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Abstract Background and aims: High-salt diet has been suggested to increase the risk of heart
disease. However, the mechanisms underlying coronary artery tension dysfunction caused by
high-salt diet are unclear. Previous studies have shown that coronary artery spasm is often
induced by endothelin-1 (ET-1) and thromboxane, leading to myocardial ischemia, while the
store-operated Ca2þ entry (SOCE) function of coronary smooth muscle is very important in this
process.
Methods and results: Tension measurements of endothelium-denuded coronary artery ring segments showed that vasocontraction induced by U46619, ET-1, orSTIM1/Orai1-mediated SOCE
was signiﬁcantly lower in 4% high-salt diet rats than in control rats fed a regular diet. The results
of western blotting and immunohistochemistry assays showed lower expression levels of endothelial receptors ETA and ET B , STIM1 and Orai1 in coronary artery of high-salt intake rats
compared with control rats. Fibrosis was observed by using Masson’s trichrome staining and picrosirius red staining. The plasma ET-1 concentration in high-salt diet rats was signiﬁcantly higher than that of controls. The interventricular septum and posterior wall of high-salt diet rats were
signiﬁcantly thickened.
Conclusion: Our ﬁndings indicated that coronary artery tension was signiﬁcantly decreased in 4%
high-salt diet rats and that this decrease may be due to the change of endothelin receptor and its
downstream pathway SOCE related protein expression in coronary artery. Coronary ﬁbrosis was
observed in rats fed with high-salt diet. This study provides potential mechanistic insights into
high-salt intakeeinduced heart disease.
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Abbreviations
ET-1
Endothelin-1
U46619 9, 11-dideoxy-11a, 9a-epoxymetha-noprostaglandin
IP3R
1, 4, 5-triphosphate receptor
GPCRs G protein-coupled receptors
ETA
Endothelin receptor type A
ETB
Endothelin receptor type B
STIM1 Stromal interaction molecule 1
Orai1
Ca2þ-release-activated Ca2þ channel
protein 1
ER
endoplasmic reticulum
SOCE
Store-operated Ca2þ entry
VSMCs Vascular smooth muscle cells
IVSd
Interventricular septum thickness in diastole
IVSs
Interventricular septum thickness in systole
LVIDd Left ventricle internal diameter in diastole
LVIDs Left ventricle internal diameter in systole
LVPWd Left ventricle posterior wall thickness in
diastole
LVPWs Left ventricle posterior wall thickness in
systole
HR
Heart rate
LVEF
Left ventricle ejection fraction
LVFS
Left ventricle fractional shortening

