for multiple sclerosis management. J. Neuroimmunol. 2011, 239, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Soares, J.B.; Pimentel-Nunes, P.; Roncon-Albuquerque, R., Jr.; Leite-Moreira, A.F. The Role of lipopolysaccharide/Toll-Like Receptor 4 Signaling in Chronic Liver Diseases. Hepatol. Int. 2010, 4, 659–672. [Google Scholar] [CrossRef] [PubMed]

	



Marques, F.Z.; Mackay, C.R.; Kaye, D.M. Beyond gut feelings: How the gut microbiota regulates blood pressure. Nat. Rev. Cardiol. 2018, 15, 20–32. [Google Scholar] [CrossRef]

	



He, F.J.; Tan, M.; Ma, Y.; MacGregor, G.A. Salt Reduction to Prevent Hypertension and Cardiovascular Disease: JACC State-of-the-Art Review. J. Am. Coll. Cardiol. 2020, 75, 632–647. [Google Scholar] [CrossRef]

	



GBD 2017 Diet Collaborators. Health effects of dietary risks in 195 countries, 1990–2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet 2019, 393, 1958–1972. [Google Scholar] [CrossRef]

	



Mills, K.T.; Bundy, J.D.; Kelly, T.N.; Reed, J.E.; Kearney, P.M.; Reynolds, K.; Chen, J.; He, J. Global Disparities of Hypertension Prevalence and Control: A Systematic Analysis of Population-Based Studies from 90 Countries. Circulation 2016, 134, 441–450. [Google Scholar] [CrossRef]

	



Elijovich, F.; Kleyman, T.R.; Laffer, C.L.; Kirabo, A. Immune Mechanisms of Dietary Salt-Induced Hypertension and Kidney Disease: Harry Goldblatt Award for Early Career Investigators 2020. Hypertension 2021, 78, 252–260. [Google Scholar] [CrossRef]

	



Barbaro, N.R.; Foss, J.D.; Kryshtal, D.O.; Tsyba, N.; Kumaresan, S.; Xiao, L. Dendritic cell amiloride-sensitive channels mediate sodium-induced inflammation and hypertension. Cell Rep. 2017, 21, 1009–1020. [Google Scholar] [CrossRef]

	



Ferguson, J.F.; Aden, L.A.; Barbaro, N.R.; Van Beusecum, J.P.; Xiao, L.; Simmons, A.J. High dietary salt-induced dendritic cell activation underlies microbial dysbiosis-associated hypertension. JCI Insight 2019, 5, e126241. [Google Scholar] [CrossRef] [PubMed]

	



Van Beusecum, J.P.; Barbaro, N.R.; McDowell, Z.; Aden, L.A.; Xiao, L.; Pandey, A.K. High salt activates CD11c(+) antigen-presenting cells via SGK (serum glucocorticoid kinase) 1 to promote renal inflammation and salt-sensitive hypertension. Hypertension 2019, 74, 555–563. [Google Scholar] [CrossRef] [PubMed]

	



Guo, J.; Guo, X.; Sun, Y.; Li, Z.; Jia, P. Application of omics in hypertension and resistant hypertension. Hypertens Res. 2022. [Google Scholar] [CrossRef] [PubMed]

	



Karbach, S.H.; Schönfelder, T.; Brandão, I.; Wilms, E.; Hörmann, N.; Jäckel, S. Gut microbiota promote angiotensin II-induced arterial hypertension and vascular dysfunction. J. Am. Heart Assoc. 2016, 5, e126241. [Google Scholar] [CrossRef]

	



Wang, C.; Huang, Z.; Yu, K.; Ding, R.; Ye, K.; Dai, C.; Xu, X.; Zhou, G.; Li, C. High-salt diet has a certain impact on protein digestion and gut microbiota: A sequencing and proteome combined study. Front. Microbiol. 2017, 8, 1838. [Google Scholar] [CrossRef]

	



Wilck, N.; Matus, M.G.; Kearney, S.M.; Olesen, S.W.; Forslund, K.; Bartolomaeus, H.; Haase, S.; Mähler, A.; Balogh, A.; Markó, L.; et al. Salt-responsive gut commensal modulates TH17 axis and disease. Nature 2017, 551, 585–589. [Google Scholar] [CrossRef]

	



Robles-Vera, I.; de la Visitación, N.; Toral, M.; Sánchez, M.; Gómez-Guzmán, M.; Jiménez, R.; Romero, M.; Duarte, J. Mycophenolate mediated remodeling of gut microbiota and improvement of gut-brain axis in spontaneously hypertensive rats. Biomed. Pharmacother. 2021, 135, 111189. [Google Scholar] [CrossRef]

	



Zhang, L.; Ko, C.Y.; Zeng, Y.M. Immunoregulatory Effect of Short-Chain Fatty Acids from Gut Microbiota on Obstructive Sleep Apnea-Associated Hypertension. Nat. Sci. Sleep. 2022, 14, 393–405. [Google Scholar] [CrossRef]

	



