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Protective effect of Xin-Ji-Er-Kang on cardiovascular
remodeling in high salt-induced hypertensive mice
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Abstract. The aim of the present study was to investigate
the effects of Xin-Ji-Er-Kang (XJEK) on high salt-induced
hypertensive mice. Mice with high-salt diet-induced hyper-
tension were divided into four groups: Control (standard
diet alone for 8 weeks), model (diet containing 8% NaCl for
8 weeks and intragastric administration of distilled water for
the last 4 weeks), XJEK + high-salt-treated (diet containing
8% NaCl for 8 weeks and intragastric administration of XJEK
for the last 4 weeks) and irbesartan + high-salt-treated (diet
containing 8% NaCl for 8 weeks with intragastric adminis-
tration of irbesartan for the last 4 weeks). The hemodynamic
index and cardiac pathological changes in the hypertensive
mice were then examined. An aortic ring apparatus was used to
detect acetylcholine-dependent endothelium relaxation func-
tion. Colorimetric analysis was applied to determine serum
nitric oxide (NO), superoxide dismutase activity and malo-
ndialdehyde content; ELISA was employed to measure brain
natriuretic peptide, serum angiotensin II (Ang II), endothelin-1
content and aldosterone; and immunohistochemistry was used
to detect the expression of endothelial nitric oxide synthase
(eNOS), interleukin (IL)-1f, IL-10 and tumor necrosis factor
(TNF)-a in cardiac tissues. XJEK improved the heart systolic
and diastolic function, ameliorated hemodynamic parameters
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and cardiovascular remodeling indices, blunted the cardiac
pathological changes and improved endothelial dysfunction
(ED) via boosting eNOS activity, promoting NO bioavailability
and decreasing serum Ang II content. Furthermore, treatment
with XJEK inhibited the increase of IL-13 and TNF-a expres-
sion and the decrease of IL-10 expression in cardiac tissues,
and ameliorated oxidative stress status. Therefore, XJEK
exerted protective effects against high salt-induced hyperten-
sion and cardiovascular remodeling in mice via improving
ED, restoring pro- and anti-inflammatory factor balance and
decreasing oxidative stress.

Introduction

Hypertension is a common disorder that affects ~25% of the
adult population (1). Hypertension induces abnormal blood
dynamics and sugar and fat metabolic disorders, and also exerts
negative effects on target organs such as the heart, brain and
kidney. It has also been demonstrated that arterial hyperten-
sion accounts for 9.7 million fatalities annually, which is >50%
of the 17 million deaths resulting from various cardiovascular
diseases (2). Epidemiological and interventional studies have
demonstrated that the interactions between multiple factors,
environmental as well as genetic, may lead to the development
of high blood pressure (3,4), and have revealed an evident asso-
ciation between high-salt dietary intake and hypertension (3).

A high-salt diet is known to be associated with increased
arterial pressure; hence, high dietary salt intake is considered
to be the main cause of cardiovascular, cerebrovascular and
renal morbidity and mortality. Furthermore, progress in agri-
culture and farming has given rise to a constant growth in high
salt consumption over the past several centuries (5). With the
development of modern food processing and increasing popu-
larity of high-salt fast food in recent decades, our daily intake
of salt is markedly higher than what is required to maintain
the normal physiological functions of sodium. Thus, high-salt
diet is a major risk factor for the pathogenesis and progres-
sion of hypertension in modern society (6). Accumulating
evidence indicates that the mechanism of high salt-induced
hypertension may include expanded blood volume, increased
blood flow and, ultimately, hypertension (7). Furthermore, as
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numerous studies indicate, high dietary salt intake poses a
threat to target organs, increasing the risk of early morbidity
and mortality, in addition to its impact on blood pressure,
and clinical data also confirm that multiple factors likely
contribute to high salt-induced hypertension (2). However,
their exact interplay has not been fully elucidated, indi-
cating that there may be additional factors underlying high
salt-induced hypertension and cardiovascular remodeling;
thus, further investigation is required.

