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Abstract. The aim of the present study was to investigate the 
antihypertensive effects of the bioactive Spirulina platensis 
peptides Ile‑Gln‑Pro (IQP), Val‑Glu‑Pro (VEP), as well as 
Spirulina platensis hydrolysates (SH), and assessed whether 
the synthesis of components of the myocardial and renal local 
renin angiotensin system (RAS) are regulated differentially in 
spontaneously hypertensive rats (SHR). The SHR were admin-
istrated with IQP, VEP and SH respectively (10 mg/kg/day) for 
6 weeks and received continuous monitoring of blood pressure 
(BP) for two more weeks. During the trial, the rats' kidney 
tissues were removed from these rats and collected at weeks 
3, 6 and 8. The expression of the main components of local 
kidney RAS was measured at the mRNA levels by reverse 
transcription‑quantitative polymerase chain reaction, and at 
the protein levels by ELISA or western blotting. Oral admin-
istration of IQP, VEP and SH into SHR resulted in marked 
antihypertensive effects. IQP, VEP and SH decreased rats' 

BP by affecting the expression of local kidney RAS compo-
nents via downregulating the angiotensin‑converting enzyme 
(ACE), Ang II and angiotensin II (Ang II) and angiotensin 
type‑1 receptor (AT 1), while upregulating ACE2, Ang (1‑7), 
Mas and AT 2. The comparisons of SH effects on local tissue 
RAS demonstrated that local kidney RAS regulated BP via 
the ACE‑Ang II‑AT 1/AT 2 axis and the ACE2‑Ang (1‑7)‑Mas 
axis primarily at the mRNA level, while the local myocar-
dium RAS mainly at the protein level. This preliminary study 
suggests that the main components of local RAS presented 
different expression levels in myocardium and kidney, which 
is important to the development of bioactive peptides targeting 
for lowering BP by changing the levels of some components in 
local RAS in specific tissues.

Introduction

Hypertension is a global public health issue, which contrib-
utes to the burden of heart disease, stroke and kidney failure 
as well as premature mortality and disability (1). Increasing 
experimental and clinical evidence supports a key role for the 
renin‑angiotensin system (RAS) in the pathogenesis of hyper-
tension (2). In the RAS, the angiotensin‑converting enzyme 
(ACE2)‑Ang (1‑7)‑Mas axis acts as a counter‑regulation 
system against the ACE‑Ang II‑AT 1 pathway (3), and changes 
in the expression and activity of various components of the 
RAS are implicated in hypertension (4).

In previous years, the focus on the role of the RAS in the 
pathophysiology of hypertension has changed towards the role 
of local RAS in specific tissues (5). A previous study reported 
that in addition to systemic RAS, there is also a local RAS 
in many tissues, including the kidneys, heart, brain, lungs, 
liver and blood vessels. Genes of all the components of RAS 
are expressed in important organs including the heart, brain, 
kidneys and aorta (6). Research has indicated that tissue RAS 
can operate independently of circulating RAS (7). Each local 
RAS has a distinct enzymatic profile resulting in different 
patterns of angiotensin fragment generation in different 
tissues (8). Currently, intrarenal RAS is considered to be an 
important tissue RAS, which controls blood pressure (BP) and 
is involved in the pathogenesis of hypertension. Appropriate 
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activation of the intrarenal RAS ensures kidneys maintain a 
normal Na+ balance at normal renal perfusion pressures to 
prevent hypertension (9). Regarding intrarenal RAS, the kidney 
expresses all the major components of the RAS, such as Ang, 
renin and ACE, suggesting that intrarenal generation of Ang 
II plays a key role in BP regulation (10,11). Studies indicate 
that the intrarenal RAS functions separately from systemic 
Ang II generation (11). In addition, the kidney is one of the 
most important organs in which Ang (1‑7) is generated from 
the metabolism of Ang II by ACE2, and the proximal tubule 
exhibits a high level of ACE2 activity. However, the intrarenal 
effects of the ACE2‑Ang  (1‑7)‑Mas receptor pathway are 
controversial, and further research is required (9).

