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Abstract. Hypertension is a cardiovascular disease that severely 
impairs human health; however, its specific etiology and 
pathogenesis are complex. The present study investigated the 
effects of the calcium sensing receptor (CaSR) on vascular tone 
in spontaneously hypertensive rats (SHRs), and clarified the 
role and mechanism of CaSR in regulating this property with 
respect to the phospholipase C (PLC)‑inositol 1,4,5‑triphosphate 
(IP3)/adenylate cyclase‑V(AC‑V)/cyclic adenosine monophos-
phate (cAMP)/renin‑angiotensin system (RAS) pathway in these 
animals. CaSR protein expression in the mesenteric artery (MA) 
of rats and CaSR protein expression in SHRs were significantly 
reduced. Based on wire myography studies, vasoconstriction 
was significantly augmented and vasodilatation was attenu-
ated in SHRs, and this effect was endothelium‑independent. 
The CaSR calcimimetic NPSR568 and inhibitor NPS2143 
reduced vasoconstriction and enhanced vasodilation in SHRs. 
Furthermore, pretreatment with PLC‑IP3/AC‑V/cAMP/RAS 
pathway blockers significantly reduced the vasoconstriction 
response and enhanced the vasodilator response in SHRs and 
Wistar‑Kyoto rats (WKY), and these effects were partially 
dependent on the endothelium. Additionally, pretreatment 
with CaSR inhibitors were determined to cooperate with the 
PLC‑IP3/AC‑V/cAMP/RAS pathway inhibitors to significantly 
reduce vasoconstriction and enhance vasodilation in SHRs 
and WKY. Our results demonstrated that CaSR is functionally 

expressed in the MA of SHRs, and that CaSR expression is 
decreased in SHRs. Additionally, vasoconstriction was enhanced 
while vasodilatation was attenuated in SHRs; these processes 
were determined to be endothelium‑independent. CaSR is 
involved in the regulation of blood pressure and vascular tension 
in SHRs and WKYs. In association with mechanistic differences, 
this effect was proposed to be partially endothelium‑dependent 
and mediated by the PLC‑IP3/AC‑V/cAMP/RAS pathway.

Introduction 

More than 1.5 billion people worldwide are affected by hyper-
tension, yet its etiology and pathogenic mechanisms remain 
unclear  (1,2). Among these patients, those with essential 
hypertension (EH) account for 90‑95% of the total hyperten-
sive patient population (3). EH is a polygenic genetic disease 
mediated by interactions between genetic and environmental 
factors, and is a risk factor for the development of various 
cardiovascular and cerebrovascular diseases (such as myocar-
dial infarction, atherosclerosis and cerebral apoplexy) (4). The 
key component of EH morbidity is the blood vessels (5), and 
the direct etiological factor comprises an increase in peripheral 
vascular resistance, which leads to endothelial dysfunction in 
the heart, brain, kidney, and surrounding blood vessels (5). 

It has been reported that low levels of dietary Ca2+ 

represent a significant risk factor for hypertension, whereas 
the intake of appropriate amounts of Ca2+ effectively lowers 
blood pressure (BP), as well as the incidence and mortality 
of cardiovascular disease  (6,7). This has been confirmed 
by animal studies (8). Calcium sensing receptor (CaSR) is 
the receptor for extracellular Ca2+, and a member of the C 
subfamily of the G protein coupled receptor (GPCR) family. 
In 1993, Brown et al (9) first cloned CaSR from the bovine 
parathyroid gland. CaSR is mainly distributed in the parathy-
roid gland, bone, kidney, intestines and other tissue cells (such 
as hepatocytes, vascular endothelial cells and vascular smooth 
muscle cells (VSMCs) related to calcium transfer and calcium 
homeostasis regulation, and it plays a key role in maintaining 
calcium homeostasis (10,11). When the extracellular calcium 
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concentration ([Ca2+]o) rises, CaSR is activated. With Gαq as 
a mediator, CaSR increases the levels of inositol 1,4,5‑triphos-
phate (IP3) and diphosphoglycerate through phospholipase C 
(PLC), inducing an increase in the intercellular calcium 
concentration ([Ca2+]i) and inhibiting parathyrin  (9,12). 
Subsequently, [Ca2+]o is restored to normal levels (13).

In research on the pathogenesis of hypertension, the 
renin‑angiotensin system (RAS) is important, and it is the most 
important regulatory factor in vivo. Renin is the first rate‑limiting 
enzyme of the RAS, and cyclic adenosine monophosphate 
(cAMP) functions as a key effector in this system (14). Existing 
research shows that [Ca2+]o and [Ca2+]i are inversely propor-
tional to renin secretion by the juxtaglomerular apparatus (15). 
Furthermore, the mechanism associated with this is related 
to the increase in [Ca2+]o through increasing [Ca2+]i and/or 
the activity of calmodulin (CaM), and inhibiting adenylate 
cyclase‑V (AC‑V) so that cAMP production is decreased; it is 
also related to the inhibition of renin release (16,17). In freshly 
isolated and primary cultured granulocytes of the glomerulus, 
CaSR is activated, and the ryanodine receptor is also activated 
via the G protein‑PLC‑IP3 pathway, which causes an increase in 
[Ca2+]i, the suppression of adenylyl cyclase V (AC‑V) activity, 
reductions in cAMP, and the inhibition of renin release (12). 
Our previous research shows that CaSR participates in the 
occurrence and development of EH. The increase in BP was 
found to be related to the low expression of CaSR (18). In 
addition, BP‑mediated regulation of CaSR was identified via 
activation of the cAMP‑RAS pathway (18).

In recent years, with extensive research on CaSR, its 
prominent effect on the cardiovascular system has caused this 
protein to receive extensive attention. Of note, CaSR is also 
expressed in the vasculature. Smajilovic and Tfelt‑Hansen (19) 
reported a rise in [Ca2+]o through the activation of CaSR. The 
mechanism of BP reduction was also found to be linked to the 
inhibition of RAS activation and consequent vasodilatation. 
Thus, the changes in [Ca2+]o concentration and activity of CaSR 
have a direct effect on angiotasis and thus influences the BP 
directly (19). Cow (20) revealed that increasing [Ca2+]o and other 
CaSR calcimimetics (such as neomycin, Mg2+) can mediate 
the vasodilatation or exhibit two‑way regulatory effect on 
the mesenteric artery (MA), coronary artery, renal artery and 
cerebral artery; the mechanism underlying this phenomenon 
does not rely on the vascular endothelium (21), the production 
of nitric oxide (NO) via CaSR activation and/or the effect of 
endothelium‑derived hyperpolarizing factor, and the peripheral 
and central nervous systems (22‑25). The regulation of angio-
tasis and BP by CaSR are consequences of the involvement 
of polymolecular and multiple mechanisms (19‑25); however, 
the specific regulatory mechanism is yet to be determined. In 
addition, whether RAS participates in the regulation of CaSR 
during angiotasis requires further investigation.

Based on the results of previous experiments and the 
relationship between Ca2+, RAS, and CaSR, we proposed the 
following research hypotheses: In spontaneously hypertensive 
rats (SHRs), CaSR expression is reduced or functional defects 
lead to a decrease in [Ca2+]i mediated by the PLC‑IP3 pathway, 
the amelioration of the inhibitory effect on AC‑V, increases 
in cAMP, the promotion of renin release, and vasoconstric-
tion mediated via the RAS pathway, which are involved in 
the occurrence and development of hypertension. Thus, the 

present study aimed to examine the effects of CaSR on the 
vascular reactivity in hypertensive rats. This mechanism was 
illustrated with respect to the PLC‑IP3/AC‑V/cAMP/RAS 
pathway, and may provide further insight into the prevention 
of hypertension and the effects of novel therapeutic agents.

Materials and methods

Animals. In total, 216 male Wistar‑Kyoto rats (WKY) and 
SHRs (age, 12 weeks; weight, 200‑300 g) were obtained from 
Vital River Laboratory Animal Science and Technology Co, 
Ltd. in Beijing (license no. SCXK2012‑0001), and housed in a 
controlled environment with 48±2% humidity at 22±2˚C under 
a 12 h light/dark cycle. The SHR and WKY were divided into 
different groups (n=6/group), and provided ad libitum access 
to food and water. The animal study was approved by the 
Institutional Animal Research Committee of Shihezi Medical 
University (license no. 2015‑041‑01), and all animals received 
humane care in compliance with the Guide for the Care 
and Use of Laboratory Animals published by the National 
Institutes of Health (26).

