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Purpose: Hypertension (HTN) is a major risk factor for cardiovascular disease. In recent
years, there were numerous studies on the function of stress in HTN. However, the gut
dysbiosis linked to hypertension in animal models under stress is still incompletely under-
stood. Purpose of this study is to use multiple determination method to determine the
juvenile stage intestinal bacteria, cytokines and changes in hormone levels.

Methods: Four groups of juvenile male spontaneously hypertensive rats (SHRs) and age-
matched male Wistar-Kyoto (WKY) rats were randomly selected as control and experimental
groups. Rats in the two stress groups were exposed to restraint stress for 3 hours per day for 7
consecutive days. In one day three times in the method of non-invasive type tail-cuff monitoring
blood pressure. The detailed mechanism was illuminated based on the intestinal change using
immunohistochemical and immunofluorescence staining and the stress-related hormone and
inflammation factors were analyzed via ELISA method. The integrity of the epithelial barrier
was assessed using FITC/HRP and the expression levels of proteins associated with the tight
junction was detected by Western blot. The alteration of stress-related intestinal flora from
ileocecal junction and distal colon were also analyzed using its 16S rDNA sequencing.
Results: The results indicate that acute stress rapidly increases mean arterial pressure which
is positive correlation to hormone concentration, especially in SHR-stress group. Meanwhile,
stress promoted the enhancement of epithelial permeability accompanied with a reduced
expression of the tight junction-related protein and the macrophages (M¢) aggregation to the
lamina propria. There were remarkable significant increase of stress-related hormones and
pro-inflammatory factor interleukin (IL)-6 along with a decrease in the diversity of intestinal
flora and an imbalance in the F/B ratio.

Conclusion: Our results reveal that stress accompanied with HTN could significantly
disrupt the domino effect between intestinal flora and homeostasis.

Keywords: hypertension, restraint stress, intestinal flora, juvenile rat, intestinal barrier,
macrophages

Introduction

Hypertension (HTN) has become a global public health concern and is a main risk
factor for multiple cerebrovascular, cardiovascular, and kidney diseases.'” It arises
from the interaction between multiple environmental factors, as well as the latest
evidence manifests that the causal relationship with intestinal flora imbalance.” > In
the United States, the prevalence of HTN after age 20 is about 46%.° and an
approximate 13.7% of hypertensive patients are resistant or refractory to various

treatment measures. Part of the neurogenic mechanisms may be a decrease in
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parasympathetic activity and an increase in sympathetic
activity.” Nevertheless, the mechanisms underlying the
therapy-resistant HTN are still ill-informed. As a global
health problem, multiple pathways are aware of the vital
roles in the development of HTN. And common causes of
HTN include high-salt diet, unhealthy lifestyle, genetic

stress.8

predisposition, obesity, and chronic mental
Despite some significant advances in habitual lifestyle
changes and pharmacology, but the prevalence rate of
HTN remains high. In recent years, the trend of younger
HTN has gradually increased, which is mainly related to
long-term stress. With an accelerating pace of life, stress
has become the main cause of HTN in youth, which has
aroused great concern among scientists.

Modern stressors that always sustained for a long time
are closely related to psychological threats (social anxiety,
work stress, natural disasters) in our daily life. It has been
noted that the adaptive responses to stress prepare indivi-
duals for fight or flight mechanism, and stress resulted
from current lifestyles could exert a negative influence
on the response.’® This can lead to decreased immune
functions and the occurrences of diseases such as diabetes,
coronary heart disease, renal failure and HTN. Therefore,
stress may also activate the sympathetic nervous system
(SNS) and the hypothalamic-pituitary-adrenal (HPA) axis,
which alternates with immune responses and systemic
hormonal,” thus adversely affecting health. Moreover, it
initiates the release of adrenocorticotropic hormone
(ACTH), which could stimulate the development of the
adrenal cortex and the secretion of glucocorticosteroids
and corticosterone (CORT). This also stimulates renal
tubular water resorption and therefore increases blood
volume and BP. Norepinephrine (NE) is also involved in
the regulation of stress response, as it could increase the
peripheral resistance to blood flow and consequently result
in increased blood pressure.'® Besides the influence men-
tioned above, restraint stress could also improve the levels
of interleukin (IL)-1P in the hippocampus, cerebral cortex,
hypothalamus and serum.'’

In general, both chronic stress and high basal levels of
stress hormones lead to the development of peripheral

2 which was

disease such as intestinal inflammation,’'
found to be more pronounced in hypertensive rats.'> But
the relationship between HTN, bowel, and stress is only
incompletely understood and a further understanding of it
is the key to controlling HTN. The aim of the investigation

is to explore the correlations between inflammatory

response, intestinal pathological damage, and intestinal
flora variation in rats with HTN along with stress.

Method

Animals and Housing

Four-week-old male spontaneously hypertensive rats
(SHRs) and age-matched male Wistar-Kyoto (WKY) rats
were purchased from (Laboratory Animal Services Center,
Capital Medical University). Rats were cared for and
handled in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals (AEEI-2018-086). The rats were acclimated for
at least 3 days before the experiments started and were
housed in a specific pathogen-free animal facility with 12
h light (7 AM-7 PM): 12 h dark (7 PM-7 AM) cycle and
temperature (22+1°C) with filtered tap water and food
(Nutritional

Supplementary Table S1).

pellets composition ratio of food see

Stress Exposure

All experiments involving rats were divided into four
groups as non-stressed control (y-WKY and y-SHR), tube-
restraint stress (y-WKY-S and y-SHR-S) in accordance
with the regulations. Rat in the two stress groups was
exposed to restraint stress for 3 hours per day for 7 days,
and the stress sessions started from 2:00 pm to 5:00 pm.
Rats in the tube-restraint stress group were exerted with
immobilization for 3h stress session using an individual
rodent restrainer device per day (14 cm long, 5.8 cm outer
diameter; Nanjing Calvin Biotechnology Co., Ltd., China)
in a non-traumatic manner. During the period of the stress
training, restrained rats were placed in their home cages.
BP was measured per 1 h according to the protocol and the
tail of the rat was placed on an insulating board lasting 10
minutes in advance and keeps the tail temperature constant
for caudal vein blood pressure measurement.'* Animals
from the control group which receive no stress were iso-
lated for the same time, but not immobilized when mea-
suring BP, body weight every day and regular cage
cleanings.

Blood Pressure Measurement

BP was monitored using a non-invasive tail-cuff method
three times continuously one day (Non-Invasive Blood
Pressure System, CODA, Kent Scientific Corp, Austin
TX, USA). The restraint procedures involved in the tail-
cuff method may cause stress to the animal due to

submit your manuscript

1086

Dove

Journal of Inflammation Research 2021:14


https://www.dovepress.com/get_supplementary_file.php?f=294630.pdf
http://www.dovepress.com
http://www.dovepress.com

Dove

Wang et al

prolonged repeated contact, rats were adapted to the blood
pressure meter 3 days in advance during the specified
treatment period, the restraint limit is 30 minutes per
animal to reduce the stress.'® During the formal test, con-
scious rats were restrained in a warming chamber set at
35°C and allowed to stabilize for 10 minutes before apply-
ing tail-cuff and conditioning. Next, measure the mean
arterial pressure (MAP), systolic blood pressure (SBP)
and diastolic blood pressure (DBP).

Immunohistochemical and

Immunofluorescence Staining

After isolation or immobilization, all animals were
anesthetized with chloral hydrate (10%, 0.04mL/g, intra-
peritoneal injection), and 4.0 mL of blood were immedi-
ately collected via aortaventralis puncture (See
Supplementary Materials for detailed steps). Distal colons

collected were fixed with 4% paraformaldehyde for 12
h before embedded in paraffin and sectioned into 5 um
thick slices that were stained with hematoxylin and eosin
(H&E, Wuhan Servicebio Technology Co., Ltd., Wuhan,
China), Sirius Red staining or Masson’s trichrome staining
(Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China) respectively. Morphological features of
these sections were observed by light microscopy and the
number of goblet cells and length of the crypt as well as
the thickness of mucosa, muscle and flat luminal surface
and collagen fibers were measured using fully automatic
digital slice scanning system (3DHISTECH Ltd. Budapest,
Hungary and CaseViewer, 3DHISTECH’s advanced slide
viewing software). We further observed the collagen fibers
through transmission electron microscopy (TEM, HT7700,
80 kV, Hitachi, Tokyo, Japan). The Sirius Red staining
sections were mounted and viewed under a polarized light
microscope (Olympus BX51, Japan) and dark field images
were obtained. The three different sites in the distal colon
of each group of six rats were evaluated and the morpho-
logical characteristics of the stained colon sections were
witnessed by light microscopy. CD68 and CD163 in colon
were identified by immunofluorescence using mouse anti-
rat CD68 mAb (Abcam, 1:200, Cambridge, UK) and rab-
bit anti-rat CD163 mAb (GeneTex, 1:200, CA, USA). The
tissue sections were incubated with a fluorescein-
isothiocyanate-conjugated secondary antibody (1:1000,
Invitrogen, Carlsbad, CA, USA) at 4°C refrigerator over-
night. Positive cells were blindly observed in 10 HPF/
section (X200) and analyzed by the “Image-Pro Plus 6.0”

software (IPP, Media Cybernetics Inc., Rockville, MD,
USA). The sets of measurements were obtained are area,
density and IOD data represent the mean+=SEM from three
replicates.