Alterations in the circadian gene expression of the heart 
RAS may participate in the development of hypertension (12). 
Much research was committed to the cardiac RAS (13,14). 
Fedoseeva et al (15) measured the mRNA expression of kidney 
and myocardium RAS in hypertensive inbred and normotensive 
Wistar Albino Glaxo rats respectively, without making analysis 
and comparison to the mRNA levels between the two tissues 
local RAS. Further studies should be dedicated to exploring 
whether the synthesis of components of the myocardial and 
renal local RAS are differentially regulated after treatment. In 
a previous study of the authors, they demonstrated the 6‑week 
antihypertensive effects of Ile‑Gln‑Pro (IQP), Val‑Glu‑Pro 
(VEP) and Spirulina platensis hydrolysates (SH) on the local 
RAS in the myocardium of spontaneously hypertensive rats 
(SHR). It was identified that ACE, Ang II and AT 1 were 
downregulated in the myocardium, while AT 2, ACE2, Ang 
(1‑7) and Mas were upregulated in the myocardium (16).

However, how kidney local RAS expression is regulated 
during the development of antihypertension by IQP, VEP 
and SH has not been elucidated. Few studies have explored 
the differences between the regulation of the kidney and 
myocardium local RAS to reduce BP although some compo-
nents of the local RSA of different tissues were determined 
and analyzed in hypertensive rats (17,18). The current study 
investigated the effects of intrarenal RAS by examining how 
IQP, VEP and SH regulated the mRNA levels and the protein 
concentrations of major components of the RAS [ACE, ACE2, 
Ang (1‑7), Ang II, AT 1, AT 2 and Mas] in the kidney of SHR, 
and investigated whether SH had different effects on the 
BP‑reducing mechanisms of the local kidney RAS and local 
myocardium RAS, using reverse transcription‑quantitative 
polymerase chain reaction, ELISA or western blotting.

Materials and methods

Reagents. Spirulina platensis powder was purchased from 
Zaihuishou Bio‑engineering (Ererduosi, China, http://nmzhs.
com/). IQP and VEP were provided by Beijing SciLight 
Biotechnology LLC (Beijing, China) with a purity of >98%. 
SH was produced by a papain enzymatic method according 
to the authors’ previous studies, and the percentage of IQP 
and VEP in SH were ~1.81 and 2.14%, respectively (16,19,20). 
These three reagents were stored at ‑20˚C. Captopril and 
Nembutal were purchased from YTHX Biotechnology Co., 
Ltd. (Beijing, China). Coomassie Brilliant Blue Total Protein 
Quantification kit was purchased from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). ACE ELISA 

kit (catalog no.  ab155452) and ACE2 ELISA kit (catalog 
no.  ab213843) were purchased from Abcam (Cambridge, 
UK). Ang‑II ELISA kit (catalog no. CSB‑E07304r) and AT 
1 ELISA kit (catalog no. CSB‑E13746r) were purchased from 
Cusabio Biotech., Ltd. (College Park, MD, USA). AT 2 ELISA 
kit (catalog no. SEA973Ra) and Ang (1‑7) ELISA kit (catalog 
no. CES085Ra) was purchased from Cloud‑Clone Corp. (Katy, 
TX, USA). Unless otherwise stated, all reagents and kits were 
of analytical grade and were purchased from Tiangen Biotech 
Co., Ltd. (Beijing, China).

Animal model. A total of 80 male spontaneously hypertensive 
rats (SHR) purchased from Experimental Animal Center of 
Weitonglihua (.Beijing,, China, http://www.vitalriver.com/), 
aged 6 weeks and weighing 235.0±6.6 g, whose weighted 
systolic BP was 181±1 mmHg and weighted diastolic BP was 
145±1 mmHg, were used in the present study. Animals were 
housed in 12‑h light/dark cycles under controlled conditions 
of 25±2˚C, relative humidity of 60±5%, and had free access 
to food and water. These SHR were divided into 5 groups 
(IQP, VEP, SH, saline and captopril; each 10  mg/kg/day) 
and received continuous monitoring of BP during six‑week 
treatment period and 2‑week observation period. The admin-
istration was conducted by ‘passive swallow’ gavage instead 
of usual gavage as to protect the rats' esophagus at 9:00 a.m. 
every day.

