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Inappropriate activity of local renin-angiotensin-aldosterone
system during high salt intake: impact on the cardio-renal axis
Atividade inadequada do sistema renina-angiotensina-aldosterona local
durante período de alta ingestão de sal: impacto sobre o eixo cardiorrenal
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Abstract

Resumo

Sabrina Ribeiro Gonsalez1

Although there is a general agreement
on the recommendation for reduced salt
intake as a public health issue, the mechanism by which high salt intake triggers pathological effects on the cardio-renal axis is not completely understood.
Emerging evidence indicates that the
renin-angiotensin-aldosterone
system
(RAAS) is the main target of high Na+
intake. An inappropriate activation of
tissue RAAS may lead to hypertension
and organ damage. We reviewed the
impact of high salt intake on the RAAS
on the cardio-renal axis highlighting the
molecular pathways that leads to injury
effects. We also provide an assessment
of recent observational studies related
to the consequences of non-osmotically
active Na+ accumulation, breaking the
paradigm that high salt intake necessarily increases plasma Na+ concentration
promoting water retention

Apesar de haver uma concordância geral
sobre a necessidade de redução na ingestão
de sal como questão de saúde publica, o
mecanismo pelo qual a alta ingesta de sal
deflagra efeitos patológicos sobre o eixo
cardiorrenal não está ainda completamente
elucidado. Cada vez mais evidencias indicam que o sistema renina-angiotensinaaldosterona (S-RAA) seja o principal alvo
da alta ingesta de Na+. Uma ativação inadequada do S-RAA tecidual pode causar hipertensão e dano ao órgão. Nós revisamos o
impacto da dieta com alto teor de sódio sobre o eixo cardiorrenal, destacando as vias
moleculares que causam a lesão. Também
fizemos uma avaliação de recentes estudos
observacionais relacionados às consequências do acúmulo de Na+ não osmoticamente
ativo, quebrando assim o paradigma de que
a alta ingestão de sódio necessariamente aumenta a concentração sérica de Na+, assim
promovendo a retenção de água.
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Introduction

Angiotensin II (Ang II), which is generated
via Ang I cleavage by angiotensin converting
enzyme (ACE),7,8 acts via two main receptors:
angiotensin receptor type 1 (AT1R), which
induces vasoconstriction, anti-natriuresis,
anti-diuresis, vasopressin and aldosterone release, fibrosis and cellular proliferation, while angiotensin receptor type 2 (AT2R), which
counterbalances these effects.9,10 Different
Ang II-derived peptides, enzymes, receptors,
and routes for Ang II degradation are emerging, supporting the view of different forms
of regulation within the system itself.11 The
cardio-renal axis is of particular interest since it contains all components of the RAAS
(tissue or local RAAS), especially the main
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The renin-angiotensin-aldosterone system
(RAAS) regulates essential functions in the
organism, such as the maintenance of arterial blood pressure, Na+, and water balance.1,2 The systemic RAAS is activated when
renin secretion in the juxtaglomerular apparatus of the kidney is stimulated by (1) renal
artery hypotension, (2) decrease in the Na+
load delivery to the distal tubule that is sensed by the macula densa, and (3) activation
of the sympathetic nervous system activity in
response to decreased arterial blood pressure.3-5 In the classic view of the RAAS, renin
cleaves angiotensinogen (AGT) produced by
the liver, generating angiotensin I (Ang I).6
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counterbalance route: angiotensin converting enzyme 2,
angiotensin-(1-7), Ang-(1-7) MAS receptor (ACE2/Ang(1-7)/MAS), which are involved in organ protection.12-15
There is a growing evidence that tissue RAAS
behaves oppositely to renin plasma levels during a
high salt diet (HSD).16,17 It has been hypothesized
that this inappropriate activation of tissue RAAS
is related to the pathology of cardio-renal diseases.18,19 The aim of this review was to investigate
the association of a HSD and local RAAS with cardiac and renal disease. To provide up-to-date information, 79 relevant English language publications were selected from MEDLINE/PubMed from
January 1, 1995 to July 28, 2016, using the key
words: renin, angiotensin II, angiotensin-(1-7), high salt diet, kidney, and heart.

Discussion
High salt intake and the impact on RAAS
In general, Na+ intake is on average far above the
1.5–2 g/d dose recommended by the American Heart
Association and the World Health Organization.
Most countries consume more than double the value.20,21 The systemic RAAS is profoundly influenced by dietary salt intake. Under normotensive conditions, HSD inhibits the systemic RAAS while low
salt diet (LSD) activates this system.16,22 Decreased
body Na+ content directly influence the extracellular volume impacting renal sympathetic activity,
pre-glomerular vascular baroreceptors, and the macula densa cells, and finally renin is released by the
juxtaglomerular cells of the afferent arterioles.3-5
However, tissue RAAS components are overexpressed in salt-sensitive animal models of hypertension
or in salt-sensitive hypertensive patients17,23 suggesting the involvement of different molecular mechanisms, which are not completely understood. The
ablation of renin in renal collecting ducts of mice
in an Ang II infusion hypertensive model attenuates blood pressure and renal damage.24 However, in
a DOCA salt hypertension model, collecting duct
renin is not essential to the development of hypertension and renal injury.25
The end point for the impairment of RAAS is
AT1R activation. In Ang II-dependent malignant
hypertension in Cyp1a1-Ren2 transgenic rats26, it
was demonstrated that HSD, along with chronic administration of the AT1R antagonist, attenuates the
increased systolic blood pressure and intra-renal Ang

