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Abstract:



Hypertension is still one of the major causes of death from cardiovascular failure. Increased salt intake may aggravate the rise in blood pressure and the development of consequential damage of the heart, the vessels and other organs. The general necessity of restricted salt intake regardless of blood pressure or salt sensitivity has been a matter of debate over the past decades. This review summarizes the main pathogenic mechanisms of hypertension and salt sensitivity in rat models, particularly in the spontaneously hypertensive rat (SHR), and in patients with essential hypertension (EH). Although SHRs are commonly considered to be salt-resistant, there is much evidence that salt loading may deteriorate blood pressure and cardiovascular function even in these animals. Similarly, EH is not a homogenous disorder – some patients, but not all, exhibit pronounced salt sensitivity. The renin-angiotensin system (RAS) plays a key role in the regulation of blood pressure and salt and fluid homeostasis and thus is one of the main targets of antihypertensive therapy. This review focuses on the contribution of the RAS to the pathogenesis of salt-sensitive hypertension in SHRs and patients with EH.
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1. Introduction


Essential hypertension (EH) comprises about 90-95% of all cases of hypertension in humans. The genetic contribution to blood pressure (BP) variations in humans is estimated to be in the range of 30–50% [1]. In the majority of these patients, hypertension has a multigenetic base and exhibits heterogenous features. In particular, expression of salt sensitivity differs widely, subdividing EH patients into salt-sensitive and salt-resistant types. In the literature, statements concerning the percentage of salt-sensitive EH patients are inconsistent ranging between 30% and 70% [2,3].



Animal models of genetic hypertension are often used to study the mechanisms of hypertension and salt sensitivity in EH. The most common animal model in this respect is the spontaneously hypertensive rat (SHR). A large part of the findings discussed in the present review has been obtained in this model. Several mechanisms, however, have only been studied in other rat strains such as salt-sensitive Dahl (Dahl S) or Milan hypertensive rats but not in SHR and vice versa. SHRs are not considered to be specifically salt-sensitive, although it has been demonstrated repeatedly that high salt intake can increase their BP [4,5]. Rats also respond to elevated salt intake with enhanced consequential organ damage such as cardiac and vascular hypertrophy, remodelling and loss of function [6,7,8,9]. However, the increase in BP following high salt exposure is not limited to humans and animals with manifest hypertension. Young SHRs at a pre-hypertensive stage of life presented a greatly enhanced pressor response to salt loading by intracerebroventricular (ICV) injection of hypertonic saline [10]. Even normotensive organisms may exhibit salt sensitivity of BP. Monitoring of diurnal variations in mean arterial pressure (MAP) under high salt exposure revealed elevated MAP in normotensive controls (Wistar-Kyoto rats, WKY) during the night but not during the day, so that their circadian average was normal [4]. SHRs responded to this high-salt diet with continuous elevation in MAP. This differential reaction indicates that WKY are able to compensate for salt loading, thus preventing a sustained increase in mean arterial pressure, while compensation is deficient in genetic hypertensive animals [4].



Salt sensitivity in hypertensive patients is an important problem in a society with relatively high salt consumption as is the case in many developed countries. Hypertensive patients are recommended to follow a strict low-salt diet as a supplement to antihypertensive therapy. However, many patients are not willing to lower their salt intake, although increased salt consumption may compromise the therapeutic effects of antihypertensive drugs. In a study on SHRs at increased salt intake, several pharmacological lines of antihypertensive treatment failed to reduce blood pressure, despite the fact that the chosen drug doses had been reported to be sufficient for hypotensive effects at normal salt intake [11].



There is abundant evidence that salt sensitivity has a genetic base. Numerous quantitative trait loci (QTL) have been found to be associated with increased salt sensitivity in patients with EH (for a systematic review see [12]) as well as in SHRs [13,14,15,16]. Among the manifold candidate genes there is a large number of genes coding for components of the renin-angiotensin system (RAS) such as angiotensinogen [17], angiotensin-converting enzyme (ACE) [18,19], renin [20], or aldosterone synthase [21]. Additionally, various other genes associated with salt-sensitive hypertension affect products that are indirectly related to RAS function, e.g. adducin or dopamine [22,23,24].