Endothelial dysfunction (ED), which is considered
to be implicated in the pathogenesis and progression of
hypertensive heart disease (8), is typically manifested by
reduced nitric oxide (NO) bioavailability, and its under-
lying mechanism may involve loss of endothelial nitric
oxide synthase (eNOS) and cofactor tetrahydrobiopterin
(BH4), hence leading to uncoupling of eNOS, due to which
the enzyme produces superoxide anion rather than NO,
further aggravating oxidative stress (OS) and inducing
vascular pathogenesis (9). Roeleveld ez al (10) previously
presented evidence that endothelium-dependent dilation
due to acetylcholine (ACh) in aortic segments from animals
on high-salt diet was terminated by the inhibition of NOS
with an L-arginine analog; however, these responses were
only slightly inhibited in rats on a low-salt diet. More recent
studies further demonstrated that the endothelial capacity for
agonist-induced NO release was inhibited following high-salt
intake for only 3 days (11,12), which indicates that defects
in the response to or production of NO may be implicated
in salt-sensitive hypertension. In addition to decreasing NO
bioavailability, ED also augments the release of angiotensin II
(Ang IT) and endothelin-1 (ET-1), accompanied by increasing
superoxide anion (O,™) production via the angiotensin type
1-ETA/NADPH oxidase pathway (13-15), which further
aggravates ED and OS. Hypertension has been recently
viewed as a low-grade inflammatory disease, in which adap-
tive immunity is a critical mediator, with the components of
both the innate and adaptive immune system contributing
to its pathogenesis (16). Accumulation of macrophages and
T cells has been observed in the perivascular fat, heart and
kidney of hypertensive patients, as well as in hypertensive
experimental animals (17). Notably, numerous studies (18-20)
have explored the effect of Ang II on inducing inflammation
in hypertension and other diseases, demonstrating the poten-
tial role of increased Ang II levels in several disorders and the
effect of Ang II on promoting OS, resulting in inflammation,
vascular dysfunction and target organ damage.

Traditional Chinese Medicine (TCM) has been used
in China for >2,000 years and it has been one of the most
enduring and widely tested alternative medicines worldwide.
Due to its general acceptance and satisfactory efficacy,
TCM has been attracting increasing scientific interest (21).
Xin-Ji-Er-Kang (XJEK), which is a topical Chinese herbal
medicine, is a representative TCM compound and is derived
from 14 herbal medicines, including Panax ginseng C.A.Mey.,
Astragalus mongholicus Bunge, Ophiopogon japonicus
(Thunb.) Ker-Gawl. and Polygonatum odoratum (Mill.)
Druce. Clinical studies and basic research have both indicated
the therapeutic effect of XJEK on coronary heart disease and
experimental hypertension via decreasing OS, enhancing
antioxidant activity and protecting the endothelium (8,22).
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The aim of the present study was to determine whether
the chronic intake of XJEK ameliorates hypertension induced
by a high-salt diet and elucidate the underlying mechanism,
focusing on the involvement of ED and inflammation.

Materials and methods

Animals. A total of 40 Kunming male mice (age, 7-8 weeks;
weight 20+2 g) were obtained from Shanghai SLAC
Laboratory Animal Co., Ltd. [Shanghai, China; certificate no.
SCXK (HU) 2012-0002] and kept in the animal facility of
Anhui Medical University (Hefei, China). All animals were
handled strictly according to the rules and regulations outlined
in the National Institutes of Health Guide for the Care and Use
of Laboratory Animals (NIH Publications no. 8023, revision
1978 (23), and approval was granted from the Animal Care and
Use Committee of Anhui Medical University. The mice were
kept under standard conditions (temperature, 24°C; humidity,
55+5%) with a 12-h dark/light cycle in solid-bottomed poly-
propylene cages and had access to commercial mouse chew
and tap water ad libitum. After allowing the mice to acclima-
tize for 3 days, hypertension was induced by high-salt intake,
as described previously (24).

Chemicals. XJEK, which is composed of 14 diversified
medicinal herbs, as previously reported (8), was purchased
from Nanjing Pharmaceutical Hefei Pharmacy Chain Co.,
Ltd. (Hefei, China), and irbesartan was purchased from
Jiangsu Hengrui Medicine Co., Ltd. (Lianyungang, China;
H20000513).

Induction of hypertension in mice and experimental design.
Mice were randomized into four groups (n=10 per group) and
the hypertension model was successfully induced (confirmed
by measuring systolic blood pressure =130 mmHg) by a
high-salt (8% NaCl) diet for 8 weeks. The groups were as
follows: i) Control group: 10 mice were fed a standard diet
alone for 8 weeks; ii) model group: 10 mice were fed a diet
containing 8% NaCl for 8 weeks and were intragastri-
cally administered distilled water for the last 4 weeks;
iii) XJEK + high-salt-treated group: 10 mice were fed a diet
containing 8% NaCl for 8 weeks and received intragastric
administration of XJEK 7.5 g/kg/day for the last 4 weeks;
and iv) irbesartan + high-salt-treated group: 10 mice were
fed a diet containing 8% NaCl for 8 weeks with intragastric
administration of irbesartan 5 mg/kg/day for the last 4 weeks.

Measurement of systolic blood pressure (SBP). SBP was
measured using the tail-cuff method (ALC-NIBP; Shanghai
Alcott Biotech Co., Ltd., Shanghai China). The basal blood
pressure of each group was recorded prior to the experiment
and then once weekly during the following 8 weeks; all
measurements were handled by the same person at the same
time of day. Prior to measurement, the mice were kept in a
warm environment (27°C) for 30 min for the assessment of tail
artery pulsations and a steady pulse level. The mean number
of SBP measurements was 20.