II levels, demonstrating the importance of AT1R in
the local RAAS effect. Table 1 presents a summary
of salt-sensitive hypertension rat models and the inappropriate tissue RAAS activation leading to impaired Na+ excretion and development of hypertension.
To make this scenario worse, the tissue ACE/
Ang II/AT1R counteracting route ACE2/Ang-(17)/MAS seems to be suppressed by HSD, which in turn could be related to augmented blood
pressure. O’Neil et al.27 proposed that the renal
hemodynamic and excretory responses to locally
administered Ang-(1-7) is dependent on the level
of Na + intake and indirectly on the degree of activation of the tissue RAAS. The authors elegantly
demonstrated that during a HSD, Ang-(1-7) had
no effect on glomerular filtration rate, whereas the
diuresis and natriuresis were attenuated compared
with those in rats fed either a normal diet or LSD.
This effect was independent of increases in mean
arterial pressure and plasma renin. Indeed, Ang(1-7) were highest in rats on LSD and depressed
in rats on HSD 27. In lean Zucker rats receiving 8%
HSD for 2 weeks, renin and Ang-(1-7) levels were decreased in kidney cortex, while Ang II levels
were the same as the control group. 28 It was also demonstrated that Ang-(1-7) acts as a negative
modulator of aldosterone secretion, since short-term LSD enhanced both plasma renin activity
and blood pressure. However, this response was
completely preserved during concomitant continuous Ang-(1-7) infusion, whereas the increase in
aldosterone was markedly attenuated. 29
Altogether, it is possible to postulate that
the ratio ACE/ACE2 is the cornerstone for Na+mediated actions. Indeed, it was shown that in male Wistar rats fed with control diet (0.2% NaCl),
HSD (1.2% NaCl) and a very HSD (8.2% NaCl),
ACE2 reduction is dependent on Na + intake, leading to a proportional increase in the glomerular
ACE/ACE2 ratio, inducing glomerular oxidative
stress via Ang II. 30 In male spontaneously hypertensive rats (SHR) under normal salt (0.3%), low
salt (0.03%), or HSD (3%), it was observed that
HSD induced glomerular hypertrophy and proteinuria, with a decrease in ACE2 expression, whereas LSD attenuated renal dysfunction and proteinuria due to a decrease in ACE/ACE2 protein
and activity ratio within the kidney mediated by
increased cubilin expression.31
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Table 1	Overview of the HSD effects in different rat models
Rat model of HS
intake
Cyp1a1-Ren2
transgenic rats
Wistar rats

Zucker rats

SHR rats

Sprague-Dawley
rats

Dahl rats

Type/Treatment

RAAS response

Cardiovascular and/or kidney
responses

Ref.

HSD intake

Increased intra-renal
Ang II levels

Augmented SBP

26

Intra-renal Ang-(1-7)
infusion plus HSD

Depressed plasma renin
and Ang-(1-7) levels

Attenuated diuresis and natriuresis
in comparison to LSD

27

Left uninephrectomized
subjected to HSD

Increased glomerular
ACE/ACE2 ratio

Glomerulosclerosis, kidney
hypertrophy and renal oxidative
stress

30

Lean rats subjected to
HSD

Increased renal ACE and
AT1BR, and decreased
renin

Lean and Obese rats: augmented
MAP

28

Obese rats subjected
to HSD

Increased renal ACE
and Ang II in contrast to
decreased ACE2, AT2R,
and MAS

HSD intake

Decreased ACE2
expression

Glomerular hypertrophy, loss
of morphological integrity of
the podocyte and augmented
proteinuria.

31

HSD intake

Increased plasma
renin concentration
and decreased MAS
receptor expression

Increased blood pressure and renal
nitroxidative stress, proteinuria, and
decreased renal blood flow.

32

Ang II infused rats
subjected to HSD

Exacerbated urinary
AGT excretion

Exacerbated SBP, proteinuria,
greater collagen deposition,
mesangial expansion, interstitial
cell proliferation, and macrophage
infiltration.

33

Uninephrectomized rats
subjected to HSD

Decreased plasma
aldosterone levels

Increased SBP, proteinuria,
glomerular and interstitial injury and
macrophage infiltration in kidney.

35

Dahl-RS rats subjected
to HSD

Suppressed plasma
aldosterone.

Increased SBP

34

Dahl-SS rats subjected
to HSD

Increased plasma
aldosterone levels,
(pro)renin, (pro)
renin receptor,
angiotensinogen, ACE,
AT1R and AT2R in
adrenal glands.

Increased SBP and promotes left
ventricular systolic dysfunction.

HSD: high salt diet; HS: high salt; SBP: systolic blood pressure; LSD: low salt diet; MAP: mean arterial pressure; SHR: spontaneously hypertensive
rats; AGT: angiotensinogen; Dahl-RS: Dahl rat hypertensive rat salt-resistant; Dahl-SS: Dahl rat hypertensive rat salt-sensitive.