1. Introduction
It is well established that high-salt diet is an important
cause of cardiovascular disease (CVD) [1,2]. A recent study
show that the risk of cardiovascular disease was increased in
people with an average sodium intake exceed 5 g/day [3],
but the abnormal changes in coronary artery tension associated with a high-salt diet were still unknown. In previous
experimental studies, researchers have found that
serotonin-induced coronary artery contraction is enhanced
or reduced in different concentrations of extracellular sodium chloride concentration ([NaCl]), due to activation of
the sodium/calcium (Naþ/Ca2þ) exchanger [4]. It was indicated that the distribution of calcium channels may change
in coronary artery smooth muscle layer, which was affected
by extracellular sodium concentration. Recent experimental
studies have shown that more serious coronary microvessel
endothelial dysfunction were induced by high salt intake in
Goto Kakizaki rats, because of elevated expression of
myocardial endothelin, inducible NO synthase (NOS) protein and 3-nitrotyrosine (3-NT) [5]. It was known that highsalt intake upregulated a subset of genes encoding for proteins involved in inﬂammation, extracellular matrix
remodeling and regulation of calcium ions [6]. Abnormal
protein expression causes some changes in vascular function. There were also many studies that have shown that
high salt intake has harmful effects on vascular function,
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such as increasing peripheral arterial stiffness and impairing endothelial function [7,8], but the speciﬁc pathway on
coronaryartery tension disfunction is unclear.
In the recent study researchers has found that endothelial 1 (ET-1) is signiﬁcantly increased in plasma of
high-saltediet rats [9]. ET-1, as a ﬁrst messenger that
activates G proteinecoupled receptor (GPCR) pathways,
which acts on the 1, 4, 5-triphosphate receptor (IP3R) to
increase the release of Ca2þ from the endoplasmic reticulum and activate store-operated Ca2þ entry (SOCE) [10].
SOCE, a new calcium channel complex, primarily causes
the contraction of VSMCs by rapidly increasing the
intracellular concentration of Ca2þ [11]. Previous studies
have found that the downstream pathway of ET receptor
mediated Ca2þ inﬂux, which was known as STIM1/Orai1mediatedSOCE pathway, regulates the vascular contractile response of pulmonary, cerebral artery, mesenteric
and coronary arteries [11,12].
ET-1 can also promote vascular ﬁbrosis, such as in the
pulmonary artery [13] and in the internal mammary artery
[14], which may lead to vascular remodeling. The expression levels of endothelin type A (ETA) receptors and type B
(ETB) receptors in the coronary arteries of patients with
ischemic heart disease are signiﬁcantly increased [15]. Thus,
these results indicated that ET-1 and its downstream SOCE
protein may also play an indispensable role in the development of high-salt diet induced coronary heart disease.
In the present study, we fed the rats with a high-salt
diet to investigate the effects of vasoconstrictors, namely, a
thromboxane A2 analogue (U46619) and ET-1, on the
contractile response of isolated coronary artery ring segments. Coronary artery ﬁbrosis, heart function, and plasma
ET-1 concentrations were also measured to identify their
functional roles in coronary dysfunction in high-salt diet
rats. We aimed to give further insights into the downstream signaling pathway that mediates the effect of
endothelin receptor in coronary artery with special
emphasis on SOCE function regulated by stromal interaction molecule 1 (STIM1) and Orai1.
2. Methods
2.1. Reagents
ET-1 was obtained from Calbiochem (La Jolla, CA, USA).
U46619 and verapamil were obtained from SigmaeAldrich
(St. Louis, MO, USA). The primary rabbit antibodies against
the ETA receptor (DF4923) and ETB receptor (DF7104) were
purchased from Afﬁnity Biosciences (OH, USA). The primary rabbit antibody against STIM1; GTX113558, and
Bosentan were purchased from GeneTex, Inc (St. Antonio,
TX, USA). The primary rabbit antibody against Orai1 (sc74778) was obtained from Santa Cruz Biotechnology (CA,
USA). The rat ET-1 enzyme-linked immunosorbent assay
(ELISA) kit was purchased from Elabscience Biotechnology
Co., Ltd (Wuhan, China).