Transmission Electron Microscopy of
Collagen Fibers

Colon tissue samples were separated and fixed immedi-
ately with 2% glutaraldehyde for 2 hours at 4°C, post-fixed
with 1% osmium tetroxide, and then dehydrated by etha-
nol through the following steps: 30% for 10 min, 50% for
10 min, 70% to overnight, 80% 20 min, 90% for 20 min,
then the samples were washed three times in 100% ethanol
at 20 min/each and two times in acetone at 30 min/each.
Infiltration was done by the ratio of resin: acetone at 1:1
for the first hour, ratio of resin: acetone at 2:1 for
the second hour, pure resin for another hour, and finally
pure resin overnight. The colon samples were embedded in
a 70°C oven overnight. Ultrathin sections were cut and
stained with uranyl acetate and lead citrate. Epithelial
tissue ultrastructure was determined with a transmission
(Hitachi  HT7700, Hitachi
Technologies, Tokyo, Japan).

electron  microscope

ELISA Analysis

The plasma and tissue level of the stress-associated hor-
mones and cytokines, such as NE, CORT, ACTH,
Angiotensin II (Ang II), IL-10, IL-1B, tissue inhibitor of
metalloproteinases (TIMP)-1, IL-6, IL-17, and tumor
necrosis factor-o (TNF-a), were detected using commer-
cial ELISA Kit (Beijing Ruigebo Biotechnology Co., Ltd.,
Beijing, China) for simultaneous quantitative measure-
ment. The OD value was measured at 450 nm using
a microplate reader (BioTek Instruments, Inc., Winooski,
VT, USA) and samples were tested according to the man-
ufacturer’s instructions. An array was run to optimize the
plasma dilutions at which the hormones and cytokines
would be quantified within the array’s limit of detection
(LOD). All plasma samples were diluted 1:1 with sample
diluent, then 50 pL of each of diluted samples and pre-
pared standards were gently shaken on the arrays and
incubated overnight at 4°C. After washing several times,
the antibody mixture was added and the array was gently
shaken at room temperature and incubated for 2 hours.
Analysis of raw fluorescence data from the Q-Analyzer
software for the QAH-INF-3 arrays using Q-Analyzer
software (Beijing Ruigebo Biotechnology Co., Ltd.,
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Beijing, China) which was widely used to calculate the
concentrations of cytokine in pg/mL based on a seven-

point linear regression of the standard curves.'®

Western Blot Analysis

The 2-cm distal colon was homogenized with a hand-held
homogenizer in the prepared tissue lysis buffer. Total protein
was extracted from the colon tissue and analyzed through
Pierce BCA assay (Applygen, Beijing, China) to determine
its concentration. They were then loaded on polyacrylamide
gels and transferred to PVDF membrane (Millipore, MA,
USA). The following antibodies were used for immunode-
tection: anti-claudin-5, anti-occludin and anti-zonula occlu-
dens-1 (ZO-1) (1:500, Invitrogen, Carlsbad, CA, USA and
the protein bands were visualized with Odyssey imaging
system (LI-COR Biosciences, USA)).

Fecal 16S rDNA Sequencing

After one week of restraint stress, fecal samples were col-
lected and subjected to DNA isolation using BioFastspin
Soil/Genomic DNA/RNA Extraction Kit (BSC68S1, Bioer
Technology Co., Ltd., Hangzhou, China). The amount of
DNA was determined by NanoDrop2000 (Thermo
Scientific, USA) and stool samples were maintained frozen
at —80°C until further analysis was performed. DNA was
then followed by PCR amplification and sequenced using
MiSeq System (Illumina, Genewiz, LTD, Suzhou, China).
The V3-V4 region of the bacteria 16S rDNA gene in each
sample were amplified using the bacterial universal primer
338F 5'-barcode-ACTCCTACGGGAGGCAGCA-3' and
806R  5'-barcode-GGACTACHVGGGTWTCTAAT-3'30,
in which the barcode is a six to eight-base sequence unique
to each sample. Pyrosequencing was then performed and
Bioinformatics Analysis, Operational taxonomic units
(OTUs) were clustered with 97% similarity cutoff using
UPARSE http://drive5.com/uparse/).
UCHIME is employed to identify and remove the Mosaic

(version 7.1

sequence, and the classification of each 16S rDNA gene
sequence is analyzed using the SILVA 119 16S rDNA
database through the RDP classifier (http://rdp.cme.msu.
edu/), with a confidence threshold of 70%. OTUs that
reached 97% similarity were used for alpha diversity esti-

mation, including richness (Chao I), diversity (Shannon)
and Good’s coverage and rarefaction curve analysis using
Mothur (Version 1.30.2; www.mothur.org/). The Bray-
Curtis distance matrix calculated according to the OTU
information of each sample was used for PCoA. LEfSe
analysis is a metagenomic analysis method that performs

linear discriminant analysis to assess the effect size of each
variation-rich taxon or OTU."”

Colonic Barrier Function Assessment
Colonic tissue was opened along the mesenteric border
and mounted in Ussing chambers (Physiologic
Instruments, San Diego, CA) with an 0.5 cm?® exposing
area of the tissue surface to 5 mL of V O,/V CO, 95:5
Krebs-glucose (10 mM) at 37°C. After adapted for 20
minutes, tetrodotoxin (TTX, 0.1 pM, Shanghai Aladdin
Biochemical Technology Co., Ltd., Shanghai, China) and
indomethacin (Indo, 1uM, Sigma-Aldrich Corp., St. Louis,
MO, USA) were added to the basal side, respectively, to
inhibit enteric neurons and prostaglandin synthase and
sections let they reached a steady-state level for at least
30 minutes before each experiment began.

The paracellular pathway and transcellular pathway
were measured as the flux of 4-kDa FITC-dextran (FD-4;
0.5 mg/mL; Sigma-Aldrich Corp., St. Louis, MO, USA)
and horseradish peroxidase (HRP; 0.5mg/mL; Beijing
Solarbio Science & Technology Co., Ltd., Beijing,
China), respectively. FD-4 and HRP were added to the
luminal side, and the samples of 400 puL were collected
from the basolateral per 20 min for 2 h and replaced by an
equal volume of the corresponding buffer. The concentra-
tion of FD-4 was measured using fluorescence at emission
528 nm and excitation 485 nm. 3.3',5,5'-
Tetramethylbenzidine (TMB) was used to detect HRP at

absorbance 405 nm.'®

Statistical Analysis

Data were expressed as mean=SEM using Prism 8.0, and
nonparametric Wilcoxon (two-group comparisons) or
Kruskal-Wallis test (multi-group comparisons) was used
to determine the significance between different treatment
groups. N was the number of animals in each experiment.
The statistical differences between control and treatment
groups were analyzed using Student’s paired or unpaired
t-test when appropriate.

The correlation among plasma cytokine and hormone
concentrations for all y-WKY, y-WKY-S, y-SHR, and
y-SHR-S animals were determined using Pearson correla-
tion coefficients and p-values were compared between
groups with paired Mann-Whitney’ test. Correlation

matrices  also  were displayed as  schematic

correlograms.'®?° Because each of these cytokines and
hormone measurement range widely, the multiple change
of its level relative to the reference level was used for the
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following dynamic analysis, which the dynamics were
fitted on the change folds along the time line through
locally weighted scatter plot smoothing (LOWESS). The
bandwidth (the most important parameter) determined by
trial and error is 0.3. All statistical analyses were per-
formed in Stata/SE 12 and open source procedure R 3.2
(https://www.r-project.org/).”!