Chemicals and reagents. Phenylephrine (PE; Sigma‑Aldrich; 
Merck KGaA), sodium nitroprusside (SNP; Sigma‑Aldrich; 
Merck KGaA), indomethacin (Cyclooxygenase 2 inhibitor; 
Sigma‑Aldrich; Merck KGaA), EDTA (Sigma‑Aldrich; 
Merck KGaA), dimethyl sulfoxide (DMSO; Sigma‑Aldrich; 
Merck KGaA), acetylcholine (Ach; Apexbio Corporation), 
MDL12330A (AC‑V inhibitor, Apexbio Corporation). 
NPS2143 (CaSR inhibitor, R&D Systems, Inc.), NPSR568 
(CaSR agonist, R&D Systems, Inc.). NG‑nitro‑L‑arginine 
methyl ester (L‑NAME, NOS inhibitor; Selleck Chemicals), 
U73122 (PLC inhibitor, Selleck Chemicals), 2‑aminoethoxy-
diphenyl borate (2‑APB, IP3 inhibitor; Selleck Chemicals), 
Captopril (CAP, angiotensin‑converting enzyme inhibitor, 
Selleck Chemicals), Losartan [LOS, angiotensin II receptor 
type 1 (AT1R) inhibitor, Selleck Chemicals]. All of the other 
chemicals were of reagent grade. Indomethacin, L‑NAME, 
NPS2143, NPSR568, U73122, 2‑APB, MDL12330A, CAP 
and LOS were dissolved in DMSO to prepare stock solutions 
(10‑1 mol/l), with the use of double distilled water prepared 
into the corresponding working fluid. The other agents were 
prepared in double distilled water. Studies have shown no 
notable effects on the tension development of isolated arteries 
with concentrations of DMSO<0.2% (27‑29).

Blood pressure measurement. Before the experiment, the BP 
was measured via the tail cuff method, which included warming 
the whole animal body in the absence of anaesthesia (BP‑96A‑L, 
Softron) (30). Measurements were taken every day for a week, 
at the same time of day and at a controlled temperature of 30˚C. 
After the rats had acclimated to the environment, the systolic 
blood pressure (SBP), diastolic blood pressure (DBP) and mean 
arterial pressure (MAP) were measured [MAP = (SBP+2 x 
DBP)/3]. The measurements were repeated three times, and the 
average of the three measurements was calculated.

Western blot analysis. The rats were sacrificed via decapitation 
under anesthesia with 3% sodium pentobarbital (50 mg/kg, 
intraperitoneal injection). The MA was harvested and then 
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lysed. It was then homogenized in RIPA lysis buffer (Beijing 
Solarbio Science & Technology Co., Ltd.) supplemented with 
PMSF (100:1) and centrifuged at 14,000 x g for 15 min at 4˚C. 
The supernatants were collected and the protein concentra-
tion was determined using the bicinchoninic acid method. 
Electrophoresis was performed using 15 µg of samples and 10% 
SDS‑PAGE gels, followed by transfer of the proteins to 0.45 mm 
Sequi Blot polyvinylidene fluoride membranes. After they were 
incubated with 5% non‑fat milk, the membranes were then incu-
bated overnight at 4˚C with primary antibodies against CaSR 
(1:1,000; Abcam; cat. no. WH0000846M1) and β‑actin (1:1,000; 
Wuhan Boster Biological Technology, Ltd; cat. no. A0760‑41M). 
After washing, the membranes were incubated with fluores-
cence‑labelled goat anti‑mouse or anti‑rabbit IgGs (1:20,000; 
Wuhan Boster Biological Technology, Ltd; cat. no. ab2891) for 
~2 h at room temperature. Finally, the protein was visualized 
using an enhanced chemiluminescence system (Pierce; Thermo 
Fisher Scientific, Inc). The intensities of the protein bands were 
quantified using Bio‑Rad Quantity One 4.6.2 software (Bio‑Rad 
Laboratories, Inc), and the levels of the protein detected were 
normalized to that of β‑actin.

Preparation of isolated artery rings  (31,32). Following 
sacrifice, the gastrointestinal tract with the mesenteric arcade 
attached was excised rapidly from rats and steeped in a physi-
ological saline solution (PSS; 119 mmol/l NaCl, 4.69 mmol/l 
KCl, 1.17  mmol/l MgSO4·7H2O, 1.18  mmol/l KH2PO4, 
2.5 mmol/l CaCl2, 25 mmol/l NaHCO3, 0.026 mmol/l EDTA 
and 5.5 mmol/l glucose, which was bubbled with 95% O2 and 
5% CO2, resulting in a pH of 7.4 at 4˚C) (33). Second‑order 
small mesenteric arteries (<400  µm internal diameter) 
were dissected and cleaned of adhering fat and connective 
tissues (34). They were then cut into 2‑3 mm blood vessels; 
tissues were fixed within 45 min of sacrifice. 

Pressure myograph techniques for detecting blood vessel 
diameter. The blood vessel segment was placed in a perfusion 
chamber filled with PSS, connected to a glass microelectrode 
(diameter: ~50‑100 µm), and fixed to prevent air leakage. 
The perfusion chamber was moved to the microscope stage, 
with the magnification set as 10 (objective) x10 (eyepiece). 
During the incubation of the blood vessels, the water bath 
was continuously permeated with mixed gas (95% O2 and 
5% CO2) and the temperature was maintained at 37˚C. The 
pressure was increased, and the initial parameter settings 
were: P1 (20 mmHg), P2 (5 mmHg), and a duration of 3 min. 
After that, the P2 pressure was increased to 20 mmHg, and 
the duration was increased to 5 min. Then, the pressure was 
increased by 10 mmHg for 5 min each time until it stabilized 
to 60 mmHg. The vascular segments were incubated for 1 h in 
a PSS solution maintained at 60 mmHg, 37˚C, and pH 7.4, and 
the PSS fluid was changed every 20 min during the incuba-
tion period. The vascular segment was normalized after the 
equilibration  (35), and the potassium physiological saline 
solution (KPSS, a depolarizing stimulus) fluid was used to 
detect the activity of the blood vessels. The KPSS contained: 
123.70 mmol/l KCl, 1.17 mmol/l MgSO4·7H2O, 1.18 mmol/l 
KH2PO4, 2.5 mmol/l CaCl2, NaHCO2 25 mmol/l NaHCO2, 
0.026 mmol/l EDTA, and 5.5 mmol/l glucose. A vascular 
contraction amplitude greater than the diameter of 1/3 was 

observed, and contraction after reaching the maximum or 
smooth platform with Ach (10‑5 mol/l) diastolic blood vessels 
was achieved. The relaxation rate was >60‑80% with the 
endothelium‑intact, and the vascular activity was good, which 
could be used in the experiment or discarded.

For denuded endothelium, the vascular tissue was rotated 
once around the tip of the microelectrode of the glass, or the gas 
was injected into the vessel segment slowly (36). Indomethacin 
(10‑5 mol/l) and L‑NAME (10‑4 mol/l) were pre‑incubated for 
20 min at 37˚C (37), and persisted throughout the experiment. 
Providing that Ach induced the relaxation of blood vessels 
by <5% (38,39), it was considered that the endothelium was 
denuded. The experiment commenced after the specimens were 
rinsed three times with PSS. The PSS solution in the water bath 
was controlled at 5 ml and using a micropipette, 10‑7, 10‑6, 10‑5, 
10‑4, 10‑3 or 10‑2 mol/l PE (GPCR‑mediated), Ach (endothe-
lium‑dependent vasodilator) and SNP (endothelium‑independent 
vasodilator), were respectively added. After the vascular response 
reached a maximum or stable state, a higher concentration was 
added. The final concentration was 10‑9‑10‑4 mol/l, and the effect 
of the drug on the blood vessel diameter was observed. The 
effects of inhibitors (NPS2143, 10‑5 mol/l; U73122, 10‑5 mol/l; 
2‑APB, 10‑4 mol/l; MDL12330A, 10‑5 mol/l; CAP, 10‑4 mol/l; 
LOS, 10‑4 mol/l) on the blood vessel diameter were observed. 
The inhibitors were pre‑incubated for 20 min at 37˚C, and the 
inhibitors persisted throughout the experiment (CaSR agonist 
and an inhibitor group given calcium‑free PSS and KPSS). Then, 
different concentrations of PE, Ach, and SNP (10‑9‑10‑4 mol/l) 
were cumulatively added to observe the effects of the drug on 
the blood vessel diameter. Myoview software (110P; Danish Myo 
Technology A/S) was used to control the intravascular pressure 
and to record the experimental data. 