236

2.2. Animal treatment
Six to eight-week-old male Sprague Dawley rats weighing
150e180 g were randomly placed in a 4% high-salt diet
group or a regular-salt diet group and were kept under
standard conditions of a 12-h light/dark cycle. Rats had
free access to food and tap water. The high-salt diet consisted of 4% (w/w) NaCl, and the regular-salt diet consisted
of 0.4% NaCl. The diets were provided for 4 weeks. All
animal experiments were performed with approval from
the Medical Ethics Committee in Anhui Medical University
and followed procedures described in the Guide for the
Care and Use of Laboratory Animals published by the US
National Institutes of Health (publication No. 8523).
2.3. Coronary artery tension measurement
Coronary artery tension measurements were performed as
described in previous studies [16,17]. After the rats were
killed with excess carbon dioxide inhalation, the heart was
quickly removed from the chest and placed in an oxygenated ice-cold Krebs solution that contained (in mM/L) 118
NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 KH2PO4, 1.2 MgSO4 (7H2O), 25.2
NaHCO3, and 11.1 glucose. The coronary arteries were
dissected from the surrounding heart muscle tissue. The
isolated coronary arteries were cut into ring segments 2 mm
in length. The endothelial layer was removed by gently
rubbing the luminal side of the ring with a stainless-steel
wire.
Each ring segment was mounted in a Multi Myograph
system (DMT 620M, Danish Myo Technology, Aarhus,
Denmark), and changes in arterial tone were recorded.
After the tension was stabilized, the coronary artery rings
were stimulated with a high-Kþ solution (60 mmol/L KCl
solution containing in mM/L: 62.7 NaCl, 60 KCl, 2.5 CaCl2,
1.2 KH2PO4, 1.2 MgSO4 (7H2O), 25.2 NaHCO3, and 11.1
glucose). When the maximum contraction was reached,
the high-Kþ solution was replaced with three changes of
Krebs solution for 5 min each to achieve a stable baseline
tension. After washout, the vessels were stimulated with
100 nM U46619 and 1 mM acetylcholine to examine
endothelial integrity. If the effect of the acetylcholine was
less than 20% of the maximum contraction caused by
U46619, the endothelium was considered successful
removed and subsequent experiments were performed.
The coronary artery rings were sequentially treated with
U46619 and ET-1 to examined concentration-dependent
vasocontraction changes. In the SOCE-induced contraction experiments, the coronary artery rings were ﬁrst
pretreated in a Ca2þ-free solution (Krebs solution without
CaCl2), 100 nM ET-1, and 1 mM verapamil for 10 min, and
then the coronary artery contractile response to CaCl2
(from 1 to 10 mM) was recorded.
2.4. Immunohistochemical staining analysis
The coronary arteries of the rats were ﬁxed in 4% paraformaldehyde and cut into 10-mm-thick cross sections.
These vessel sections were deparafﬁnized, treated with 0.3%
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hydrogen peroxide, and then blocked with 10% normal goat
serum for 30 min at room temperature. Subsequently, the
vessel sections were incubated with a rabbit anti-ETA receptor antibody or a rabbit anti-ETB receptor antibody (all
diluted 1:100) overnight at 4  C. After being washed with
phosphate-buffered saline, the sections were incubated
with a secondary antibody for 30 min at room temperature.
Following a 30-min reaction with the streptavidin-biotinperoxidase complex, immunoreactivity was visualized
using diaminobenzidine, and the sections were counterstained with hematoxylin (Zymed Laboratories). Negative
control sections were incubated with the respective secondary antibodies but without primary antibody. All images
were obtained using a light microscope, and the integrated
optical density of the images was determined using ImagePro Plus software (version 6.0).
2.5. Western blotting
The proteins were extracted from rat coronary arteries with
detergent extraction buffer, which contained 150 mM NaCl,
20 mM TriseHCl (pH 7.5), 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM disodium salt of
ethylenediaminetetraacetic acid, and 2.5 mM sodium pyrophosphate plus protease inhibitor cocktail tablets. After
separation on 10% sodium dodecyl sulfateepolyacrylamide
gels, the proteins were transferred to polyvinylidene
diﬂuoride membranes. After blocking, the membrane was
incubated with an anti-ETA receptor (1:500), anti-ETB receptor (1:500), anti-STIM1 (1:500), anti-Orai1 (1:500), or
anti-b-tubulin (1:1000) primary antibody at 4  C overnight.
Subsequently, the membrane was incubated with horseradish peroxidaseeconjugated secondary antibody and
stained using an enhanced chemiluminescence detection
kit. The optical densities of the protein bands were analyzed
using ImageJ software. The optical density of each blot was
normalized to b-tubulin in the same lane and is expressed as
the relative optical density.
2.6. Enzyme-linked immunosorbent assay (ELISA)
Each sample was diluted in phosphate-buffered saline at an
appropriate proportion for optimization. The plasma concentration of the ET-1 level in rats was measured using a
commercial ELISA kit according to the provided instruction
manual and calculated by establishing a standard curve ﬁt
with linear regression using OriginPro software (version
8.0).
2.7. Masson’s trichrome staining and Sirius red staining
To investigate the effect of a high-salt diet on coronary
ﬁbrosis and collagen deposition, the coronary artery tissues
isolated from the hearts of the two groups of rats were ﬁxed
in 4% paraformaldehyde, and parafﬁn embedded to prepare
5-mm-thick sections. For Masson’s trichrome staining, sections were stained with hematoxylin for 5e10 min and
Biebrich Scarlet-Acid Fuchsin for 5e10 min. The collagen
ﬁbrils stained blue and the cytoplasmic matrix of vascular
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smooth muscle-stained red. For Sirius red staining, the
sections were stained with Picro-Sirius red staining solution
for 1 h, and the nucleus were stained with hematoxylin for
