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Evidence has indicated the deleterious effects of high sodium 
intake, including hypertension development and damage to 
target organs.1–3 In parallel with its influence on blood pres-
sure, salt loading promotes left ventricular remodeling and 
fibrosis, impairs coronary hemodynamics, and induces car-
diomyocyte apoptosis and oxidative stress.4–6 Furthermore, 
the exposure to extremely high-salt diets is particularly asso-
ciated with left ventricular diastolic dysfunction in hyper-
tensive animals.4–7 Conversely, a low sodium diet has been 
shown to reduce blood pressure and promote renoprotec-
tion.3,8 However, the underlying molecular mechanisms of 
how different concentrations of sodium in the diet affect 
the cardiovascular system in hypertension, particularly the 
mechanisms that underlie the beneficial effects of a low-salt 
diet on the heart, remain subject of major discussion.

The sodium concentration in myocytes has a pivotal role 
in excitation-contraction coupling (EC coupling) because 
changes in Na+ regulate Na+/Ca2+ exchange (NCX), thus 
affecting the cytosolic and sarcoplasmic reticulum (SR) Ca2+ 
concentrations and myocardial contractility.9,10 Although 
studies have described the adverse effects of salt intake on 

cardiac function, the molecular effects of a high-salt diet on 
hypertensive myocardium, particularly its effects on Ca2+ 
handling proteins, have not yet been determined.

The spontaneously hypertensive rat (SHR) is a helpful 
genetic model of hypertension with progressive cardio-
vascular failure induced by cardiac pressure overload.11,12 
In this model, changes in myocardial Ca2+ handling have 
been described at very early stages before the development 
of heart failure.13,14 Furthermore, evidence has shown that 
cardiac remodeling as a result of workload in SHRs affects 
EC coupling and Ca2+ handling.15,16 SHRs exhibit a mark-
edly prolonged action potential duration and increased 
systolic Ca2+ transient, which occur before the develop-
ment of hypertrophy.13 However, the involvement of salt 
intake and cardiomyocyte Ca2+ handling in hypertensive 
diseases has been poorly explored. Therefore, this study 
aimed to investigate the long-term effects of diets with dif-
ferent salt contents on cardiac structure and function in 
SHRs and the potential effects of this dietetic intervention 
on the expression of key proteins involved in myocardial 
EC coupling.
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BACKGROUND
High sodium intake contributes to the pathogenesis of hypertension 
and adversely affects cardiac function. Conversely, sodium reduction is 
associated with a blood pressure decrease and improved cardiovascu-
lar function. However, the mechanisms that underlie the cardiac effects 
induced by salt intake in hypertension have not been fully elucidated. 
Ca2+ handling is critical for efficient myocardial function; thus, we aimed 
to investigate the long-term effects of diets with different salt con-
tents on cardiac function and Ca2+ handling proteins in spontaneously 
hypertensive rats (SHRs).

METHODS
Cardiac function was evaluated by catheterization. Ca2+ handling and 
contractile proteins were evaluated by immunoblotting in hearts from 
SHRs fed for 6  months with diets containing high (HS, 3%), low (LS, 
0.03%), or normal salt content (NS, 0.3%). Diets were introduced imme-
diately after weaning. Tail cuff pletismography was assessed at the 3rd 
and 7th months of follow-up.

RESULTS
Compared to the NS group, the HS group exhibited worsened hyper-
tension, increased cardiac expression of β-myosin heavy chain (MHC), a 
decreased α/β-MHC ratio and reduced expression of both phospholam-
ban (PLB) and Na+/Ca2+ exchanger (NCX). LS intake attenuated the blood 
pressure increase and left ventricle hypertrophy, slightly decreased the 
cardiac contractility and relaxation index, and increased the α/β-MHC 
ratio. These effects were accompanied by increased cardiac PLB expres-
sion and decreased Ca2+ L-type channel and NCX expression.

CONCLUSIONS
These findings indicate that the modulation of Ca2+ handling may be 
one of the molecular mechanisms underlying the effect of salt intake 
on myocardial function in hypertension.
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METHODS

Animals and experimental groups

The study was conducted in accordance with the 
Guidelines for the Care and Use of Laboratory Animals and 
the Ethical Principles of the Brazilian College of Animal 
Experimentation (COBEA), and it was approved by the 
Institutional Ethics Committee on Animal Research and 
the Institutional Animal Research Committee (Process nº 
053/2012). The experimental groups were composed of male 
SHRs divided into 3 groups that were fed isocaloric and iso-
proteic diets that differed only in their sodium content. The 
standard normal-salt diet (NS) contained 0.3% (w/w) NaCl. 
The low-salt (LS) and the high-salt diet (HS) were prepared by 
reducing the salt content by 10-fold (0.03% NaCl) or increas-
ing it by 10-fold (3% NaCl), respectively (PragSoluções, São 
Paulo, Brazil). These diets were introduced immediately after 
weaning (4 weeks) and maintained for the next 6 months. 
The animals were maintained in a 12-h light-dark cycle in a 
temperature-controlled room (22–25 °C) and had free access 
to water and chow during the entire experimental period.