This hypothesis was confirmed by the administration of a HSD to SHR animals 32, which exacerbated hypertension and promoted a decrease
of renal blood flow, and an increase in proteinuria and renal nitro-oxidative stress. Those events
were related to the suppression of the ACE2/Ang(1-7)/MAS axis. There was no change in plasma Ang II nor renal AT 1R expression. 32 Without
the protective arm of the RAAS, the net result is
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catastrophic as demonstrated in the salt-sensitive,
Ang II-dependent hypertension model: the development of malignant hypertension associated to
kidney damage. 33 Inappropriate RAAS activation
was related to increased urinary angiotensinogen
and intra-renal Ang II.33
The question that has emerged is how aldosterone is regulated since HSD leads to an inappropriate
activation of ACE/Ang II/AT1R. The time course of
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changes in adrenal aldosterone biosynthesis under
HSD conditions was evaluated by Morizane et al.34
The time course was compared using the salt-sensitive and salt-resistant Dahl rat strains (Dahl-SS and
Dahl-RS rat, respectively). Dahl-RS rats maintained suppression of aldosterone biosynthesis during
HSD. In contrast, Dahl-SS rats presented a delayed
and paradoxical increase in aldosterone biosynthesis after HSD intake. The authors attributed this
late response to an upregulation of local RAAS
components (ACE/Ang II/AT1R).
Indeed, Kawrazaki et al.35 demonstrated that
aldosterone receptor activation and HSD intake
induce inflammation and oxidative stress. In
young (3-week-old) and adult (10-week-old) uninephrectomized Sprague-Dawley rats fed with a
HSD, the aldosterone-induced organ damage was
attenuated with eplerenone (aldosterone receptor

antagonist), olmesartan (AT1R antagonist), and
FAD286 (aldosterone synthase inhibitor) treatment. It was suggested that severe hypertension
and organ injury in young rats after HSD intake
was primarily due to aldosterone receptor activation and secondarily to AT 1R activation.35 Figure
1 summarizes the course of activation of the two
main arms of RAAS: ACE/Ang II/AT 1R and ACE2/
Ang-(1-7)/MAS in tissue. We highlighted in this
figure the ACE/ACE2 ratio determining the fate of
the system during HSD intake and the AT 1R responses as the end point of the inappropriate RAAS
activation.

High

salt intake and the impact on the cardio-

renal axis

In order to define and characterize Na+ sensitivity
and blood pressure resistance in humans, a study was

Figure 1. Intra-organ activation course of the two main arms of the renin-angiotensin-aldosterone system in HSD: ACE/Ang II/AT1R and ACE2/
Ang-(1-7)/MAS receptor. ACE/ACE2 ratio determines which angiotensin peptide will be mainly formed: Ang II or Ang-(1-7). During HSD intake
the pathway in black (ACE/Ang II/AT1R) is exacerbated due to the local increase of its components or due to decrease of ACE2/Ang-(1-7)/MAS
axis (in gray). HSD: high salt diet; ACE: angiotensin converting enzyme; ACE2: angiotensin converting enzyme 2; AGT: angiotensinogen; Ang:
angiotensin; AT1R: angiotensin receptor type 1; MAS: angiotensin-(1-7) receptor; SBP: systolic blood pressure; ROS: reactive oxygen species.