Hemodynamics and cardiac remodeling index. The mice
were anesthetized with 10% chloral hydrate (300 mg/kg,
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intraperitoneal; cat. no. CC3431-250G; Beijing Cool Laibo
Technology Co., Ltd., Beijing, China), the right carotid artery
was cannulated with a catheter (Transonic Scisense, Inc.,
London, ON, Canada) connected to an admittance control unit,
and then the catheter was advanced along the right coronary
artery and inserted into the left ventricle. The signals were
registered on a four-channel acquisition system (BL420S;
Chengdu Taimeng Software Co. Ltd., Chengdu, China). The
admittance catheters were soaked for 30 min in Alconox prior
to insertion into the common carotid artery according to the
instructions of the manufacturer (Transonic Scisense, Inc.)
The left ventricular systolic pressure (LVSP), left ventricular
end-diastolic pressure (LVEDP) and the increase rate of the
left ventricular pressure (xdp/dt,,,,) were recorded accordingly.

Blood and tissue sampling. Chloral hydrate (300 mg/kg) was
given to mice anesthetized by intraperitoneal injection. Blood
(~1 ml) was collected from the heart into anticoagulant-coated
tubes and immediately centrifuged at 4,000 x g for 10 min at
4°C, and the serum was preserved at -80°C for future analysis.
Next, the mice were sacrificed via exsanguination. The thoracic
cavity was opened to expose the still-beating heart. Hearts
and aortic tissue were then harvested. The hearts were rinsed
in ice-cold 0.9% NaCl solution, photographed, blotted and
weighed, and the heart weight index [heart weight (HW)/body
weight (BW)] was calculated. Heart samples were divided into
two parts, each of which was ~5 mm thick. Aortic samples
(4-5 mm in length) were placed in Krebs solution (composition
detailed below) for further use.

Isolated vascular ring experiments. The thoracic aorta was
excised immediately following the opening of the thoracic
cavity. Transverse rings (4-5 mm in length) were cut, followed
by removal of loose connective tissues, and all vessel rings
were suspended in organ baths containing Krebs solution
of the following composition (mM): NaCl, 118; KClI, 4.75;
NaHCO;, 25; MgSO,, 1.2; CaCl,, 2; KH,PO,, 1.2; and glucose,
11. Krebs solution was maintained at 37+1°C and injected with
95% O,:5% CO, (pH 7.4). This experiment had been previously
performed for mouse aortic strips, and 0.5 g of tension was
determined as optimal for this type of tissue (25). The rings
underwent equilibration from 60-90 min, during which time
warm Krebs solution was used to stretch and wash the tissues
every 15 min. The concentration-relaxation response curves to
ACh (10-9-10-6M) were constructed for intact rings that were
precontracted by 10-5M phenylephrine. Relaxant responses to
ACh were expressed as a percentage of precontraction induced
by phenylephrine.

Histological and morphological analyses of the heart and
thoracic aorta. The heart apex was fixed for 48 h at 27°C by
immersion in neutral 10% buffered formalin for histological
analysis. Hematoxylin-eosin (HE; 27°C for 4 h) and Van
Gieson staining (27°C for 4 h) were applied to observe the
prepared 5-ym paraffin sections. Subsequently, the myocyte
cross-sectional area (CSA), perivascular collagen area (PVCA)
and collagen volume fraction (CVF) were quantitatively
analyzed with ImagelJ software (1.8.0; National Institutes of
Health, Bethesda, MD, USA) in Leica inverted optical electron
microscope (magnification, x400; Leica DM IL, DC 300; Leica

1553

Microsystems GmbH, Wetzlar, Germany). The thoracic aortas
were removed from mice, cleaned and fixed (27°C for 48 h) in
neutral 10% buffered formalin. Paraffin-embedded thoracic
aorta samples were cut in 5-um sections, dewaxed and stained
(27°C for 4 h) with HE; then, the total aortic area (TAA),
luminal area (LA), CSA, aortic radius (AR), luminal radius
(L) and media thickness (M) of the aorta were assessed with
Image-Pro Plus (6.0; Media Cybernetics, Inc., Rockville, MD,
USA) and the proportion of M/L was calculated as previously
described (25).

Measurement of serum NO, superoxide dismutase (SOD),
malondialdehyde (MDA), ET-1, brain natriuretic peptide
(BNP), Ang Il and aldosterone content. NO activity
was determined according to the method described by
Veltkamp et al (26), in which most NO was instantly converted
to nitrite (NO,") and nitrate (NO;’) due to its instability in
physiological solutions. The levels of NO,/NOs" in the serum
were measured with the application of an NO assay kit
(A013-2; Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer's instructions. Under the
effect of aspergillus nitrite reductase, nitrate briefly reverted to
nitrite, and the Griess reagent was applied for measurement of
the total nitrite. Spectrophotometry at 540 nm was employed
to detect absorbance. ELISA was applied to assess the contents
of ET-1 (H093, Nanjing Jiancheng Bioengineering Institute),
Ang IT (H185; Nanjing Jiancheng Bioengineering Institute),
BNP (H166; Nanjing Jiancheng Bioengineering Institute)
and aldosterone (H188; Nanjing Jiancheng Bioengineering
Institute) according to the manufacturer's instructions.