Noninvasive blood pressure measurement

Systolic blood pressure was measured by noninvasive tail 
cuff pletismography at the ages of 3 and 7 months as previ-
ously described.17

Hemodynamic parameters

Cardiac function was evaluated by catheterization at the 
end of the 7th month on the experimental diets. For detailed 
information about hemodynamic parameters, please, see 
Supplementary Information.

Metabolic parameters

During the last week on experimental diets, the ani-
mals were accommodated in individual metabolic cages 
to evaluate metabolic parameters and renal function (see 
Supplementary Information). At the end of hemodynamic 
recordings, an arterial blood sample was collected and 
immediately centrifuged at 4 °C for 15 minutes at 1400 g for 
analysis of creatinine, sodium and potassium serum con-
centration. For detailed information about it, please, see 
Supplementary Information.

Histological analysis

The animals were euthanized with an overdose of anes-
thetic. The ventricles, lungs, kidneys, and liver were excised 
and weighed. The ventricles were then rapidly flushed in cold 
saline solution and fixed in paraformaldehyde (4%, pH 7.4) 
for at least 24 hours before they were embedded in paraffin 
for histological analysis. Slices at 4-µm thickness were depar-
affinized with xylene, rehydrated with a descending ethanol 
gradient and stained with hematoxylin/eosin or picrosirius 
red. The latter was used to evaluate the extent of interstitial 

fibrosis as determined by the hot-pink color fraction and its 
intensities as quantified by ImageJ software. Perivascular col-
lagen was excluded from this determination. Morphometric 
analyses were performed, as previously reported,18,19 by 
measuring the area of myocyte nuclei per high-power field. 
These analyses were performed using the histological ana-
lysis software Motic Plus (Motic Inc., Canada). The images 
were acquired using an AxioCam (Carl Zeiss MicroImaging, 
Germany) attached to a camera at 400× magnification, and 
the images were collected with AxioVision Imaging System 
4.8 software (Carl Zeiss MicroImaging, Germany). For each 
sample, we evaluated at least 10 high-power fields. A single 
examiner blinded to diet groups performed all histological 
measurements.

Immunoblot analysis

Left ventricular tissues were homogenized and subjected 
to sodium dodecyl sulfate polyacrylamide gel electrophor-
esis and immunoblotting as previously described.20 The 
entire blots of all proteins and specific primary antibodies 
are presented in the Supplementary Information.

Statistical analysis

Data are presented as mean ± SEM. Comparisons among 
the means were assessed using 1-way analysis of variance fol-
lowed by the Bonferroni post hoc test. All statistical analyses 
were performed with the PRISMA 13.0 software (Chicago, 
IL). Statistical significance was set at P <0.05.

RESULTS

Morphologic parameters and blood pressure

Table 1 shows the morphologic parameters of the heart at 
the end of treatments. The body weight of the LS group was 
lower than that of the other 2 groups. Moreover, the crude 
and relative weight of the ventricles were smaller in the LS 
group, and the differences between the HS and NS groups 
were not significant. Absolute weights of the lungs, liver, and 
kidneys of the rats in the LS group were lower than those in 
the other 2 groups. However, the relative weights of these 
organs were similar among the 3 groups.

The tail cuff blood pressure was attenuated in the rats fed 
the LS diet (Figure 1) during the follow-up period (3rd month: 
NS: 178 ± 4; LS: 153 ± 5; and HS: 178 ± 5 mm Hg). The blood 
pressure of the HS group was significantly higher than that 
of the NS group (7th month: NS: 211 ± 3; LS: 167 ± 2; and HS: 
230 ± 5 mm Hg) only at the last evaluation.

Hemodynamic data and metabolic parameters

Table  2 shows the hemodynamic data obtained during 
arterial and LV catheterization in the anesthetized animals. 
The LS group showed the lowest systolic pressure and a lower 
LVSP than the other 2 groups, but the DBP of the LS group 
was only lower than the HS group. The HR was slightly higher 
in the LS group than in the HS group. LV catheterization 
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showed that the indexes of systolic and diastolic perform-
ance (assessed by +dP/dt max and −dP/dt max, respectively) 
were slightly reduced in the SHRs fed the low-salt diet com-
pared with those fed the standard normal-salt diet.

Changes in the sodium content of the diet affected water 
intake, urinary output, and urinary sodium concentration 
in the HS diet without influence in the glomerular filtration 
rate or serum sodium concentrations in the SHRs, suggest-
ing a preservation in hydroelectrolytic balance and kidney 
autoregulatory function (see in Supplementary Information).