At the end of the first three‑week treatment period, rats 
(n=5, each group) were anesthetized with 3% pentobarbital 
(30 mg/kg, intraperitoneal injection). Kidney tissues were 
removed, cut into small pieces and stored in RNAstore 
Reagent or in saline for 24 h at 4˚C, and immediately trans-
ferred to an ultra‑low‑temperature freezer at ‑80˚C. Other rats 
were raised as for the first 3 weeks. At the end of the six‑week 
treatment period, rats (n=5, each group) were euthanized with 
3% pentobarbital (30 mg/kg, intraperitoneal injection). Other 
rats were raised for another 2 weeks, treated daily with saline, 
and euthanized as before.

All the cares of the rats were performed in accordance with 
the Guidelines for the Care and Use of Laboratory Animals, 
Committee of Beijing Experimental Animal Care and Use. 
The experiment on the rats was authorized by the Ethics 
Committee of the Beijing Experimental Animal Association 
(Beijing, China).

Blood pressure measurement. The systolic BP and diastolic 
BP were measured twice a week (on Wednesday and Sunday, 
respectively) at 10:00 a.m. by the tail‑cuff method (21) for 
8 weeks. Each measurement was repeated five times, and the 
highest and lowest values were discarded. The mean value was 
determined for the remaining three values. All measurements 
were performed by the same person in a quiet environment.

Isolation of RNA from rat kidney. Total RNA from SHR 
kidneys was isolated using the RNAprep Pure Tissue Kit. 
RNA purities and concentrations were determined (NanoDrop 
ND‑1000; NanoDrop; Thermo Fisher Scientific, Inc., 
Wilmington, DE, USA) by the ratio of A260/A280 and A260/A230.

Single‑strand cDNA synthesis. Transcriptor first‑strand 
cDNA was synthesized from 1 µg RNA using the First‑Strand 
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Synthesis kit. An RNA template was placed on ice to defrost, 
and 5X gDNA Buffer, FQ‑RT Primer Mix, 10X Fast RT 
Buffer and RNase‑Free ddH2O were placed on ice following 
thawing at room temperature. Each solution was mixed by 
vortex oscillation before use and the remaining liquid on the 
tube wall was collected through brief centrifugation. Then, 
2 µl 5X gDNA Buffer was added to a thin‑walled PCR tube 
on ice, and 1,000 ng/concentration of RNA (ng/µl) total RNA 
was added. RNA‑free water was added to a total volume of 
10 µl. The contents were completely mixed and incubated at 
42˚C for 3 min, and then the reaction tube was placed on ice. 
The reverse transcription reaction system consisting of 1 µl 
RT Enzyme Mix, 2 µl FQ‑RT Primer Mix, 2 µl 10X Fast RT 
Buffer, 5 µl RNase‑Free ddH2O were added to the thin‑walled 
reaction tube, and the contents were incubated at 42˚C for 
15 min followed by 95˚C for another 3 min. The reaction 
tube was placed on ice and then stored at ‑20˚C for RT‑qPCR 
analysis.

RT‑qPCR. RT‑qPCR was performed for ACE, ACE2, AT 1, 
AT 2, Mas, and the housekeeping gene GAPDH using the 
SuperReal PreMix Plus kit. The primers for RT‑qPCR analysis 
were previously reported (16), and were ordered from Tiangen 
Biotech Co., Ltd. The following experimental operations were 
performed under dark conditions. All samples were run in 
triplicate in 96‑well plates. PCR reactions were carried out in 
a 20 µl solution consisting of 10 µl 2X SuperReal PreMix Plus, 
0.6 µl forward primer (10 µM), 0.6 µl reverse primer (10 µM), 
4 µl cDNA template and 4.8 µl RNase‑Free ddH2O. The reac-
tion tube was centrifuged to ensure that all components were 
at the bottom of the tube. The PCR reaction was initiated with 
initial denaturation at 95˚C for 15 min and then 40 cycles of 
10 sec at 95˚C for denaturation, 20 sec at 60˚C for annealing, 
and 32 sec at 72˚C for extension.