The thiobarbituric acid reactive substances assay was
adopted to detect the MDA content, strictly following the
MDA assay kit's (TBA method) instructions (A003-1; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) and
the absorbance was measured at a wavelength of 532 nm.
Furthermore, the absorbance at 550 nm was detected using
a SOD assay kit (A001-3; Nanjing Jiancheng Bioengineering
Institute), to determine SOD activity.

Measurement of eNOS activity levels in the serum and cardiac
tissue. eNOS activity in the serum and cardiac tissue was eval-
uated using ELISA (H195; Nanjing Jiancheng Bioengineering
Institute) according to the manufacturer's instructions.

Immunohistochemistry for eNOS, interleukin (IL)-15, tumor
necrosis factor (TNF)-a and IL-10. Immunohistochemical
staining was performed by applying the Ultra Sensitive S-P
kit produced by Wuhan Boster Biological Technology, Ltd.
(Wuhan, China) in accordance with the manufacturer's instruc-
tions. Formalin (10%) was used for fixation at 24°C for 48 h, and
the 5 ym paraffin sections were observed. Deparaffinization
of sections was performed in 10 mM sodium citrate buffer
(pH 6.0), followed by microwave treatment for 10 min twice.
The sections were then incubated with endogenous peroxidase
blocking solution (3% hydrogen peroxide; AR1108; Whuan
Boster Biological Technology Ltd., Wuhan, China) for 10 min
at room temperature. Primary rabbit polyclonal antibodies
against eNOS (1:100; ab76198, Abcam, Cambridge, UK)
and polyclonal antibodies against IL-1f (1:200; 12242; Cell
Signaling Technology, Inc., Danvers, MA, USA), TNF-a
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(1:200; ab6671; Abcam) and IL-10 (1:200; 20850-1-AP;
ProteinTech Group, Inc., Chicago, IL, USA) were added and
incubated at 4°C for 18 h. The sections were washed three
times using PBS, and then incubated (37°C) with biotin-conju-
gated anti-rabbit (1:100; SPN-9001; OriGene Technologies,
Inc., Rockville, MD, USA) and anti-mouse (1:100, SPN-9002,
OriGene Technologies, Inc.) secondary antibody for 10 min.
The sections were again washed three times with PBS, followed
by incubation with streptavidin-peroxidase for 10 min at 37°C
and another three washes with PBS. Following haematoxylin
counterstaining (27°C) for 10 min, the sections were incubated
(27°C) in diaminobenzidine for 5 min. At the same time, the
negative group was constructed where one slice was selected
from each group and was treated as aforementioned, but with
PBS instead of antibodies. Leica inverted optical electron
microscope (magnification, x400; Leica DM IL, DC 300;
Leica Microsystems GmbH, Wetzlar, Germany) was used to
capture images.

Western blotting for IL-13, TNF-a and IL-10. Frozen heart
tissue specimens (20 mg) were added to 990 ul radioimmuno-
precipitation assay lysis buffer (CW2334S; Beijing ComWin
Biotech Co., Ltd., Beijing, China) and 10 pl protease inhibitor
(CW2383S; Beijing ComWin Biotech Co., Ltd.). The tissues
were ground and the tissue homogenate was centrifuged at
12,000 x g for 15 min at 4°C. The supernatant was collected
and protein concentration was determined using a BCA
Protein Assay kit (P0010; Beyotime Institute of Biotechnology,
Haimen, China). Equal amounts (10 ul) of loaded proteins
were separated by 10% SDS-PAGE and transferred to poly-
vinylidene difluoride membranes, which were then blocked
at room temperature for 1 h with 5% dry skimmed milk in
Tris-buffered saline containing 1% Tween-20 (TBST). The
membranes were incubated with antibodies against glucocor-
ticoid receptor, IL-1f (1:1,000), TNF-a (1:500), IL-10 (1:1,000)
and GAPDH (1:10,000) overnight at 4°C. GAPDH antibodies
(ab181602) were purchased from Abcam. Membranes were
washed with TBST three times, 5 min each. IL-13, TNF-a
and IL-10 were incubated (at 27°C) with anti-rabbit immuno-
globulin (Ig)G secondary antibody conjugated to horseradish
peroxidase (HRP) for 1 h (1:10,000; ab7090; Abcam), and
eNOS and GAPDH were incubated (at 27°C) with anti-mouse
IgG secondary antibody conjugated to HRP for 1 h (1:10,000;
ab97040; Abcam). Following extensive washing, the protein
bands were detected by enhanced chemiluminescence reagents
(ECL kit; GE Healthcare Life Sciences, Little Chalfont, UK).
The Chemi Q4800 mini Imaging System (Bioshine, Shanghai,
China) was used to visualize protein bands, and densitometry
analysis was performed with ImagelJ software. The density of
each immunoreactive band was normalized to the density of
its corresponding band of GAPDH.