Histological analysis

As we identified reduced systolic blood pressure and 
DBP values in the LS group that were also associated with 
a slight reduction in the LV diastolic and systolic perform-
ance, we investigated whether morphological alterations in 
the myocardium could explain the functional findings. The 
interstitial area covered by collagen was unaffected by the 
dietary salt content (NS: 3.9 ± 0.2%; LS: 3.8 ± 0.2%; and HS: 

4.1 ± 0.3%, % Picrosirius stain, Figure 2). Regarding the mor-
phological analysis, the long-term HS diet did not increase 
cardiac hypertrophy in the SHRs. However, in accordance 
with the ventricles/body weight index, a significant reduc-
tion in cardiac hypertrophy appeared to occur in the animals 
fed the LS diet, as indicated by the significant reduction in 
the area of myocyte nuclei (NS: 913 ± 14; LS: 702 ± 46; and 
HS: 983 ± 59, µm2, P < 0.05, Figure 2).

Expression of contractile proteins

The expression of proteins directly related to the myocar-
dial contractile performance (α-MHC and β-MHC isoforms) 
was determined in the left ventricle. As depicted in Figure 3, 
the SHRs fed the LS diet displayed a higher α/β-MHC pro-
tein ratio. The HS diet increased the β-MHC expression, 
which resulted in a decreased α/β-MHC ratio.

Expression of proteins involved in Ca2+ handling

The expression of 5 proteins (LTCC, PLB, SERCA2a, 
NCX, and RYR) involved in calcium homeostasis and myo-
cardial contractility was also compared among the SHRs that 
were fed diets with different sodium contents. The SERCA2a 
and RYR expression was unaffected by the changing sodium 
levels in the diet. The SHRs that were fed the LS diet showed 
a reduced expression of LTCC and NCX as well as an 
increased expression of phospholamban (PLB). Moreover, 
the HS diet decreased the PLB and NCX expression without 
influencing LTCC (Figures 4 and 5). A  summary of these 
findings is shown in Figure 6.

DISCUSSION

This study was designed to investigate the long-term effects 
of diets that contain different salt contents on cardiac func-
tion in SHRs and their potential effects on the expression of 
key proteins involved in myocardial EC coupling. The main 
findings of this study are summarized as follows: (i) Prolonged 
high dietary salt intake increases systolic blood pressure; 
however, this moderately HS content (3%) does not lead to 

Table 1.  Long-term effects of salt diets on ponderal parameters 
in SHR

NS LS HS

Body weight (g) 310 ± 5 245 ± 4*# 312 ± 8

Ventricles (mg) 1262 ± 32 851 ± 39*# 1372 ± 34

Ventricles/BW (mg/g) 4.1 ± 0.2 3.5 ± 0,1*# 4.2 ± 0.1

Lungs (mg) 1999 ± 74 1467 ± 60*# 2045 ± 11

Lungs/BW (mg/g) 6.5 ± 0.3 6.1 ± 0.2 6.3 ± 0.3

Liver (mg) 11940 ± 281 9543 ± 343*# 12370 ± 343

Liver/BW (mg/g) 39 ± 1 40 ± 1 38 ± 1

Kidney (mg) 1161 ± 37 952 ± 28*# 1235 ± 46

Kidney/BW (mg/g) 3.7 ± 0.1 3.9 ± 0.1 3.9 ± 0.1

Values are presented as the mean ± SEM. NS: normal-salt diet 
(N  =  13). LS: low-salt diet (N  =  14). HS: high-salt diet (N  =  11). 
*P < 0.05 vs. NS; #P < 0.05 vs. HS. Abbreviations: BW, body weight; 
SBP, systolic blood pressure; SHR, spontaneously hypertensive rat.

Figure  1.  Systolic blood pressure evaluated by tail pletismography. 
Values are presented as the mean ± SEM. SBP: systolic blood pressure. NS 
(N = 8): normal-salt diet. LS (N = 6): low-salt diet. HS (N = 8): high-salt diet. 
*P < 0.05 vs. NS; #P < 0.05 vs. HS; and &P < 0.05 vs. LS.