Braz. J. Nephrol. (J. Bras. Nefrol.), 2018;40(2):170-178

173

High salt diet and inappropriate RAAS activity

conducted with normal and hypertensive subjects and
demonstrated the association among the inability to
excrete Na+, cardiac mortality, and blood pressure.36
Survival curves of normotensive salt-sensitive
subjects presented similar mortality index in comparison to hypertensive patients. 37 In contrast,
salt-resistant normotensive subjects presented
increased survival. These observations provide
evidence of a relationship between salt sensitivity and mortality that is independent of elevated
blood pressure but predisposes to hypertension in
the elderly. This predisposition could be related to
the deleterious Na + effect in the kidney throughout
the years, as in the popular saying “water dropping day by day wears the hardest rock away”.
A study with 7850 subjects of 28-75 years of age
from Netherlands demonstrated that Na + intake is
related to urinary albumin excretion, especially in
subjects with a higher body mass index 38. Hyper
filtration was observed in normotensive Type I
diabetes mellitus under LSD.39 A follow-up study
with 47 healthy men from Naples demonstrated
that the group with the highest salt sensitivity showed higher blood pressure, glomerular filtration
rate, and absolute proximal sodium reabsorption
during the habitual HSD compared with the least
salt-sensitive group. 40 Based on observations in humans, the World Health Organization states that
the reduction of salt intake is the health strategy
with the best cost-benefit ratio, preventing the development of non-communicable diseases such as
hypertension, and cardiovascular and renal diseases.41 The global goal is to reduce daily salt intake
by at least 30% per person by 2025.42 Therefore,
the potential mechanisms altered by increased Na +
intake should be completely investigated.
Rat models have been used to reproduce humans observations and determine the influence of
the HSD intake in the cardio-renal axis. Kidney
co-transplant between Dahl-SS and -RS strains
rats demonstrated the close relationship of the
triad HSD intake, kidney response, and salt-sensitive hypertension. When exposed to a HSD, the
Dahl-SS rat developed hypertension and reduced
Na + excretion, while the Dahl-RS rat developed
hypertension only after receiving the kidney from
the Dahl-SS rat. 43 Accordingly, Dahl-SS rats presented decreased systolic blood pressure after receiving Dahl-RS rat kidney.44,45
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The kidney plays a major role in fluid homeostasis, controlled by tubular reabsorption of filtered solutes and water. 46 Reabsorption of Na + via
transcellular pathway occurs via Na+ extrusion by
basolateral (Na++K +)-ATPase and Na +-ATPase,
which allows passive apical entry via channels
or exchangers.46-48 Na +/Ca 2+ exchanger is a plasma membrane transporter that pumps Ca 2+ out
of the cell and Na + into the cell, under physiological conditions.49 Thus, the chronic salt loading
in rats leads to an increase of Na+ filtration and
reabsorption due to an increased activity of the
renal (Na ++K +)-ATPase 50 and intracellular Ca 2+
overload through the reverse mode of the Na +/
Ca 2+ exchanger. 51 The result of Ca 2+ overload in
kidney epithelial cells is related to apoptosis and
necrosis, augmented oxidative stress, and fibrosis,
leading to a reduced kidney function. 52 It is worth mentioning that both (Na++K +)-ATPase activity
and intracellular Ca2+ homeostasis are targets of
AT1R activation.11,46 Indeed, in the salt-sensitive
Ang II-dependent hypertension, kidney injury, and
exacerbation of hypertension were attributed to
elevated levels of intra-renal Ang II, augmented
urinary angiotensinogen, and macrophage infiltration in the interstitial area.33
The gradual and silent reduction in kidney
function leads to a proportional increase in extracellular volume, which in turn impacts the cardiac
workload. It was demonstrated that a HSD intake
might increase the risk of cardiovascular diseases
and stroke. A reduction of 5 g a day in salt intake is associated with a 23% decrease in the rate
of stroke and 17% decrease in the rate of cardiovascular disease.53 Hemodynamic abnormalities
as a result of cardiac overwork result in sympathetic activation and RAAS activation. Initially,
both mechanisms act as an acute compensatory
response, but prolonged activation contributes to
the progression of heart failure.54 Indeed, cardiac
hypertrophy induced by HSD is associated to augmented cardiac RAAS in different rat models and
humans. 55-58
Irrespective of the origin of RAAS components
(hormonal or local), the majority of Ang II in the
heart is produced in situ, especially in pathological conditions such as myocardial infarction and
heart failure59-61 due to an augmented ACE expression and activity.62 The elevated cardiac levels
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of Ang II and aldosterone (compared to plasma
levels) observed in the hearts of the Dahl-SS rats
were related to the severity of vascular maladaptations and to the maintenance of hypertension. 56
Ang II and aldosterone accumulation in the heart
leads to TGF-β overexpression, increase in cardiac
protein, and fibrosis. 63,64
Elevated plasma Na+ concentrations have been shown to stiffen vascular endothelial cells (EC)
accompanied by a decrease in the bioavailability
of nitric oxide (NO). 65 This mechanical alteration
is associated to the dysfunction of the EC since
physiologically NO is released by shear stress
causing vasodilation. 66 In addition, the Na + channel present in the vascular endothelium (EnNaC)
seems to be the crucial mediator of the endothelial salt sensitivity, leading to vascular stiffening
and endothelium nitric oxide synthase phosphorylation (eNOS), decreasing NO production. 66
Spironolactone (aldosterone receptor antagonist)
and amiloride (EnNaC blocker) lowered EnNaC
abundance and prevented endothelial stiffening. 67

Breaking the paradigm
Alterations of Na+ homeostasis can cause water
retention in the intravascular compartment increasing systolic blood pressure, as occurs in Na +sensitive hypertension. 68 As proposed by Arthur
Guyton in the 1960’s, this observation was related
to abnormal pressure-natriuresis curves in various
forms of hypertension. 69 However, the inability to
excrete Na+ does not necessarily infers in an increase in plasma volume, a phenomenon named
the “Lag Phenomenon”. 70 In this condition, blood
pressure is established at a new higher level due to
an enhanced peripheral vascular resistance and no
alteration in plasma volume and Na + balance.71,72
Indeed, extracellular Na + concentration did not
change in similar conditions in another study. 73
Therefore, the theory of the third compartment
that proposed that Na + is locally stocked seems
to be retrieved. Dahl-SS rat in a HSD intake presented a reduced ability to excrete Na+ leading to
Na + and water excess that was characterized by
bone, cartilage and mixed connective tissue storage. 74 Tissue Na + accumulation was detected in
skeletal muscle68 and in the skin trapped in the negative charges of glycosaminoglycans (GAG).74,75
This osmotically inactive storage could function

