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Salt intake 
Potential risk factor for chronic kidney disease 

and  cardiovascular disease 



High salt intake and chronic kidney disease 

- animal studies 

- human data 

 

High  salt intake – hypertension, cardiovascular  

disease and mortality 

- human data 

 

Mechanisms underlying salt induced pathology 

 

Is there an optimum intake ? 

Is there a risk of going too low? 

 

 

To salt or not to salt – that is the question ? 

question posed not  by Shakespear, but by Rosivall 



Uninephrectomized SHR (spontaneously hypertensive rats)  
on standard chow (CON), low salt chow (LSC) or standard 

chow+hydrochlorothiazide (HCTZ) 
 
 

Benstein, Am.J.Physiol.Renal (1990) 258:F1675 

diuretics do not completely abrogate the adverse effects of salt 



Uninephrectomized SHR (spontaneously hypertensive rats)  
on standard chow (CON), low salt chow (LSC) or standard 

chow+hydrochlorothiazide (HCTZ) 
 

similar severe hypertension an all groups 
significantly lower proteinuria in low salt group (0.09% vs 0.45%)  

Blood pressure Proteinuria 

Benstein, Am.J.Physiol.Renal (1990) 258:F1675 



Effect of low vs regular salt 
 in subtotally nephrectomized Munic Wistar rats  

Dworkin, J.Am.Soc.Nephrol.(1996) 7:437 

low salt 

0.09% sodium 

regular salt 

0.46% sodium 

control  
4 weeks 



Correlation between birthweight and  
salt sensitivity of blood pressure 

 (systolic BP on high – low salt) 

de Boer, Hypertension (2008) 51:928 



High salt diet in pregnant rats  
 → high albuminuria in offspring 

Kolegenova,in  press  

maternal diet (%NaCl) 

   0,15%              1,3%                  8% 

 



Intrapulmonary arteries 

Dam: normal salt 
Offspring: normal salt 

Dam: high salt 
Offspring: normal salt 



Krikken, Opinion Nephrol.Hypertens.(2009) 18:531 

Mechanisms by which high sodium intake  

causes or amplifies renal damage 



High salt intake and chronic kidney disease 

- animal studies 

- human data 

 

High  salt intake – hypertension and  

cardiovascular disease 

- human data 

 

Mechanisms underlying salt induced pathology 

 

Is there an optimum intake ? 

Is there a risk of going too low? 

 

 

 



"If too much salt is added to food, 

  the pulse hardens,  

  tears make their appearance 

  and the complexion changes" 

 
             The Yellow Emperor, 750 B.C. 

 





Higher dietary sodium 
intake  

 
 accelerated progression 

of kidney disease (ΔCcr)  

and  
higher fractional 

proteinuria (proteinuria/GFR) 

Ciancaruso,  

Mineral.Electrol.Metab.(1998) 24:296 

low  <100mmol/day 

high >200mmol/day 

salt intake 

low   111 2 mmHg 

high  107  2 mmHg 

salt intake MAP 



Sodium intake 
impact on progression to endstage kidney disease 

in patients on RAS blockade 

Vegter, J.Am.Soc.Nephrol.(2012) 23:165 

LSD = low salt 

 

MSD = medium salt 

 

 

 

 

HSD = high salt 

Diuretics do not 

achieve 

antiproteinuric 

and 

renoprotective 

effects of low salt 

in patients in 

high salt 



Vogt,  
J.Am.Soc.Nephrol.(2008) 19:998 

RAS blockade : 

the importance of salt intake 



High dietary salt (>14g/day)  
# (blunts the antiproteinuric effect of ACE inhibition and) 
# increases the risk of ESRD independent of BP control 

Vegter, J.Am.Soc.Nephrol.(2012) 23:165 

low salt  
(122 mmol/d) 

intermediate salt 
(185 mmol/d)  

high salt 
(240 mmol/d)  



500 patient with proteinuric nephropathies taking Ramipril 
BP independent relationship between salt intake  and proteinuria  

low 

intermediate 

high 

proteinuria MAP 

salt intake 

Vegter, J.Am.Soc.Nephrol.(2012) 23:165 



Higher urinary sodium : 
greater hazard of ESRD 

500 patients with proteinuria taking Ramipril 

unadjusted 

adjusted for 

proteinuria 

adjusted for 

change in 

proteinuria 

effect of salt mediated 
by reduction of  
proteinuria ? 