Quantification of a target gene was expressed as the rela-
tive expression ratio of the target gene in a sample vs. that of 
a control (housekeeping gene GAPDH). The relative quan-
titative method (2−ΔΔCt method) was used for the analysis of 
relative expression ratios of the target genes (22). The value of 
2‑ΔΔCq was the relative expression ratio of the target gene.

Western blot analysis. The kidney tissues' total protein 
was extracted by a Coomassie Brilliant Blue Total Protein 
Quantification kit following homogeneity (5 min, 0˚C) and 
centrifugation (3,000 x g, 10 min, 4˚C). The protein samples 
were separated by 10% SDS‑PAGE, and then transferred to a 
nitrocellulose membrane. The membrane was blocked with 5% 
skimmed milk powder in TBS containing 0.5% Tween 20 for 
2 h at 37˚C and then incubated overnight for 2 h with MAS1L 
primary antibody (catalog no. ab200685; Abcam) for the Mas 
receptor at a 1:500 dilution or GAPDH primary antibody 
(catalog no. sc‑47724; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA) at a 1:800 dilution for GAPDH. After washing with 
TBS‑T, the blots were then incubated with goat anti‑rabbit 
IgG/HRP secondary antibody (catalog no. ab97040; Abcam) 
at a 1:3,000 dilution for the Mas receptor or a goat anti‑mouse 
IgG/HRP secondary antibody (catalog no. sc‑2005; Santa Cruz 
Biotechnology, Inc.) at a 1:8,000 dilution for GAPDH, then 
rinsed thoroughly with TBS‑T. Proteins were detected by elec-
trochemiluminescence (Bio‑Rad Laboratories, Inc., Hercules, 

CA, USA). The protein hands were analyzed by Gel Pro 4.0 
software (Media Cybernetics, Inc., Rockville, MD, USA).

ELISA. The kidney tissues' total protein content was measured 
by a Coomassie Brilliant Blue Total Protein Quantification 
kit following homogeneity (5 min, 0˚C) and centrifugation 
(3,000 x g, 10 min, 4˚C). Kidney proteins ACE, ACE2, Ang 
(1‑7), Ang II, AT 1 and AT 2 were measured by rat ELISA kits 
(R&D Systems, Inc., Minneapolis, MN, USA) according to the 
manufacturer's instructions. Samples in 96‑well microplates 
were read by a Benchmark plus microplate spectrophotometer 
(Bio‑Rad Laboratories, Inc.) within 20 min after the reaction 
was stopped. Test samples and standards were measured 
in duplicate. Microplate manager version 5.2.1 software 
(Bio‑Rad Laboratories, Inc.), which was equipped with the 
spectrophotometer, automatically calculated sample concen-
trations according to corresponding standard curves with 
four‑parameter logistics and log‑logit function.

Statistical analysis. All values are expressed as the 
mean ± standard error of the mean. Statistical comparisons 
between groups were analyzed with one‑factor analysis of 
variance using SPSS statistical software (version, 17.0; SPSS 
Inc., Chicago, IL, USA), followed by Tukey's post hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Effects of IQP, VEP and SH on growth parameters and blood 
pressure changes in SHR. During the eight‑week experi-
ment, body weight, consumption of drinking fluid and food 
of SHR were not significantly different between the groups. 
As reported previously (16), IQP, VEP and SH had signifi-
cant anti‑hypertensive effects on SHR over an eight‑week 
experimental course.