Table 2.  Long-term effects of salt diets on hemodynamic 
parameters in SHR

NS LS HS

HR (bpm) 198 ± 4 209 ± 9# 185 ± 5

SBP (mm Hg) 135 ± 4 119 ± 5*# 140 ± 4

DBP (mm Hg) 83 ± 3 78 ± 2# 92 ± 3

LVSP (mm Hg) 147 ± 5 127 ± 5*# 146 ± 3

dP/dt+ (mm Hg/s) 5430 ± 146 4681 ± 170* 5052 ± 117

dP/dt− (mm Hg/s) −4615 ± 195 −3928 ± 231* −3983 ± 140

Values are presented as the mean ± SEM. NS: normal-salt diet, 
N = 12. LS: low-salt diet, N = 13. HS: high-salt diet, N = 10. *P < 0.05 
vs. NS; and #P < 0.05 vs. HS. Abbreviations: DBP, diastolic blood 
pressure; HR, heart rate; LVSP, left ventricular systolic pressure; 
SBP, systolic blood pressure; SHR, spontaneously hypertensive rat.
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an increase in ventricular weight or affect LV hypertrophy 
or fibrosis, whereas salt restriction attenuates hypertension, 
which is associated with a decrease in ventricular mass and an 
improvement in hypertrophy. (ii) HS intake promotes a shift 
of the MHC phenotype toward an upregulation of β-MHC 
protein, which results in a decreased α/β-MHC ratio. In con-
trast, SHRs fed a low-salt diet exhibit an increased α/β-MHC 
ratio. (iii) A long-term high-salt diet reduces cardiac NCX and 
PLB protein expression, whereas SHRs subjected to prolonged 
salt restriction present a reduction in cardiac LTCC and NCX 
protein expression as well as an increased PLB expression. 
These results indicate that the effects of salt intake on cardiac 
function during hypertension are complex and may explain 
some contractility disturbances in these conditions.

As observed in our study, prolonged HS intake (3% for 
6 months) in SHRs increased the systolic blood pressure by 
the end of the follow-up without worsening LV hypertrophy 
or fibrosis, which suggests that the hypertrophic response 
occurs after the blood pressure increase and changes in EC 
coupling.13 It is worth nothing that previous studies using a 
very high (8% NaCl) salt content in the diet for shorter peri-
ods of time reported the development of major ventricular 
dysfunctions in SHRs with concomitant myocardial fibrosis 
and coronary circulation impairment.5,6 However, Leenen 
et  al.21 previously showed that a 2% sodium diet for 4, 8, 
and 12 weeks did not change the LV weight or mean arter-
ial pressure in SHRs; changes were observed only when the 
sodium intake was excessively high (8% salt diet).

The MHC protein is a dimer formed by α and β fila-
ments. Several pathological stimuli may shift the MHC 
composition in the rat heart,22,23,24 and changes in the pro-
portion of these proteins are also directly related to myo-
cardial mechanical performance.25 Pressure overload, as 
observed in hypertension, is associated with the devel-
opment of cardiac hypertrophy, which, in turn, shifts the 
isoform distribution toward β-MHC with a simultaneous 
downregulation of the α-MHC isoform. However, when 
the load is removed, these alterations are normalized.22,23,26 
Here, we showed that SHRs subjected to a long-term high-
salt diet decreased the α/β-MHC ratio, whereas a low-salt 
diet for the same period of time increased this ratio. The 
mechanisms by which salt intake shifts MHC gene expres-
sion remain unclear. A study in cultured cardiac atrial myo-
cytes showed that a small increase in the intracellular Na+ 
concentration activated myocyte enhancer factor (MEF)2/
nuclear factor of activated T cell (NFAT) transcriptional 
activity, which led to an increase in the expression of MHC 
genes. Salt-inducible kinase 1 (SIK1) activity was crucial 
for the β-MHC increase in response to increased intra-
cellular sodium.27 Thus, it is tempting to speculate that in 
response to salt intake, myocardial cells are able to trigger 
myocyte signaling and modulate transcriptional activation 
as well as gene expression.

We have also shown that SHRs fed the LS diet exhib-
ited an attenuation of hypertension with a concurrent and 
slight decrease in dP/dt values. It has been shown that in the 

Figure 2.  Histological analysis. (a) Photomicrographs of ventricular sections stained with hematoxylin/eosin to detect hypertrophy (area of cardiac 
myocyte nuclei) in the groups. (b) Photomicrographs of ventricle sections stained with picrosirius red (PC) to determine interstitial collagen deposition. 
Values are presented as the mean ± SEM. NS: normal-salt diet (N = 4). LS: low-salt diet (N = 6). HS: high-salt diet (N = 5). *P < 0.05 vs. NS; #P < 0.05 vs. HS 
Scale bar: 20 µm.
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Figure 3.  Left ventricular á-MHC and â-MHC protein expression and ratio. (a) α-MHC. (b) β-MHC. (c) α/β-MHC ratio. Values are presented as the mean ± 
SEM. N = 6. *P < 0.05 vs. NS. #P < 0.05 vs. HS. &P < 0.05 vs. LS. Abbreviations: HS, high-salt diet; LS, low-salt diet; MHC, myosin heavy chain; NS, normal-salt diet.