Studies in rats have shown that the pathogenesis of genetic forms of hypertension, and especially of salt sensitivity, is largely based on elevated activity of the RAS and of the sympathetic nervous system (SNS) [25,26,27]. Many of the processes initiating a sustained increase in BP are localized in the brain. Elevated BP results predominantly from impaired sodium regulation and increased vasomotor tone. Besides the brain, the kidney and the cardiovascular system play a crucial role in the pathogenesis of hypertension.



This review summarizes the main pathogenic processes involved in the development of salt-sensitive hypertension in humans and animal models with genetic hypertension. In particular, the role of the SNS, of circulating and local RAS and of modulators of the sodium-potassium ATPase (Na/K-ATPase) activity is considered. The review focuses on the brain, the kidney and the cardiovascular system in terms of the effects of high salt exposure on blood pressure and on consequential damage to the cardiovascular system. It emphasizes the pivotal function of the RAS that justifies the importance of RAS antagonists such as blockers of the angiotensin receptor type 1 (AT1) or inhibitors of the angiotensin converting enzyme (ACEI) in the treatment of essential hypertension.




2. Pathogenetic Processes in the Development of Salt Sensitivity and Hypertension


2.1. Brain


The central nervous system plays a pivotal role in the development of salt-sensitive hypertension. Abnormal sodium transport may elicit activation of the brain RAS and stimulation of the central sympathetic nervous system, particularly under conditions of salt loading. High salt intake increased plasma sodium concentration both in normotensive Wistar rats and in SHRs [28]. As a consequence, sodium concentration increased in the cerebrospinal fluid (CSF) and in the extracellular fluid of the central nervous system (CNS) preceding an increase in BP and heart rate [29]. A similar response was also observed in Dahl S but not in Dahl R and WKY rats on high-salt diet [29]. The mechanisms mediating sodium transport across the blood-brain barrier are not yet fully elucidated. Sodium regulating mechanisms similar to those in the kidney, i.e. via aldosterone, mineralocorticoid receptors, epithelial sodium channels (ENaC) and Na/K-ATPase also exist in the brain [30], and recent findings have suggested that both ENaC and Na/K-ATPase regulate sodium transport in the choroid plexus [31].



Endogenous ouabain (EO): An important mediator of increased blood pressure under high salt intake is endogenous ouabain (EO). EO belongs to a group of endogenous cardiotonic steroids which exert digitalis-like effects. It is secreted in the brain from the supraoptic and median preoptic nuclei of the hypothalamus, and additionally from the adrenal cortex in humans and rats (reviewed in [32]). In SHRs, brain secretion is stimulated by elevated CSF sodium levels [5]. EO inhibits the activity of the Na/K-ATPase in the choroid plexus and hence might prevent a further increase in CSF sodium concentration. Additionally, it activates the brain RAS in the median preoptic nucleus and stimulates the release of angiotensin (ANG) II in SHRs and Dahl S rats [30]. Injections of the AT1 blocker losartan into the median preoptic nucleus prevented the pressor response to high CSF sodium, thus confirming the role of ANG II as a mediator in this reaction [27]. The brain RAS again contributes to reduction of the Na/K-ATPase activity [33,34]. Moreover, stimulation of AT1 elicits the release of marinobufagenin (MBG), another cardiotonic steroid from the adrenal cortex [35]. MBG induces a sustained inhibition of the α1 isoform of the Na/K-ATPase. Besides the brain, both EO and MBG mainly act on the kidney and on the vasculature where they mediate a long-term increase in BP [32,35].