Results
Restraint Stress Leads to Increased Blood
Pressure and Decreased Body Weight in

Stress Hypertensive Rat Models

To elucidate the co-relationship between the MAP and
body weight, the MAP was recorded utilizing non-
invasive tail-cuff method undergoing sustained restraint
stress for 7 days in a row at the same time point just as
the following description in Figure 1A (a,b and c). As
shown in Figure 1B, there is a gradual increase in trend
accompanied by fluctuations in the MAP, which notably
was observed during the process of restraint stress with no
significant difference either in the stress group (y-SHR-S,
y-WKY-S, p>0.05) and the non-stressed group (y-SHR,
y-WKY, p>0.05) of the 4-week old. As it is known that
weight loss is generally due to increased metabolism dur-
ing persistent stress, just as Figure 1C shows, for there is
obviously the reduction in weight gain in both groups of
y-SHR-S about 16.90% (p<0.01, n=6) and y-WKY-S
about 15.70% (p<0.05, n=8) compared to their control
groups, respectively. To confirm the co-relationship
between MAP and body weight, as shown in Figure 1D,
linear regression is adopted, it was found that there was no
obvious correlation either the weight of rats and MAP in
y-WKY or in y-SHR-S, while there was a positive correla-
tion both body weight and MAP in the y-WKY-S and
y-SHR group. The guess is related to its physiological
characteristics.

Stress Disrupted the Homeostasis of the
Hypothalamic-Pituitary-Adrenal Axis and

Causes Systemic Inflammation

In Figure 1B, although restraint stress does not seem to
have a significant regulatory effect on changes in MAP in
HTN rats, it is obscure what changes in the plasma factor
associated with regulating BP.*> As seen in Figure 2A-D,
compared with y-WKY, the plasma concentration of
ACTH, CORT, NE and Ang II were significantly enhanced

in the y-WKY-S rat group from 8.75+0.62 pg/mL to 10.79
+0.71 pg/mL by 23% (p<0.05, n=7), from 29.18+1.82 ng/
mL to 39.214+4.69 ng/mL by 34% (p<0.05, n=7), from
371.17454.59 ng/mL to 556.35+53.62 ng/mL by 50%
(»<0.05, n=7), and from 159.16£11.97 ng/mL to 243.16
+13.25 ng/mL by 53% (p<0.001, n=7) respectively. In
particular, the plasma concentrations of ACTH, CORT,
NE and Ang II were noteworthy enhanced in the y-SHR-
S rat group, from 17.07+0.81 pg/mL to 20.29+0.81 pg/mL
by 19% (p<0.05, n=7), from 57.47+£5.68 ng/mL to 68.87
+7.34 ng/mL by 20% (p>0.05, n=6), from 736.94+89.72
ng/mL to 957.3+15.68 ng/mL by 30% (p<0.05, n=6), and
from 240.58+19.69 ng/mL to 339+29.21ng/mL by 41%
(»<0.05, n=6), respectively. Strangely, these results seem
to indicate that the concentration of plasma factor asso-
ciated with regulating BP has notably improved in the
restraint stress model both in y-WKY and y-SHR without
significant enhancement in MAP.

Chronic Stress Accelerates the
Production of Pro-Inflammatory
Cytokines

A tremendous investigation suggested that several pro/anti-
inflammatory cytokines are implicated in stress pathogenesis.
However, the change in the juvenile rat stress is still vague.
These results prompted us to investigate the effect of stress on
the production of pro-inflammatory cytokines such as IL-1p,
TNF-q, IL-6, IL-10, IL-17 and TIMP-1 using these animals,
we analyzed cytokine levels in plasma (Figure 3A-F).
Compared with the control group, IL-10, TNF-o and TIMP-
1 production levels in the stress-induced group significantly
increased in the y-WKY-S from 80.77+5.58 ng/mL to 104.03
+7.96 ng/mL by 29% (p<0.05, n=7), from 79.67+4.84 ng/mL
to 107.99+5.47 ng/mL by 36% (p<0.01, n=7) and TIMP-1
from 11.85+0.67 ng/mL to 15.90+1.31 ng/mL by 34%
(p<0.01, n=7) respectively, except IL-1B and IL-17 (p>0.05,
n=7). Meanwhile, all inflammatory-related cytokines men-
tioned above, except TNF-a, IL-1B and IL-6 (p>0.05, n=6)
were sharp enhanced in the y-SHR-S, from 138.13+12.18 ng/
mL to 174.43+6.73 ng/mL by 26% (p<0.05, n=6) of IL-10, IL-
17 from 60.56+1.18 ng/L to 75.924+3.62 ng/L by 25%
(p<0.001, n=6) of IL-17, and from 18.46+0.51 ng/mL to
26.36+1.67 ng/mL by 43% (p<0.001, n=6) of TIMP-1, respec-
tively. Pearson’s correlation coefficient was used to evaluate
correspondence between the cytokines and the quantitative
trait being examined hormone from four groups. Just as
Figure 3G shows, the correlations between cytokine levels
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Figure 2 Stress-related changes in hormone levels in the plasm. (A-D) The concentrations of ACTH, CORT, NE and Ang Il was notable enhancement in the stress-
condition than its control group, respectively. *p < 0.05, *p < 0.01, **p <0.001 (Black y-SHR-S vs y-WKY, Blue y-WKY-S vs y-WKY, Green y-SHR vs y-WKY); #p < 0.05
(y-SHR-S vs y-SHR); “p <0.05, #*p <0.01, ***p < 0.001 (Black y-SHR-S vs y-WKY.S, Green y-SHR vs y-WKY-S).

and quantitative evaluation indicate that stress can lead to
excessive activation of the HPA axis of hypertensive rats and
aggravate the systemic inflammatory response. HTN accom-
panied with stress progression bring about a substantial con-
version of the interdependences between cytokines and
hormone belonging to functionally diverse classes: the median
(0.245 vs 0.267), were considerably different in y-WKY-S and
y-WKY (p<0.001). Similarly, there are significant differences
between y-SHR-S and y-SHR (0.386 vs 0.228, p<0.05)

(Figure 3G). Furthermore, in y-WKY-S, there were 18
(40%) statistically significant correlations between the levels
of cytokines and hormone. In section, in y-SHR-S, there were
24 (53.33%) such as correlations.”'

In y-WKY-S compared with y-WKY as Figure 3Gl
and G2 shown for CORT, the positive correlation with
IL-10, NE and TNF-o were reduced, for NE, the positive
correlation with IL-6, IL-10, TIMP-1 and TNF-o were
reduced. For IL-10, the positive correlation with IL-17,
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TNF-o and TIMP-1were decreased. For IL-17, the positive
correlation with TNF-a was decreased. But Ang II was
significantly negatively correlated with CORT and TIMP-
1. However, IL-6 increased positively with IL-10, TNF-a
and IL-17, NE increased positively with IL-17, and CORT
increased positively with TIMP-1.

Compared with y-SHR (Figure 3G3 and G4), y-SHR-S
ACTH has a positive correlation between IL-17 with NE;
CORT has a positive correlation with IL-17, TNF-a and
IL-6; IL-6 has a positive correlation with TNF-a and IL-
10. NE has a positive correlation with TNF-a positive
correlation decreases after stress. IL-17 was positively
correlated with IL-6 and TNF-a after stress, as was IL-
10 with TNF- and NE, and TIMP-1 with NE and TNF-a.
And compared with y-WKY-S, there have been a lot of
positive and negative correlation changes, such as IL-183
with IL-6, IL-10, NE, TIMP-1, TNF-a and CORT, as well
as IL-10 with ACTH, positive correlation becomes nega-
tive correlation, but Ang II with IL-1B, NE and TIMP-1
have negative correlation and become positive correlation.

Many organs and tissues have a RAS that acts locally.
It has been proven that Ang II can be produced not only
from the kidneys, liver, lungs, but also other organs and

23-25 and

tissues (such as heart, colon and spleen, et al),
regulates local blood flow and cell functions through auto-
crine and paracrine. Cardiovascular Ang II comes from the
cardiovascular system itself and is involved in the regula-
tion of vascular tension and local function.? It is known
that cardiovascular-derived Ang Il may be involved in the
diseases such as hypertension and heart failure during
exercise stress, which leads to pathological myocardial
hypertrophy. Another investigation showed that chronic
restraint stress has an effect on the vasoconstriction
response induced by Ang II in the carotid artery of
rats.®’ In order to further confirm the source of Ang II in
our research, the concentration of Ang II from different
organs is analyzed by means of ELISA respectively. As
seen in Figure S2A-E, the concentration of Ang II was
significantly increased in the stress group compared to the
control group from the heart, kidney, spleen, liver and
colon (p<0.05 or p<0.01). The variation trend of Ang II
was consistent with that in plasma.