as a buffer that receives Na + from an overloaded
extracellular space. Titze et al. proposed that in
salt-sensitive hypertension, there is a dysfunction
in GAG, releasing osmotically active Na+ and promoting organ damage. 74 A clinical study using
magnetic resonance imaging (Na-MRI) showed
that men have a higher capacity to store non-osmotically Na+ than women, which was also observed in patients under dialysis. The increase was
age-dependent and higher in hypertensive than
normotensive subjects. 76 The patho-physiological
function of interstitial Na+ storage is still not well
characterized. Luft, in his editorial commentary75,
reported that locally increased Na + concentration
leads to disrupted glycocalyx accompanied by a
decreased NO production and EnNaC activation
leading to endothelium stiffness as referred above.
Understanding the molecular mechanism involved
in the non-osmotically Na+ stores could be another point of pharmacological interventions.
It has been demonstrated that Na+ per se modulates the pharmacology efficacy of RAAS blockers. In an animal model of adriamycin-induced
nephropathy, low Na+ potentiates the renal protective effect of RAAS-blockade by decreasing proteinuria, blood pressure, and glomerulosclerosis.77
In humans, Na+ restriction produces a potential
antiproteinuric effect leading to long-term cardiovascular and renal protection.78 This observation
was presented in a clinical cohort study with Na+
intake in chronic kidney disease patients and in renal transplant populations. By 24-h urinary collections, a direct association between proteinuria and
Na+ intake was found. In addition, systolic blood
pressure was usually Na+-sensitive.79 Renal or cardiovascular complications increased by approximately two times during HSD intake in comparison to
LSD intake in patients treated with AT1R blocker.77

Conclusion
Information on the impact of salt intake on the course of heart and kidney disease is still unclear but it
indicates that the cornerstone for tissue inappropriate
activation of RAAS is the ACE/ACE2 ratio, leading to
augmented local Ang II and AT1R activation. For this
reason, a reduction in salt consumption could enhance the effectiveness of the therapeutic arsenal targeting the RAAS. This review showed that local RAAS
responds differently to salt than the systemic system.

Braz. J. Nephrol. (J. Bras. Nefrol.), 2018;40(2):170-178

175

High salt diet and inappropriate RAAS activity

Even though the systemic ACE/Ang II/AT1R pathway
is pharmacologically attenuated, HSD favors ACE
over ACE2 in the tissue, especially in the cardio-renal
axis. Unbalanced ACE/Ang II/AT1R over ACE2/Ang(1-7)/MAS locally could be related to the progression
of heart and kidney failure.

List of abbreviations
Classic or systemic RAAS: renin-angiotensin-aldosterone system activated by renin release from juxtaglomerular apparatus, acting on circulating angiotensinogen.
Tissue or local RAAS: renin-angiotensin-aldosterone system activated by tissue renin, acting on locally produced angiotensinogen.
ACE/Ang II/AT1R axis: vasoconstrictor, anti-natriuretic, and anti-diuretic arm of the RAAS related
to organ injury.
ACE2/Ang-(1-7)/MAS axis: vasodilator, natriuretic,
and diuretic arm of the RAAS, related to organ protection.

Acknowledgments
We thank the Carlos Chagas Filho Rio de Janeiro State
Research Foundation grant E-26/171.137/2006 and
E-26/111.665/2008 (L.S.L.), Brazilian National Research
Council grant 303135/2015-8 (L.S.L.) and 474355/20136 (J.L.), and Science without Borders from CNPq-Brazil,
Especial Visiting Professor 420584/2013-7 (L.S.L.).
S.R.G. is a recipient of the Brazilian National Research
Council sandwich doctorate fellowship and F.M.F. is a recipient of the post-doctoral fellowship from Coordination
for the Improvement of Higher Education Personnel.

References
1. Finberg JP, Peart WS. Renal tubular flow dynamics during angiotensin diuresis in the rat. Br J Pharmacol 1970;39:357-72.
2. Carey RM, Siragy HM. Newly recognized components of the
renin-angiotensin system: potential roles in cardiovascular and
renal regulation. Endocr Rev 2003;24:261-71.
3. Lyons HJ, Chruchhill PC. Renin secretion from rat renal cortical cell suspensions. Am J Physiol 1975;228:1835-9.
4. Ueda H. Renin and nervous system. Jpn Heart J 1976;17:521-6.
5. Peti-Peterdi J, Harris RC. Macula densa sensing and signaling
mechanisms of renin release. J Am Soc Nephrol 2010;21:1093-6.
6. Chappell MC. Biochemical evaluation of the renin-angiotensin
system: the good, bad, and absolute? Am J Physiol Heart Circ
Physiol 2016;310:H137-52.
7. Grönhagen-Riska C, Fyhrquist F. Purification of human lung angiotensin-converting enzyme. Scand J Clin Lab Invest 1980;40:711-9.
8. Guang C, Phillips RD, Jiang B, Milani F. Three key proteases--angiotensin-I-converting enzyme (ACE), ACE2 and renin-within and beyond the renin-angiotensin system. Arch Cardiovasc
Dis 2012;105:373-85.
9. de Gasparo M, Catt KJ, Inagami T, Wright JW, Unger T. International union of pharmacology. XXIII. The angiotensin II
receptors. Pharmacol Rev 2000;52:415-72.