RAS: Increased activity of the brain RAS is involved in the development and maintenance of hypertension and plays a central role in genetically hypertensive rat models such as SHRs or Dahl S rats. Long-term salt loading in young SHRs exaggerated the development of hypertension, and this effect has been considered to result from increased sodium concentration in the CSF and enhanced activities of the brain RAS and the SNS [25,36]. Overactivity of the brain RAS has been thought to result from increased renin [37], ANG II [38,39] or aldosterone levels [40,41] or from increased numbers of ANG II binding sites [42,43]. Additionally, increased sensitivity to ANG II supports the pressor effects of brain RAS stimulation [44,45]. The anterior hypothalamic area (AHA) is an important site of the brain RAS [46]. It is stimulated both by endogenous ANG II and by ICV hypertonic saline infusion, and sensitivity to these stimuli is much higher in SHRs and Dahl S rats than in WKY [45]. It has therefore been suggested that the brain RAS might be even more important for the development of salt sensitivity than for hypertension [16]. In salt-sensitive rat strains such as Dahl S rats, high salt intake increases the hypothalamic synthesis of aldosterone, presumably via elevated CSF sodium concentration. This steroid in turn stimulates mineralocorticoid receptors and thus activates central mechanisms contributing to salt-induced hypertension [40]. ICV infusion of aldosterone exerted effects similar to those of increased salt intake [47], and ICV application of mineralocorticoid or ENaC antagonists inhibited or stopped the development of hypertension [48,49]. Activation of the brain RAS induces a pressor response that is considered to be elicited through arginin-vasopressin dependent pathways or by increased sympathoexcitation and reduced sympathoinhibition [25,27,50]. Application of AT1 blockers or ACEI into the AHA or into CSF induced a depressor response in SHRs [36,46], while central aldosterone inhibition prevented sympathetic hyperactivity and hypertension in both Dahl S and Wistar rats [40,41].



SNS: Stimulation of EO and RAS in the brain elicits activation of the SNS [26], which plays a crucial role in the pressor effects of high salt intake in SHRs and Dahl S rats [26,29,51]. Both EO and RAS components are present in the hypothalamus and can mediate sympathoexcitatory and pressor responses to high salt intake in these rat strains [27,52,53,54]. EO increases the intracellular concentrations of both sodium and calcium via inhibition of Na/K-ATPase, thus enhancing neuronal excitability and causing central sympathetic activation [30].



Additionally, EO and ANG II can modulate the arterial baroreflex and thus contribute to sympathetic activation. While normotensive rats respond to high salt intake with sensitization of the baroreflex, enhanced EO activity in SHRs abolishes this sensitization or even results in desensitization leading to exaggeration of sympathetic activation [55,56]. Attenuation of baroreflex control by RAS components such as ANG II and aldosterone has been demonstrated in both animals and humans [57,58,59]. In SHRs with and without salt loading, we observed heart rate in control SHRs to be about 6% higher than in normotensive WKY, while heart rate in salt-loaded SHRs was 18% higher than in WKY. Treatment with the ACEI captopril reduced heart rate to control levels despite sustained salt-loading [11]. In humans, altered baroreflex sensitivity is associated with genetic polymorphism in aldosterone synthase indicating at least a partially hereditary basis for this baroreflex variation [60]. A recent study on hypertensive humans with different levels of salt sensitivity demonstrated decreasing baroreflex sensitivity to be associated with increasing salt sensitivity index [61]. ICV or hypothalamic application of either losartan or EO-binding antibodies or blockade of either sodium channels or mineralocorticoid receptors in the brain prevented all effects of sympathoexcitation in rats [5,26,27,62]. Finally, reduction of the endogenous NO production due to down-regulation of the inducible NO synthase (iNOS) at the medullary origin of sympathetic neurogenic vasomotor tone has been suggested to be a mechanism of sympathetic activation in SHRs [63].



Summarizing the brain mechanisms involved in salt-sensitive hypertension, enhanced activity of the brain RAS and increased sympathetic activity are the pivotal steps in this pathogenic process. Elevated CSF sodium concentration and EO release make a key contribution to this activation. Renal and vascular effects then mediate the increase in BP.




2.2. Kidney


Genetic or acquired impairments of renal sodium excretion have been proposed to underlie the development of hypertension. Cross-transplantation experiments in genetically hypertensive rat models [16,64,65] revealed that transplantation of a kidney from a normotensive animal into one from a hypertensive strain prevented the development of hypertension in the recipient; vice versa, kidney transplantation from hypertensive into normotensive rats induced hypertension.



In both genetically hypertensive rats and humans, sodium retention is increased and excretion reduced compared to normotensive controls [66]. There are many possible causes for these differences. SHR strains and hypertensive patients may show characteristic structural differences to normotensive controls in the kidney such as a reduced number of glomeruli [67,68]. Congenital defects [69], environmental factors in the intrauterine or early postnatal period [70,71,72] or aquired renal injury such as tubulointerstitial renal disease [73,74] are also discussed as potential causative factors.