8e10 min. Under polarized light microscope, the collagen
type I was observed to be red/yellow and the type III was
green. Quantitative histological analysis of coronary artery
ﬁbrosis assessment was performed using the Image-Pro
Plus software (version 6.0).
2.8. Echocardiography examination
The rats were anaesthetized with an intraperitoneal injection of pentobarbital sodium (45 mg/kg). The chest hair
was shaved, and the rat was placed in the supine position
on an operating table. Echocardiograms were recorded
using conventional medical ultrasonographic equipment
(frequency, 5e11.5 MHz; IE33 S) to evaluate the heart
chambers and valves. The following parameters were
measured by two-dimensional guided M-mode echocardiography to compare the structure of the heart in 4%
high-salt diet rats and control rats: interventricular
septum thickness in diastole (IVSd) and systole (IVSs); left
ventricle internal diameter in diastole (LVIDd) and systole
(LVIDs); left ventricle posterior wall thickness in diastole
(LVPWd) and systole (LVPWs); and left ventricle fractional
shortening (LVFS). The left ventricle ejection fraction
(LVEF) was calculated by Simpson’s method [18]. The mean
values of the parameters were obtained from measurements of at least 5 cardiac cycles on M-mode tracings.
2.9. Statistical analysis
Data from at least three separate experiments are expressed
as the mean  SEM. Two-way analysis of variance and independent samples t-tests were used to compare differences between the two groups; P < 0.05 was considered
statistically signiﬁcant. All statistical analyses were performed using Sigma Plot software (version 12.5).
3. Results
3.1. Agonist-induced coronary artery vasocontraction in
high-salt diet rats
Because coronary blood ﬂow is regulated by vessel tone [19],
the contraction tension was very important in the process,
high salt diet is a risk factor, but the change of coronary artery contraction tension under high salt diet is not clear. So
we tested for changes in the vasocontraction of coronary
arteries between the high-salt diet rats and controls. In order
to exam contraction tension, these experiments used the
endothelium-denuded vessels. The coronary artery ring
segments were stimulated by increasing concentrations of
potassium chloride (KCl), the thromboxane A2
receptoredependent constrictor U46619, or ET-1. Although
increasing concentrations of KCl increased vasoconstriction
in both groups, no signiﬁcant changes were observed between the two groups (Fig. 1A-D). The contractile responses
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to U46619 (0.01e3 mM) in both groups were also concentration dependent; however, the vasoconstriction observed
in response to U46619 was signiﬁcantly reduced in the 4%
high-salt diet rats compared with controls (Fig. 2A and B).
The vasocontraction induced by ET-1 (1e300 nM) presented
a similar result (Fig. 2C and D). We used Bosentan (10 mM), an
ET receptor antagonist, to inhibit the ET-1-induced
contraction and test the difference of its inhibitory effects
between the two groups. The results showed that the contractile response in 4% high-salt diet rats was signiﬁcantly
decreased compared with that in controls (Fig. 2C and D).
3.2. Role of SOCE in coronary artery vasocontraction in
high-salt diet rats
SOCE plays an important role in vasocontraction and is
involved in coronary artery vasocontraction [20]. Human
urotensin-II (UII) promotes concentration-dependent vasocontraction in the coronary artery and elicits Ca2þ inﬂux,
with both processes sensitive to classical SOCE inhibitors
[21]. In the present study, we measured coronary artery
tension to explore the differences in SOCE-induced contractile responses between high-salt diet rats and control
rats. Endothelium-denuded coronary artery ring segments
were incubated in Krebs solution without Ca2þ for 15 min
and then incubated with the L-type Ca2þ channel blocker
verapamil (1 mM) and with ET-1 (100 nM) for 10 min to
deplete intracellular Ca2þ stores. After the Ca2þreleased
from the ER induced the transient contraction of the coronary artery, we added CaCl2 (1e10 mM) to the bath to
induce coronary artery contractions. Our results showed
that the SOCE-induced contraction of the coronary artery
in both groups but was signiﬁcantly decreased in high-salt
diet rats compared with controls (Fig. 3A and B).
3.3. Changes in protein expression levels in coronary
arteries derived from high-salt diet rats
As presented earlier (Fig. 2C and D), we found that
Bosentan (10 mM) inhibited ET-1einduced coronary artery
contractions in both high-salt diet rats and controls.
However, the degree of ET-1einduced vasocontraction
inhibited by Bosentan was 11.4% in the high-salt diet rats
and 30.9% in the control group, suggesting that inhibition
effection was reduced in the group of high-salt diet rats
compared with controls. This reduced inhibition of ET1einduced coronary artery contraction by Bosentan might
be associated with decreased endothelin receptors
expression in VSMCs in these high-salt diet rats.
Our western blotting and immunohistochemical analysis showed that compared with those in the control
group, the expression levels of the ETA receptor and the
ETB receptor in coronary artery were signiﬁcantly
decreased in high-salt diet rats (Figs. 4A, B, E, F, I).
To examine the mechanism for the reduction in the of
SOCE-induced contractile response in high-salt diet rats,
we compared the expression levels of STIM1 and Orai1 in
coronary arteries derived from high-salt diet rats and
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Figure 1 Changes in the contractile response induced by KCl in endothelium-denuded coronary arteries derived from 4% high-salt diet rats
vs. controls. A and B, representative traces (A) and summary data (B) of the contractile in response to 60 mM Kþ. C and D, representative traces (C)
and summary data (D) of the concentration-dependent contractile responses to increasing concentrations of KCl. Data are shown as the
mean  SEM; n Z 9e12 rats.