Statistical analysis. In the present study, all data are from at
least three independent experiments and are expressed as the
mean + standard deviation. Data were analyzed by one-way
analysis of variance to test the significance of differences
between the control and drug-treated groups. Comparisons
between multiple groups was performed using the Scheffe
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.
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Figure 1. Development of SBP in the four experimental groups during
an 8-week period. A total of 9 time points of SBP were measured using
tail-cuff apparatus measurement in each group. Data are presented as the
mean = standard deviation,n=10. “P<0.01 vs. control group; “P<0.05, *P<0.01
vs. model group. SBP, systolic blood pressure; XJEK, Xin-Ji-Er-Kang.

Results

Effects of XJEK on SBP in high salt-induced hypertensive
mice. Time-related changes in SBP among the four groups
are presented in Fig. 1. No marked difference was observed in
SBP among experimental groups at baseline. The high daily
intake of salt for 8 weeks induced a marked elevation in SBP
(139.17+1.80 mmHg) in the model group compared with in the
control group (112.89+2.31 mmHg; P<0.01), whereas adminis-
tration of XJEK for the last 4 weeks markedly decreased SBP,
compared with the model (134.81+2.53; P<0.01). The SBP in
hypertensive mice on irbesartan treatment was also downregu-
lated compared with in the model group (135.25+3.54; P<0.01).

Effects of XJEK on hemodynamic parameters in high
salt-induced hypertensive mice. In all groups, in vivo left
ventricular function was evaluated at the end of the 8 weeks.
As indicated in Table I, the systolic cardiac parameters in the
model group, such as LVSP +dp/dt,,,,, and diastolic cardiac
parameters (-dp/dt,,,), were all raised in the model group
compared with the control, which was reversed by XJEK
treatment. Similar results were achieved in the positive control
group with irbesartan treatment.

Effects of XJEK on cardiac remodeling in high salt-induced
hypertensive mice. The histological study of the hearts of the
experimentally-induced hypertensive mice in the model group
demonstrated that myocyte CSA, and the levels of CVF was
all markedly increased compared with those in the control
group (P<0.01; Fig. 2A-C). Treatment with XJEK for 4 weeks
reversed these pathological changes (P<0.01), as did irbesartan
in the positive control group (P<0.05). Compared with in the
control group, the HW/BW ratio was increased in the model
group, reflecting cardiac hypertrophy (P<0.01; Fig. 2D).

BNP may be associated with cardiovascular disorders,
even at levels far below contemporary thresholds for diag-
nosing heart failure. The present study revealed no significant
difference in the level of BNP among the four experimental
groups, which may be attributed to the cardiac compensatory
phase, which protects against high-salt diet-induced damage
(Fig. 2E). The level of PVCA in the model group was signifi-
cantly higher than that in the control group, but was reversed
in the XJEK group (P<0.01; Fig. 3).
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Table I. Effects of XJEK on cardiac function in high-salt induced hypertensive mice.

Group LVSP (mmHg) LVEDP (mmHg) +dp/dt,,,, (mmHg/sec) -dpldt,,,, (mmHg/sec)
Control 83.13£8.59 -3.78+5.85 4,147.56+715.84 -3,178.7+673.53
Model 102.05+20.96* -2.63+5.31 5,315.25+1,122.92¢ -4,343.32+1,049.13"
XJEK 88.52+8.30 -1.26+3.90 4,275.33+474.32° -3,497.60+479.50°
Irbesartan 96.84+14.87 -3.59+6.82 4,958.59+922.37 -4,250.01£756.12

Data are presented as the mean + standard deviation, n=10. XJEK, Xin-Ji-Er-Kang; LVSP, left ventricular systolic pressure; LVEDP, left
ventricular end-diastolic pressure; +dp/dt,,,, maximal rate of left ventricular systolic pressure; -dp/dt,,,, maximal rate of left ventricular

diastolic pressure. “P<0.05 vs. control group; "P<0.05 vs. model group.
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Figure 2. Effects of XJEK on HW/BW, myocyte CSA in high-salt induced hypertensive mice. (A) Representative figure of myocyte cross-section (HE
staining, x400). (B) Representative figure of myocyte long axis (HE staining, x400). 1: Control group; 2: Model group; 3: XJEK + high-salt-treated group;
4: Irbesartan + high-salt-treated group. (C) Quantified results of myocyte CSA. (D) Quantified results of HW/BW. (E) Plasma BNP content in high-salt
induced hypertensive mice. Data are presented as the mean + standard deviation, n=10. “P<0.01 vs. control group; “P<0.05, “P<0.01 vs. model group. XJEK,
Xin-Ji-Er-Kang; HW/BW, heart weight/body weight; CSA, cross-sectional area; HE, hematoxylin and eosin; BNP, brain natriuretic peptide.