Functional abnormities also contribute to sodium retention and hypervolemia, and thus to hypertension and salt sensitivity. Spontaneously hypertensive animals show sensitization of the tubuloglomerular feedback mechanism that leads to reduced glomerular filtration rate and urine excretion rate [75,76]. Renal sympathetic nerve activity (RSNA) regulates renin secretion and modulates renal vascular resistance, renal blood flow and glomerular filtration rate [77,78,89,80]. RSNA is elevated in EH patients [77,81] as well as in SHRs [82,83,84]. This is generally thought to result from hyperactivity of the SNS [47,82,85], from blunted sympathoinhib­i­tion after hyperosmolar central stimulation [80,84] or from impaired baroreflex control [55,56]. Renal denervation in hypertensive rat models delayed the development and blunted the severity of hypertension [86,87]. In newborn SHRs, sympathectomy led to a decrease in long-term arterial pressure, and this effect could be transferred into untreated SHRs by kidney transplantation [87].



Natriuresis can be impaired by abnormal function of the renal dopamine system, which normally inhibits the renal Na/K-ATPase. At high salt intake SHRs fail to respond to dopamine [88]. Reduced renal dopamine function is often associated with a predominating antinatriuretic function of the RAS both in genetically hypertensive rats and humans [22]. In normotensive rats, dopamine receptor subtypes decrease AT1 receptor expression, but this effect is lost in SHRs [89]. Vice versa, stimulation of AT1 receptors increases dopamine receptor type 1 in WKY but not in SHRs [90]. Dysfunction of the renal kallikrein-kinin system may also contribute to the development of salt-sensitive hypertension in animal models and humans [91,92].



Natriuretic hormone: Reduced natriuresis under conditions of high salt intake has often been proposed to reflect the function of a theoretical natriuretic hormone [66,93]. Initially, endogenous inhibitors of Na/K-ATPase similar to ouabain (EO) were considered as candidates for this natriuretic hormone. Natriuresis can be considered to be a compensatory mechanism reducing fluid volume in the body. However, inhibition of Na/K-ATPase in vessels induces vasoconstriction and thus, hypertension [94]. Furthermore, in the plasma of hypertensive patients, elevated concentrations of endogenous inhibitors of Na/K-ATPase have been found [94,95], while antagonists of EO have been demonstrated to exert potent antihypertensive effects in various hypertensive rat models and in patients [24,96]. A high-salt diet increased plasma EO concentration even in normotensive humans, the increase being more than 10-fold compared to normal salt intake, supporting the suggested role of circulating EO in the pathogenesis of salt-sensitive hypertension [97]. Peripheral EO is secreted from the adrenal cortex and inhibits the α2 type Na/K-ATPase [98,99,100] which is expressed in vascular smooth muscle cells (VSMC). In the kidney, however, EO interacts with the α1 type Na/K-ATPase in the caveolae, reduces its internalization and thus, increases the net activity [32]. In this way, EO increases sodium reabsorption in the renal proximal tubule [96] and does not exert a direct natriuretic effect [32]. This has been demonstrated in the Milan hypertensive rat strain (MHS) which has genetic polymorphism of the cytoskeletal protein α-adducin. The mutated α-adducin allele has been assumed to be the genetic basis for higher Na/K-ATPase activity leading to sodium and fluid retention both in rats and humans [101,102]. In a Belgian population study, polymorphisms of the α-adducin gene were accompanied by significantly elevated plasma EO concentration [103]. Acute saline infusion unmasked an interaction between α-adducin gene mutations and elevated plasma EO concentrations in hypertensive patients, probably mediated by augmented sensitivity of the vascular sodium pump [104] suggesting that these two mechanisms are associated with salt-sensitive forms of genetic hypertension in rats and humans [102,104].



Natriuresis is induced by another endogenous steroid from the adrenal cortex, the bufadienolide marinobufagenin (MBG). This is an inhibitor of the α1 type Na/K-ATPase, the main isoform in the kidney [93,105]. Through its action on both renal and vascular Na/K-ATPase MBG has natriuretic and vasoconstrictor effects [105,106,107]. High sodium intake induced an initial transient stimulation of EO and a subsequent progressive increase of MBG both in Dahl S rats and in humans [106,108]. In Dahl S rats, elevation in brain EO increased MBG secretion from the adrenal cortex, and this effect was blocked by the AT1 receptor antagonist losartan [35,109]. In elderly normotensive women on a high-salt diet, renal MBG excretion was correlated positively with urine sodium excretion and inversely with systolic blood pressure [108]. Hence, it has been suggested that the hypothetical natriuretic hormone referred to above might actually be a result of the combined effects of EO and MBG [93].