The vascular diameter change (D) was calculated by the 
following formula: D (µm)=Dp‑Dx, where Dp is the diameter 
of the vascular segment of the PSS fluid when it is stable, Dx 
is the diameter after vasoconstriction following the admin-
istration of different concentrations of the drug, Dp' is the 
diameter of vasodilation after the administration of different 
concentrations of drugs, and Dx' is the blood vessel diameter 
after pre‑contraction. Vasoconstriction rate (%)=(Dp‑Dx)/Dx 
x100%. Vasodilation rate (%)=(Dp'‑Dx')/Dx' x100%.

Statistical analysis. The experimental data are expressed as 
the mean ± standard deviation. For comparisons between the 

Figure 1. Comparison of blood pressure values between the WKY and SHR. 
The data are expressed as the mean ± standard deviation (n=6). 12‑week‑old 
SHR groups vs. the age‑matched WKY groups, **P<0.01. WKY, Wistar Kyoto 
rat; SHRs, spontaneously hypertensive rat; SBP, systolic blood pressure; 
DBP, diastolic blood pressure; MAP, mean arterial pressure.
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two groups, a Student's t‑test or the rank sum test was used. 
Between multiple sample means, one‑way analysis of variance 
followed Dunnett's post‑hoc test or variance for non‑para-
metric tests was used. The analysis was performed with SPSS 
19.0 software, in which a bilateral P<0.05 was considered to 
indicate a statistically significant difference. GraphPad Prism 
5.0 was used calculate the inhibitory concentration to exhibit 
50% of the maximum contraction and diastolic effect (IC50) 
and the maximum contraction or diastolic amplitude (Emax) 
values as non‑linear regression curve fits. 

Results

BP of SHRs is significantly higher than that of the WKY 
group. The arterial BP of the rats was measured by the tail 
cuff method. The results showed that the BP values (SBP, 
DBP and MAP) of the SHR group were significantly higher 
than those of WKY group of the same age (P<0.01; Fig. 1).

CaSR protein expression in the MA of the WKY and SHR. Western 
blotting was used to analyze the expression of the CaSR protein 
in the MA of the rats. The results showed that the CaSR protein 
was expressed in the MA of the WKY and SHR. Compared with 
that of the WKY group, CaSR total protein expression in the 
SHR group was significantly reduced (P<0.05; Fig. 2).

Effects of various drugs on vascular tension of the MA of 
isolated rats
Vasoconstriction of the SHR group was higher, while 
vasodilation was lower than that of the WKY group, which 
were endothelium‑independent effects. PE‑induced contrac-
tion and Ach/SNP‑induced vasodilation in the MA of the 
rats were measured by the pressure myograph technique. 
The results showed that: PE induced vasoconstriction of the 
rat MA in a dose‑dependent manner (Table I; Fig. 3A), while 
Ach induced vasodilation (Table I; Fig. 3E). Compared with 
that of the WKY group, the maximal contraction response of 
the PE‑induced SHR was significantly increased (Emax values: 
34.78±0.90 vs. 45.32±1.41%, respectively; P<0.05; n=6). 
The IC50 values were 0.44±0.14 and 0.33±0.14, respectively. 
The maximal relaxation response of the Ach‑induced SHR 
group was significantly reduced (Emax values: 65.2±4.03 vs. 
53.41±11.91%, respectively; P<0.01; n=6). The IC50 values 
were ‑1.32±0.20 and 0.03±0.88, respectively. 

In the endothelium‑denuded group, PE induced vasocon-
striction (Table I; Fig. 3B‑D), while SNP‑induced vasodilation 
of the rat MA in a dose‑dependent manner (Table I; Fig. 3F). 
The PE‑induced WKY and SHR groups exhibited significantly 
increased vasoconstriction amplitudes; compared with the 
corresponding WKY group, PE‑induced endothelium‑denuded 

Figure 2. CaSR protein expression in the mesenteric artery of the WKY and SHR groups. (A) Western blot analysis and (B)  densitometric analysis. The data 
are expressed as the mean ± standard deviation (n=7). WKY groups vs. SHR groups, *P<0.05. WKY, Wistar Kyoto rats; SHR, spontaneously hypertensive rats; 
CaSR, calcium‑sensing receptor.

Table I. Effect of pretreatment with the calcium sensing 
receptor inhibitor NPS2143 on vasoconstriction and relaxation 
reactivity. 

Rat	 Group	E max (%)	IC 50 (µM)

WKY	 PE	 34.78±0.90	 0.44±0.14
	 PE‑E	 38.98±1.12	‑ 0.13±0.05
	 PE + NPS2143	 11.67±0.75	 0.02±0.14
	 PE + NPS2143‑E	 41.53±1.34	 0.60±0.06
	A ch	 65.2±4.03	‑ 1.32±0.20
	 SNP	 40.24±11.26	 1.68±0.73
	A ch + NPS2143	 25.74±3.81	‑ 1.37±0.14
	 SNP + NPS2143	 41.16±1.19	‑ 1.46±0.11
SHR	 PE	 45.32±1.41a	 0.33±0.14
	 PE‑E	 49.81±1.33b	 ‑0.23±0.04
	 PE + NPS2143	 35.25±1.28c	 0.46±0.05
	 PE + NPS2143‑E	 50.64±0.76d	 ‑0.03±0.05
	A ch	 53.41±11.91e	 0.03±0.88
	 SNP	 47.50±0.47f	 ‑0.85±0.05
	A ch + NPS2143	 48.98±5.96g	 ‑1.27±0.18
	 SNP + NPS2143	 53.66±1.10h	 ‑1.51±0.11

The data are expressed as the mean  ±  standard deviation (n=6). 
WKY PE vs. SHR PE groups, aP<0.01; WKY PE-E groups vs. 
SHR PE-E groups, bP<0.05; WKY PE+NPS2143 groups vs. SHR 
PE+NPS2143 groups, cP<0.01; WKY PE+NPS2143-E groups vs. 
SHR PE+NPS2143-E groups, dP<0.05; WKY Ach groups vs. SHR 
Ach groups, eP<0.01; WKY SNP vs. SHR SNP groups, fP<0.01; 
WKY Ach+NPS2143 groups vs. SHR Ach+NPS2143 groups, 
gP<0.05; WKY SNP+NPS2143 groups vs. SHR SNP+NPS2143 
groups, hP<0.01. ‑E, endothelial removal; IC50, inhibitory concentra-
tion to exhibit 50% of the maximum contraction and diastolic effect; 
WKY, Wistar Kyoto rats; SHR, spontaneously hypertensive rats; 
PE, phenylephrine; Ach, acetylcholine; SNP, sodium nitroprusside, 
NPS2143, calcium sensing receptor inhibitor.
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SHRs had a maximal contractile response that was significantly 
increased (Emax values: 38.98±1.12 vs. 49.81±1.33%, respectively; 
P<0.05; n=6). The IC50 values were ‑0.13±0.05 and ‑0.23±0.04, 
respectively. The SNP‑induced maximum relaxation response 
in the SHR group was greater than that in the WKY group (Emax 
values: 40.24±11.26 vs. 47.50±0.47%, respectively; P<0.01; n=6). 
The IC50 values were 1.68±0.73 and ‑0.85±0.05, respectively.

NPS2143 and NPSR568 reduce vasoconstriction, and promote 
vasodilation in MA, which is partially endothelium‑dependent. 
The effects of the NPS2143 and NPSR568 on the vascular tone 
in rats were investigated. The results showed that: NPS2143 

(10‑8‑10‑5 mol/l) caused contraction of the rat MA (Fig. 4A). 
When the concentration of NPS2143 was 10‑5 mol/l, a signifi-
cant contraction amplitude of the MA in rats was observed 
(P<0.01); the contraction amplitude of the WKY group was 
markedly greater than that of the SHR group (P>0.05). 
NPSR568 (10‑8‑10‑5 mol/l) induced vasodilation of the MA 
in the SHR group in a dose‑dependent manner (Fig. 4B), and 
the diastolic amplitude of the endothelium‑intact group was 
significantly greater than that of the endothelium‑denuded 
group (P<0.01). Different concentrations of NPSR568 were 
pre‑incubated for 20 min with MA samples to study the effect 
of PE, Ach, and SNP on vascular tone (Fig. 4C‑F). For the 

Figure 3. Comparison of the contractions and diastolic amplitudes of the mesenteric artery in the WKY and SHR groups. The data are expressed as the 
mean ± standard deviation (n=6). (A) SHR PE vs. WKY PE groups, ##P<0.01; (B) SHR PE‑E groups vs. WKY PE‑E groups, #P<0.05. (C) WKY PE groups vs. 
WKY PE‑E groups, P>0.05. (D) SHR PE groups vs. SHR PE‑E groups, P>0.05. (E) SHR Ach groups vs. WKY Ach groups, ##P<0.01; (F) WKY SNP vs. SHR 
SNP groups, ##P<0.01. *P<0.05, **P<0.01, vs. the adjacent concentrations in each group. ‑E, endothelial removal; WKY, Wistar Kyoto rats; SHR, spontaneously 
hypertensive rats; PE, phenylephrine; Ach, acetylcholine; SNP, sodium nitroprusside.
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endothelium‑intact group, when the concentration of NPSR568 
was 10‑5 mol/l, PE‑induced contractions were significantly 
inhibited (P<0.01), and the vasodilatory amplitude was the 
most significantly increased (P<0.01; Fig.  4B). After the 
endothelium was denuded, a similar vascular reactivity was 
exhibited.