Δ100 mEq Na+ 

1.6fold (95%CI1.15-2.24)  

higher risk of ESRD 

 

independent of age, 

sex, underlying renal 

disease, baseline BP  

Vegter, J.Am.Soc.Nephrol.(2012) 23:165 



Slagman, BMJ (2011) 343:d4366 

Additional effect of low sodium diet, angiotensin receptor blockade (ARB),  

or both on systolic blood pressure  

during angiotensin converting enzyme  ARB 



Slagman, BMJ (2011) 343:d4366 

Additional effect of low sodium diet, angiotensin receptor blockade 

(ARB), or both on diastolic blood pressure  

during angiotensin converting enzyme inhibition  ARB 



Additional effect of low sodium diet, angiotensin receptor blockade (ARB),  

or both on proteinuria during  

angiotensin converting enzyme inhibition  ARB 

Slagman, BMJ (2011) 343:d4366 



High salt intake and chronic kidney disease 

- animal studies 

- human data 

 

High  salt intake – hypertension, cardiovascular  

disease and mortality 

- human data 

 

Mechanisms underlying salt induced pathology 

 

Is there an optimum intake ? 

Is there a risk of going too low? 

 

 

 



Ambard Leo et Beaujard Eugene, 
Causes de l’hypertension artérielle 
Arch.gén.Med. (1904) 1:520-533 

Inverse relation between salt balance and blood pressure 



Denton, Nature Med.(1995) 1:1009 

Salt and blood pressure in chimpanzees 

added salt 

no added salt 

Systolic BP 
(mmHg) 



Sodium intake                         decrease systolic 

                                                     blood pressure 
(mmoles/day)                                          (mmHg) 

 

       

     150                                                      - 2.1 

     100                                                      - 4.6 

       50                                                      - 6.7 

 
 

            New Engl J Med (2001) 344: 3 

DASH study  
(dietary approaches to stop hypertension) 



Blood pressure difference   
high salt vs low salt  

(150 → 100mmol/day) 

Melander, J.Hypertens.(2007) 25:619 

double-blind,  

placebo controlled, 

crossover,  

ABPM monitored 

n=39 



Salt reduction trials : apart from BP 

are hard endpoints also reduced ?  
Metaanalysis 

      minus 3 g → BP decrease 

      - 5.6 / 3.2 mmHg in hypertensives 

       - 3.5 / 1.8 mmHg in normotensives 

 

     estimation : minus 3 g/day reduces 

                           - stroke                              by 13 % 

          - ischemic heart disease by 10 % 

He F.,MacGregor G Hypertension (2003) 42:1093 



prospective studies : 

 

in TOPH I   (n=744)  reduction 

by 44 mmol/day    

 

in TOPH II (n=2382) reduction 

by 33 mmol/day 

  

→ adjusted RR 0.75  

    (CI 0.57-1.26;   p<0.04) 

Cook,Brit.Med.J.(2007) 334:885 

Reduction of salt intake  

    significant reduction  

        of CV endpoints 



Impact of salt intake on 24h blood pressure 
normo- vs microalbuminuric type 2 diabetics 

low salt 
(50 mmol/day) 

high salt 
(250 mmol/day) 

microalbuminuria 

normoalbuminuria 

Vedovato, Diabetologia (2004) 47:300 



Urinary 24h sodium excretion predicts cardiovascular mortality  

in men and women 

(population based prospective study in Finland) 

Hazard ratio per 100 mmol higher 
urinary sodium excretion 

prediction of acute coronary events, 

but not stroke 

significant in men. not women 

Tuomilehto, Lancet (2001) 357:848 



Sodium and potassium intake and overall mortality 
(NHANES study) 

Yang, Arch.Internal Med. (2011) 171: 1183 

12,267 US adults 

follow-up 14.8 years 

2270 deaths including 825 cardiovascular disease (CVD) and  

443 ischemic heart disease (IHD) 

multivariably adjusted hazard ratio   

 HR 1.2 (95% CI 1.03-1.41) per 1000 mg Na+/day 

 HR 0.8 (95% CI 0.67-0.94) per 1000 mg  K+ /day 

no confounding by sex, BMI, hypertension status, physical activity 



Bibbins-Domingo, New Engl J Med.(2010) 362: 590 

Reduction in dietary salt – the expected benefits: 

 changes in MI and stroke  
(authors forgot the kidney !) 



Q. Al Awqati 



 
cut out salt 



I rather cut 
out the doctor ! 

 
cut out salt 



 

argument : 
“uniform insipid taste“ 

but : adaptation of taste buds 

Revolution of Bavarian bakers against lowering salt content 

of bread by regulation of European Union 
 



Salt restriction in resistant hypertension  
cross-over study (250 vs 50n mmol Na+/day for 7 days) in pat. on 3.4 different 

antihypertensives including 25 mg HCTZ 

Pimenta, Hypertension (2009) 54:475 



Fava,  Hum.Mol.Gen. (2008) 17:413 

Mendelian randomization 

Heterozygous carriers of 

  Gitelman mutation 

( ~ thiazide therapy) 

lower blood pressure 

The definite proof for the link  

between salt and blood pressure 



  Age group (years) 