As mentioned above, these important mediators of genetic hypertension are also secreted in the hypothalamus and may contribute to hypertension independently of the primary renal defects. To date, brain mechanisms have been considered to be the main causative factors in genetic hypertension and salt-sensitivity [30,33].



RAS: In both human EH and in the SHR model, the function of circulating RAS is altered compared to normotensive controls. The kidney is the classic target organ of the circulating RAS. Variants of genes such as ACE, angiotensinogen or AT1 receptor modulate activity and expression not only of components of the brain RAS but also those of the systemic RAS. The importance of the kidney with respect to altered RAS function has been clearly shown in transplantation experiments in SHRs demonstrating that the hypotensive effects of treatment with ACEI can be transferred into a hypertensive recipient by kidney transplantation [110].



Normotensive animals respond to salt loading with down-regulation of the activity of the RAS [111]. This salt-induced down-regulation of the ANG II synthesis is attenuated [111] or even abolished in the SHR [112]. Hence, salt loading in SHRs increases ANG II production and renal ANG II stores [112], but not plasma aldosterone concentration [111]. Additionally, impaired degradation of ANG II may contribute to an elevated concentration of circulating ANG II [113]. However, the main effects of the RAS in the pathogenesis of salt-sensitive hypertension are exerted by local RAS activation causing exaggerated vasoconstriction as will be discussed below.




2.3. Vasculature and heart


Most of the mechanisms described above have an impact on the cardiovascular system, particularly on the vasculature as the most important target organ mediating hypertension. Elevated sympathetic activity, ANG II, endogenous Na/K-ATPase inhibitors and other influences exert their hypertensive effects mainly via vascular smooth muscles inducing vasoconstriction, and this reaction is more pronounced on high salt intake. Heart catheterization in six month old SHRs showed that mean aortic pressure (MAP) of SHRs under normal salt intake was 62% higher than in age-matched WKY, and total peripheral resistance (TPR) was mildly but not significantly increased [11]. In this study, salt loading (1% NaCl in drinking water) in SHRs did not further increase MAP, while TPR was almost doubled compared to WKY. Three different treatments, an ACEI (captopril), a β-adrenergic blocker (propranolol) or a calcium antagonist (verapamil), were compared in the salt-loaded SHRs. All reduced TPR but this decrease was most pronounced and only significant with captopril that completely abolished the effect of salt-loading [11].



SNS: Sympathetic innervation is the main source of the basal vasomotor tone. Sympathetic activity and vascular responsiveness are modified in genetic forms of hypertension and under conditions of excessive salt loading. SHRs show elevated sympathetic activity and increased concentrations of catecholamines (CA) in the serum and in various tissues [114,115]. Sympathectomy in neonatal SHRs completely prevented the development of hypertension [116]. Several mechanisms may be involved in this altered reaction. VSMC from rats fed a high-salt diet showed enhanced responses to noradrenaline [117]. ANG II or EO can activate the sympathetic nervous system and sensitize VSMC of SHRs to sympathetic innervation or to CA. EO is thought to induce this sensitization and to increase the activity of endothelial ACE and local ANG II synthesis [118,119]. ANG II is a known stimulator of norepinephrine release from peripheral sympathetic nerve terminals. On the contrary, NO reduces norepinephrine release from sympathetic nerve endings in the rat heart [120] and in the vasculature of rats and humans [121,122]. Correspondingly, in animal studies NOS inhibition has been shown to enhance the vasoconstrictor response to α-adrenergic agonists [123] and to eliminate the vasodilating effect of nitroxidergic innervation [124]. In hypertensive patients or rat models under conditions of increased salt intake, NO release by the vascular endothelium is reduced due to down-regulation or inhibition of NOS [63,125,126,127], thus increasing the sympathetic vasomotor tone [63]. NO production in the heart is also impaired, causing an enhanced inotropic response to β-adrenergic stimulation in patients with left ventricular dysfunction [128].