Effects of IQP, VEP and SH on the ACE‑Ang II‑AT 1/AT 2 
axis in local kidney RAS. The qRT‑PCR analysis of renal 
ACE, AT 1 and AT 2 is demonstrated in Fig.  1. In each 
experimental period (at weeks 3, 6 and 8) there was a signifi-
cant difference in ACE mRNA levels between the every two 
groups. The SH group reported the lowest ACE mRNA levels 
compared with the blank control group (SHR administered 
saline), except the positive control group (SHR administered 
captopril). At week 6, when all the experimental groups 
reached the lowest BP, the ACE mRNA levels of the IQP, 
VEP and SH group were significantly decreased by 76.80, 
68.60 and 81.70%, respectively, compared with the blank 
control group (Fig. 1A). AT 1 mRNA expression in renal 
tissues had a similar trend to ACE. However, at week 6, 
the AT 1 mRNA level of the VEP group was significantly 
lower than that of the SH group, and there was no significant 
difference between the VEP and IQP group. Significant 
differences of AT 1 mRNA levels were identified at week 6, 
when compared with week 3 in the same experimental group. 
At week 6, the AT 1 mRNA levels of the IQP, VEP and SH 
group were significantly decreased, by 73.00, 74.20 and 
70.10%, respectively, compared with the blank control group 
(Fig. 1B). For AT 2 mRNA levels, there was a significant 
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difference between the every two groups at week 6, when all 
the experimental groups reached the highest expression of AT 
2 mRNA (IQP, VEP and SH group AT 2 mRNA expression 
was significantly increased by 36.01‑, 34.03‑ and 38.23‑fold, 
respectively, compared with the negative group; Fig. 1C).

ACE, Ang II, AT 1 and AT 2 concentrations in the kidney 
were measured and quantified by ELISA (Fig.  2). When 
compared with week 3, the ACE concentrations of all the 
experimental groups reached the lowest values at week 6, most 
notably the IQP and SH group. At week 6, although the ACE 
concentration of the captopril group was lower than that of 
SH group, there was no significant difference between the two 
groups (Fig. 2A). Ang II presented the same trend. At week 
6, the Ang II concentrations of the IQP, VEP and SH groups 

were significantly decreased by 32.74, 22.10 and 36.67%, 
respectively, compared with the blank control group (Fig. 2B). 
Similar to ACE and Ang II, at week 6, the AT 1 concentra-
tions of the IQP, VEP and SH were significantly decreased 
by 29.12, 21.27 and 37.37% respectively, compared with the 
blank control group. In each experimental period, there was 
a significant difference in AT 1 concentration between the 
every two groups (Fig. 2C). AT 2 concentrations increased to 
a maximum in all the experimental groups at week 6: the AT 
2 concentrations in the IQP, VEP and SH groups were signifi-
cantly increased by 1.08‑, 0.74‑ and 1.61‑fold, respectively 
(Fig. 2D).

Effects of IQP, VEP and SH on ACE2‑Ang (1‑7)‑Mas axis in 
local kidney RAS. Fig. 3 presents the results of the RT‑qPCR 
analysis of renal ACE2 and Mas mRNA. In each experimental 
period, there was a significant difference in ACE2 mRNA 
levels between the every two groups. At week 6, when all the 
experimental groups reached the highest values, the ACE2 
mRNA levels of the IQP, VEP and SH group were significantly 
increased by 1.31‑, 0.91‑ and 2.01‑fold, respectively, compared 
with the blank control group. Significant differences of ACE2 
mRNA levels were identified at week 6, when compared with 
week 3 in the same experimental group (Fig. 3A). Similar to 
ACE2, Mas mRNA levels were increased maximally in all the 
experimental groups at week 6: Mas mRNA levels in IQP, VEP 
and SH group were significantly increased by 0.76‑, 0.51‑ and 
1.68‑fold, respectively, compared with the blank control group. 
At week 8, although the Mas mRNA of captopril group was 
slightly higher than that of SH group, there was no significant 
difference between the groups (Fig. 3B).

The ACE2, Ang (1‑7) and Mas concentrations in the kidney 
were measured and quantified by ELISA and western blotting 
(Fig. 4). In each experimental period, there was a significant 
difference in ACE2 concentrations between the every two 
groups. At week 6, the ACE2 concentration levels in the IQP, 
VEP and SH group were significantly increased by 1.09‑, 0.83‑, 
and 1.43‑fold, respectively, compared with the blank control 
group. At week 8, following cessation of administration, the 
ACE concentrations increased significantly in IQP, VEP and 
SH groups, respectively, compared to week 3 (Fig. 4A). In 
each experimental period, the captopril group had the highest 
level of Ang (1‑7) concentration, followed the SH group. Only 
in the SH group was there a significant increase in Ang (1‑7) 
concentration at week 8 compared with week 3 (Fig. 4B). Mas 
concentrations in the kidney demonstrated the same trend as 
Ang (1‑7). At week 6, Mas concentrations in the IQP, VEP 
and SH group were significantly upregulated by 1.68‑, 1.41‑ 
and 2.64‑fold, respectively, compared with the blank control 
group. However, in captopril group, there was a significant 
decrease in Mas concentration at week 8 compared with week 
3 (Fig. 4C).