NPS2143 reduces vasoconstriction and enhances vasodilation 
in MA, which is partly endothelium‑dependent. The effects of 
NPS2143 on the contraction and vasodilation of the MA in rats 
was investigated. The results showed that after pre‑incubation 

of MA with NPS2143 (10‑5 mol/l) for 20 min, PE‑induced 
vasoconstriction of the rat MA occurred in a dose‑dependent 
manner (Table I; Fig. 5A‑C). Ach also induced a relaxatory 
response of the rat MA in a dose‑dependent manner (Table I; 
Fig. 5G‑I). The inhibitory effect of NPS2143 on the PE‑WKY 
group was greater than that of the PE‑SHR group (Emax values: 
11.67±0.75 vs. 35.25±1.28%, respectively; P<0.01; n=6). The 
IC50 values were 0.02±0.14 and 0.46±0.05, respectively, while 
the maximum diastolic amplitude of Ach + NPS2143‑induced 
WKY was lower than that of the SHR (Emax values: 25.74±3.81 
vs. 48.98±5.96%, respectively; P<0.05; n=6). The IC50 values 

Figure 4. Effect of NPSR568 on vascular reactivity. The data are expressed as the mean ± standard deviation (n=6). (A) WKY NPS2143 groups vs. SHR 
NPS2143 groups, P>0.05; (B) WKY NPSR568 groups vs. SHR NPSR568 groups, ##P<0.01; (C) SHR PE groups vs. SHR PE + NPSR568 (1 µM) groups, 
#P<0.05; ##P<0.01, vs. SHR PE + NPSR568 (10 µM) group. (D) SHR PE + NPSR568‑E (10 µM) groups vs. SHR PE‑E groups, ##P<0.01; (E) SHR Ach group 
vs. SHR Ach + NPSR568 (1 µM) group, #P<0.05; ##P<0.01, vs. SHR Ach + NPSR568 (10 µM) groups. (F) SHR SNP group vs. SHR SNP + NPSR568 (10 µM) 
group, #P<0.05. *P<0.05, **P<0.01, vs. the adjacent concentrations in each group. ‑E, endothelial removal; WKY, Wistar Kyoto rats; SHR, spontaneously 
hypertensive rats; PE, phenylephrine; Ach, acetylcholine; SNP, sodium nitroprusside; NPSR568, CaSR agonists.
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were ‑1.37±0.14 and ‑1.27±0.18, respectively. Compared 
with PE alone, the maximal contraction response with PE + 
NPS2143 treatment of the WKY and SHR were significantly 
reduced (Emax values: 34.78±0.90 vs. 11.67±0.75%; 45.32±1.41 
vs. 35.25±1.28 respectively; P<0.01; n=6). After NPS2143 
treatment, compared with Ach group, the diastolic amplitude of 
the WKY decreased (Emax values: 65.2±4.03 vs. 25.74±3.81%, 
respectively; P<0.01; n=6). The IC50 values were ‑1.32±0.20 
and ‑1.37±0.14, respectively. Compared with Ach group, the 

diastolic amplitude of the Ach + NPS2143 SHR increased 
(Emax values: 53.41±11.91 vs. 48.98±5.96%, respectively; 
P>0.05; n=6). The IC50 values were 0.03±0.88 and ‑1.27±0.18, 
respectively. 

In the endothelium‑denuded group, PE induced vasocon-
striction in the rat MA in a dose‑dependent manner (Table I; 
Fig. 5D‑F). SNP induced vasodilation in the rat MA in a 
dose‑dependent manner (Table I; Fig. 5J‑L). The inhibitory 
effect of NPS2143 on the PE‑induced WKY was greater than 

Figure 5. Effect of the CaSR inhibitor NPS2143 on vascular reactivity of the mesenteric artery in the WKY and SHR. The data are expressed as the mean ± stan-
dard deviation (n=6). (A) WKY PE + NPS2143 groups vs. WKY PE groups, ##P<0.01; (B) SHR PE groups vs. SHR PE + NPS2143 groups, ##P<0.01; (C) WKY PE 
+ NPS2143 groups vs. SHR PE + NPS2143 groups, ##P<0.01; (D) WKY PE + NPS2143 groups vs. WKY PE + NPS2143‑E groups, #P<0.05; (E) SHR PE + NPS2143 
groups vs. SHR PE + NPS2143‑E groups, ##P<0.01; (F) WKY PE + NPS2143‑E groups vs. SHR PE + NPS2143‑E groups, #P<0.05; (G) WKY Ach groups vs. WKY 
Ach + NPS2143 groups, ##P<0.01; (H) SHR Ach groups vs. SHR Ach + NPS2143 groups, ##P<0.01; (I) WKY Ach + NPS2143 groups vs. SHR Ach + NPS2143 
groups, # P<0.05; (J) WKY SNP groups vs. WKY SNP + NPS2143 groups, ##P<0.01; (K) SHR SNP groups vs. SHR SNP+NPS2143 groups, ##P<0.01; (L) WKY 
SNP + NPS2143 groups vs. SHR SNP + NPS2143 groups, ##P<0.01. *P<0.05, **P<0.01, vs. the adjacent concentrations in each group. ‑E, endothelial removal; WKY, 
Wistar Kyoto rats; SHR, spontaneously hypertensive rats; PE, phenylephrine; Ach, acetylcholine; SNP, sodium nitroprusside; NPS2143, CaSR inhibitor.
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that of the SHR (Emax values: 41.53±1.34 vs. 50.64±0.76%, 
respectively; P<0.05; n=6). The IC50 values were 0.60±0.06 
and ‑0.03±0.05, respectively. The maximal contraction 
response of PE + NPS2143 denuded WKY was greater than 
that of the endothelium‑intact group (Emax values: 41.53±1.34 
vs. 11.67±0.75%, respectively; P<0.05; n=6). The IC50 values 
were 0.60±0.06 and 0.02±0.14, respectively. The maximum 
contraction response of PE + NPS2143 denuded SHR was 
significantly greater than that of the endothelial‑intact group 
(Emax values: 50.64±0.76 vs. 35.25±1.28%, respectively; 
P<0.01; n=6). The IC50 values were ‑0.03±0.05 and 0.46±0.05, 
respectively. After the NPS2143 treatment, the SNP‑induced 
increase in the vasodilation in the SHR was greater than 
that in the WKY (Emax values: 41.16±1.19 vs. 53.66±1.10%; 
P<0.01; n=6). The IC50 values were ‑1.46±0.11 and ‑1.51±0.11, 
respectively. Compared with the SNP group, SNP + NPS2143 
induced a maximal relaxation response in the WKY and SHR 
(Emax values: 40.24±11.26 vs. 41.16±1.19%; 47.50±0.47 vs. 
53.66±1.10%, respectively; P<0.01; n=6). 