Histological Alterations Intestinal Tract in
Stress Hypertensive Rat Model

Though the revelation of striking investigation, it is cer-
tainly believed that stress is closely related to intestinal

inflammation and mucosal barrier damage. However, the
histological changes in the gut with hypertension accom-
panied by stress are poorly understood. To verify the
potential role of stress on pathology of gut inflammation,
the histopathological examination of the distal colon was
performed. As shown in Figure 4A1 and A2, after staining
with H&E, it is clearly observed that y-WKY-S and
y-SHR-S rats had significantly shorter colon length than
that of the control group as y-WKY and y-SHR from
160.30+1.78 mm to 150.80+3.96 mm by 5.9% (p<0.05,
n=6) and from 148.20+3.38 mm to 135.00+4.47 mm by
8.9% (p<0.05, n=5) respectively. Of particular note, the
colonic length in the y-SHR group rats is obviously shorter
than that in the y-WKY.

Stress along with giving restraint, the pathological
changes in the distal colon in y-SHR-s and y-WKY-S
have overtly aggravated. Just as Figure 4B and E shows,
the number of goblet cells substantive attenuation was
observed in the colon of y-WKY-S tol7.16+0.73/crypt
from 19.41+0.48/crypt about 11.59% (p<0.01, n=8) and
y-SHR-S to 17.48+0.58/crypt from 21.36+0.65/crypt about
18.16% (p<0.001, n=8), which was observed in the age-
matched control y-SHR and y-WKY. Histological para-
meters of the H&E stained transverse colon of y-WKY
and y-SHR were also measured after treatment with
restraint stress. In spite of there were a few deviations in
the statistical significance of each group, histopathological
changes were scrutinized in all groups. As seen in
Figure 4C, D, F, G and H shows, the muscle, mucosa
and submucosa layer thickness was considerably shorter
in the y-WKY-S (p<0.05 or p<0.01, n=5) and y-SHR-S
(p<0.05 or p<0.001, n=5) treated in restraint stress hyper-
tensive rat subgroup than that in the y-WKY and y-SHR
subgroup respective. Moreover, the highest levels of mus-
cle length were disclosed in the distal colon of y-SHR
(Figure 4H) is to 125.25+6.21 um about 14.78% (p<0.05,
n=>5) from 146.98+8.58 um in that of the y-SHR-S, and the
muscle length of y-WKY-S is much shorter than that in the
y-WKY from 24.41£6.28 um to 104.81+7.40 pm by
15.75%. Hence, the above-mentioned results indicate that
the histopathological structure of colon was resoundingly
induced by restraint stress treatment.

To confirm whether fibrotic changes in the colon were
involved in the restraint stress condition, all the colonic
tissue section was examined by Masson’s trichrome stain-
ing, the results from the Figure SA and E show that the
colon manifested marked shrinking stromal collagen
deposition in the serosal and subepithelial areas in the
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Figure 4 Alteration of histopathological structure in the colon of younger restraint stress hypertensive rats from the y-WKYand y-SHR groups. (Al and A2) Colon was measured the
length with a ruler to quantify the effect of restraint stress in different groups. (B—D) Cross-sections of the distal colon were observed at 200% magnification using a light microscope.
The length of the mucosa layer and muscle thickness in each tissue were measured using Leica Application Suite. (B and F) were stained with hematoxylin-eosin (HE) to measure the
thickness of mucosa layer (Max: double arrows; Min: single arrows), Obtain B’ by zooming in part of B (black frame). (B’and E) The number of goblet cells (arrow) in each intact crypt
was decreased in different groups. (C and G) The thickness of submucosa layer (Max: double arrows; Min: single arrows). (D and H) The thickness of muscularis propria layer (All:
dotted double arrows; Inner: double arrows; Outer single arrows). Data are mean * SEM. Unpaired t-test (n = 5-8 per group, choose 8 fields per rat) Scale bar: 50 um. *p < 0.05,
¥ < 0.01, #p < 0.001 (Black y-SHR-S vs y-WKY, Blue y-WKY-S vs y-WKY, Green y-SHR vs y-WKY); *p < 0.05, 5 < 0.001 (y-SHR-S vs y-SHR); “p < 0.05, **p < 0.01, ***p < 0.00I
(Black y-SHR-S vs y-WKY-S, Green y-SHR vs y-WKY-S).

y-WKY-S group by 2.48% (p<0.05, n=5) compared with
that in the y-WKY group. Intriguing, the Masson’s tri-
chrome positive stromal collagen deposition has a notable
enhancement in the y-SHR-S by 3.17% (p<0.05, n=5) com-
pared with that in the y-SHR group. To further reconfirm the
phenomenon just as Figure 5B-D shows, the Sirius Red
staining with the light microscope and a polarized light

microscope and TEM were employed to analyze the Sirius
Red positive fibrotic area statistics. Coincidentally, just as
Figure SE and F shows, the Masson’s trichrome and Sirius
Red positive fibrosis area shows increased significantly in
the y-SHR-S group compared with the y-SHR group, while
the collagen fiber area was substantially reduced in the
Y-WKY-S group compared with the y-WKY group. To
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Figure 5 Histological evaluation and TEM images of tissues collected from rats in the y-WKY and y-SHR groups alone and their subgroups of y-WKY-S and y-SHR-S.
Restraint stress treatment unaltered the fibrosis (white arrow) in the distal colon of the SHRs. (A) Masson’s trichrome staining was performed to evaluate the fibrotic
changes in the distal colon of different groups. (B) Sirius Red staining was performed to evaluate the fibrotic changes in the distal colon of different groups with the optical
microscope. (C and C’) Observation of Sirius Red staining with polarized light microscope, magnify the part of C to get €’ for further observation of details (black frame).
(D and D’) Collagen fiber ultrastructure of a colonic tissues in the four groups, magnify the part of D to get D’ for further observation of details (black frame). (E and F)
Scatter plots show the percentage of positive pixel area of collagen in the colon sections from different groups was quantified by the software (IPP). Scale bar: 50 um. Data
were expressed as mean * SEM, Unpaired t-test (n = 5 per group; choose 5 fields per rat). *p < 0.05, **p <0.01 (Black y-SHR-S vs y-WKY, Blue y-WKY-S vs y-WKY, Green
y-SHR vs y-WKY); #p <0.05, #p < 0.01 (y-SHR-S vs y-SHR); “p <0.05, ***p < 0.001 (Black y-SHR-S vs y-WKY-S, Green y-SHR vs y-WKY-S).
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confer further specificity to Sirius red staining, we viewed
sections under polarized light, a method of viewing Sirius
Red stained thick collagen I, the area of collagen I (Figure
5F) was observed in the colon of y-WKY-S from 9.79% to
6.12% by 3.67% (p<0.05, n=5) and y-SHR-S from 6.06% to
8.79% by 2.73% (p<0.01, n=5). All the variety was authen-
ticated by TEM, as Figure 5D and D’ shows, the collagen
fibers of the stressed rats became thicker in the y-SHR-S
and thinner in the y-WKY-S. From all above, we can make
a speculation that restraint stress could accelerate HTN-
associated gut pathological transformation.

Restrain Stress Treatment Changes HTN
Gut Permeability

Numerous investigations have verified that the stress dis-
played discontinuation of the maintenance of epithelium
integrity. However, the mechanism by which tight junction
protein achieves such a homeostasis function in vivo
remains obscure. To address this question, we investigated
whether the permeability of the colonic mucosa is altered
in the restraint stress HTN model using two different
reagents like FD-4 and HRP for epithelial permeability
of paracellular permeability and transcellular permeability,
respectively. As shown in Figure 6A, stress increased
paracellular permeability in a time-dependent manner
with Ussing chamber incubation. The results indicate that
there is some difference between the two groups of
y-WKY and y-SHR groups and their subgroup as
y-WKY-S and y-SHR-S. Unexpectedly, what is also
a worth noticing point is of obvious difference (p<0.05,
n=5-8) between the y-WKY-S and y-SHR-S. To test trans-
cellular permeability in a time-dependent manner in all the
groups, the results in Figure 6B indicate that there is no
difference among all the four groups. From all the results
above, HTN may attenuate the tight junctions of cells.