Effects of SH on the main components in local kidney 
and myocardium RAS. A comparison of the effects of SH 
on ACE, Ang II, AT 1, AT 2, ACE2, Ang (1‑7) and Mas at 
week 6 between local kidney and myocardium local RAS is 
presented in Fig. 5. For local kidney RAS, the mRNA levels 
of AT 2, ACE2 and Mas were significantly higher than those 
in the local myocardium RAS respectively. Of note, the AT 

Figure 1. Effects of IQP, VEP and SH on the mRNA levels of the ACE‑Ang 
II‑AT 1/AT 2 axis in SHR kidney during different experimental periods 
(weeks 3, 6, and 8): (A) ACE, (B) AT 1, (C) AT 2. GAPDH was used as 
a housekeeping gene. Data are represented as the mean ± standard error 
of the mean (n=5 animals per treatment group). In each experimental 
period, comparisons between different groups were performed by one‑way 
analysis of variance. Values with dissimilar lowercase letters (a‑e) were 
significantly different, P<0.05. Comparisons between different experimental 
periods of the same treatment group were performed by one‑way analysis 
of variance. **P<0.05 vs. week 3. IQP, Ile‑Gln‑Pro; VEP, Val‑Glu‑Pro; SH, 
Spirulina platensis hydrolysates; ACE, angiotensin‑converting enzyme.
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2 mRNA level was 17‑fold higher in the local kidney RAS 
than that in the local myocardium RAS (Fig. 5A). Protein 
concentrations of ACE and AT 1 in the local kidney RAS 
were significantly higher than those in the local myocardium 
RAS, and the concentrations of AT 2, ACE2 and Ang (1‑7) 
were significantly lower than those in the local myocardium 
RAS (Fig. 5B).

Discussion

SHR is a well‑established model of human essential hyperten-
sion. Various studies to determine the antihypertensive effects 
of food‑derived bioactive peptides have used spontaneous 
hypertensive animals as a model system (23‑25). Previous 
studies by Lu et al (26,27) unraveled the short‑term antihy-
pertensive effects of IQP and VEP, as well as the regulation on 
renin, Ang and other components of the renal ACE‑Ang II‑AT 
1 axis in SHR. Research by Pan et al (16) demonstrated the 
long‑term antihypertensive effects of IQP, VEP and SH in SHR, 
and explained the effects of these antihypertensive peptides on 
the expression of local myocardium RAS components. In the 
current study, the authors investigated the regulative effects 
of IQP, VEP and SH on the major components of both the 
ACE‑Ang II‑AT 1 and ACE2‑Ang (1‑7)‑Mas axes in the local 
kidney RAS.

In the kidney, all RAS components are present, where both 
classic and alternate pathways are operational (28). Studies 
by Lu et al (26,27) demonstrated that one‑week IQP and VEP 
treatment significantly downregulated the mRNA levels of 
ACE, and AT 1 and upregulated the mRNA expression of AT 
2 in the kidney of SHR. The same trend was also reported 

Figure 2. Effects of IQP, VEP and SH on protein concentrations of ACE‑Ang II‑AT 1/AT 2 axis in the SHR kidney during the different experimental periods 
(weeks 3, 6, and 8): (A) ACE, (B) Ang II, (C) AT 1, (D) AT 2. Data are represented as mean ± standard error of the mean (n=5 animals per treatment group). 
In each experimental period, comparisons between different groups were performed by one‑way analysis of variance. Values with dissimilar lowercase letters 
(a‑e) were significantly different, P<0.05. Comparisons between different experimental periods of the same treatment group by one‑way analysis of variance. 
**P<0.05 vs. week 3. IQP, Ile‑Gln‑Pro; VEP, Val‑Glu‑Pro; SH, Spirulina platensis hydrolysates; ACE, angiotensin‑converting enzyme.