controls. Our western blotting results showed that the
level of expression of STIM1 in the coronary arteries of the
4% high-salt diet rats was signiﬁcantly lower than that of
the control group (Fig. 4C and G, P < 0.05). Although Orai1
expression levels also appeared to be decreased in the 4%
high-salt diet rats compared with controls, this decrease
was not statistically signiﬁcant (Fig. 4D and H, P > 0.05).
3.4. Changes in plasma ET-1 concentration in high-salt
diet rats
Because the expression levels of the ETA receptor and the
ETB receptor in the smooth muscle layer of coronary artery
segments were signiﬁcantly decreased in high-salt diet rats
compared with controls, we next measured the concentration of plasma ET-1 by using the ELISA method. Our results showed that the concentration of plasma ET-1 in highsalt diet rats was signiﬁcantly higher than that in control
rats (55.8  4.7 pg/mL vs. 44.9  5.8 pg/mL respectively;
P < 0.05). These data suggest that increased plasma ET-1

levels in high-salt diet rats may contribute to cardiovascular impairment.
3.5. Increased collagen deposition in the media layer of
coronary arteries in salt-induced hypertensive rats
ET-1 promotes ﬁbrosis. In Masson staining, the coronary
smooth muscle cells were stained red and the collagen ﬁbers were stained blue. Compared with the control group,
the deposition of collagen in the media layer of coronary
arteries in high-salt intake rats was increased signiﬁcantly
(Figs. 5A, B, E). Sirius red staining method was used to detect
the distribution of collagen type I and III in media area of
coronary arteries. Collagen type I was observed red/yellow
and collagen type III was observed green with polarized
light microscope. Compared with the control group, the
density of collagen type III was decreased but the density of
collagen type I was increased in the coronary arteries of 4%
high-salt diet rats (Fig. 5C and D). The ratios of the percentages and areas of collagen I to collagen III expression
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Figure 2 Changes in the contractile response induced by U46619 or endothelin-1 (ET-1) after treatment with bosentan in endotheliumdenuded coronary arteries derived from 4% high-salt diet rats vs. controls. A and B, representative traces (A) and summary data (B) of the
concentration-dependent contractile responses to increasing concentrations of U46619. C and D, representative traces (C) and summary data (D) of
concentration-dependent contractile responses to increasing concentrations of ET-1 and the responses in the presence of bosentan (an inhibitor of
ET receptors; 10 mM). Data are shown as the mean  SEM; n Z 7 rats. )P < 0.05,))P < 0.01 compared with control.

were increased in the coronary arteries of 4% high-salt diet
rats (Fig. 5F and G). These results indicated that abnormal
collagen deposition and ﬁbrosis lead to the remodeling of
the coronary artery.
3.6. Echocardiographic parameters and non-invasive LV
hemodynamics in high-salt diet rats
Echocardiography is of great value in the assessment of
cardiac function and structure in patients with cardiovascular disease. We used echocardiography to assess the
following measures of cardiac structure and non-invasive
LV hemodynamics: IVSd, IVSs, LVIDd, LVIDs, LVPWd,