Gareau, M.G.; Sherman, P.M.; Walker, W.A. Probiotics and the gut microbiota in intestinal health and disease. Nat. Rev. Gastroenterol. Hepatol. 2010, 7, 503–514. [Google Scholar] [CrossRef]

	



Yadav, H.; Lee, J.H.; Lloyd, J.; Walter, P.; Rane, S.G. Beneficial metabolic effects of a probiotic via butyrate-induced GLP-1 hormone secretion. J. Biol. Chem. 2013, 288, 25088–25097. [Google Scholar] [CrossRef]

	



Manosroi, W.; Williams, G.H. Genetics of Human Primary Hypertension: Focus on Hormonal Mechanisms. Endocr. Rev. 2019, 40, 825–856. [Google Scholar] [CrossRef] [PubMed]

	



Wenzel, U.O.; Bode, M.; Köhl, J.; Ehmke, H. A pathogenic role of complement in arterial hypertension and hypertensive end organ damage. Am. J. Physiol. Heart Circ. Physiol. 2017, 312, H349–H354. [Google Scholar] [CrossRef] [PubMed]

	



Pandey, A.; Garg, S.; Khunger, M.; Darden, D.; Ayers, C.; Kumbhani, D.J.; Mayo, H.G.; de Lemos, J.A.; Berry, J.D. Dose–response relationship between physical activity and risk of heart failure: A meta-analysis. Circulation 2015, 132, 1786–1794. [Google Scholar] [CrossRef] [PubMed]

	



Löser, B.; Öner, A. 2018 update ESC/ESH guidelines on management of arterial hypertension: What is important for anesthesiologists? Anaesthesist 2019, 68, 325–328. [Google Scholar] [CrossRef] [PubMed]

	



Martínez-Linares, J.M. Updates in Hypertension Studies According to the Main Clinical Trials: A Review of the Past 45 Years about Pharmaceutical Intervention Effects. Nurs. Rep. 2020, 10, 2–14. [Google Scholar] [CrossRef]

	



Azizi, M.; Rossignol, P.; Hulot, J.S. Emerging Drug Classes and Their Potential Use in Hypertension. Hypertension 2019, 74, 1075–1083. [Google Scholar] [CrossRef]

	



Christophides, T.; Somaschini, A.; Demarchi, A.; Cornara, S.; Androulaki, M.; Androulakis, E. New Drugs and Interventional Strategies for the Management of Hypertension. Curr. Pharm. Des. 2021, 27, 1396–1406. [Google Scholar] [CrossRef]

	



Hamdidouche, I.; Jullien, V.; Boutouyrie, P.; Billaud, E.; Azizi, M.; Laurent, S. Drug adherence in hypertension: From methodological issues to cardiovascular outcomes. J. Hypertens. 2017, 35, 1133–1144. [Google Scholar] [CrossRef]

	



Baranowska-Kuczko, M.; Kozłowska, H.; Kloza, M.; Kusaczuk, M.; Harasim-Symbor, E.; Biernacki, M.; Kasacka, I.; Malinowska, B. Vasoprotective Endothelial Effects of Chronic Cannabidiol Treatment and Its Influence on the Endocannabinoid System in Rats with Primary and Secondary Hypertension. Pharmaceuticals 2021, 14, 1120. [Google Scholar] [CrossRef]

	



Zhu, H.; Li, Y.; Wang, M.X.; Wang, J.H.; Du, W.X.; Zhou, F. Analysis of cardiovascular disease-related NF-κB-regulated genes and microRNAs in TNFα-treated primary mouse vascular endothelial cells. J. Zhejiang Univ. Sci. B 2019, 20, 803–815. [Google Scholar] [CrossRef]

	



Schirmer, M.; Smeekens, S.P.; Vlamakis, H.; Jaeger, M.; Oosting, M.; Franzosa, E.A.; ter Horst, R.; Jansen, T.; Jacobs, L.; Bonder, M.J.; et al. Linking the human gut microbiome to inflammatory cytokine production capacity. Cell 2016, 167, 1125–1136. [Google Scholar] [CrossRef] [PubMed]

	



Granger, D.; Holm, L.; Kvietys, P. The gastrointestinal circulation: Physiology and pathophysiology. Compr. Physiol. 2015, 5, 1541–1583. [Google Scholar] [PubMed]

	



Santisteban, M.M.; Qi, Y.; Zubcevic, J.; Kim, S.; Yang, T.; Shenoy, V.; Cole-Jeffrey, C.T.; Lobaton, G.O.; Stewart, D.C.; Rubiano, A.; et al. Hypertension-Linked Pathophysiological Alterations in the Gut. Circ. Res. 2017, 120, 312–323. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 03698 g001 550] 





Figure 1. Secondary damage induced by hypertension. 
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Figure 2. Representation of some endothelium functions. 
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Figure 3. Endothelial involvement in hypertension. 
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Figure 4. Protective role of the gut microbiota. 
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Figure 5. Effects of circulating metabolites on endothelium. 
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