Figure 4.  Left ventricular LTCC and RYR protein expression. Values are presented as the mean ± SEM. (a) LTCC, L-type Ca2+ channel. (b) RYR, ryanodine 
receptor. N = 6. *P < 0.05 vs. NS. #P < 0.05 vs. HS. Abbreviations: HS, high-salt diet; LS, low-salt diet; NS, normal-salt diet.
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compensation phase, the heart in SHR shows an enhanced 
contractility and Ca2+ transient, which may partially com-
pensate for a greater workload to maintain cardiac out-
put.13,28 Thus, our findings suggest a reflex of reduced 
overload in the left ventricle by a decrease in blood pres-
sure. Furthermore, as previously proposed in vitro studies 
with cultured heart cells, when contractility is inhibited, 
α-MHC RNA expression is upregulated, and β-MHC levels 
are downregulated.29,30 Thus, the changes in the contractility 
index identified in the LS group in our study may be related 
to the shift in α- and β-MHC expression.

Ca2+-regulating proteins exert direct effects on myocardial 
function. The L-type Ca2+-channel (LTCC) is responsible for the 
characteristic plateau of the action potential. Ca2+ entry induces 
ryanodine receptors (RYR), which triggers Ca2+ release from 
the SR, thus increasing the level of free intracellular Ca2+ and 
enabling contractile activation. During diastole, Ca2+ is mainly 

pumped from the cytosol by SERCA2a, which takes Ca2+ back 
into the SR (this determines Ca2+ stores and cardiac contractil-
ity). In parallel, Ca2+ is also removed from the cytosol by sarco-
lemmal NCX-1, which mediates Ca2+ and Na+ exchange and 
the contribution of Na+ to EC coupling regulation.31

SHRs exhibit altered Ca2+ handling even before the appear-
ance of heart failure. Early cardiac compensation in response 
to hypertension includes the lengthening of the action 
potential duration and an EC coupling gain,13 which may 
be a result of changes in the interaction between RYR and 
LTCC in junctional SR, as previously reported.28 Moreover, 
in adult SHR hearts, Zwaldlo et al.14 identified disease-asso-
ciated changes in major cardiac ion channels, ion exchang-
ers, and cytoskeletal proteins, including an enhancement of 
SERCA2a, LTCC, NCX, and PLB mRNA expression.

In the present study, in addition to hypertension 
attenuation, long-term salt restriction decreased the 

Figure 5.  Left ventricular SERCA2a, PLB, and NCX protein expression. Values are presented as the mean ± SEM. (a) SERCA2a: RS Ca2+-ATPase. (b) PLB: 
phospholamban. (c) NCX: Na+/Ca2+ exchanger. N = 6. *P < 0.05 vs. NS. #P < 0.05 vs. HS. &P < 0.05 vs LS. Abbreviations: HS, high-salt diet; LS, low-salt diet; 
NS, normal-salt diet.
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LTCC protein levels in the left ventricle, which suggests a 
decrease in the Ca2+ induced Ca2+ release from the SR as 
a result of the cardiac workload reduction. Furthermore, 
the PLB expression was enhanced in these animals without 
changes in SERCA2a levels, which was associated with a 
decrease in NCX protein expression. PLB has an inhibitory 
effect on SERCA2a activity, thereby decreasing the affin-
ity for Ca2+ with consequent effects on SR Ca2+ stores and 
contractility.32 Thus, the observed PLB enhancement may 
have contributed to the decrease in the SR Ca2+ load and 
may be associated with the slight decrease in the contract-
ility index. Moreover, as previously demonstrated, PLB 
overexpression alters LTCC kinetics and decreases systolic 
Ca2+ levels, thus changing contractile parameters in cardio-
myocytes.33,34 At the same time, long-term salt restriction 
reduced NCX levels. In this condition, the reduction of 
Ca2+ removal in parallel with a reduction of the Ca2+ influx 
may restore the Ca2+ steady-state; that is, cellular Ca2+ 
extrusion must equally match Ca2+ entry.35,36 Thus, together 
with the increase in the α/β-MHC ratio and the attenu-
ation of blood pressure, it appears that an LS diet in SHRs 
led to a reduction in cardiac work by reducing the over-
load pressure with a decreased use of calcium for contrac-
tion. Moreover, the reduction of the PLB and NCX levels 
observed in SHRs that received the high-salt diet with-
out changes in SERCA2a or LTCC, together with β-MHC 
upregulation and a blood pressure increase, suggest that a 
chronic 3% high-salt diet in SHRs could maintain contract-
ility in the presence of an increased SR calcium load, which 
may increase cardiac energy expenditure and contribute to 
accelerate the impairment of ventricular function in hyper-
tensive cardiomyopathy.

It was previously shown that adult SHRs subjected to a 4% 
high-salt diet for 12 weeks exhibited a left ventricular hyper-
kinetic state, whereas an 8% salt diet impaired ventricle 
contractility. In our study, the contractile index was similar 
between SHRs fed HS and NS diets. As PLB is a repressor of 
left ventricular contractility,37 the observed decrease in PLB 
expression would play a key role in the maintenance of myo-
cardial contractility in the presence of HS diets.