To evaluate the impact of tight junction (TJ) protein on
intestinal permeability of hypertensive rats, the Western
blot results proved that the proteins expression of claudin-
5, occludin and ZO-1 were all drastically reduced in the
y-SHR (p<0.05 or p<0.01) compared to the y-WKY;
whereas, the expression of these TJ proteins as the occlu-
din and claudin-5 had significantly enhanced colonic tissue
of the y-SHR-S group (p<0.01, n=7) compared to the
y-SHR. Notably, the TJ protein of y-WKY-S was
decreased significantly (p<0.05, n=7) compared to the
y-WKY (Figure 6C-F). These results present evidence to
fortify the recommendation that moderate restraint stress

with established HTN has less effect of colonic perme-
ability. In contrast, non-HTN stress may evince a decrease
in TJ proteins and an increase in gut permeability.

Gut Microbiota Alterations in Restraint
Stress Rat Model of HTN

Recent studies have shown that the gut microbiota can be
strengthened to the pathogenesis of HTN. However, the
relationship between the juveniles and stress in the gut
microbiota are still blurry. To obtain the testimony, we
compared the gut microbiota alterations from colon and
ileocecum in the four groups, just as Figures 7 and 8 were
shown. The fecal DNA was isolated from 4-week rats, and
bacterial loads were expressed as fecal biomass DNA
per mg of feces. Compared with y-WKY (y-ic-WKY),
the bacterial load in y-SHR (y-ic-SHR) was not signifi-
cantly reduced in Figures 7A and 8A). And the V3 and V4
hyper-variable regions of the 16S rDNA gene were ampli-
fied and analyzed using high-throughput sequencing tech-
nology. The compositions of bacterial communities were
assessed by calculating two crucial ecological parameters,
including Shannon diversity (the combined parameter of
richness and evenness) and Chao richness (an estimate of
a total number of OTU present in the given community).
In the colon and ileocecum, noteworthy fecal microbial
variations were identified in the y-SHR when compared
with the y-WKY. Microbial richness in Chao index was
found to be increased in the y-SHR group compared with
the y-WKY control from 344.12+10.82 to 378.98+4.98 by
10.13% (p<0.05, n=4) (Figure 7B), and the microbial
richness of y-SHR-S decreases sharply after stress
compared with y-SHR from 378.98+4.98 to 354.45+3.87
by 6.5% (p<0.01, n=4). But diversity as the Shannon index
has no obviously changed (Figure 7C). In ileocecum, more
increase of the microbial richness and diversity were found
in the y-ic-SHR group which compared with the y-ic-
WKY group as control from 175.04+12.34 to 293.8+5.22
by 67.84% (p<0.01, n=4) and from 1.32+0.37 to 5.20+0.53
by 293.93% (p<0.01, n=4) as shown in Figure 8B and C.
As shown in Figure 8B and C the microbial richness and
diversity of y-ic-WKY-S increased sharply after stress
compares with y-ic-WKY from 175.04+12.34 to 273.69
+1.81 by 56.36% (p<0.01, n=4) and from 1.32+0.37 to
5.44+0.41 by 312.12% (p<0.01, n=4).

In addition, weighted UniFrac analyses were handled
to calculate the distance between the fecal microbial from
all four groups, as well as 3-dimensional scatterplots were
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Figure 6 Effect of a restrain stress on the barrier function in the colon. (A) Time-dependent changes in FITC-dextran 4000 (FD-4) flux through all subgroups as paracellular
pathway for 120 mins. (B) Horseradish peroxidase (HRP) flux (=transcellular pathway) was measured ex vivo. (C) Western blot for TJ proteins. Distal colon was subjected
to immunoblotting for ZO-1, occludin, claudin-5 and GAPDH. Representative results of one experiment are shown. Similar results were obtained in three independent
experiments: y-WKY group, y-WKY-S group, y-SHR group, y-SHR-S group. (D-F) The intensity of the bands was quantified by scanning densitometry, standardized with
respect to ZO-1, occludin, claudin-5 and GAPDH protein and expressed as mean = SEM. Unpaired t-test, *p < 0.05, ***p <0.001 (Blue y-WKY-S vs y-WKY, Green y-SHR vs
y-WKY); #p <0.05, #p <0.01 (y-SHR-S vs y-SHR); “p < 0.05, **p <0.01 (Black y-SHR-S vs y-WKY-S, Green y-SHR vs y-WKY-S).
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Figure 7 Fecal bacterial diversity in colon. Gut microbiota communities in difference groups fecal samples were collected from colon of y-WKY (n=4), y-WKY-S (n=5),
y-SHR (n=5) and y-SHR-S (n=5) rats and bacterial 16S rDNA were amplified and sequenced to analyze the compositions of microbial communities. (A—C) Fecal biomass and
microbial richness and diversity of different groups were evaluated. (D)The Firmicutes to Bacteroidetes ratio (F/B ratio) was observed between the four clusters. (E) Principal
coordinate analysis of different groups. Weighted uniFrac analyses were used to calculate the distances between fecal samples among different groups. Each axis percentage
describes how much variation that |-dimension accounts for. By comparing the samples in a 3-dimensional figure, a clear separation was observed between the four clusters.
(F) Phylum breakdown of the five most abundant bacterial communities in the difference groups fecal samples. An increase of Firmicutes along with a decrease of Bacteroidetes
resulted in a dysbiosis signature of colon microbiota in y-SHR rats. A significant increment changes of the Actinobacteria phylum correlated with a higher diversity value.
(G and H) Differences of the top 30 bacteria between different groups at the level of family and genes, red means increase, green means decrease, blue means no difference.
Results were compared by Unpaired t-test; *p < 0.05, **p < 0.01 (Black y-SHR-S vs y-WKY, Green y-SHR vs y-WKY); *p < 0.01 (y-SHR-S vs y-SHR); “p < 0.05, “*p < 0.01
(Black y-SHR-S vs y-WKY-S, Green y-SHR vs y-WKY-S).
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performed by principal coordinates analysis (PCoA) to
examine the difference of microbial communities between
different groups. This method provides us to present dis-
similarities of the data in the light of distance'’ with each
PC axis percentage describing how much one dimension
could account for, PC1, PC2, and PC3 (colon 16.89%,
16.42%, and 12.62%), (ileocecus 34.51%, 13.24%, and
9.6%). The composition of the fecal microbial commu-
nities in different groups was found to be distinct, as
presented in Figures 7E and 8E. A significant dissociation
was observed in the PCoA between the four clusters,
representing the composition of each microbe and indicat-
ing four very different intestinal environments.

An augmented F/B ratio stem from an increase of
Firmicutes and/or a decrease of Bacteroidetes has been
widely recognized as a marker of intestinal malnutrition.
As Oyama et al*® have proved that the hypertensive rat
model could confer a similar intestinal flora pattern, we
analyzed the scales of 16S rDNA reads assigned to each
phylum. In colon, as shown in Figure 7D, the F/B ratio in
the y-SHR was about 3-fold higher compared with
y-WKY (p<0.05, n=4), the F/B ratio of y-SHR-S
decreased. In ileocecum shown in Figure 8D, the F/B
ratio in the y-ic-SHR was not higher compared with y-ic-
WKY, while in the stress group, the F/B ratio of y-ic-SHR
-S decreased without statistically significant. Just as shown
in Figures 7F and 8F respectively, fecal samples from four
groups were dominated by Firmicutes and Bacteroidetes
with smaller ratios of Proteobacteria, Actinobacteria and
patescibacteria. Nevertheless, dramatic differences were
dedicated between the groups in accordance with the rela-
of Proteobacteria, Actinobacteria,

tive abundances

Bacteroidetes and Firmicutes. The enhancement of
Actinobacteria proportion means a more varied microbiota
in the y-SHR (p<0.05 or p<0.01, n=5), and the proportion
decreases in y-SHR-S is in line with the change in Chao
richness and Shannon diversity (p<0.01, n=5).

In the process of 16S rDNA sequencing analysis of colon
fecal, the first 30 types were compared and analyzed at the
family and genus level (Figure 7G and H). It can be seen that

the main differences at the family level are Atopobiaceae

(Alphaproteobacteria  class,  Proteobacteria  phylum),
Desulfovibrionaceae (Deltaproteobacteria class,
Proteobacteria  phylum), Burkholderiaceae (Gammapr
oteobacteria  class,  Proteobacteria  phylum)  and

Muribaculaceae (Bacteroidia class, Bacteroidetes phylum).
The main difference at the level

(Clostridia

of the genus is

Parasutterella class, Firmicutes phylum),

(Clostridia class,

Firmicutes phylum) and f Muribaculaceae Unclassified

Lachnospiraceae_ NK4A4136_group

(Bacteroidia class, Bacteroidia phylum). However, the fecal
sequencing in the ileocecum (Figure 8G and H) can see the
main difference at the family level are Family XIII,
Eggerthellaceae, Lachnospiraceae, Ruminococcaceae and
Peptostreptococcaceae. The main difference at the genus
level is Ruminococcaceae NK4A214 group, f Lachnospir
aceae Unclassified, ~ Ruminococcaceae UCG-014  and
Romboutsia, this family and genes belong to Firmicutes phy-
lum Clostridia class. To further discover the changes in the
intestinal flora of the colon and ileocecum, we performed
Diff Comparison analysis.