176

Braz. J. Nephrol. (J. Bras. Nefrol.), 2018;40(2):170-178

10. Siragy HM, de Gasparo M, Carey RM. Angiotensin type 2
receptor mediates valsartan induced hypotension in conscious
rats. Hypertension 2000;35:1074-7.
11. Ferrão FM, Lara LS, Lowe J. Renin-angiotensin system in the
kidney: What is new? World J Nephrol 2014;3:64-76.
12. Santos RA, Simões e Silva AC, Maric C, Silva DM, Machado
RP, de Buhr I, et al. Angiotensin-(1-7) is an endogenous ligand
for the G protein-coupled receptor Mas. Proc Natl Acad Sci U
S A 2003;100:8258-63.
13. Chappell MC. Emerging evidence for a functional angiotensin-converting enzyme 2-angiotensin-(1-7)-MAS receptor
axis: more than regulation of blood pressure? Hypertension
2007;50:596-9.
14. Santos RA, Ferreira AJ, Verano-Braga T, Bader M. Angiotensin-converting enzyme 2, angiotensin-(1-7) and Mas: new players
of the renin-angiotensin system. J Endocrinol 2013;216:R1-17.
15. Ferrario CM, Varagic J. The ANG-(1-7)/ACE2/mas axis in the
regulation of nephron function. Am J Physiol Renal Physiol
2010;298:F1297-305.
16. Majid DS, Prieto MC, Navar LG. Salt-Sensitive Hypertension:
Perspectives on Intrarenal Mechanisms. Curr Hypertens Rev
2015;11:38-48.
17. Kobori H, Nishiyama A, Abe Y, Navar LG. Enhancement of
intrarenal angiotensinogen in Dahl salt-sensitive rats on high
salt diet. Hypertension 2003;41:592-7.
18. Kobori H, Nangaku M, Navar LG, Nishiyama A. The intrarenal
renin-angiotensin system: from physiology to the pathobiology of
hypertension and kidney disease. Pharmacol Rev 2007;59:251-87.
19. Varagic J, Frohlich ED, Susic D, Ahn J, Matavelli L, López B,
et al. AT1 receptor antagonism attenuates target organ effects
of salt excess in SHRs without affecting pressure. Am J Physiol
Heart Circ Physiol 2008;294:H853-8.
20. Nilson EA. The strides to reduce salt intake in Brazil: have we
done enough? Cardiovasc Diagn Ther 2015;5:243-7.
21. He FJ, MacGregor GA. Salt reduction lowers cardiovascular
risk: meta-analysis of outcome trials. Lancet 2011;378:380-2.
22. Shao W, Seth DM, Prieto MC, Kobori H, Navar LG. Activation of the renin-angiotensin system by a low-salt diet does not
augment intratubular angiotensinogen and angiotensin II in
rats. Am J Physiol Renal Physiol 2013;304:F505-14.
23. Weinberger MH. Salt sensitivity of blood pressure in humans.
Hypertension 1996;27:481-90.
24. Ramkumar N, Stuart D, Rees S, Hoek AV, Sigmund CD,
Kohan DE. Collecting duct-specific knockout of renin attenuates angiotensin II-induced hypertension. Am J Physiol
Renal Physiol 2014;307:F931-8.
25. Song K, Stuart D, Abraham N, Wang F, Wang S, Yang T, et al.
Collecting Duct Renin Does Not Mediate DOCA-Salt Hypertension or Renal Injury. PLoS One 2016;11:e0159872.
26. Williams DE, Prieto MC, Mullins JJ, Navar LG, Mitchell KD.
AT1 receptor blockade prevents the increase in blood pressure
and the augmentation of intrarenal ANG II levels in hypertensive
Cyp1a1-Ren2 transgenic rats fed with a high-salt diet. Am J Med
Sci 2010;339:356-61.
27. O’Neill J, Corbett A, Johns EJ. Dietary sodium intake modulates renal excretory responses to intrarenal angiotensin (1-7)
administration in anesthetized rats. Am J Physiol Regul Integr
Comp Physiol 2013;304:R260-6.
28. Bernardi S, Toffoli B, Zennaro C, Tikellis C, Monticone S, Losurdo P, et al. High salt diet increases glomerular ACE/ACE2
ratio leading to oxidative stress and kidney damage. Nephrol
Dial Transplant 2012;27:1793-800.
29. Samuel P, Ali Q, Sabuhi R, Wu Y, Hussain T. High Na intake
increases renal angiotensin II levels and reduces expression of
the ACE2-AT(2)R-MasR axis in obese Zucker rats. Am J Physiol Renal Physiol 2012;303:F412-9.
30. Berger RC, Vassallo PF, Crajoinas R de O, Oliveira ML,
Martins FL, Nogueira BV, et al. Renal Effects and Underlying Molecular Mechanisms of Long-Term Salt Content Diets in Spontaneously Hypertensive Rats. PLoS One
2015;10:e0141288.