Effects of XJEK on aortic remodeling in high salt-induced
hypertensive mice. The vascular remodeling of the upper
thoracic aorta in mice on a high-salt diet was evaluated at
the end of the 8th week. The TAA, LA, CSA, CSA/TAA,
AR, L and M values and the M/L ratio of the aorta in high
salt-induced hypertensive mice were elevated compared with
those in control mice, which was effectively reversed by XJEK
and irbesartan intervention over the last 4 weeks (Fig. 4;
Table II).

Effects of XJEK on ED in high salt-induced hypertensive mice.
NO content and eNOS activity in the cardiac tissue and serum
of model group mice were markedly decreased compared with
those in the control group (P<0.05), whereas mice treated with
XIJEK or irbesartan exhibited increased NO and eNOS levels
compared with in the model group (P<0.05; Fig. 5).

The Ang II, ET-1 and aldosterone levels were detected 8
weeks later. The serum Ang II, ET-1 and aldosterone content
was increased in hypertensive mice compared with that in the
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Figure 3. Effects of XJEK on CVF and PVCA in high-salt induced hypertensive mice. (A) Representative figure of myocardial fibrosis (VG staining, x400).
(B) Representative figure of perivascular fibrosis (VG staining, x400). (C) Quantified results of myocardial fibrosis. (D) Quantified results of perivascular fibrosis.
Data are presented as the mean + standard deviation, n=10. “P<0.01 vs. control group; *#P<0.01 vs. model group. XJEK, Xin-Ji-Er-Kang; CVF, collagen volume

fraction; PVCA, perivascular collagen area; VG, Van Gieson.
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Figure 4. Representative images of aortic remodeling in different groups. Groups were divided as follows; 1: Control group; 2: Model group; 3: Xin-Ji-Er-Kang
+ high-salt-treated group; 4: Irbesartan + high-salt-treated group. Hematoxylin and eosin staining was used; original magnification, x100.

control group (P<0.01), but was markedly reduced following
XJEK and irbesartan intervention (P<0.01; Fig. 6).

Compared with those of the control group, the aortic rings
of mice on a high-salt diet exhibited drastically decreased
endothelium-dependent vasodilator responses to ACh
in aortic segments stimulated by phenylephrine (Fig. 7).
Compared with the model group, XJEK treatment markedly
improved the vasodilation induced by ACh in the aortic rings
of high salt-induced hypertensive mice, indicating that high
salt-induced hypertension may lead to increased ED, whereas

4-week experimental therapy with XJEK ameliorated the ED
induced by high-salt intake.

Effects of XJEK on inflammatory cytokine expression in
high salt-induced hypertensive mice. The expression of IL-13
and TNF-a in cardiac tissues was markedly increased in the
high-salt group compared with control group mice (P<0.01),
while the increase in expression was inhibited by XJEK and
irbesartan intervention (P<0.01; Fig. 8A and B). In high salt-
induced hypertensive mice, the expression of IL-10 in cardiac



Table II. Effects of XJEK on aorta remodeling in high-salt induced hypertensive mice.

L (um) M (um) M/L (%)

CSA (x10° um?) CSA/TAA (%) AR (um)

LA (x10° uym?)

TAA (x10° ym?)

Group

299.4+57.1 68.0+£10.3 23.7£6.9
25.2+4.8

367.5+£53.2

342+7.2
35.9+4.7

141.3+26 .0

246.8+64.8°
150.6+18.0¢
149.3+21.6¢

431.4+120.5 290.0+106.3
433.7+£52 3¢

Control
Model

93.4+£19.6*

371.0+£23.2*
309.3+£39.3¢
313.6+£36.7¢

464.5+34.9°
379.7+29.7¢
381.9+£36.9¢

680.5+100.7°
455.0£71.6°
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23.4+6.4

70.4+£12.3¢
68.3+6.7¢

33.9+7.0
32.7+3.8

304.4+78.9¢

XJEK

22.1+34

312.4+70.1¢

461.6+85.7¢

Irbesartan

Data are presented as the mean + standard deviation, n=10. XJEK, Xin-Ji-Er-Kang; TAA, total aorta area; LA, lumen area; CSA, cross-sectional area; AR, aorta radius; L, lumen; M, media. *P<0.05,

°P<0.01 vs. control group; “P<0.05, °P<0.01 vs. model group.

tissues was reduced significantly compared with controls
(P<0.01), but was then markedly increased with XJEK and
irbesartan treatment compared with the model group (P<0.01;
Fig. 8C). The immunohistochemical results of IL-1 §, TNF-a
and IL-10 are presented in Figs. 8D-F. Furthermore, the results
of IL-1B, TNF-a and IL-10 western blotting were consistent
with those of immunohistochemistry (P<0.01; Fig. 8G-L).

Effect of XJEK on serum SOD activity and MDA content
in high salt-induced hypertensive mice. Compared with the
control group, the SOD level was markedly decreased in the
model group (P<0.01), as presented in Fig. 9A. By contrast,
the serum MDA level was observably increased in the model
group compared with that in the control group (P<0.05;
Fig. 9B). XJEK administration during the last 4 weeks mark-
edly decreased MDA content (P<0.05) and enhanced serum
SOD activity (P<0.01).