In addition to SR Ca2+ uptake by SERCA2a, Ca2+ extrusion 
by NCX contributes to myocyte relaxation, which thus con-
tributes to diastolic function. Interestingly, previous studies 
have shown that high-salt diets may specifically promote 
relaxation impairment without major changes in systolic 
function.4–6 Thus, the increase in diastolic Ca2+ may contrib-
ute to the diastolic dysfunction observed in many studies.

The specific mechanisms of how salt intake directly or indir-
ectly alters calcium handling is unclear. Wang et al.38 previously 
showed that a high-salt diet was associated with an increase 
in SIK1 expression in rat adrenal. Moreover, in response to an 
increase in intracellular sodium in atrial myocytes, SIK1 medi-
ates the activation of MEF2/NFAT and genes associated with 
cardiac hypertrophy.27 The main Ca2+-dependent pathways 
related to the transcriptional control of several cardiac genes 
result in NFAT and MEF2 activation.39 Thus, the involvement 
of these pathways remains to be determined.

In summary, our findings show that chronic HS intake 
contributes to progressive cardiac hypertensive disease 
with molecular cardiac changes toward pathological phe-
notypes. In contrast, low-salt diets not only reduced blood 
pressure but also affected intracellular calcium cycling, 
likely as a result of the load/stretch force. These findings 
suggest that changes in salt intake content can modify Ca2+ 

Figure 6.  Effects of long-term salt diets on cardiac Ca2+ handling and contractility proteins in SHRs. Abbreviations: LTCC, L-type Ca2+ channel; β-MHC, 
β-myosin heavy chain, α-MHC, α-myosin heavy chain; NCX, Na+/Ca2+ exchanger; PLB, phospholamban; RYR, Ryanodine Receptor; SERCA2a, Ca2+-ATPase; 
SR, sarcoplasmic reticulum.
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handling, which may provide a rational for the mecha-
nisms that underlie the cardiac effects observed following 
salt loading.

SUPPLEMENTARY DATA

Supplementary materials are available at American Journal 
of Hypertension online.

ACKNOWLEDGMENTS

RCM Berger was recipient of a fellowship from 
the National Counsel of Technological and Scientific 
Development (CNPq, Brazil). This work was supported 
by CNPq (2013/10619-8). The authors are grateful to 
the Laboratory of Cellular Ultrastructure Carlos Alberto 
Redins (LUCCAR), particularly to Prof. Breno Nogueira, 
for technical assistance.

DISCLOSURE

The authors declared no conflict of interest.

REFERENCES

	 1.	 Frohlich ED, Chien Y, Sesoko S, Pegram BL. Relationship between diet-
ary sodium intake, hemodynamics, and cardiac mass in SHR and WKY 
rats. Am J Physiol 1993; 264:R30–R34.

	 2.	 Varagic J, Frohlich ED, Susic D, Ahn J, Matavelli L, Lopez B, Diez J. 
AT1 receptor antagonism attenuates target organ effects of salt excess in 
SHRs without affecting pressure. Am J Physiol Heart Circ Physiol 2008; 
294:H853–H858.

	 3.	 Berger RCM, Vassallo PFV, Oliveira ML, Crajoinas RO, Martins FL, 
Nogueira BV, Motta-Santos D, Araújo IB, Forechi L, Girardi ACC, 
Santos RAS, Mill JG. Effects on the renal function and related molecu-
lar mechanisms of long-term salt content diets in spontaneously hyper-
tensive rats. Plos One 2015; 10:e0141288.

	 4.	 Ahn J, Varagic J, Slama M, Susic D, Frohlich ED. Cardiac structural and 
functional responses to salt loading in SHR. Am J Physiol Heart Circ 
Physiol 1999; 287:H767–H772.

	 5.	 Varagic J, Frohlich ED, Dıez J, Susic D, Ahn J, Gonzalez A, Lopez B. 
Myocardial fibrosis, impaired coronary hemodynamics, and biven-
tricular dysfunction in salt-loaded SHR. Am J Physiol Heart Circ Physiol 
2006; 290:H1503–H1509.

	 6.	 Gao F, Han ZQ, Zhou X, Shi R, Dong Y, Jiang TM, Li YM. High salt 
intake accelerated cardiac remodeling in spontaneously hyper-
tensive rats: time window of left ventricular functional transition 
and its relation to salt-loading doses. Clin Exp Hypertens 2011; 
33:492–499.

	 7.	 Varagic J, Ahmad S, Brosnihan KB, Groban L, Chappell MC, Tallant 
EA, Gallagher PE, Ferrario CM. Decreased cardiac Ang-(1-7) is associ-
ated with salt-induced cardiac remodeling and dysfunction. Ther Adv 
Cardiovasc Dis 2010; 4:17–25.