LVPWs, LVFS and LVEF. Our analyses showed that IVSd,
IVSs, LVPWd and LVPWs were signiﬁcantly increased in
high-salt diet rats compared with controls. These results
indicated that the interventricular septum and left ventricular posterior wall were signiﬁcantly thickened in
high-salt diet rats. Compared with that in controls, heart
rate appeared increased in high-salt diet rats, but this increase was not statistically signiﬁcant. No signiﬁcant differences in LVEF and LVFS were observed between highsalt diet rats and control rats (Table 1). Taken together,
these results suggested that left ventricular hypertrophy
had developed in high-salt diet rats and that cardiac
function was likely in the compensatory stage.

240

H. Xiao et al.

Figure 3 Changes in the contractile response induced by store-operated calcium entry (SOCE) in endothelium-denuded coronary arteries
derived from 4% high-salt diet rats vs. controls. Representative traces (A) and summary data (B) of SOCE-induced contraction in coronary artery
rings. The rings were pretreated with 100 nM ET-1 and 1 mM verapamil in a Ca2þ-free solution for 10 min. The values are shown as the mean  SEM;
n Z 6 rats. )P < 0.05 compared with controls.

4. Discussion
In the present study, we compared changes in the
contractility of coronary arteries in high-salt diet rats vs.
control rats fed a normal diet and further explored the
mechanisms underlying the observed changes. Our key
ﬁndings included the following: compared with control
rats, (1) the interventricular septum and posterior wall of
high-salt diet rats were signiﬁcantly thickened; (2) ET-1
and U46619-induced vasocontraction were signiﬁcantly
decreased in endothelium-denuded coronary artery ring
segments from high-salt diet rats; SOCE-induced vasocontraction of coronary arteries was also reduced in highsalt diet rats; (3) plasma concentrations of ET-1 were
markedly elevated in high-salt diet rats; while ET receptor
distribute on coronary artery smooth muscle layer
decreased; (4) coronary artery ﬁbrosis were most sever in
high-salt diet rats; (5) Echocardiography suggested left
ventricular hypertrophy without obvious impaired function. These ﬁndings indicated that the vascular contractile
response was decreased and the degree of ﬁbrosis was
increased in the coronary arteries of high-salt diet rats. Left
ventricular hypertrophy had developed in high-salt diet
rats and that cardiac function was likely in the compensatory stage.
ET-1 plays an important role in coronary artery spasm
and promotes cardiac ﬁbroblasts to synthesize matrix
protein, aggravating myocardial ﬁbrosis [22]. Our study
also found that the concentration of plasma ET-1 was
signiﬁcantly increased in high salt diet rats. The high
concentration of plasma ET-1 observed in the high-salt
diet rats in the present study may contribute to
increased coronary artery ﬁbrosis and reduced coronary
artery ﬂow. Given the involvement of coronary artery
contraction abnormalities in the progression of myocardial