EO and MBG: Inhibitors of Na/K-ATPase such as EO and MBG exert similar effects on VSMC and induce vasoconstriction. Increased calcium influx and elevated cytosolic calcium concentration in VSMC are the main mediators of long-term elevated myogenic tone, vasoconstriction and hypertension in this process [32,66,100,129]. In healthy humans, ouabain administration increased peripheral vascular resistance by about 30%, and this effect was completely abolished by blockade of calcium influx by nifedipine [130]. The effect of the intracellular calcium concentration is exaggerated by ouabain-induced activation of sympathetic vasomotor innervation and sensitization of VSMC (as discussed above). EO secretion from the adrenal cortex is stimulated by ANG II via AT2 receptors [131]. ANG II is also an important link between EO and MBG release. In Dahl S rats, elevation in brain EO increased the MBG secretion from the adrenal cortex, and this effect was blocked by the AT1 receptor antagonist losartan [35,109].



RAS: Ouabain and ouabain-like substances are involved in local RAS activation [119]. Increased local generation of ANG II is thought to contribute to enhanced vasoconstriction and elevation of BP in patients with elevated circulating levels of EO and in rats with ouabain-induced hypertension [132]. VSMC of SHRs have a significantly greater production of ANG II compared to WKY [133]. ANG II can modulate endothelial function, particularly the endothelial release of vasoactive factors. The vascular endothelium regulates cardiovascular function by releasing a large number of vasoactive factors involving both dilating factors such as NO and endothelium-derived hyperpolarizing factor (EDHF) and constrictive factors such as endothelin (ET)-1 or ANG II. These modulators are well balanced under physiological conditions in humans, but in hypertension or under conditions of high salt intake, endothelial dysfunction may lead to impaired vasodilation [134]. Decreased bioavailability of NO plays a pivotal role in this endothelial dysfunction. NO deficiency is considered to prevent the usual down-regulatory effect of dietary sodium on ANG II synthesis in SHRs [111]. In addition to increased local ANG II production, the vascular reaction to ANG II is elevated in SHRs on a high-salt diet [7]. ANG II induces endothelial release of vasoconstrictors such as ET-1 and prostanoids. This effect was significantly greater in rats at high salt intake and in SHRs than in normotensive or low-salt diet controls [135,136,137,138]. Furthermore, ANG II impairs the release of EDHF and hence, relaxation to acetylcholine [139]. Finally, ANG II induces oxidative stress via stimulation of NAD(P)H oxidase and formation of reactive oxygen species (ROS) [140,141,142], which act as intracellular second messengers in signalling cascades leading to endothelial dysfunction, atherosclerotic changes, VSMC growth and remodelling of the extracellular matrix [143,144,145,146].



Consequential cardiovascular damage: A variety of humoral factors such as CA [116] and ANG II contribute to remodelling in the heart and vessels. ANG II can induce cardiovascular hypertrophy and remodelling in hypertensive patients as well as in animal models through different pathways such as increased ET-1 release [135], enhanced oxidative stress [146,147], increased mineralocorticoid receptor signals [147] or stimulation of sodium-proton exchange [148] and increase in free cytosolic calcium concentration [149]. In EH patients, a one-year treatment with either the β-blocker atenolol or the AT1 receptor blocker losartan reduced systolic BP by about 20 mmHg and diastolic BP by 15 mmHg. However, only losartan but not the β-blocker corrected structural changes and endothelial dysfunction in resistance arteries [150]. This finding demonstrates that the remodelling effects are at least partly independent of BP, and emphasizes the crucial role of ANG II in growth and remodelling of vessels.