High salt diet and inappropriate RAAS activity

31. Varagic J, Ahmad S, Brosnihan KB, Habibi J, Tilmon RD,
Sowers JR, et al. Salt-induced renal injury in spontaneously hypertensive rats: effects of nebivolol. Am J Nephrol
2010;32:557-66.
32. Lara LS, McCormack M, Semprum-Prieto LC, Shenoudas S,
Majid DS, Kobori H, et al. AT1 receptor-mediated augmentation of angiotensinogen, oxidative stress, and inflammation in ANG II-salt hypertension. Am J Physiol Renal Physiol
2012;302:F85-94.
33. Kawarazaki H, Ando K, Fujita M, Matsui H, Nagae A, Muraoka K, et al. Mineralocorticoid receptor activation: a major
contributor to salt-induced renal injury and hypertension in
young rats. Am J Physiol Renal Physiol 2011;300:F1402-9.
34. Morizane S, Mitani F, Ozawa K, Ito K, Matsuhashi T, Katsumata Y, et al. Biphasic time course of the changes in aldosterone biosynthesis under high-salt conditions in Dahl salt-sensitive
rats. Arterioscler Thromb Vasc Biol 2012;32:1194-203.
35. Shefer G, Marcus Y, Knoll E, Dolkart O, Foichtwanger S, Nevo
N, et al. Angiotensin 1-7 Is a Negative Modulator of Aldosterone
Secretion In Vitro and In Vivo. Hypertension 2016;68:378-84.
36. Weinberger MH, Miller JZ, Luft FC, Grim CE, Fineberg NS.
Definitions and characteristics of sodium sensitivity and blood
pressure resistance. Hypertension 1986;8:II127-34.
37. Weinberger MH, Fineberg NS, Fineberg SE, Weinberger M.
Salt sensitivity, pulse pressure, and death in normal and hypertensive humans. Hypertension 2001;37:429-32.
38. Verhave JC, Hillege HL, Burgerhof JG, Janssen WM, Gansevoort RT, Navis GJ, et al. Sodium intake affects urinary albumin excretion especially in overweight subjects. J Intern Med
2004;256:324-30.
39. Luik PT, Hoogenberg K, Van Der Kleij FG, Beusekamp BJ,
Kerstens MN, De Jong PE, et al. Short-term moderate sodium restriction induces relative hyperfiltration in normotensive normoalbuminuric Type I diabetes mellitus. Diabetologia
2002;45:535-41.
40. Barba G, Cappuccio FP, Russo L, Stinga F, Iacone R, Strazullo P.
Renal function and blood pressure response to dietary salt restriction in normotensive men. Hypertension 1996;27:1160-4.
41. Beaglehole R, Bonita R, Horton R, Adams C, Alleyne G, Asaria
P, et al. Priority actions for the non-communicable disease crisis. Lancet 2011;377:1438-47.
42. Cappuccio FP. Cardiovascular and other effects of salt consumption. Kidney Int Suppl (2011) 2013;3:312-5.
43. Dahl LK. Salt and blood pressure. Lancet 1969;1:622-3.
44. Dahl LK, Heine M, Thompson K. Genetic influence of the
kidneys on blood pressure. Evidence from chronic renal homografts in rats with opposite predispositions to hypertension.
Circ Res 1974;34:94-101.
45. Morgan DA, DiBona GF, Mark AL. Effects of interstrain renal
transplantation on NaCl-induced hypertension in Dahl rats.
Hypertension 1990;15:436-42.
46. Féraille E, Doucet A. Sodium-potassium-adenosinetriphosphatase-dependent sodium transport in the kidney: hormonal control. Physiol Rev 2001;81:345-418.
47. Del Castillo JR, Marín R, Proverbio T, Proverbio F. Partial
characterization of the ouabain-insensitive, Na+-stimulated
ATPase activity of kidney basal-lateral plasma membranes.
Biochim Biophys Acta 1982;692:61-8.
48. Caruso-Neves C, Coelho-Souza SA, Vives D, Goes G, Lara LS,
Lopes AG. Modulation of ouabain-insensitive Na(+)-ATPase
activity in the renal proximal tubule by Mg(2+), MgATP and
furosemide. Int J Biochem Cell Biol 2002;34:1586-93.
49. Yang D, Yang D. Role of intracellular Ca2+ and Na+/Ca2+ exchanger in the pathogenesis of contrast-induced acute kidney
injury. Biomed Res Int 2013;2013:678456.
50. Wald H, Epstein FH, Popovtzer MM. Effect of chronic salt loading on renal Na-K-ATPase activity in the rat. Proc Soc Exp
Biol Med 1983;172:291-6.
51. Sjöström M, Stenström K, Eneling K, Zwiller J, Katz AI, Takemori H, et al. SIK1 is part of a cell sodium-sensing network that
regulates active sodium transport through a calcium-dependent
process. Proc Natl Acad Sci U S A 2007;104:16922-7.