	 8.	 Slagman MC, Waanders F, Hemmelder MH, Woittiez AJ, Janssen WM, 
Lambers Heerspink HJ, Navis G, Laverman GD; HOlland NEphrology 
STudy Group. Moderate dietary sodium restriction added to angioten-
sin converting enzyme inhibition compared with dual blockade in low-
ering proteinuria and blood pressure: randomised controlled trial. BMJ 
2011; 343:d4366.

	 9.	 Lee CO, Dagostino M. Effect of strophanthidin on intracellular Na ion 
activity and twitch tension of constantly driven canine cardiac Purkinje 
fibers. Biophys J 1982; 40:185–198.

	10.	 Pieske B, Maier LS, Piacentino V 3rd, Weisser J, Hasenfuss G, Houser S. 
Rate dependence of [Na+]i and contractility in nonfailing and failing 
human myocardium. Circulation 2002; 106:447–453.

	11.	 Okamoto K, Aoki K. Development of a strain of spontaneously hyper-
tensive rats. Jpn Circ J 1963; 27:282–293.

	12.	 Okamoto K, Tabei R, Fukushima M, Nosaka S, Yamori Y. Further 
observations of the development of a strain of spontaneously hyperten-
sive rats. Jpn Circ J 1966; 30:703–716.

	13.	 Chen-Izu Y, Chen L, Bányász T, McCulle SL, Norton B, Scharf SM, 
Agarwal A, Patwardhan A, Izu LT, Balke CW. Hypertension-induced 
remodeling of cardiac excitation-contraction coupling in ventricular 
myocytes occurs prior to hypertrophy development. Am J Physiol Heart 
Circ Physiol 2007; 293:H3301–H3310.

	14.	 Zwadlo C, Borlak J. Disease-associated changes in the expression of ion 
channels, ion receptors, ion exchangers and Ca(2+)-handling proteins 
in heart hypertrophy. Toxicol Appl Pharmacol 2005; 207:244–256.

	15.	 McCrossan ZA, Billeter R, White E. Transmural changes in size, con-
tractile and electrical properties of SHR left ventricular myocytes dur-
ing compensated hypertrophy. Cardiovasc Res 2004; 63:283–292.

	16.	 Carneiro-Júnior MA, Quintão-Júnior JF, Drummond LR, Lavorato VN, 
Drummond FR, da Cunha DN, Amadeu MA, Felix LB, de Oliveira EM, 
Cruz JS, Prímola-Gomes TN, Mill JG, Natali AJ. The benefits of endur-
ance training in cardiomyocyte function in hypertensive rats are reversed 
within four weeks of detraining. J Mol Cell Cardiol 2013; 57:119–128.

	17.	 Baldo MP, Forechi L, Morra EA, Zaniqueli D, Machado RC, Lunz W, 
Rodrigues SL, Mill JG. Long-term use of low-dose spironolactone in 
spontaneously hypertensive rats: effects on left ventricular hypertrophy 
and stiffness. Pharmacol Rep 2011; 63:975–982.

	18.	 Franquni JV, do Nascimento AM, de Lima EM, Brasil GA, Heringer 
OA, Cassaro KO, da Cunha TV, Musso C, Silva Santos MC, Kalil IC, 
Endringer DC, Boëchat GA, Bissoli NS, de Andrade TU. Nandrolone 
decanoate determines cardiac remodelling and injury by an imbalance 
in cardiac inflammatory cytokines and ACE activity, blunting of the 
Bezold-Jarisch reflex, resulting in the development of hypertension. 
Steroids 2013; 78:379–385.

	19.	 Brasil GA, Lima EM, Nascimento AM, Caliman IF, Medeiros AR, 
Silva MS, Abreu GR, Reis AM, Andrade TU, Bissoli NS. Nandrolone 
decanoate induces cardiac and renal remodeling in female rats, without 
modification in physiological parameters: the role of ANP system. Life 
Sci 2015; 137:65–73.

	20.	 Arruda-Junior DF, Martins FL, Dariolli R, Jensen L, Antonio EL, Dos 
Santos L, Tucci PJ, Girardi AC. Dipeptidyl peptidase IV inhibition 
exerts renoprotective effects in rats with established heart failure. Front 
Physiol 2016; 7:293.

	21.	 Leenen FH, Yuan B. Dietary-sodium-induced cardiac remodeling in 
spontaneously hypertensive rat versus Wistar-Kyoto rat. J Hypertens 
1998; 16:885–892.

	22.	 Gupta M, Gupta MP. Cardiac hypertrophy: old concepts, new perspec-
tives. Mol Cell Biochem 1997; 176:273–279.

	23.	 Lowes BD, Minobe W, Abraham WT, Rizeq MN, Bohlmeyer TJ, Quaife 
RA, Roden RL, Dutcher DL, Robertson AD, Voelkel NF, Badesch DB, 
Groves BM, Gilbert EM, Bristow MR. Changes in gene expression in 
the intact human heart. Downregulation of alpha-myosin heavy chain 
in hypertrophied, failing ventricular myocardium. J Clin Invest 1997; 
100:2315–2324.