Salt intake 
 2000–2001 

19–24 25–34 35–49 50–64 19–64 

Men 

Mean grams / day 11.0 11.4 11.1 10.5 11.0 

 RR excess 1.49 1.54 1.50 1.43 1.49 

            
Women 

Mean grams /day 9.1 8.7 8.0 7.5 8.1 

 RR  excess 1.28 1.24 1.17 1.13 1.18 

Cancers attributable to dietary factors in the UK 
 

Salt 

Parkin, Brit.J.Cancer (2011) 105:S31 



High salt intake and chronic kidney disease 

- animal studies 

- human data 

 

High  salt intake – hypertension, cardiovascular  

disease and mortality 

- human data 

 

Mechanisms underlying salt induced pathology 

 

Is there an optimum intake ? 

Is there a risk of going too low? 

 

 

 



High salinity stunts growth and increases oxydative stress in 
Marigold (Calendula officinalis) 

Chaparzadeh, Plant.Physiol.Biochem.(2004) 42:695 



Kitiyakara, J Am Soc Nephrol (2003) 14: 2775 

High salt increases excretion of 8-Isoprostane 
  (marker of oxidative stress) 



Kitiyakara, J Am Soc Nephrol (2003) 14: 2775 

  

# stimulates NAD(P)H oxidase components (ROS generation) 

# reduces superoxide dismutase (ROS breakdown) 

NAD(P)H 
oxidase 

superoxide 
dismutase 

High salt 



Bufo marinus 

Skin toxin : 

Marinobufagenin 



Cardiotonic steroids in mammalian tissues 

natriuretic 

blood presssure 
lowering 

blood pressure 
raising 

Cardenoloids Bufadenoloids 

blood pressure 
raising 



 

  

 enzymatic action 
(α1,α2Na+,K+ATP‘ase) 

signalling 

 Src EGF-R  

reactive oxygen 
species 

sarcoplasmic Ca++  
(SERCA) 

+  
 

Na+ extrusion 

sodium /calcium 
exchange 

-  

genomic 
effects  

 

  

  

  
 

cytoplasmic Ca++ 

oscillations  
 

 

 

Cardiotonic steroids  
(e.g.adrenal steroid  

marinobufagenin) 



Plasma Marinobufagenin  
in experimental renal insufficiency (SNX rats) 

G.Piecha 



Marinobufagenin –  renal fibrosis  
(epithelial to mesenchymal transition) 

Fedorova, Am.J.Physiol.Renal Physiol.(2009) 296: F922 



Aperia, J.Intern.Med.(2006) 261:44 

Ouabain 

  

 

 

Na+,K+-ATP‘ase 
Inosin-Triphosphate-receptor 



The catalytic @ subunit of Na+K+ATP‘ase 

has 2 functional subunits : 

# pumping function  

#  signalling function (N-terminal tail ) 

Aperia, J.Intern.Med.(2006) 261:44 



Na+ storage by subcutaneous  GAG triggers lymphangiogenesis  
and impacts on blood pressure 

Macrophages express TonEBP and stimulate synthesis of VEGF-C   
 as well as lymphangiogenesis  

TonEBP 

tonicity enhancer 

binding protein 



Higher serum VEGF-C concentrations in patients with 
refractory hypertension  

Machnik, Nature Med.(2009) 15:5454 

 

“human relevance” 

dialysis patients ? 



Salt loading 

Rac1 

Mineralocorticoid 

receptor 

activation 

salt sensitive 
hypertension 

chronic kidney 
disease 

Fujita, Hypertension (2010) 55:813 

in the absence 
of aldosterone ! 

Salt can activate the minberalcorticoi receptor  

aldosterone independently  

 



High salt intake and chronic kidney disease 

- animal studies 

- human data 

 

High  salt intake – hypertension and  

cardiovascular disease 

- human data 

 

Mechanisms underlying salt induced pathology 

 

Is there an optimum intake ? 

Is there a risk of going too low? 

 

 

 



Estimated 24h urinary sodium excretion 
CV death, stroke, MI and hospitalisation for congestive heart failure 

O‘Donnell,JAMA (2010) 306: 2229 

based on morning urine samples (?) 



O‘Donnell,JAMA (2010) 306: 2229 

Estimated 24h potassium excretion and stroke 

(spline plot for adjusted Cox models). 



24h-sodium-excretion and mortality  
type 1 diabetic patients 

(FinnDiane study) 

Thomas, Diabetes Care (2011) 34:861 

percentiles 

10% 

20% 

50% 

75% 

90% 

Is there evidence that low salt intake may cause harm ? 