PLC‑IP3/AC‑V/cAMP/RAS pathway inhibitors reduce 
vasoconstriction and increase vasodilation in the MA, which 
is partially endothelium‑dependent. The effect of inhibitors 
on the vasoconstriction and vasodilation of the MA in rats was 
investigated in which PLC‑IP3/AC‑V/cAMP/RAS pathway 
inhibitors were separately administered. After the MA was 
pre‑incubated for 20 min, PE induced vasoconstriction in the 
rat MA in a dose‑dependent manner (Table II; Fig. 6A and B). 
Ach concentration‑dependently induced vasodilation in the rat 
MA (Table II; Fig. 6E and F). Compared with the PE group, 
the vasoconstriction amplitude in response to the inhibitors 
showed an overall weakening trend; the contraction ampli-
tude with 10‑5 mol/l PE was notably weakened. Therefore, 
a subsequent vasodilation function test was performed in 
which PE (10‑3 mol/l) was selected to pre‑constrict blood 
vessels. U73122, 2‑APB, MDL12330A, CAP and LOS 
acted on the blood vessels. Compared with the PE group, 
the maximal contractile responses of the PE + inhibitors 
WKY and SHR were significantly lower (Table I; WKY Emax 
values: 34.78±0.90 vs. 30.86±1.70, 24.05±2.25, 20.66±2.95, 
30.08±3.46, 30.49±1.44%; SHR Emax values: 45.32±1.41 vs. 
36.65±0.51, 12.18± 2.92, 11.89±1.44, 31.36±2.42, 31.01±1.99%, 
respectively; P<0.01; n=6). Compared with the Ach group, 
the maximal vasodilatory responses of the Ach + inhibitors 
WKY and SHR were significantly increased (WKY Emax 
values: 65.2±4.03 vs. 61.12±1.64, 63.69±1.04, 73.14±4.41, 
67.68±6.15, 58.22±0.90%; SHR Emax values: 53.41±11.91 vs. 
67.48±3.43, 66.12±8.76, 57.97±5.82, 50.70±3.67, 52.70±1.78%, 
respectively; P<0.01; n=6). However, in the SHR, U73122 and 
2‑APB appeared to elicit contractile reactivity when the Ach 
concentration was 10‑6 and 10‑5 mol/l, respectively.

In the endothelium‑denuded group, PE induced vasocon-
striction of the rat MA in a dose‑dependent manner (Table II; 
Fig. 6C and D); SNP induced vasodilation in the rat MA in 
a similar manner (Table II; Fig. 6G and H). After the signal-
ling pathway inhibitors acted on the endothelium‑denuded 
blood vessels, the maximal vasoconstriction responses of 
the PE‑induced WKY and SHR were significantly reduced 
(Table I ; WKY Emax values: 38.98±1.12 vs. 39.98±0.92, 
53.29±1.68, 41.26±1.20, 33.25±2.18, 39.85±2.29%; SHR Emax 

values: 49.81±1.33 vs. 36.41±3.02, 25.48±1.80, 38.12±0.97, 
33.46±2.12, 38.35±0.73%, respectively; P<0.01; n=6). 
Compared with the endothelial‑denuded PE group, and the 
attenuation was smaller than that of the endothelium‑intact 
group (Table II ). After the signalling pathway inhibitors 
acted on the blood vessels, maximal vasodilator responses 
of the SNP‑induced WKY were significantly increased (Emax 
values: 40.24±11.26 vs. 18.57±18.57, 45.85±4.13, 33.17±0.97, 
35.90±16.53, 34.62±6.52%, respectively; P<0.01; n=6). The 
vasodilation of the SHR following U73122 and 2‑APB treat-
ment was significantly increased compared with SNP alone 
(Emax values: 47.50±0.47 vs. 49.27±0.76, 30.67±3.92%, respec-
tively; P<0.05; n=6), and the diastolic response of the other 
inhibitor groups markedly changed (P>0.05). The diastolic 
amplitude induced by SNP in the endothelium‑denuded 
WKY and SHR was lower than that in the endothelium‑intact 
group (Table II).

CaSR inhibitors combined with PLC‑IP3/AC‑V/cAMP/RAS 
pathway inhibitors significantly decrease vasoconstriction 
and enhance vasodilation in the MA of the rats. The effects 
of CaSR inhibitors and various signalling pathways inhibi-
tors on the vasoconstriction and vasodilation of MA in rats 
were investigated. CaSR inhibitors were pre‑incubated with 
PLC‑IP3/AC‑V/cAMP/RAS pathway inhibitors for 20 min. The 
results revealed that PE and Ach concentration‑dependently 
induced vasoconstriction and vasodilation in the rat MA in 
the presence of NPS2143, respectively (Table III; Fig. 7A‑D). 
Compared with the PE + NPS2143 group, PE induced a signifi-
cant reduction in the maximal contractile responses in the WKY 
and SHR (Tables I and III; WKY Emax values: 11.67±0.75 vs. 
4.01±0.86, 6.14±4.59, 4.06±1.27, 3.19±0.64, 3.33±0.54%; SHR 
Emax values: 35.25±1.28 vs. 24.42±2.21, 5.53±2.76, 4.22±3.12, 
5.06±2.36, 7.90±5.79%, respectively; P<0.01; n=6), and some 
blood vessels no longer exhibited contractile responses. 
Compared with that of the Ach + NPS2143 group, the maximal 
vasodilator response of the WKY and SHR induced by Ach 
was significantly increased (WKY Emax values: 25.74±3.81 vs. 
25.59±2.86, 28.02±3.02, 27.07±2.80, 21.63±1.83, 25.04±0.62%; 
SHR Emax values: 48.98±5.96 vs. 59.25±8.86, 67.29±7.48, 
60.76±8.35, 51.17±0.65, 54.57±3.22%, respectively; P<0.01; 
n=6), and a complete vasodilatory response was induced by 
Ach at low concentrations (Table III and Fig. 7C‑D).

Discussion

Hypertension has long been considered a leading cause of 
cardiovascular morbidity and mortality  (40). Despite the 
fact that there are effective antihypertensive pharmaceutical 
medications available, their side effects and negative conse-
quences cannot be ignored. Therefore, studying the etiology 
and pathogenesis of hypertension to develop a novel method 
for the treatment of these patients remains an urgent need. 
In this study, the role and mechanism of CaSR in the regula-
tion of the vascular tone in SHRs were preliminary analyzed 
with respect to the PLC‑IP3/AC‑V/cAMP/RAS pathway. 
We demonstrated the following: i) CaSR is functionally 
expressed in the MA, and CaSR expression is decreased in 
SHRs; ii) vasoconstriction is enhanced, and vasodilatation is 
attenuated in SHRs, which is endothelium‑independent; and 
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Table II. Effect of pretreatment with PLC‑IP3/AC‑V/cAMP/RAS pathway inhibitors on vascular reactivity. 

Rat	 Group	E max (%)	IC 50 (µM) 

WKY	 PE + U73122	 30.86±1.70a	 0.61±0.15
	 PE + 2APB	 24.05±2.25a	 2.86±0.33
	 PE + MDL12330A	 20.66±2.95a	 0.78±0.33
	 PE + CAP	 30.08±3.46a	 0.77±0.29
	 PE + LOS	 30.49±1.44a	 0.51±0.07
	A ch + U73122	 61.12±1.64b	 ‑1.78±0.12
	A ch + 2APB	 63.69±1.04b	 ‑2.72±0.74
	A ch + MDL12330A	 73.14±4.41b	 ‑1.15±0.19
	A ch + CAP	 67.68±6.15b	 ‑2.74±4.78
	A ch + LOS	 58.22±0.90b	 ‑4.78±3.52
SHR	 PE + U73122	 36.65±0.51c	 1.32±0.03
	 PE + 2APB	 12.18±2.92c	 2.13±1.16
	 PE + MDL12330A	 11.89±1.44c	 0.98±0.24
	 PE + CAP	 31.36±2.42c	 0.58±0.09
	 PE + LOS	 31.01±1.99c	 0.61±0.14
	A ch + U73122	 67.48±3.43	‑ 0.72±0.04
	A ch + 2APB	 66.12±8.76d	 ‑2.08±0.30
	A ch + MDL12330A	 57.97±5.82d	 ‑2.13±0.14
	A ch + CAP	 50.70±3.67d	 ‑1.86±0.02
	A ch + LOS	 52.70±1.78d	 ‑1.67±0.08
WKY	 PE + U73122 ‑E	 39.98±0.92e	 0.41±0.07
	 PE + 2APB ‑E	 53.29±1.68e	 ‑0.19±0.08
	 PE + MDL12330A ‑E	 41.26±1.20e	 0.39±0.04
	 PE + CAP ‑E	 33.25±2.18e	 0.53±0.10
	 PE + LOS ‑E	 39.85±2.29e	 0.64±0.07
	 SNP + U73122	 18.57±18.57f	 ‑1.16±0.21
	 SNP + 2APB	 45.85±4.13f	 ‑0.15±0.34
	 SNP + MDL12330A	 33.17±0.97f	 ‑1.14±0.25
	 SNP + CAP	 35.90±16.53f	 0.7±1.45
	 SNP + LOS	 34.62±6.52f	 0.13±0.49
SHR	 PE + U73122 ‑E	 36.41±3.02g	 0.74±0.07
	 PE + 2APB ‑E	 25.48±1.80g	 0.83±0.06
	 PE + MDL12330A‑E	 38.12±0.97g	 0.46±0.07
	 PE + CAP ‑E	 33.46±2.12g	 0.4±0.12
	 PE + LOS ‑E	 38.35±0.73g	 0.52±0.07
	 SNP + U73122	 49.27±0.76h	 ‑0.67±0.07
	 SNP +2APB	 30.67±3.92h	 ‑1.14±0.44
	 SNP +MDL12330A	 46.91±1.59	‑ 1.91±0.06
	 SNP +CAP	 45.45±1.89	‑ 1.00±0.19
	 SNP +LOS	 45.68±1.21	‑ 0.53±0.13