High salt intake can enhance the remodelling processes in various tissues. SHRs on a high-salt diet, compared to SHRs on a normal salt intake, developed structural changes in arteries associated with increased stiffness and hypertrophy [7]. In Wistar rats, salt loading attenuated the circulating RAS but not local RAS in the heart and kidneys, and led to a significant increase in relative left ventricular and kidney weight after four weeks [151]. In Sprague-Dawley rats, ANG II injection during high-salt diet exaggerated the salt-induced cardiac hypertrophy independently of BP, while ANG II administered on low-salt diet did not cause hypertrophy at similar BP levels [6]. In Dahl S rats, high-salt diet increased RAS activity in the CNS, heart and kidneys, and caused hypertension as well as cardiovascular and renal hypertrophy and fibrosis. RAS inhibition by AT1 receptor blockers or ACEI attenuated hypertension, completely prevented tissue fibrosis and partially prevented cardiac hypertrophy, indicating that local RAS in these tissues make a key contribution to salt-induced fibrosis [152,153]. In our own study, we compared the effects of treatment with the ACEI captopril and the calcium antagonist verapamil on BP and on cardiac remodelling in salt-loaded SHRs at 6 months of age [11]. Blood pressure was significantly higher in SHRs than in age-matched WKY but did not further increase under salt loading. Relative heart weight, however, was significantly higher than in SHRs at normal salt intake. Although neither captopril nor verapamil had an antihypertensive effect, they significantly reduced the mRNA expression of atrial natriuretic peptide, a marker of cardiac hypertrophy, and of collagen type I and III in the left ventricle [11]. These findings are confirmed by several studies reporting that ACEI therapy leads to regression of cardiac hypertrophy or vascular lesions in rats even in the absence of antihypertensive effects [154,155,156].





3. Therapeutic Effects of RAS Antagonists


The RAS, including the circulating as well as the various local elements, plays a pivotal role in the development of hypertension and particularly in the response to high salt intake. Consequently, antagonists of the RAS such as blockers of the AT1 receptor or inhibitors of ACE are potent antihypertensive drugs. In various animal models, the antihypertensive effect was demonstrated to result from a reduction in total peripheral resistance [157]. Moreover, ACEI can indirectly inhibit norepinephrine release from the sympathetic nerve terminals via reduced formation of vascular ANG II [158]. Studies comparing different antihypertensive therapies in rats demonstrate that ACEI or AT1 blockers have equally strong or even stronger effects on blood pressure than other lines of therapy involving blockers of adrenoceptors or calcium channels [11,154,156]. Additionally, RAS antagonists exert cardioprotective effects, i.e. antihypertrophic and antifibrotic effects on the heart and on vessels both in rats and humans [154,156,159]. However, it has been repeatedly reported that the efficiency of RAS antagonists, particularly of ACEI, is reduced under high salt intake in rats and in patients [7,36,160,161,162]. In some rat strains, such as Wistar rats or SHRs, high-salt diet suppresses the circulating RAS to increase sodium excretion as a compensation for the high sodium intake [36,151]. In contrast, salt-sensitive rat strains such as Dahl S rats responded with an initial suppression followed by marked activation of the circulating RAS [40]. Local RAS such as in the brain, heart, arteries and kidneys, however, are not reduced by high salt intake but are rather activated in SHRs, Wistar and Dahl S rats [36,40,151,152,153]. Hence, under conditions of high salt intake, higher doses of RAS antagonists might be necessary to block the activated tissue RAS, particularly the brain RAS [152]. ICV application of captopril exerted similar hypotensive effects in WKY and even greater effects in SHRs on a high compared to regular salt diet, although the depressor effects of intravenous captopril application in SHRs were reduced by salt loading [36]. In hypertensive patients, the antihypertensive effects of captopril can be enhanced when it is given in combination with a diuretic or after salt depletion [157]. Consequently, strict reduction of salt intake must be demanded to sufficiently decrease BP and to reverse consequential damage to organs such as heart and vessels.




4. Conclusions


The RAS occupies a central position in the pathogenesis of genetic forms of hypertension such as in SHRs or in EH patients. Since it can be activated under conditions of elevated salt consumption, it has particular importance for the development of salt sensitivity. In this respect, the brain RAS plays a pivotal role as it activates the central sympathetic nervous system. Moreover, the RAS exerts effects which synergize with those of other prohypertensive mechanisms on peripheral target organs, such as reduction of sodium excretion or vasoconstriction. Finally, the RAS induces structural changes leading to consequential target organ damage such as cardiac hypertrophy and fibrosis. Reducing the activity of the RAS by AT1 receptor blockade or ACE inhibition is a particularly important strategy of antihypertensive treatment, especially in salt-sensitive hypertension, as it decreases BP by several mechanisms and additionally, prevents consequential target organ damage. However, accompanying reduction of salt consumption is required to improve the therapeutic effects.
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