24h urinary-sodium excretion all cause mortality  
 type 1diabetic patients 

(FinnDiane study) 

Thomas, Diabetes Care (2011) 34:861 



Ekinci, Diabetes Care (2011) 34:703 

Higher mortality of type 2 diabetic patients with low Na+ intake  

10 year observational study 

 Urine Na+  
at start 

(deciles) 

25% 

95% 

75% 

5% 



High salt intake and chronic kidney disease 

- animal studies 

- human data 

 

High  salt intake – hypertension, cardiovascular  

disease and mortality 

- human data 

 

Mechanisms underlying salt induced pathology 

 

Is there an optimum intake ? 

Is there a risk of going too low? 

 

 

 



To Salt or not to salt? – which of the answers is correct 
 

 

1. The salt (NaCl) intake recommended by authorities in the general population is  
 

•   5 g/day 

• 10 g/day 

•  25 g/day 

 

 
 

2. The daily NaCl consumption in Hungary is: 

  

• 17.5 g/day 

•   7.5 g/day 

•   3.5 g/day 





Diabetes-Studien 
zentrale Mechanismen 

 
Für Fragen. Liste Europ. Staaten 

höchster Stand Ungarn 
 
 



Khodus, Pediatr.Nephrol.(2011) 26:1479 

Calcium oscillations from mesenchymal cells 

of embryonic kidney 



Current salt consumption in US adults 
          (of which 75% is in processed food) 

Appel, New Engl J Med (2010) 362:650 



Ouabain  

bound to Na+,K+-ATP‘ase (NKA),  

assembles with Inositol 1,4,5 triphosphate (IP3R) in the endoplasmic reticulum membrane  

opening up the Ca++ channel within IP3R  

Ca++ sensitive IP3R is closed by Ca++causing cyclic Ca++ oscillations in the cytoplasm 

Aperia, J.Intern.Med.(2006) 261:44 



Increased CV mortality and CV events with low salt excretion 
(7year observational study, 3681 participants,baseline 24h urine collection)  

Stolarz-Skrzypek, JAMA (2011) 305:1777 

systolic BP higher with high urinary sodium, but not CV events 

Center Disease Control: average age 40 years, few CV events 



du Cailar, Hypertension (2010) 56:865 

Left ventricular mass index in hypertensive individuals : 

increased only if plasma aldosterone concentrations (PAC) are high 



Reduction of LV mass by Spironolactone 
 in CKD 2 / 3  

Edwards, J.Am.Coll.Cardiol.(2009) 54: 505 

112 pat. CKD 2,3 and daytime ABPM < 130/85 mmHg on RAS blockade 

Spironolactone 25 mg/day or placebo 
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High salt and arterial wall thickness 
(wall area/lumen area) 

Mesenteric arteries Intrapulmonary arteries 



Intrapulmonary arteries 

Dam: normal salt 
Offspring: normal salt 

Dam: high salt 
Offspring: normal salt 



Krikken, Curr.Opinion.Nephrol.Hypertens.(2009) 18:531 

Proteinuria in nondiabetic patients 

baseline 
no Rx  

 

Proteinuria 

g/day 

high Na 
Losartan 

low Na 
Losartan 

HCTZ + 
Losartan 

HCTZ + 
low sodium 
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B: Cardiovascular events

A: Renal events

non-RAASi based therapy ARB therapy

non-RAASi based therapy ARB therapy

Sodium:creatinine tertile: Sodium:creatinine tertile:

Sodium:creatinine tertile: Sodium:creatinine tertile:

Log-rank P=.326 Log-rank P=.005

Log-rank P=.017Log-rank P=.749

In type 2 diabetic patients on ARB beneficial effect obliterated by high salt intake 

(data of RENAAL and IDNT trials; average NaCl intake 11g/day) 

Heerspink, submitted 



Sodium intake 
impact on progression in patients on RAS blockade 

Vegter, J.Am.Soc.Nephrol.(2012) 23:165 

 High salt intake 

# more proteinuria at baseline, less proteinuria reduction at follow-up 

# no major impact on blood pressure 

 



Ouabain acts on Signalsome 

NKA (Na+,K+-Adenosine) and IP3R (Inositol1,4,5-triphosphate Receptor) 

 

Signalosome 

induced Ca++ 

oscillations 

 

downstream 

effects 

 

Khodus, Pediatr.Nephrol.(2011) 26:1479 

 

 

Signalosome 



hypertonic volume 

macrophage (MPS) activation 

 lymph capillaries eNOS↑ 

Machnik, Nature Med.(2009) 15:5454 

 

TonEBP (tonicity enhanced binding protein) 

VEGF-C 
VEGF-R3 

VEGF-C 
VEGF-R3 

interstitial sodium- 
volume transport vasodilatation 



Estimated 24h sodium excretion  
CV death and MI 

O‘Donnell,JAMA (2010) 306: 2229 

based on morning urine samples (?) 