Discussion

Hypertension is the most common type of cardiovascular
disease and the leading cause of mortality and disability world-
wide (27). Experimental observations have demonstrated that
a long-term high-salt diet may induce hypertension and renal
injury in normal Sprague-Dawley rats and it was also found to
be associated with ED (1,28,29). In accordance with previous
reports, the present study demonstrated that a high-salt diet led
to hypertension and cardiovascular remodeling in mice, mani-
fested by the deterioration of cardiac hemodynamics, HW/BW
index, cardiomyocyte CSA and longitudinal diameter, aortic
wall thickness, TAA and media thickness. In addition, obvious
ED, OS and inflammatory status were observed in mice, clearly
reflecting the association of high-salt diet with hypertension.
Of note, treatment with XJEK markedly alleviated these
pathophysiological changes. The dose of XJEK for the present
study was based on the clinical dose, and was converted for
mice according to pharmacology conversion formula (30).
Furthermore, the dose of XJEK was considered based on
our previous report (31,32) and with minor modifications
according to different animal models.

The endothelium has long been viewed as a protective
biocompatible barrier between tissues and circulating blood,
and it is also a key regulator of vascular homeostasis, due to
the fact that it not only acts as a barrier, but serves as an active
signal transducer that circulates influency, modifying the vessel
wall phenotype (33). ED is a systemic pathological condition
resulting from an imbalance between endothelium-dependent
vasoconstriction and vasodilation, specifically associated
with reduced NO production, downregulation of eNOS
expression and reduced endothelium-dependent vasodilator
response (34-36), upregulation of ET-1, and increased reactive
oxygen species, cytokine and chemokine production (37). It
has been established that environmental factors, such as high
salt intake, contribute to vascular remodeling, ultimately
leading to BP elevation and cardiovascular diseases, which
often co-exist with a lack of NO (28) and overexpression of
ET-1 (38). Normally, the renin-angiotensin II system (RAS) can
effectively regulate arterial BP and Na* excretion, a process in
which the peptide hormone Ang IT serves an important role (39).
Salt restriction may stimulate Ang II formation, while the high
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Figure 5. Effects of XJEK on serum NO content,eNOS activity in high-salt hypertensive mice. (A) Representative images of eNOS immunohistological staining
in hearts (magnification, x400). 1: Negative group; 2: Control group; 3: Model group; 4: XJEK + high-salt-treated group; 5: Irbesartan + high-salt-treated group.
(B) Quantified results of eNOS immunohistological staining and (C) cardiac tissue eNOS activity measured by ELISA. (D) Serum NO content by colorimetric
analysis. (E) Serum eNOS activity measured by ELISA. Data are presented as the mean + standard deviation, n=10. "P<0.05, “"P<0.01 vs. control group;
"P<0.05, "P<0.01 vs. model group. XJEK, Xin-Ji-Er-Kang; NO, nitric oxide; eNOS, endothelial nitric oxide synthase.

= 1000 - — 1000 1 CE
A 1000 B 51000 5
3 i 2 800+ i 2490
= 800 1 T ## 44 = T @ 300 *k
[} T @ ## #H o2
8 6001 == - g 8001 T T o ##
© 400 T 4001 S 200 i
< L 3
£ 2001 E 200 8 100
I~ = ©
a0 : T - - w0 T T T . E ol 1 . .
T ¥ f 5 T ¥ ¥ § 3 ©E T & §
[= Q = | = c [=] = | = c [=] -2 =
= a = 4 = @
3 = 2 S = 2 g = 2
£ £ 2

Figure 6. Effects of XJEK on serum Ang II content (A) , ET-1 content (B) and aldosterone (C) in high-salt induced hypertensive mice. Data are presented as
the mean * standard deviation, n=10. “P<0.01 vs. control group; “P<0.01 vs. model group. XJEK, Xin-Ji-Er-Kang; Ang II, angiotensin IT; ET-1, endothelin 1.

dietary salt intake suppresses it (20). However, the dysfunc-
tion of RAS and unusually increased Ang II levels account for
numerous pathological conditions (39). Previous studies have
demonstrated a correlation between ET-1 and Ang I1,i.e., ET-1
enhances the activity of the angiotensin-converting enzyme,
promoting the conversion of Ang I to Ang II, which then boosts

the activity of the endothelin-converting enzyme (40.,41).
Amiri et al (38) demonstrated that ET-1 overexpression
associated with high salt consumption promoted ED and
vascular remodeling of resistance vessels, and contributed
to an increase in BP, mediated in part by endothelin type A
and type B receptors. Abnormal elevation of Ang IT and ET-1
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Figure 7. XJEK increased vasodilation of the thoracic aorta from high-salt
induced hypertensive mice. Data are presented as the mean =+ standard
deviation, n=10. "P<0.05 vs. control group; "P<0.05 vs. model group.
XJEK, Xin-Ji-Er-Kang; Ach, acetylcholine.