ischemia [23,24], we examined changes in coronary artery
contractile responses in high-salt diet rats. Changes in
coronary artery tension associated with a high-salt diet
remain controversial. Panth et al. found that coronary
vessel vasodilatation dysfunction and cardiac hypertrophy
occurred in pigs fed a high-salt diet [25]. By contrast,
Simõeset al. found that a high-salt diet did not cause
further damage to coronary vessel vasodilatation in elderly
spontaneously hypertensive rats [26]. Therefore, the effects of high-salt intake on coronary artery contraction
tone are still unclear. Disfunction of the coronary arteries
smooth muscles is responsible for abnormal contractile
tension. The changes of endothelium-denuded coronary
artery vascular tension under different stimulation factors
were measured included TXA2 analogue, U46619 ET-1 and
KCl. It was found that there was no signiﬁcant difference in
the changes of coronary artery tension between the two
groups under high potassium stimulation, while the coronary artery contractile tension of rats in the high-salt diet
group was signiﬁcantly decrease than that in the control
group under the action of TXA2 analogues U46619 and ET1. It is interesting. Clinically, previous studies suggests that
a high-salt diet is more likely to impairs endothelial
function and increase arterial stiffness [27,28]. The
decrease of coronary contractile tension after endothelium
removal may be a compensatory effect on the increase of
ET-1 secretion. We further studied this presumed
compensatory effect and found a signiﬁcant reduction of
coronary vasoconstriction occurs in normal control group,
but not in high salt diet group after Bosentan administration. The purpose of using bosentan was to detect the
activity of ET-1 receptor. However, ET-1 receptor is
decreased in the coronary arteries of rats on high salt diet,
so bosentan pretreatment failed to cause obvious inhibition in the coronary arteries of rats on high salt diet.
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Figure 4 Expression levels of ETA, ETB, STIM1, Orai1 in coronary arteries derived from 4% high-salt diet rats vs. controls. Western blot images
(AeD) and summary data (EeH) of endothelial receptors ETA and ETB as well as of STIM1 and Orai1 in fresh isolated coronary arteries derived from
rats fed a regular diet (control) and rats fed a high-salt diet. Protein expression levels were normalized to b-tubulin. Immunostaining results of ETA,
ETB in segments of coronary arteries derived from control (I (aeb)) and high-salt diet (I (dee)) rats (three rats in each group). The values are shown
as mean  SEM; n Z 3e7 rats. )P < 0.05, ))P < 0.01 compared with controls.

Therefore, we carried out a follow-up veriﬁcation on the
expression of endothelin receptors on coronary artery
smooth muscle. Consistent with our hypothesis, the
expression of ETA and ETB on vascular smooth muscle of
rats in the high-salt diet group were signiﬁcantly reduced.
The effect of endothelin receptors on the contractile
function of vascular smooth muscle is not only related to
the above-mentioned receptor-dependent effects, but also

plays an indispensable role through the change of intracellular Ca2þ handling [12,29], among which SOCE related
signal pathway plays an important role [21]. Other researchers have shown the importance of the SOCE
signaling pathway in serotonin [30] and urotensin IIinduced [21] coronary vasocontraction. Therefore, in our
experiments, we depleted the intracellular Ca2þ store, and
then added Ca2þ to active Orai channel to explore the role

242

H. Xiao et al.

Figure 5 Expression levels of collagen in the media tunica of the coronary artery in 4% high-salt diet rats vs. controls. Representative images of
Masson’s trichrome staining of the distribution of collagen in coronary artery ring segments derived from rats fed a regular diet (control; A) or a high-salt
diet (B). The smooth muscle of the coronary artery is stained red and the collagen ﬁbers are stained blue. Summary data (E) of the collagen volume
fraction. Representative picrosirius redestained images of collagen type I and type III in sections of coronary artery ring segments derived from control
(C) or 4% high-salt diet rats (D). Collagen I appears yellow/red and collagen III appears green under a polarized light microscope. Summary data (F, G) of
the ratios of the percentages of the areas and of the percentages of the integrated optical densities (IOD) of collagen type I to collagen type III in coronary
arteries derived from controls vs. those from 4% high-salt diet rats. The values are shown as mean  SEM; n Z 6 rats. ))P < 0.01 compared with control.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

of SOCE signaling pathway in coronary systolic function
[31]. Our results showed that agonist-induced and SOCEmediated coronary contractile functions of rats in the
high-salt diet group were weakened. Orai1 is a pore
forming subunit of store-operated Ca2þ channels [32],
which is responsible for a selective SOCE. STIM1 is an
important protein that senses the concentration of Ca2þ in
the endoplasmic reticulum and participates in the calcium
inﬂux process (store-operated calcium entry, SOCE) [33].
When extracellular agonists bind to receptors on the cell
membrane, it causes intracellular calcium signal transduction and the releases of Ca2þ in the endoplasmic

reticulum. When the concentration of Ca2þ in the endoplasmic reticulum decreases, the expression of STIM1 increases and binds to Orai protein on the cell membrane to
form a microdomain to allow an inﬂux of external calcium
[33]. There were evidences showed that ET receptor can
participate in the activation of STIM1/Orai1-mediated
SOCE process [34e36]. In our experiment, ET-1 increased
after the high-salt diet, the same as Dr Marcela Herrera
and Dr Yuhui Yang previously reported [37,38], but ETB, the
receptor of ET-1 and STIM1 were decreased. It may be due
to the binding of ET-1 and ETB decreased after the high-salt
diet, the calcium signal transmitted to the cells decreased,
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Table 1 Measures of cardiac structure and left ventricular function
in high-salt diet rats vs. controls.
Measure