It has become clear that HTN and restraint stress are

4,28-30

associated with intestinal flora disruption, and bac-

terial metabolites play an important part in BP regulation.
Using observational data from hypertensive rodents®'-
and humans,” it was found that compared with their
normotensive counterparts, gut dysbiosis because of
microbial abundance, richness, diversity and clear taxono-
mical distinction were reduced. The influence of gut dys-
biosis on intestinal microecology is harmful, as it could
reshape the intestinal mucosa in rodent models by making
it thinner and pathogens are more permeable, and thus
bring about persistent low-grade inflammation*
(Figures 4 and 5). Several bacterial taxa were conformed
different between normotensive and hypertensive group
(Figures 9 and 10).

In the colon, while the relative abundance in genus differ-
ence diversity (Phylogenetic Diversity index) is slightly higher
in y-WKY than that of the y-SHR alone (Figure 10C, p<0.05),
especially f Muribaculaceae_Unclassified and Ruminoco
ccaceae_ UCG-005. The relative abundance of intestinal
flora in the y-WKY-S is a slight increase compared to
y-WKY (p<0.05 or p<0.01) (Figure 10A), but Alloprevotella
was reduced (p<0.01). As Figure 10B shows, after stress
treatment in the y-SHR-S rat, some intestinal flora relative
abundance had visibly enhanced than that in y-SHR group
(»<0.05 or p<0.01), but the relative abundance of
Ruminococcus 2 was markedly increased (p<0.01). As
Figure 10D shows, after stress treatment in the y-SHR-S rat,
some intestinal flora relative abundance including
Lactobacillus,  Lachnospiraceae NK44136 group  and
Alloprevotella had visibly enhanced than that in y-WKY-S
group (p<0.01 or p<0.001), but the relative abundance of
was  Christensenellaceae R-7 group, Ruminococcaceae-
NK4A214 group and f Muribaculaceae Unclassified mark-

edly decreased (p<0.01). These results show that the diversity
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Figure 9 Relative abundance of different diversity in different groups from ileocecum (phylogenetic diversity index). (A—D) shown the genus significant differences at the genus level in
the different groups (MetaStat). (E) Phylogenetic tree of the linear discriminant analysis (LDA) scores for differentially abundant genera. y-ic-WKY (blue), y-ic-WKY-S (purple), y-ic-SHR
(red) and y-ic-SHR-S (green) (LefSe). (F) The relative proportion of Bifidobacterium between different groups. (G) The relative proportions of lactate-producing bacteria in the gut
microbiota in difference groups. Sequence reads were classified according to the primary end product of the assigned bacterial genera. Genera were classified into more than one group
correspondingly if they were defined as producers of multiple metabolites. Results were compared by Unpaired t-test; **p < 0.01, **p<0.001 (Blue y-ic-WKY-S vs y-ic-WKY, Green
y-ic-SHR vs y-ic-WKY); #p < 0.05, p < 0.01 (y-ic-SHR-S vs y-ic-SHR); “p < 0.05, ““p < 0.01 (Black y-ic-SHR-S vs y-ic-WKY-S, Green y-ic-SHR vs y-ic-WKY-S).

and composition of intestinal flora were different in different  p<0.05),  especial ~ Lachnospiraceae NK44136_group,
groups. Ruminococcaceae_UCG-005,  f Lachnospiraceae_Unclass

In ileocecum, the relative abundance in genus difference  jfied, Ruminococcus 2, Ruminococcaceae NK4A214 group,
diversity (Phylogenetic Diversity index) is slightly higher in ' Muribaculaceae Unclassified, ~ Ruminococcaceae UCG-
y-ic-WKY than that in the y-ic-SHR alone (Figure 9C, 014,  Christensenellaceae R-7 group,  [Eubacterium]
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Figure 10 Relative abundance of different diversity between different groups in colon (phylogenetic diversity index). (A-D) The genera with significant differences at the genus level in
the different groups (MetaStat). (E) Phylogenetic tree of the linear discriminant analysis (LDA) scores for differentially abundant genera. y-WKY (blue), y-WKY-S (purple), y-SHR (red)
and y-SHR-S (green) (LefSe). (F) The relative proportion of Bifidobacterium between different groups. (G) The relative proportions of lactate-producing bacteria in the gut microbiota in
difference groups. Sequence reads were classified according to the primary end product of the assigned bacterial genera. Genera were classified into more than one group
correspondingly if they were defined as producers of multiple metabolites. Results were compared by Unpaired t-test; *p < 0.05, **p <0.01, ***p <0.001 (Black y-SHR-S vs y-WKY,
Blue y-WKY-S vs y-WKY, Green y-SHR vs y-WKY); “p < 0.05, #p < 0.01, #p < 0.001 (y-SHR-S vs y-SHR); “p < 0.05, **p < 0.01, ***p <0.001 (Black y-SHR-S vs y-WKY.S, Green
y-SHR vs y-WKY-S).

_xylanophilum_group and Ruminiclostridium_6. The relative  (Figure 9A), but Romboutsia and Escherichia-Shigella were
abundance of intestinal flora in the y-ic-WKY-S is slight reduced (p<0.01 or p<0.001). As Figure 9B shows, after stress
increase compare to y-ic-WKY (p<0.05 or p<0.01) treatment in the y-ic-SHR-S rat, some intestinal flora relative
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abundance had visibly reduced than that in y-ic-SHR group
(»<0.05 or p<0.01), but the relative abundance of
Intestinimonas and f Ruminococcaceae Unclassified was
greatly increased (p<0.05 or p<0.01). As Figure 9D shows,
after stress treatment in the y-ic-SHR-S rat, some intestinal
flora  relative  abundance  including  Ruminococ
Coriobacteriaceae_UCG-002,
Ruminiclostridium_6 and Adllercreutzia had visibly reduced
than that in y-ic-WKY-S group (p<0.05 or p<0.01), but the
relative abundance of Infestinimonas was significantly
increased (p<0.05 or p<0.01).

To sum up, these researches indicate that gut micro-

caceae NK4A214_group,

biota could boost the rise in BP and lead to immune
system activation in restraint stress surroundings. Despite
the mechanisms have not been fully illustrated, one of the
possible pathways perhaps via the provocation and
increase of renin secretion in the kidney. We need further
study to fortify these findings in rodents and were tran-
scribed to humans.

Considering the imbalance of F/B ratio in SHR, we asked
what precisely genera of bacteria lead to the microbiota com-
position modification towards dysbiosis. In colon, LEfSe per-
formed at the genus level confirmed that were revealed to be
highly accumulated in y-WKY, including Gammapro
Burkholder

iaceae, Parasutterella and Desulfovibrionales, that all

teobacteria, Betaproteobacteriales,
belonged to the Proteobacteria phylum, f Muribaculaceae
belonged Bacteroidetes phylum, g Blautia belonged to
Firmicutes phylum (Figure 10E).

In contrast, ¢ Bacilli, o Lactobacillales, [ Lactoba
cillaceae and g Lactobacillus, were in higher quantities in
the y-SHR, that they all belong to Firmicutes phylum.
g Ambiguous taxa belonged to Bacteroidetes phylum,
g Catabacter g Ruminococcaceae UCG-005, and
g Erysipelotrichaceae_ UCG-003 was in higher quantities
in the y-WKY-S, that belonged to the Firmicutes phylum.
g Candidatus Arthromitus and g Anaerovorax belonged to
the Firmicutes phylum, were in higher quantities in the
y-SHR-S. The abundance of Firmicutes genera were
obviously upgraded in the y-SHR. All these changes were
considered to be main reason for the enhancement F/B ratio
in the y-SHR. Bifidobacterium pertains to the Actinobacteria
phylum, which is usually considered a useful bacterial genus
and has a pivotal role in the development, maturity and
functional regulation of the immune system.>>*® And the
depletion of it has been reported in dozens of disease
conditions®” is seen as a characteristic of dysbiosis.