The data are expressed as the mean ± standard deviation (n=6). WKY PE groups vs. each signalling pathway inhibitor group, aP<0.01; WKY 
Ach groups vs. each signalling pathway inhibitor group, bP<0.01; SHR PE groups vs. each signalling pathway inhibitor group, cP<0.01; SHR 
Ach groups vs. 2APB, MDL12330A, CAP, LOS groups, dP<0.05; WKY PE-E groups vs. each signalling pathway inhibitor group, eP<0.01; 
WKY SNP groups vs. each signalling pathway inhibitor group, fP<0.01; SHR PE-E groups vs. each signalling pathway inhibitor group, 
gP<0.01; SHR SNP groups vs. each signalling pathway inhibitor group, hP<0.01. ‑E, endothelial removal; IC50, inhibitory concentration to 
exhibit 50% of the maximum contraction and diastolic effect; WKY, Wistar Kyoto rats; SHR, spontaneously hypertensive rats; PE, phen-
ylephrine; Ach, acetylcholine; SNP, sodium nitroprusside; PLC, phospholipase C; U73122, PLC inhibition; 2APB, 2‑aminoethoxydiphenyl 
borate, IP3 inhibitor; MDL12330A, adenylyl cyclase V inhibitor; CAP, captopril, angiotensin‑converting enzyme inhibitor; LOS, losartan, 
angiotensin II receptor type 1 inhibitor.
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iii) CaSR is involved in the regulation of BP and vascular 
tension in SHR and WKYs, which may be associated with 
differences in the underlying mechanisms, and this effect is 

partially endothelium‑dependent. Furthermore, the effect was 
proposed to be mediated by the PLC‑IP3/AC‑V/cAMP/RAS 
pathway. These data may provide novel insight into the 

Figure 6. Effect of PLC‑IP3/AC‑V/cAMP/RAS pathway inhibitors on vascular reactivity of the mesenteric artery in the WKY and SHR. The data are expressed as 
the mean ± standard deviation (n=6). (A) WKY PE groups vs. each signalling pathway inhibitor group, ##P<0.01; (B) SHR PE groups vs. each signalling pathway 
inhibitor group, ##P<0.01; (C) WKY PE‑E groups vs. each signalling pathway inhibitor group, ##P<0.01; (D) SHR PE‑E groups vs. each signalling pathway 
inhibitor group, ##P<0.01; (E) WKY Ach groups vs. each signalling pathway inhibitor group, ##P<0.01; (F) SHR Ach group vs. U73122 groups, #P<0.05; SHR 
Ach group vs. MDL12330A, CAP, LOS groups, ##P<0.01; (G) WKY SNP groups vs. each signalling pathway inhibitor group, ##P<0.01; (H) SHR SNP groups vs. 
each signalling pathway inhibitor group, ##P<0.01. *P<0.05, **P<0.01, vs. the adjacent concentrations in each group. ‑E, endothelial removal; WKY, Wistar Kyoto 
rats; SHR, spontaneously hypertensive rats; PE, phenylephrine; Ach, acetylcholine; SNP, sodium nitroprusside; PLC, phospholipase C; U73122, PLC inhibitor; 
2‑APB, 2‑aminoethoxydiphenyl borate, IP3 inhibitor; MDL12330A, adenylyl cyclase V inhibitor; CAP, captopril, ACE inhibitor; LOS, losartan, AT1R inhibitor.
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regulatory mechanisms of CaSR in angiotasis in SHRs via the 
PLC‑IP3/AC‑V/cAMP/RAS pathway. To the best of our knowl-
edge, the present study is the first to determine the mechanism 
underlying the role of CaSR in angiotasis in SHRs via the 
PLC‑IP3/AC‑V/cAMP/RAS pathway.

It has been reported that a rise in vascular tension is caused 
by an increase in peripheral vascular resistance, which is the 
key factor associated with the onset of hypertension (5). The 
small artery determines peripheral vascular resistance, and the 
microvascular segment is the key position for forming blood 
circulation resistance (5). The decrease in BP reaches ≤90%, 
and myogenic tension changes between the capillary and small 
artery are the key factors of changes in peripheral vascular 
resistance and the formation of BP (41). In the current study, 
2‑3 sizes of the MA were selected (diameter: 300‑500 µm), 
which is a resistance vessel in the circulatory system and was 
in accordance with experimental requirements.

During the state of hypertension, the reactivity of vascular 
smooth muscle to vasoactive substances is enhanced (5), but 
this mechanism is not yet fully understood. In the present 
study, an internationally recognized animal model of 
hypertensive disease was used SHRs. It has been reported 
that SHRs comprise a hypertensive disease model with an 
enhanced vascular tone (42). Similar to human hypertension, 

SHRs present with endothelial dysfunction and reduced 
NO bioavailability  (43). To evaluate basic differences in 
angiotasis between SHR and WKY, and the effect of the 
vascular endothelium, the pressure myograph technique was 
used to assess changes in angiotasis in the MA of the rats. 
The present study determined that, whether the endothelium 
was intact or denuded, the contraction range in SHRs was 
higher than that in WKY. However, the vasoconstriction of 
the endothelium‑denuded group was higher than that in the 
endothelium‑intact group for the WKY. It is worth mentioning 
that vasoconstriction in the endothelium‑denuded group 
compared with that in the endothelium‑intact group mark-
edly differed for WKYs and SHRs. This partially suggests 
that contractile enhancement in SHRs is endothelium‑inde-
pendent. For the endothelium‑intact rats, the vasodilatory 
amplitude in SHRs was lower than that in WKYs. For the 
endothelium‑denuded rats, the vasodilation amplitude in 
SHRs was greater than that in WKYs. We also demonstrated 
that the reduced vasodilation in SHRs was endothelium‑inde-
pendent. In conclusion, the increased vasoconstriction and 
reduced vasodilation in SHRs are endothelial‑independent. 
These results are similar to other recent research reports and 
are in accordance with the pathophysiological pathogenesis 
of hypertension (5,44). 

Table III. Effects of CaSR inhibitors combined with PLC‑IP3/AC‑V/cAMP/RAS pathway inhibitors on MA reactivity in rats.

Rat	 Groups	E max (%)	IC 50 (µM) 

WKY	 PE + U73122 + NPS2143	 4.01±0.86a	 0.56±0.70
	 PE + 2APB + NPS2143	 6.14±4.59a	 1.14±1.24
	 PE + MDL12330A + NPS2143	 4.06±1.27a	 0.45±0.09
	 PE + CAP + NPS2143	 3.19±0.64a	 0.21±0.18
	 PE + LOS + NPS2143	 3.33±0.54a	 0.44±0.18
	A ch + U73122+NPS2143	 25.59±2.86b	 ‑4.37±4.42
	A ch + 2APB + NPS2143	 28.02±3.02b	 ‑0.87±1.48
	A ch + MDL12330A + NPS2143	 27.07±2.80b	 ‑3.74±1.13
	A ch + CAP + NPS2143	 21.63±1.83b	 ‑4.51±2.59
	A ch + LOS + NPS2143	 25.04±0.62b	 ‑0.84±0.46
SHR	 PE + U73122 + NPS2143	 24.42±2.21c	 0.33±0.15
	 PE + 2APB + NPS2143	 5.53±2.76c	 0.66±0.64
	 PE + MDL12330A + NPS2143	 4.22±3.12c	 0.58±0.50
	 PE + CAP + NPS2143	 5.06±2.36c	 0.82±0.80
	 PE + LOS + NPS2143	 7.90±5.79c	 1.27±1.26
	A ch + U73122+NPS2143	 59.25±8.86d	 ‑1.21±0.42
	A ch + 2APB + NPS2143	 67.29±7.48d	 ‑1.24±0.45
	A ch + MDL12330A + NPS2143	 60.76±8.35d	 ‑1.32±0.93
	A ch + CAP+ NPS2143	 51.17±0.65d	 ‑1.24±0.24
	A ch + LOS + NPS2143	 54.57±3.22d	 ‑1.5±0.05