Control (n Z 5)

4% High-salt (n Z 5)

IVSd (mm)
LVIDd (mm)
LVPWd (mm)
IVSs (mm)
LVIDs (mm)
LVPWs (mm)
HR (beats per min)
SV (mL)
LVEF (%)
LVFS (%)

1.76  0.10
6.24  0.34
1.70  0.17
2.58  0.16
3.50  0.28
2.48  0.12
394.40  29.34
0.47  0.06
83.40  5.98
47.68  7.04

2.10  0.06**
6.14  0.53
1.98  0.07*
2.78  0.07*
3.34  0.48
2.66  0.08*
418.00  26.97
0.45  0.11
83.40  4.27
47.84  4.79

Abbreviations: HR, heart rate; IVSd, interventricular septum thickness in diastole; IVSs, interventricular septum thickness in systole;
LVEF, left ventricle ejection fraction; LVFS, left ventricle fractional
shortening; LVIDd, left ventricle internal diameter in diastole;
LVIDs, left ventricle internal diameter in systole; LVPWd, left
ventricle posterior wall thickness in diastole; LVPWs, left ventricle
posterior wall thickness in systole. SV, stroke volume. Values
represent the mean  SEM. *P < 0.05, **P < 0.01 compared with
control.

and the SOCE process weakened. Through Western blot
experiment, we found that the expression of STIM1 in the
high-salt diet group was signiﬁcantly lower than that in
the normal control group, while there was no signiﬁcant
difference in the expression of Orai1. STIM1 is a sensor that
activates store-operated Ca2þ channels, which can
response to the depletion of Ca2þ stored in the ER [39].
Therefore, the decreased coronary artery contraction may
be caused by the reduced expression of SOCE proteins in
high-salt diet rats.
A high-salt diet is an independent cardiovascular risk
factor in myocardial hypertrophy and interstitial ﬁbrosis
[40]. Previous studies had shown that high-salt diet can
induces LVH and ﬁbrosis through activation of the cardiac
renin-angiotensin system and a change in myocardial
diastolic function and later with abnormal systolic function [41e43]. In this experiment, ET-1 and vascular
collagen synthesis increased after high-salt diet, suggesting that LVH may also be the result of collagen formation
induced by ET-1 and its signal transduction. Therefore, we
speculated that the phenomenon of LVH may be the synergistic effect of ET-1 and high-salt diet. Resent work
found that salt substitution can reduce the incidence of
stroke and coronary heart disease [44]. Our study also
found that high salt diet caused left ventricular hypertrophy, which is an independent risk factor for coronary heart
disease. Therefore, a high-salt intake may be responsible
for the development of coronary artery remodeling in rats.
In the present study, we observed the collagen content of
the media tunica was signiﬁcantly increased in isolated
coronary arteries, as identiﬁed by Masson’s trichrome
staining and picrosirius red staining. Our results indicated
that ﬁbrosis had occurred in the middle layer of the coronary artery in high-salt diet rats to increase coronary
artery stiffness and cause coronary artery remodeling then
led to coronary ﬂow reducing and exacerbate myocardial
ischemia.

In summary, we showed that coronary artery vasoactive
responses were impaired in high-salt diet rats. The reduced
coronary artery contractility may be caused by the downregulated ET receptoremediated SOCE signaling pathway.
The decreased expression of ET receptors in the coronary
artery smooth muscle layer was likely a compensatory
mechanism responding to the elevated concentration of ET1 in the plasma. A high ET-1 level in plasma also triggered
coronary artery ﬁbrosis, leading to coronary vessel wall
stiffness in high-salt diet rats. Our study provides new evidence for a role of the endothelin receptor pathway in understanding the underlying mechanisms of high-salt
intakeeinduced coronary artery dysfunction.
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