stimulates O,™ production by NADPH oxidase, and elevated
0O," levels disturb normal signal transduction mechanisms in
endothelial and vascular smooth muscle cells, and induce the
production of more O, by decreasing vascular levels of BH4,
an important co-factor for NO production (42). The interac-
tion between O, and NO may lead to increased peroxynitrite
(ONOO) formation, which in turn results in further increase
in O,". This accelerates the oxidation of the NOS co-factor
BH4 by ONOO" and leads to eNOS uncoupling, during which
the catalytic activity of eNOS generates additional O, instead
of NO, leading to a vicious cycle of oxidative stress, which is
a process referred to as eNOS uncoupling (43). The present
study demonstrated that salt loading in mice led to significant
ED, manifested by decreased serum NO availability and
eNOS activity, increasing serum Ang II and ET-1 content, and
leading to endothelium-dependent vasorelaxant dysfunction
and an obvious OS status. Treatment with XJEK for 4 weeks
improved high salt-induced ED, as was reflected by the amelio-
ration of NO-dependent artery relaxation and restoration of the
balance between vasodilation (NO and eNOS) and vasocon-
striction (Ang IT and ET-1) factors. Under normal conditions,
increased dietary salt intake suppresses plasma renin activity,
leading to suppression of circulating Ang II levels and reduced
plasma levels of aldosterone, resulting in reduced reabsorp-
tion of Na* by the renal tubules to facilitate Na* excretion and
maintain blood volume. Ang II also stimulates the secretion of
aldosterone in the adrenal cortex, causing retention of water
and sodium in the body and increasing BP (44). In the present
study, the aldosterone content was increased in the serum of
model mice, while it was significantly decreased in the serum
of mice treated with XJEK. Furthermore, Ang II accounts for
the downregulation of MDA content and the upregulation of
SOD activity in the serum, ameliorating OS status.

It has been indicated previously that the immune system
and inflammatory response are also crucial for the patho-
genesis of hypertension, in which the innate and adaptive
immune cells transmigrate and accumulate in the interstitium
of affected tissues, where they trigger cytokine release and
activation, causing remodeling as well as impaired cardio-
vascular function and target organ injury (45). Cytokines
represent a diverse group of various soluble short-acting mole-
cules and may be divided into two main subgroups, namely
pro-inflammatory cytokines (including TNF-o and IL-1p),
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which are produced predominantly by activated macrophages
and anti-inflammatory cytokines (e.g., IL-10) that suppress the
inflammatory response (46).

TNF-a, produced by a variety of cells, acts on its recep-
tors and activates multiple signal pathways, such as death
and survival pathways, and NADPH oxidase activation.
NADPH oxidase produces superoxide, which immediately
responds to NO, generating the strong oxidant peroxyni-
trite. Furthermore, TNFa impedes the eNOS promoter and
leads to the destabilization of eNOS mRNA, consequently
decreasing eNOS protein levels and the ability of the endo-
thelium to yield NO (47,48). Aortic ring experimentation has
demonstrated that TNF-a reduces endothelium-dependent
vasodilatation. Cytokine IL-10, as a noted key product of
regulatory T cells (Tregs), exerts anti-inflammatory and,
thus, protective effects in hypertension (49). It has also been
demonstrated that boosted Treg function ameliorates Ang
IT and aldosterone-induced hypertension, cardiac fibrosis,
coronary inflammation, electrical remodeling and impaired
endothelial-dependent vasodilatation, which are possibly
mediated at least partially by IL-10 release from Tregs (50).
Previous studies (32,51) have confirmed the key role of the
balance between pro- and anti-inflammatory cytokines in
cardiovascular remodeling and ED that often accompany
hypertension, and restoring of this balance is crucial in
the prevention of cardiovascular damage. Based on these
findings, the present study demonstrated the presence of an
immunological imbalance exists in the high salt-induced
hypertensive mouse model, reflected by an increase in TNF-a
and IL-1p and a decrease in IL-10 levels. Furthermore, treat-
ment with XJEK restored the balance between pro- and
anti-inflammatory status.

In conclusion, the present study demonstrated that the
endothelial function in mice with hypertension induced by a
high-salt diet resulted in cardiovascular remodeling and OS,
which was reversed by XJEK or irbesartan treatment. Although
XIJEK possesses similar protective properties to those of irbe-
sartan, XJEK is more effective in reducing blood pressure, and
it possibly serves a role in attenuating vascular OS and inflam-
mation and improving ACh-induced vasorelaxation and ED.
Hence, it may be concluded that XJEK was able to suppress
hypertension-induced damage in a high salt-induced hyper-
tensive mouse model by ameliorating ED, and the underlying
mechanisms may include restoring the balance between vaso-
dilation and vasoconstriction factors, immunological balance
and downregulating OS. Further research is required to fully
elucidate the possible mechanisms and potential therapeutic
implications of these findings.
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