The data are expressed as the mean ± standard deviation (n=6). WKY PE + NPS2143 groups vs. each signalling pathway blocker group, 
aP<0.01; WKY Ach + NPS214 groups vs. each signalling pathway blocker group, bP<0.01; SHR PE + NPS2143 groups vs. each signal-
ling pathway blocker group, cP<0.01; SHR Ach + NPS2143 groups vs. each signalling pathway blocker group, dP<0.01. IC50, inhibitory 
concentration to exhibit 50% of the maximum contraction and diastolic effect; WKY, Wistar Kyoto rats; SHR, spontaneously hypertensive 
rats; PE, phenylephrine; Ach, acetylcholine; SNP, sodium nitroprusside; CaSR, calcium sensing receptor; NPS2143, CaSR inhibitor; PLC, 
phospholipase C; U73122, PLC inhibitor; 2APB, 2‑aminoethoxydiphenyl borate, IP3 inhibitor; MDL12330A, adenylyl cyclase V inhibitor; 
CAP, captopril, angiotensin‑converting enzyme inhibitor; LOS, losartan, angiotensin II receptor type 1 inhibitor.



ZHANG et al:  CaSR IN THE REGULATION OF VASCULAR TENSION VIA THE PLC-IP3/AC-V/cAMP/RAS PATHWAY4444

The initiation of research on CaSR in the field of angiogen-
esis occurred relatively recently. In 2003, Wang et al (21) was 
the first to confirm that CaSR is expressed in the rat myocar-
dium. With subsequent research, it was found that CaSR is 
functionally expressed in the outer membrane of the blood 
vessel wall, fibroblast, VSMCs, and endothelial cells, among 
others (10,17,45). It was also found to serve a key role in the 
regulation of BP and angiotasis, but the mechanism was not 
clear. The present study suggests that hormones (renin, para-
thyroid hormone), [Ca2+]o, CaSR, vascular calcification, the 
nervous system, and certain agents are involved in the regula-
tion of BP and vascular tone. In 1911, Cow revealed that the 
relaxation of isolated blood vessels is mediated by an increase 
of [Ca2+]o. Furthermore, Wang and Bukoski (46) reported that 
[Ca2+]o can induce the relaxation of the MA, coronary artery, 
renal artery and cerebral artery in rats. In addition, other 
CaSR calcimimetics (like Mg2+ and neomycin) have similar 
vasodilatory effects (47). In contrast, Ohanian et al (48) found 
that [Ca2+]o can induce two‑way effects in subcutaneous arte-
rioles in rats, which suggests that low concentrations of [Ca2+]o 

(0.5‑2 mmol/l) can induce the contraction of small arteries and 
that high concentrations of [Ca2+]o (3‑10 mmol/l) can induce 
the relaxation of small arteries. It was shown that pre‑incu-
bation with the CaSR inhibitor NPS2143 attenuates KCl and 
PE‑induced vasoconstriction in oxygen‑poor/oxygen‑rich 
MAs; however, NPS2143 did not improve the endothe-
lium‑dependent relaxation induced by Ach (49). To evaluate 
the angiotasis‑mediated regulation of CaSR and its effect 
on the vascular endothelium, the pressure myograph tech-
nique was used to observe changes in angiotasis with CaSR 
calcimimetics and inhibitors in the MA of rats. Our results 
showed that in endothelium‑intact vessels, pre‑incubation with 

NPS2143 induced vasoconstriction in the MA and that the 
contraction degree of vasoconstriction in the WKY group was 
higher than that in SHRs. Pre‑incubation with NPSR568 also 
induced vasodilation in the MA, and the degree of relaxation 
in the endothelium‑intact group was higher than that in the 
endothelium‑denuded group. In the MA of rats, with different 
concentrations of NPSR568, whether the endothelium was 
intact or denuded, vasoconstriction could be inhibited and 
vasodilation was enhanced. The effect of NPSR568 (10 µM) 
was also the most obvious; however, NPS2143 could also 
inhibit vasoconstriction and enhance vasodilation. Regardless 
of whether the endothelium was intact or denuded, the degree 
of contraction in SHRs was higher than that in WKYs. 
Furthermore, the enhancement of NPS2143‑induced vasodila-
tion was significantly different between the WKY and SHR 
groups. When the endothelium was intact, NPS2143 enhanced 
vasodilation in WKYs to a higher degree than that in SHRs. 
When the endothelium was denuded, vasodilation in WKYs 
was lower than that in SHRs. This suggested that NPSR568 and 
NPS2143 both alleviated vasoconstriction of the MA in SHRs. 
Among them, for NPS2143, the alleviating effect in SHRs was 
decreased compared with that in WKYs, and this was partly 
endothelium‑dependent. For NPSR568, the vasodilatory 
inducing effect in SHRs was partly endothelium‑dependent; 
however, the inhibitory effect of NPS2143 on vasodilation 
in WKYs was endothelium‑independent. Our experimental 
results were similar to the aforementioned reports (50,51). For 
NPSR568, the previously mentioned two‑way effects were not 
observed with concentrations of 0.01‑10 µM, which may be 
related to the experimental animals, experimental conditions, 
detection methods, types of calcimimetics (the calcimimetic 
used to delineate the previously mentioned two‑way effects 

Figure 7. Effect of CaSR inhibitors combined with PLC‑IP3/AC‑V/cAMP/RAS pathway inhibitor on vascular reactivity of the MA in the WKY and SHR. The 
data are expressed as the mean ± standard deviation (n=6). (A) WKY PE + NPS2143 groups vs. each signalling pathway blocker group, ##P<0.01; (B) SHR 
PE + NPS2143 groups vs. each signalling pathway blocker group, ##P<0.01; (C) In WKY Ach + NPS214 groups vs. each signalling pathway blocker group, 
##P<0.01; (D) SHR Ach + NPS2143 groups vs. each signalling pathway blocker group, ##P<0.01. *P<0.05, **P<0.01, vs. the adjacent concentrations in each 
group. NPS2143, CaSR inhibitor; PLC, phospholipase C; U73122, PLC inhibitor; 2‑APB, 2‑aminoethoxydiphenyl borate, IP3 inhibitor; MDL12330A, adenylyl 
cyclase V inhibitor; CAP, captopril, ACE inhibitor; LOS, losartan, AT1R inhibitor.
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was Ca2+), and the concentrations of drugs. Of note, with a 
concentration of 10‑5 mol/l, NPSR568 and NPS2143 had 
similar effects, specifically the inhibition of vasoconstriction 
in SHRs. This indicated that this vessel regulatory effect was 
not completely induced by CaSR and that it may be due to 
the specific effects of the agent itself. Our research supported 
this concept. When the concentration of the NPS2143 was 
10‑5 mol/l, the drug itself caused maximum vasoconstriction 
in SHRs and WKYs. Conversely, for NPSR568 at a concentra-
tion of 10‑5 mol/l, the drug itself caused maximum vasodilation 
in SHRs. Denuding the endothelium abolished vasodilation, 
which indicated that this partly relied on the NO produced by 
the endothelium. Similar to our research results, other reports 
have proposed that, except for changes in angiotasis induced by 
CaSR, the CaSR calcimimetic can also inhibit vascular reac-
tivity via a CaSR‑dependent mechanism by directly blocking 
the voltage‑dependent L‑type calcium channels (VGCCs). 
Importantly, both the CaSR‑dependent and CaSR‑independent 
effects are likely to occur at similar concentrations  (49). 
Nakagawa et al (50) found that the CaSR calcimimetics R‑568 
and S‑568 have similar BP‑reducing effects in rats; however, 
S‑568 markedly unaffects CaSR. Thus, it is considered that 
the BP‑reducing effect of R‑568 is not induced by CaSR. 
Taken together, these results indicate that the NPSR568 and 
NPS2143 can modulate the vascular tone in SHRs and WKYs 
via different regulatory mechanisms, which is partially 
endothelium‑dependent and partly mediated by CaSR. The 
reason for this effect may be associated with the similarities in 
the molecular structure of the allosteric modulators of CaSR. 
The negative allosteric modulator NPS2143 is known to be 
structurally related to phenylalkylamines and has a positively 
charged amino group (52,53). The positive allosteric modulator 

NPSR568 is a phenylalkylamine derivative, which is a potent 
VGCC blocker that exhibits weak allosteric potentiation of the 
CaSR (50,53,54). This structural similarity is highlighted by 
the fact that NPS2143 and NPSR568 both target a common 
allosteric site within the seventh transmembrane domain of 
CaSR (49).