Figure 3. Effects of IQP, VEP and SH on the mRNA levels of ACE2‑Ang 
(1‑7)‑Mas axis in the SHR kidney during the different during the different 
experimental periods (weeks 3, 6, and 8): (A) ACE2, (B) Mas. GAPDH was 
the housekeeping gene. Data are represented as mean ± standard error of 
the mean (n=5 animals per treatment group). In each experimental period, 
comparisons between different groups were performed by one‑way analysis 
of variance. Values with dissimilar lowercase letters (a‑e) were significantly 
different, P<0.05. Comparisons between different experimental periods 
of the same treatment group by one‑way analysis of variance. **P<0.05 vs. 
week 3. IQP, Ile‑Gln‑Pro; VEP, Val‑Glu‑Pro; SH, Spirulina platensis hydro-
lysates; ACE, angiotensin‑converting enzyme.
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in this study when comparing ACE, AT 1 and AT 2 mRNA 
expression at weeks 3 and 6 among the blank control group 
and the three experimental groups, suggesting there was a 
close relationship between the antihypertensive effects of 
IQP, VEP and SH and the downregulation of ACE, and AT 1. 
Furthermore, the local kidney RAS may be of high relevance 
for BP regulation as an amplifier of circulating Ang II actions. 
Mice generating increased renal Ang II, either by transgenic 
human RAS or by the local overexpression of rat angioten-
sinogen, develop high BP (29). Results from the present study 
indicated that the expression levels of Ang II in the kidney 
of SHR were significantly reduced following treatment with 
IQP, VEP or SH, especially at week 6, suggesting that BP 
reduction was accompanied by lowered Ang II expression 
levels in the kidney. Therefore, the authors conclude that, 
for kidney local RAS, suppression of the ACE‑Ang II‑AT 

1 axis in the kidney promotes protection against hyperten-
sion. Furthermore, most of the evidence suggests that Ang II 
increases BP by stimulating AT 1, and that AT 2 stimulates 
a vasodilator signaling cascade that includes bradykinin, 
nitric oxide and cGMP. AT 2 mediates some of the beneficial 
actions of AT 1 blockade through this pathway (30). In the 
present study, at week 6, renal AT 2 mRNA level in the SH 
group was significantly increased by 38.23‑fold, and the 
concentration was increased by 1.61‑fold compared with the 
blank control group. Contrary results were observed for AT 1. 
These results were similar to those of Yu et al (31). Therefore, 
the authors propose that, for long‑term antihypertensive 
effects of IQP, VEP and SH, renal AT 2 has an important role 
in counterbalancing the effects of Ang II mediated by AT 
1. In addition, the ACE2‑Ang (1‑7)‑Mas axis is also present 
in the local kidney RAS. Červenka et al (32) proposed that 
the primary mechanism responsible for the BP‑lowering 
effects on chronic hypoxia in Ren‑2 transgenic rats was 
suppression of the hypertensiogenic ACE‑Ang II axis in the 
circulation and kidney tissues, combined with augmentation 
of the intrarenal vasodilator ACE2‑Ang (1‑7) axis (32). In 
the current study, mRNA levels and concentrations of ACE2, 
Ang (1‑7) and Mas in the kidney of the positive control group 
and experimental groups were significantly upregulated, 
especially the SH group, in the same experimental period, 
compared with the blank control group. The results above 
indicated that IQP, VEP and SH treatments decrease BP, at 
least in part, by affecting the expression of major local RAS 
components by downregulating ACE, Ang II and AT 1 while 
upregulating ACE2, Ang (1‑7) and Mas in the kidney of SHR.

Figure 5. The comparison of the mRNA and protein levels between kidney 
and myocardium after the six‑week treatment of SH. (A) mRNA level, 
(B) protein concentration. The results are shown as means ± standard error 
of the mean (n=5), **P<0.05 is considered statistically significant by one‑way 
ANOVA between kidney and myocardium after the six‑week treatment of 
SH. ACE, angiotensin‑converting enzyme; Ang, angiotensin.