52. Ratliff BB, Abdulmahdi W, Pawar R, Wolin MS. Oxidant Mechanisms in Renal Injury and Disease. Antioxid Redox Signal
2016;25:119-46.
53. Strazzullo P, D’Elia L, Kandala NB, Cappuccio FP. Salt intake,
stroke, and cardiovascular disease: meta-analysis of prospective
studies. BMJ 2009;339:b4567.
54. Brewster UC, Setaro JF, Perazella MA. The renin-angiotensin-aldosterone system: cardiorenal effects and implications
for renal and cardiovascular disease states. Am J Med Sci
2003;326:15-24.
55. Morgan T, Aubert JF, Brunner H. Interaction between sodium
intake, angiotensin II, and blood pressure as a cause of cardiac
hypertrophy. Am J Hypertens 2001;14:914-20.
56. Bayorh MA, Ganafa AA, Emmett N, Socci RR, Eatman D, Fridie
IL. Alterations in aldosterone and angiotensin II levels in salt-induced hypertension. Clin Exp Hypertens 2005;27:355-67.
57. Frohlich ED, Chien Y, Sesoko S, Pegram BL. Relationship between dietary sodium intake, hemodynamics, and cardiac mass
in SHR and WKY rats. Am J Physiol 1993;264:R30-4.
58. Fields NG, Yuan BX, Leenen FH. Sodium-induced cardiac
hypertrophy. Cardiac sympathetic activity versus volume load.
Circ Res 1991;68:745-55.
59. van Kats JP, Danser AH, van Meegen JR, Sassen LM, Verdouw
PD, Schalekamp MA. Angiotensin production by the heart: a
quantitative study in pigs with the use of radiolabeled angiotensin infusions. Circulation 1998;98:73-81.
60. Serneri GG, Boddi M, Cecioni I, Vanni S, Coppo M, Papa ML,
et al. Cardiac angiotensin II formation in the clinical course of
heart failure and its relationship with left ventricular function.
Circ Res 2001;88:961-8.
61. Clausmeyer S, Reinecke A, Farrenkopf R, Unger T, Peters J.
Tissue-specific expression of a rat renin transcript lacking the
coding sequence for the prefragment and its stimulation by
myocardial infarction. Endocrinology 2000;141:2963-70.
62. Kreutz R, Fernandez-Alfonso MS, Liu Y, Ganten D, Paul M.
Induction of cardiac angiotensin I-converting enzyme with dietary NaCl-loading in genetically hypertensive and normotensive rats. J Mol Med (Berl) 1995;73:243-8.
63. de Wardener HE, MacGregor GA. Harmful effects of dietary salt
in addition to hypertension. J Hum Hypertens 2002;16:213-23.
64. Robert V, Silvestre JS, Charlemagne D, Sabri A, Trouvé P, Wassef M, et al. Biological determinants of aldosterone-induced
cardiac fibrosis in rats. Hypertension 1995;26:971-8.
65. Oberleithner H, Riethmüller C, Schillers H, MacGregor GA, de
Wardener HE, Hausberg M. Plasma sodium stiffens vascular
endothelium and reduces nitric oxide release. Proc Natl Acad
Sci U S A 2007;104:16281-6.
66. Paniagua OA, Bryant MB, Panza JA. Role of endothelial nitric
oxide in shear stress-induced vasodilation of human microvasculature: diminished activity in hypertensive and hypercholesterolemic patients. Circulation 2001;103:1752-8.
67. Judd EK, Calhoun DA, Warnock DG. Pathophysiology and treatment of resistant hypertension: the role of aldosterone and amiloride-sensitive sodium channels. Semin Nephrol 2014;34:532-9.
68. Titze J, Dahlmann A, Lerchl K, Kopp C, Rakova N, Schröder
A, et al. Spooky sodium balance. Kidney Int 2014;85:759-67.
69. Hall JE, Mizelle HL, Hildebrandt DA, Brands MW. Abnormal
pressure natriuresis. A cause or a consequence of hypertension?
Hypertension 1990;15:547-59.
70. Shaldon S. An explanation for the “lag phenomenon” in drug-free control of hypertension by dietary salt restriction in patients with chronic kidney disease on hemodialysis. Clin Nephrol 2006;66:1-2.
71. Heer M, Baisch F, Kropp J, Gerzer R, Drummer C. High dietary
sodium chloride consumption may not induce body fluid retention in humans. Am J Physiol Renal Physiol 2000;278:F585-95.
72. Mayet J, Hughes A. Cardiac and vascular pathophysiology in
hypertension. Heart 2003;89:1104-9.
73. Titze J, Maillet A, Lang R, Gunga HC, Johannes B, Gauquelin-Koch G, et al. Long-term sodium balance in humans in a
terrestrial space station simulation study. Am J Kidney Dis
2004;40:508-16.

Braz. J. Nephrol. (J. Bras. Nefrol.), 2018;40(2):170-178

177

High salt diet and inappropriate RAAS activity

74. Titze J, Shakibaei M, Schafflhuber M, Schulz-Tanzil G, Porst
M, Schwind KH, et al. Glycosaminoglycan polymerization may
enable osmotically inactive Na+ storage in the skin. Am J Physiol Heart Circ Physiol 2004;287:H203-8.
75. Luft FC. Sodium shows no mercy on the nanomechanics of endothelial cells. Hypertension 2014;64:231-2.
76. Titze J, Rakova N, Kopp C, Dahlmann A, Jantsch J, Luft FC.
Balancing wobbles in the body sodium. Nephrol Dial Transplant 2016;31:1078-81.

178

Braz. J. Nephrol. (J. Bras. Nefrol.), 2018;40(2):170-178

77. Wapstra FH, Van Goor H, Navis G, De Jong PE, De Zeeuw D.
Antiproteinuric effect predicts renal protection by angiotensin-converting enzyme inhibition in rats with established adriamycin nephrosis. Clin Sci (Lond) 1996;90:393-401.
78. de Borst MH, Navis G. Sodium intake, S-RAA-blockade and
progressive renal disease. Pharmacol Res 2016;107:344-51.
79. Koo HS, Kim YC, Ahn SY, Oh SW, Kim S, Chin HJ. Analysis of
correlation between 24-hour urinary sodium and the degree of
blood pressure control in patients with chronic kidney disease and
non-chronic kidney disease. J Korean Med Sci 2014;29:S117-22.