Increased [Ca2+]o induces binding to the CaSR and acti-
vates the G‑protein‑PLC‑ IP3 pathway, promoting the influx 
of extracellular Ca2+; it also participates in the regulation of 
myocardial excitation‑contraction coupling, which is the 
mechanism of Ca2+ overload in cells. Ca2+ overload in VSMCs 
can cause vasospasm, vascular wall thickening, vascular 
inflammation and other diseases. Additionally, it is related to 
hypertension, atherosclerosis and other diseases (9). The CaSR 
calcimimetic [Ca2+]o, Gd3+ and spermine can cause Ca2+ to be 
released from the myocardial cytoplasmic reticulum of rats 
through the G protein‑PLC‑IP3 pathway (21). In conclusion, 
the G protein‑PLC‑IP3 pathway is involved in the regulation of 
a multi‑level organization system. Based on the backgrounds 
of these studies, our research group proposed that CaSR might 
regulate angiotasis and BP in SHRs via the G protein‑PLC‑IP3 
pathway, in which we investigated in the present study. Based 
on the alleviating effects of CaSR on vasoconstriction in 
SHRs and WKYs induced by PE, U73122 and 2‑APB were 
administered to modulate the G protein‑PLC‑IP3 pathway; 
with this, constriction in the two groups of rats was reduced. 
However, upon co‑incubating the inhibitors NPS2143 and 
U73122, as well as 2‑APB separately, constriction of the MA 
was reduced further. This result suggests that blocking the 
G protein‑PLC‑IP3 pathway can strengthen the aforemen-
tioned vasoconstrictive effects of NPS2143. In other words, 
this pathway is the most important signalling pathway that 

Figure 8. Hypothetical mechanism is the calcium sensing receptor participates in the regulation of vascular tension in the mesentery of hypertensive rats 
via the PLC‑ IP3/AC‑V/cAMP/RAS pathway. CaSR, calcium sensing receptor; PLC, phospholipase C; IP3, inositol 1,4,5‑triphosphate; AC‑V, adenylate 
cyclase‑V; cAMP, cyclic adenosine monophosphate; RAS, renin‑angiotensin system; AT1R, angiotensin II receptor type 1; [Ca2+]o, increased extracel-
lular Ca2+; [Ca2+]i, intracellular Ca2+; NPS2143, calcium sensing receptor inhibitor; DAG, diphosphoglycerate; ER, endoplasmic reticulum; IP3R, inositol 
1,4,5‑triphosphate receptor; ATP, adenosine triphosphate; Gq11, G protein‑coupled receptor.
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relieves vasoconstriction in SHRs and WKYs. Furthermore, 
its mechanism is related to vasoconstriction caused by CaSR 
excitation, which is inhibited by NPS2143, and the release of 
reducing [Ca2+]i due to the G protein‑PLC‑IP3 pathway being 
blocked by PLC and IP3 inhibitors. The results of this study 
with respect to the vasodilation response are as described 
previously: Specifically, the NPS2143 enhanced vasodilatation 
in SHRs, but the inhibition of vasodilatation in WKYs was 
endothelium‑independent. In the endothelium‑denuded group, 
with the collaborative use of L‑NAME and indomethacin, 
NPS2143 incubated vessels, which enhanced vasodilatation in 
the SHR and WKY groups. An exogenous NO donor, SNP, 
induced the same vascular reaction in SHRs and reversed its 
inhibitory effects on vasodilatation in WKYs, which indicated 
that the exogenous NO pathway is involved in the vasodila-
tation‑enhancing effects of CaSR. Based on this, to further 
assess the regulatory mechanism of CaSR on vasodilatation, 
NPS2143 was incubated with U73122 and 2‑APB separately. 
The results showed that the enhancing effects on vasodilata-
tion of NPS2143 were further promoted, and this also reversed 
the vasodilatation‑inhibitory effects in WKYs. It is noteworthy 
that in the endothelium‑denuded group, the vasodilatory 
growth rate in WKYs induced by 2‑APB was significantly 
higher than that in the other inhibitor groups. However, when 
the concentration of U73122 was 10‑7 mol/l, the vasodila-
tory growth rate in the SHRs was the highest, after which, 
the vasodilatory growth rate reduced, but remained higher 
than the other inhibitor groups. This result implied that the 
G protein‑PLC‑IP3 pathway is one endothelium‑independent 
mechanism through which CaSR enhances vasodilatation 
in SHRs and WKYs. However, it remains unknown if other 
mechanisms are involved.

RAS, which is well‑known, serves an important role in the 
regulation of human BP and the pathogenesis of hypertension. 
Renin is the first rate‑limiting enzyme of the RAS system, 
and cAMP functions as a key effector in this system (14). In 
this system, another key factor ACE, catalyzes angiotensin I 
(AngI) conversion into angiotensin II (AngII), which exerts 
its biological effects by binding to AT1R. In vitro analysis 
suggested that AngII can increase the catecholamine level 
via AT1R and can serve a key role in the vasoconstriction 
induced by PE (55). Angiotensin‑converting enzyme inhibitors 
(ACEI) and captopril can lower the mortality rate associated 
with hypertension and the complications from myocardial 
infarction, diabetes, cardiac failure and other conditions (56). 
Maeso et al (57) found that losartan can inhibit the contraction 
of the aorta from PE to rats and relies on NO from the vascular 
endothelium. This endothelium‑denuded inhibitory effect 
disappeared; however, the side effects of classical ACE inhibi-
tors, an AngII receptor blocker, and other antihypertensive 
agents, such as electrolyte imbalance, angioedema, cough and 
hypotension, might limit the use of these drugs (41). It is thus 
particularly important to develop a better treatment method.

The analysis of cultured MA VSMCs led to the identi-
fication of different components of the RAS (58). Research 
has shown that [Ca2+]o and [Ca2+]i are inversely proportional 
to renin  (15). The associated mechanism is that CaSR 
causes a rise in [Ca2+]i by activating the G protein‑PLC‑IP3 
pathway, and inhibits AC‑V and reduces cAMP at the same 
time, which is related to the inhibition of renin release (12). 

At first, our research group found an inverse relationship 
between CaSR and cAMP with RAS in the thoracic aorta 
of SHRs (18). To further assess the regulatory mechanism 
of CaSR in SHR angiotasis, CaSR was separately combined 
with MDL12330A, CAP and LOS, and administered to the 
vessels. Similar results were reported in the blocking effects 
of U73122 and 2‑APB on the PLC‑IP3 pathway. The vaso-
constriction in SHRs and WKYs was notably diminished 
with mild contraction, and even no contraction in parts of the 
vessels; however, vasodilatation was enhanced significantly. 
Furthermore, a low concentration of Ach was found to 
mediate complete vasodilatation. Among them, a low concen-
tration of CAP (10‑9 mol/l) induced vasodilation in WKYs, 
but the growth rate of vasodilation was significantly lower 
than in the other inhibitor groups. Collectively, the obser-
vations described herein support the hypothesis that CaSR 
participates in angiotasis regulation in SHRs and WKYs via 
the PLC‑IP3/AC‑V/cAMP/RAS pathway (Fig. 8). At present, 
the limitations of this study were mainly that direct in vitro 
experiments were conducted based on vascular administra-
tion with no in vivo analyses. Given the differences between 
the in vivo and in vitro experimental studies, our results have 
certain shortcomings. Despite these limitations, our research 
also partly explained the regulatory mechanism through 
which CaSR mediates angiotasis during hypertension via the 
PLC‑IP3/AC‑V/cAMP/RAS pathway.

In summary, CaSR is closely related to BP and angiotasis, 
and is involved in the regulation of these processes based on 
multi‑molecular mechanisms and different pathways. Our 
research results show that CaSR is involved in the regulation 
of BP and vascular tension in SHRs and WKYs, which are 
associated with mechanistic differences and that this effect 
is partially endothelium‑dependent. Specifically, the effect 
is mediated by the PLC‑IP3/AC‑V/cAMP/RAS pathway. Our 
findings provide a novel theoretical foundation for the mecha-
nism of action underlying the relationship between CaSR, BP 
and angiotasis, and suggests drug targets for the prevention of 
hypertension and vessel‑related diseases.
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