Notably, a depletion of Bifidobacterium was discovered in

the y-SHR-S compared with y-SHR (p<0.01, n=4) (Figure
10F), this
Actinobacteria and thus the decrease of gut microbiota diver-

immensely diminished proportion of

sity. In contrast, the abundance of lactate-producing bacteria
was meaningfully increased in the y-SHR and y-SHR-S
(»<0.05, n=4) (Figure 10G). Thus, restraint stress with HTN-
linked dysbiosis is considered as an amassing of lactate-
producing bacteria and meanwhile a recession of
Bifidobacterium.

LEfSe experiment conducted at the genus level in ileo-

cecum showed that microorganisms were highly accumu-

lated in y-ic-WKY, including g Romboutsia and
f Peptostreptococcaceae are most belonged to the
Firmicutes  phylum  (Figure 9E). In  contrast,

Deferribacteraceae and g Mucispirillum etc pertained to
Family XIII,
g [Eubacterium] xylanophilum_gr

Deferribacteres phylum and
f Lachnospiraceae,
oup were in higher quantities in the y-ic-SHR, that they
belong to  Firmicutes phylum. p Actinobacteria,
f Eggerthel

laceae etc vest in Actinobacteria phylum, f Burkholder

c_Coriobacteriia, o_Coriobacteriales,

iaceae, g Burkholderia-Caballeronia belong to
Proteobacteria phylum, others belonged to the Firmicutes
phylum in the y-ic-WKY-S. ¢ Actinobacteria belong to
Actinobacteria  phylum, [ Bacteroidaceae belong to
Bacteroidetes phylum, others belonged to the Firmicutes
phylum, were in higher quantities in the y-ic-SHR-S.
Similarly, consistent with colonic stool sequencing, ileoce-
high
Bifidobacterium was discovered in the y-ic-SHR-S compare
with y-ic-SHR (p<0.05, n=4, Figure 9F), and the abundance
of lactate-producing bacteria was increased with no signifi-
cant difference in the y-ic-SHR and y-ic-SHR-S (Figure 9G).
Thus, restraint stress with HTN-linked dysbiosis is consid-

ered as an amassing of lactate-producing bacteria and mean-

cum sequencing showed, consumption  of

while a recession of Bifidobacterium.

Changes of Intestinal Mo and

Hypertension During Restraint Stress

It is generally considered that high-stress patients are more
prone to have HTN than healthy individuals probably
because of their increased BP sensitivity to stress.
However, recent animal-derived findings have proposed
a causal role for disturbance of Me-mediated HTN,
while its relevance for stress and HTN remains unknown.
The present study aimed to assess responses of HTN to
restraint stress concerning BP, M1Mg (CD68" Mo). Also,
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Mg expression of CD163" as M2Mg¢ an anti-inflammatory
marker was assessed. Just as shown in Figure 11, exam-
ination of y-WKY-S rat subjected showed a significant
increase in Mo cell recruitment in the lamina propria
(p<0.001, CD68" 10D
(IOD=area x density) in colon tissues compared to the
y-WKY, the 10D from 69.03 to 77.31 about 11.99%,
however, the index of area (82.35 vs 75.92), density
(0.832 vs 0.838) and IOD (66.33 vs 61.83) value of
CD68" was obvious decreased in y-SHR-S (p<0.01 or
p<0.001, n=5) compared with the control group y-SHR
(Figure 11A, B-D). Unexpectedly, we found that the IOD
of CD163" as M2 Mg cells increased in y-WKY-S from
95.06 to 101.15 about 6.41% (p<0.01, n=5), and the
indexes of the area (97.59 vs 80.88), density (0.955 vs
0.813) and IOD (116.31 vs 74.43) had sharply decreased
in y-SHR-S (p<0.001, n=5) (Figure 11A, E-G). Mo acted
as powerful mediators to mediate inflammation and

n=5) as M1 positive cells

restrain stress in HTN arteries, and also played important
roles in the pathogenesis of HTN and gut dysfunctions.*®

Discussion

Essential HTN is strongly correlated with pressure, and
strong mental stress is consistently involved in the devel-
opment of these conditions.*>° Therefore, we used the
restraint stress rat model, that accelerates cardiovascular
damage and HTN on account of bondage stress in our
study. While mechanisms that regulate intestinal perme-
ability have been widely studied, little is known on how
the colon protects itself from restraint stress. In the present
investigation, we describe how the restraint stress affects
gut structure and microbial composition.

Formed in the 1960s by breeding WKY rats with high
BP, the SHR line began developing HTN at the age of
about 5-6 weeks.*® They generally arise cardiac failure at
18-24 months and are constantly applied to systemic
hypertensive studies.*! With the multitudinous tissue stain-
ing and observation method, histological evaluation of the
colon of y-WKY-S and y-SHR-S indicated significant dif-
ferences in the colon compared to the age-matched control
y-WKY and y-SHR rats. It can be seen that the content of
collagen fibers is significantly reduced in y-WKY-S after
stress, which is intriguing significantly increased in
y-SHR-S. Due to the stress, the permeability changes
y-WKY-S increased and the related proteins ZO-1, clau-
din-5 and occludin reduced significantly, per contra the
permeability of y-SHR-S decreased after stress within the
enhancement of content of ZO-1, claudin-5 and occludin.

Research has shown that intestinal flora partially promotes
Ang 1II induced vascular dysfunction and HTN partly
through supporting a monocyte chemoattractant protein-1
(MCP-1)/IL-17 actuated vascular immune cell infiltration
and the subsequent inflammation.***” Our research further
confirmed that the concentrations of Ang Il and IL-17 in
plasma of y-SHR were higher than that of y-WKY, which
aggravated the damage of HTN (Figures 2D and 3F). The
results also indicate that the concentration of the TIMP-1
of y-SHR-S is increasing significantly during the stress
process (Figure 3F) simultaneously. Beyond doubt that
repeated epithelial injuries lead to a large amount of extra-
cellular matrix deposition (ECM, mainly collagen I) to
form fibrosis. Epithelial injuries can induce the accumula-
tion and activation of mesenchymal cells (such as fibro-
blasts and myofibroblasts) accompanied by and the
infiltration of inflammatory cell, such as Mg.**>° Mg
could secrete matrix metalloproteinases (MMPs) and
TIMPs, which have a certain regulatory effect on ECM
metabolism.”’ Generally recognized as regulators of
MMPs, TIMPs are pleiotropic extracellular proteins that
affect the cell growth, differentiation, migration and angio-
genesis independent of MMPs.>> TIMP-1 is an effective
inhibitor of a variety of MMPs, and the decrease in the
level of TIMP-1 inhibits fibrotic lesions in ulcerative coli-
tis and Crohn’s disease.” Similarly, an imbalance due to
increased TIMP activity or reduced MMP activity could
result in excessive accumulation of ECM with subsequent
fibrosis. TIMP-1, mainly derived from fibroblasts, M¢
cells and fibroblasts, can be used as a potential target for
tissue remodeling and fibrosis. Therefore, the regulation of
the cells is essential for reducing colon fibrosis in patients
with inflammatory bowel disease (IBD).>*>® The effect of
restraint stress treatment on changes in colonic fibrosis
was examined by Sirud Red staining and Masson’s tri-
chrome staining with the observation method of light
microscope, polarization microscope and TEM, it is
found that there is a clear correlation between increased
interstitial collagen and increased plasma concentration of
TIMP-1 with morphological and biochemical evidence of
ECM accumulation. All these indicate that dysregulated
matrix remodeling may be one of the reasons for inhibiting
stress and HTN-induced intestinal fibrosis pathology. The
apparent characteristics for differences in susceptibility
between animals are still unknown, but it would be an
interesting topic for future treatment or as an index of

HTN or stress-induced organ damage.
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Figure 11 Accumulation of macrophages in colon tissues of stressed rat. (A) Immunofluorescence staining for the accumulation of MIM@ and M2Mg in colon tissue after |
week of restraint pressure. The white box is a further enlargement of the partial picture, bar=100 ym. (B—G) Quantitative analysis of M| and M2-positive cells relative to
total nuclear number (IOD=area * density). Data are expressed as mean *+ SEM. n=5 rats expressing the number rats in each group. *p <0.05, *p <0.01, **p <0.001
(Black y-SHR-S vs y-WKY, Blue y-WKY-S vs y-WKY, Green y-SHR vs y-WKY); *p < 0.01, ##p < 0.001 (y-SHR-S vs y-SHR); ***p < 0.001 (Black y-SHR-S vs y-WKY.S, Green
y-SHR vs y-WKY-S).
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Numerous investigations have shown that the restraint
stress can damage the intestinal tract through a variety of
injuries, or increase intestinal permeability, and lead to
intestinal disorders by changing intestinal flora. The
mechanisms underlying their harmful effects also include
increasing oxidative stress, aggravating fibrosis, enhancing
inflammation, even more promoting apoptosis. Santisteban
et al’”>® found that impaired intestinal barrier is related to
HTN. Since one of the main functions of the intestinal
barrier is to prevent systemic entry of pathogen lumen
contents, intestinal barrier damage is considered to be
one of the major factors in the occurrence of chronic low-
grade inflammation and plays a key role in pathogenesis of
the occurrence of target organ damage. Therefore, it is
necessary to understand the role of intestinal flora in
inhibiting stress-related intestinal changes in order to
improve HTN control.