	24.	 Everett AW, Sinha AM, Umeda PK, Jakovcic S, Rabinowitz M, Zak R. 
Regulation of myosin synthesis by thyroid hormone: relative change in 
the alpha- and beta-myosin heavy chain mRNA levels in rabbit heart. 
Biochemistry 1984; 23:1596–1599.

	25.	 Morkin E. Control of cardiac myosin heavy chain gene expression. 
Microsc Res Tech 2000; 50:522–531.

	26.	 Ling Q, Chen TH, Guo ZG. Inhibition of beta-myosin heavy chain gene 
expression in pressure overload rat heart by losartan and captopril. Acta 
Pharmacol Sinica 1999; 18:63–66.

	27.	 Popov S, Venetsanou K, Chedrese PJ, Pinto V, Takemori H, Franco-
Cereceda A, Eriksson P, Mochizuki N, Soares-da-Silva P, Bertorello 
AM. Increases in intracellular sodium activate transcription and gene 
expression via the salt-inducible kinase 1 network in an atrial myocyte 
cell line. Am J Physiol Heart Circ Physiol 2012; 303:H57–H65.

	28.	 Shorofsky SR, Aggarwal R, Corretti M, Baffa JM, Strum JM, Al-Seikhan 
BA, Kobayashi YM, Jones LR, Wier WG, Balke CW. Cellular mecha-
nisms of altered contractility in the hypertrophied heart: big hearts, big 
sparks. Circ Res 1999; 84:424–434.

D
ow

nloaded from
 https://academ

ic.oup.com
/ajh/article/31/6/726/4922422 by guest on 20 July 2022



734  American Journal of Hypertension  31(6)  June 2018

Berger et al.

	29.	 Qi M, Puglisi JL, Byron KL, Ojamaa K, Klein I, Bers DM, Samarel AM. 
Myosin heavy chain gene expression in neonatal rat heart cells: effects 
of [Ca2+]i and contractile activity. Am J Physiol 1997; 273:C394–C403.

	30.	 Nikcevic G, Heidkamp MC, Perhonen M, Russell B. Mechanical activ-
ity in heart regulates translation of alpha-myosin heavy chain mRNA 
but not its localization. Am J Physiol 1999; 276:H2013–H2019.

	31.	 Bers DM. Cardiac excitation-contraction coupling. Nature 2002; 
415:198–205.

	32.	 Cantilina T, Sagara Y, Inesi G, Jones LR. Comparative studies of car-
diac and skeletal sarcoplasmic reticulum ATPases. Effect of a phos-
pholamban antibody on enzyme activation by Ca2+. J Biol Chem 1993; 
268:17018–17025.

	33.	 Kadambi VJ, Ponniah S, Harrer JM, Hoit BD, Dorn GW 2nd, Walsh RA, 
Kranias EG. Cardiac-specific overexpression of phospholamban alters 
calcium kinetics and resultant cardiomyocyte mechanics in transgenic 
mice. J Clin Invest 1996; 97:533–539.

	34.	 Masaki H, Sako H, Kadambi VJ, Sato Y, Kranias EG, Yatani A. 
Overexpression of phospholamban alters inactivation kinetics of L-type 

Ca2+ channel currents in mouse atrial myocytes. J Mol Cell Cardiol 
1998; 30:317–325.

	35.	 Negretti N, Varro A, Eisner DA. Estimate of net calcium fluxes and 
sarcoplasmic reticulum calcium content during systole in rat ventricu-
lar myocytes. J Physiol 1995; 486:581–591.

	36.	 Eisner DA, Trafford AW, Díaz ME, Overend CL, O’Neill SC. The control 
of Ca release from the cardiac sarcoplasmic reticulum: regulation ver-
sus autoregulation. Cardiovasc Res 1998; 38:589–604.

	37.	 Luo W, Grupp IL, Harrer J, Ponniah S, Grupp G, Duffy JJ, Doetschman 
T, Kranias EG. Targeted ablation of the phospholamban gene is associ-
ated with markedly enhanced myocardial contractility and loss of beta-
agonist stimulation. Circ Res 1994; 75:401–409.

	38.	 Wang Z, Takemori H, Halder SK, Nonaka Y, Okamoto M. Cloning of 
a novel kinase (SIK) of the SNF1/AMPK family from high salt diet-
treated rat adrenal. FEBS Lett 1999; 453:135–139.

	39.	 Zarain-Herzberg A, Fragoso-Medina J, Estrada-Avilés R. Calcium-
regulated transcriptional pathways in the normal and pathologic heart. 
IUBMB Life 2011; 63:847–855.

D
ow

nloaded from
 https://academ

ic.oup.com
/ajh/article/31/6/726/4922422 by guest on 20 July 2022