Figure 4. Effects of IQP, VEP and SH on protein concentrations of ACE2‑Ang 
(1‑7)‑Mas axis in the SHR kidney during the different experimental periods 
(weeks 3, 6, and 8): (A) ACE2, (B) Ang (1‑7), (C) Mas. Data are represented 
as mean ± standard error of the mean (n=5 animals per treatment group). 
In each experimental period, comparisons between different groups were 
performed by one‑way analysis of variance. Values with dissimilar lower-
case letters (a‑e) were significantly different, P<0.05. Comparisons between 
different experimental periods of the same treatment group by one‑way anal-
ysis of variance. **P<0.05 vs. week 3. IQP, Ile‑Gln‑Pro; VEP, Val‑Glu‑Pro; 
SH, Spirulina platensis hydrolysates; ACE, angiotensin‑converting enzyme; 
Ang, angiotensin.
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The authors investigated the effect of SH on local tissue RAS 
(i.e., kidney and myocardium) in SHR following 6 weeks of SH 
treatment. ACE and AT 1 mRNA levels in the local kidney were 
significantly lower compared with those in the local myocardium 
RAS, suggesting that for the local kidney RAS, SH reduces BP 
by downregulating the ACE‑Ang II‑AT 1 pathway. The high AT 
2 mRNA level in the kidney also suggested that, for the local 
kidney RAS, AT 2 mRNA level was influenced by SH to reduce 
the BP. The catabolism of Ang II to produce Ang (1‑7) is the 
main function of ACE2 (33). Although Zhong et al (17) reported 
a significant upregulation of ACE2 mRNA and protein expres-
sion in the heart and kidney, a comparison between the two local 
RAS was not stated. Other studies reported that ACE2 is highly 
expressed in the kidney, and its activity is much higher in the 
kidney cortex than that in heart tissue (34,35). In the current 
study, the ACE2 mRNA level was significantly higher in the 
kidney compared with the myocardium, possibly because the 
pathogenesis and progression of kidney diseases suggest that 
the renal expression of ACE2 may have a role in controlling 
local RAS rather than regulating systemic BP (35). Mas mRNA 
level in the kidney was significantly higher than that in the 
myocardium, suggesting that kidney local RAS upregulates the 
ACE2‑Ang (1‑7)‑Mas axis. Therefore, from the mRNA data, 
the kidney local RAS regulates the two pathways to a greater 
extent than in the myocardium local RAS. In addition, different 
components of the RAS are taken up by different tissues, 
thereby influencing the local synthesis of Ang II (36). However, 
in the current study, there was no significant difference in Ang II 
content between the myocardium and kidney local RAS, while 
the protein levels of Ang (1‑7) and ACE2 in myocardium were 
significantly higher than those in kidney. Accumulating evidence 
supports the idea that ACE2 is a key negative regulator of the 
RAS where it metabolizes Ang II into Ang (1‑7) (37). Therefore, 
it was speculated that a decrease of Ang II in the myocardium 
may be lower than in the kidney, but abundant ACE2 in the 
myocardium might convert Ang II to Ang (1‑7). Moreover, there 
is good evidence that the ACE2‑Ang (1‑7)‑Mas axis serves an 
important role in counterbalancing Ang II effects on the heart 
to maintain normal cardiac function  (38). Therefore, from 
the perspective of the protein levels, in the myocardium local 
RAS, SH reduced BP primarily by upregulating the ACE2‑Ang 
(1‑7)‑Mas axis.

Accumulating evidence suggests that local RAS exists in 
various tissues, which operates independently of their systemic 
counterparts  (39). In the present study, the differences in 
RAS regulation in the myocardium and kidney were prelimi-
narily compared. Analysis of the expression of various RAS 
components suggests that the local kidney RAS regulates BP 
by the ACE‑Ang II‑AT 1 axis and the ACE2‑Ang (1‑7)‑Mas 
axis mainly at the mRNA level, while the myocardium local 
RAS regulates BP mainly at the protein level. However, the 
specific RAS regulatory mechanism of gene expression in the 
two organs remains to be determined, and the relationship 
between the two tissues and circulating RAS is worthy of 
further investigation.
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