The rich microbial community living in the gastroin-
testinal tract (GI) is considered to be a dynamic organ
essential for host metabolism. The latest research found
that changes in gut microbiota could serve as an important
mediator in the development of HTN in rodents.**%3' It
was also found that at the phylum level, the majority of gut
microbes are Firmicutes and Bacteroidetes, nevertheless,
the abundance of Verrucomicrobia, Proteobacteria and
Actinobacteria is relatively low.”® The gut microbiota
also has close interactions with multiple organ systems
and regulates numerous physiological functions. They sti-
mulate the development of the immune system and gastro-
intestinal tissue in the gastrointestinal tract and are
regulated by complex immune system mechanisms that
monitor their abundance and diversity. The main micro-
biota remains similar among most individuals but there is
also slight difference from person to person. Several fac-

61,62 mental

tors, such as genetics,®® dietary patterns,
stress®® and geographical region® could account for the
reason, making them both highly dynamic and susceptible
to transient changes.’’®* Previous research has investi-
gated the role of gut microbiota in autoimmune, multiple
infectious and metabolic diseases, such as IBD,
Clostridium difficile infection and diabetes. Thus, benefi-
cial regulation of the gut microbiota is a promising clinical
target for many endemic diseases.**> While more studies
recently in rodents have confirmed that transformations of
gut microbiota composition participated in the occurrence
of HTN.*'*7 The present investigation will research the
effect of restraint stress suppression on gut microbiota
in HTN.

Long-standing arterial HTN can cause myocardial
fibrosis, which contributes to abnormalities of cardiovas-
cular function and seriously affects the prognosis and cure
of HTN. Stewart et al°® found that the intestinal muscle
layer of SHR rats was thickened and collagen layer
deposition was increased. MMP and TIMP are two impor-
tant factors in the regulation of ECM synthesis and degra-
dation. Among them, MMP-1 mainly degrades the main
components of ECM collagen type I and III, and TIMP-1
can inhibit the activity of MMP-1. During intestinal fibro-
sis, MMP-1 activity decreases, while TIMP-1 activity con-
tinues to increase.®” The abnormal wound healing
produces an excess of ECM, leading to fibrosis in some
organs including the GI tract.*®

Furthermore, it can be seen that moderate stress in the
juvenile rats could promote the secretion of adrenal cate-
cholamines and glucocorticoids,®® which stimulated TLR4
to produce inflammatory cytokines, including MCP-1, IL-
6 and TNF-a, and exacerbate Mg accumulation, giving
rise to altered fecal microbiota.”” As the result in
Figures 2,3 and 11 given the powerful evidence.>

IL-10, IL-1B, TIMP-1, IL-6, IL-17 and TNF-a are
produced by numerous cells, including M@, monocytes,
and T- and B-lymphocytes.””’* Especially, IL-6 TNF-a
and IL-1p are quickly produced from M1Mg in response
to infections (eg, microbial, virus) and wounds, for pro-
tecting the host by stimulating immune reactions,”* M2Mg
can quickly produce IL-10 and TIMP-1 repair tissue
damage and fibrosis to protect the body.”” In our study,
the expression of these inflammatory factors increased
after hypertensive stress, while the expression of M1Mg
and M2Mg decreased, which may indicate that other cells
are involved.

Studies have shown that germ-free mice develop
higher BP and are less responsive to Ang II when receiv-
ing fecal transplants from hypertensive patients than nor-
motensive donors.” We found a novel and significant
correlation among HTN, stress and seven microbial taxa
at the family and genus levels (Figure 7G and H; Figure
8G and H) where similar findings are relatively rare. Toral,
M. and his colleagues® reported the relationship of the
abundance of systolic BP was positive for Turicibacter
Wu, Q and his
coagents® indicated that the causal correlation of gut

while negative for S24-7 g that.

microbiota to stress-induced hypertension is partly regu-
lated, by the HPA axis activity. Similarly, Kim, S and other
scientists’® reported several bacterial taxa some correlating
with BP. However, significantly, it is first time to report

submit your manuscript

1106

Dove

Journal of Inflammation Research 2021:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Wang et al

a clear correlation between BP and the abundance of
specific bacteria’s relative in stress-linked HTN that
a remarkable change in the whole family and genus was
witnessed during the experimental process. After stress,
more than half of the bacteria belonging to Clostridium at
the genus level change.

At the family level of the colon, y-SHR-S after stress
compared with y-SHR, Muribacucae (p=0.0514) and
Prevotelaceae (p=0.0711) increased. At the genes level,
Ruminococcaceae UCG 005, f Muribaculaceae Unclass
ified and Prevotellaceae NK3B31 group were increased
(»<0.05) (Figure 7G and H). At the family level of ileo-
cecum, y-ic-SHR-S have reduced Eggerthellaceae
(»=0.0896) compared with y-ic-SHR after stress, and
Ruminococcaceae NK44214 group (p=0.0686) at the
genes level (Figure 8G and H).

Short-chain fatty acids (SCFAs) are derived from the
fermentation or degradation of carbohydrates and proteins
by intestinal flora, which are essential for intestinal
health.””””® The most abundant SCFAs in the gut include
acetic acid, propionic acid, and butyric acid, while isobutyric
acid, valeric acid, and iso-valeric acid are found in lower
concentrations.® Yanling Chang et al proved that the short-
chain fatty acids associated with changes in the intestinal
microbiome contribute to the development of hypertension in
patients with preeclampsia, and butyrate affects (decreased)
hypertension, but does not affect normal blood pressure.®'
Notably, the Blautia,
Eubacterium_group, Butyricicoccus,

changed gut  genera
Anaerostipes,
Coprococcus, Roseburia and Butyricimonas found in stress-
HTN are mainly butyric acid-producing bacteria, they basi-
cally belong to the Firmicutes phylum (Figure S1A-D). It
can be seen that the bacteria associated with butyric acid
production in the colon and ileocecal feces are mainly
Eubacterium_group and Roseburia bacteria, and they have
different trends in the stress group and their respective con-
trol groups. It can be seen that the Eubacterium_group in the
colon and its respective control group have an increasing
trend after stress but not statistically significant (Figure
S1A), while Eubacterium_group and Roseburia in the ileo-
cecal area change after hypertension and non-hypertension.
The trends are not consistent. The two bacteria of y-WKY-S
have an increasing trend compared with the control group,
but in y-SHR-S, these two bacteria are significantly reduced
compared with the control group (p<0.05) (Figure S1C).
Similarly, the total content of bacteria related to butyric
acid production in the colon did not change significantly
(Figure S1B), but the content of y-ic-WKY-S in the ileocecal

area increased after stress (p<0.05), while the expression of
y-ic-SHR-S decreased after stress (p<0.05) (Figure S1D).
Our study, while able to explain microbial variation, has
limitations, suggesting that larger groups are needed to cap-
ture more differences between test groups. In addition, we
found a correlation between BP values and seven taxa under
stress, but it failed to reveal the mechanisms by which these
particular groups regulate BP, thus contributing to the main-
tenance of physiological homeostasis. Some investigations
also provided other potential mechanisms-involving the
immune regulation, gut leakage, as well as the migration of
bacterial to kidneys, which may explain mechanistic correla-
tion between stress, HTN, and microecological imbalance.

Conclusions

In this study, there is a direct evidence which is virtual
association between HTN and the gut in a stress rat model.
The obvious differences were seen in intestinal functions
concomitant with an altered level of inflammatory factors
and Mo counts. Notably, HTN with moderate stress could
enhance the colonic barrier functions by improving
expression of ZO-1, occludin and claudin-5. And beyond
that, the relative abundance of 7 taxa of intestinal flora in
HTN rats was correlated with stress. The results from all
above give us great suggestion that there is a certain
and BP.
Furthermore, alterations in intestinal M¢ and IL-6 may

correlation among  stress, microbiome
accentuate another aspect of the intricate stress-BP-gut

mutuality.
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