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Abstract

Background and Purpose: Hypertension is associated with gut dysbiosis. We aimed to
evaluate the effects of the angiotensin receptor blocker losartan on gut microbiota in
spontaneously hypertensive rats (SHR), and to test if this modification contributes to its

blood pressure (BP) reducing properties.

Experimental Approach: Twenty-weeks old Wistar Kyoto rats (WKY) and SHR were
assigned to three groups: untreated WKY (WKY), untreated SHR (SHR), and SHR treated
with losartan for 5 weeks (SHR-losartan). A faecal microbiota transplantation (FMT)
experiment was also performed by gavage of faecal content from donor SHR-losartan group

to SHR recipient.

Key results: Faeces from SHR showed gut dysbiosis, characterised by higher
Firmicutes/Bacteroidetes ratio, lower acetate- and higher lactate-producing bacteria, and
lower strict anaerobic bacteria, which was restored by losartan. The improvement of gut
dysbiosis was linked to higher colonic integrity and lower sympathetic drive in the gut. In
contrast, hydralazine reduced BP but it did neither restore gut dysbiosis nor colonic integrity.
Interestingly, FMT from SHR-losartan to SHR reduced BP, improved the aortic endothelium-

dependent relaxation to acetylcholine and reduced NADPH oxidase activity. These vascular



changes were linked to both increased Treg and decreased Th17 cells population in the

vascular wall.

Conclusions and Implications: Losartan treatment reduced gut dysbiosis in SHR. This
effect seems to be related to its capacity to reduce sympathetic drive in the gut, improving
gut integrity. The changes induced by losartan in gut microbiota contributed, at least in part,
to protect the vasculature and reduce BP, possibly by modulating gut immune system.

Introduction

The gut harbours trillions of bacteria that modulate the host homeostasis within and outside
the intestinal tract. Gut microbiota is commonly referred to as an essential acquired organ
because its composition and richness are constantly adapting to the challenges occurring in
the environment or in the host, such as age, diet, and lifestyle modifications. In addition, it
has been commonly observed that a change in the host health status has been

accompanied by a shift in the gut microbiota (Marques et al., 2017).

In the periphery, gut microbiota plays an important role in shaping a robust systemic
and intestinal immune system (Chow et al., 2010; McDermott and Huffnagle, 2014). Recent
data suggest that gut microbiota may also play a role in the development and maintenance
of cardiovascular disease and metabolic disorders, such as obesity, diabetes mellitus, and
metabolic syndrome (Tang et al., 2013; Tilg and Kaser A, 2011; Everard and Cani, 2013;
Howitt and Garrett, 2012). Recently, it has been demonstrated that the normal gut microbiota
may influence blood pressure (BP). A direct association between gut microbiota and
hypertension in both animal models and humans has been described (Yang et al., 2015; Kim
et al., 2018, Toral et al., 2019, Sun et al., 2019). In contrast, Karbach et al. (2016) showed
that BP was not different between germ-free and conventionally raised mice, which is
consistent with previous observations describing no effect on BP after dramatic reduction in
faecal microbial biomass induced by antibiotic treatment (Pluznick et al., 2013). Similarly, it
has been described that both the Firmicutes/Bacteroidetes (F/B) ratio and the abundance
levels of selected genera in pre-hypertensive spontaneously hypertensive rats (SHR) were
not significantly different from the age matched Wistar Kyoto rats (WKY) (Santisteban et al.,
2016). Interestingly, transplantation of microbiota from SHR to WKY (Adnan et al., 2016,
Toral et al, 2019a), or from hypertensive human to germ-free mice (Li et al., 2017) increased
BP, showing the role of dysbiotic microbiota in the development of hypertension. In human,

overgrowth of bacteria such as Prevotella and Klebsiella, have been described in both pre-



hypertensive and hypertensive populations as compared to healthy (Li et al., 2017).
Moreover, seven bacterial species (Parabacteroides johnsonii, Klebsiella unclassified,
Anaerotruncus unclassified, Eubacterium siraeum, Prevotella bivia, and Rumminococcus
torques) positively, and three (Bacteroides thetaiotaomicron, Paraprevotella clara, and
Paraprevotella unclassified) negatively correlacted with systolic BP (SBP) (Kim et al., 2018).
In SHR, a strong positive correlation between SBP and the lactate-producing genus
Lactobacillus (Adnan et al., 2017), or Streptococcus and Turicibacter (Yang et al., 2015,
Toral et al., 2019b), and a negative correlation between butyrate-producing bacteria genus
Odoribacter or acetate-producing bacteria genus Bautia, with SBP (Toral et al., 2019a) has
been described. However, the absence of gut microbiota protects mice from angiotensin II-
induced hypertension, vascular dysfunction, and hypertension-induced end-organ damage,
showing for the first time that commensal microbiota, an ecosystem acquired after birth,
could represent an environmental factor promoting angiotensin Il-induced high BP (Karbach
et al. 2016). Similarly, oral administration of antibiotics improved BP in angiotensin Il-induced
hypertension and in SHR (Yang et al., 2015). The BP reduction by minocycline was able to
rebalance the hypertension-related dysbiotic gut microbiota by reducing the F/B ratio in
angiotensin ll-induced hypertension (Yang et al., 2015). Similarly, the consumption of
probiotic Lactobacillus strains reduced BP in SHR (Gomez-Guzméan et al., 2015), in
tacrolimus-induced hypertension in mice (Toral et al., 2018) and in high salt diet-induced
hypertension in mice (Wilck et al., 2017), showing that restoring the microbiota composition
to a similar composition as that found in normotensive animals led to the improvement of BP.
In addition, increased permeability of gut epithelial barrier, intestinal inflammatory status and
dysbiosis are associated with BP elevation in angiotensin ll-infused mice (Kim et al., 2018).
In fact, the inhibition of the renin-angiotensin system (RAS) by the angiotensin-converting
enzyme (ACE) inhibitor captopril reduces BP, reverses gut pathology (Santisteban et al.,
2017), and shifts the gut microbiota composition in SHR (Yang et al., 2019). However,
whether BP reduction by other RAS inhibitors, such as the angiotensin receptor blocker
losartan, shifts the gut microbiota composition is unclear. Whether changes in microbiota

induced by these drugs are involved in their antihypertensive effects is also unknown.

Normal microbiota regulates immune homeostasis, such as the balance between T
helper 17 (Th17) and regulatory T cells (Treg) in gut lymph organs and in the vascular wall,
which is involved in BP regulation (Karbach et al., 2016; Toral et al., 2018). Furthermore, a
critical role of the interaction gut microbiota-sympathetic nervous system in the regulation of
BP has been recently described (Toral et al., 2019). We hypothesised that BP reduction in
established hypertension might contribute to correct gut dysbiosis in SHR, which also

contribute to maintain low BP through change T cell populations in the vascular wall.


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=590

Therefore, the aim of this study was to evaluate the effects of losartan on gut microbioma in
SHR, and the role of gut microbiota in the antihypertensive effect of losartan.

Methods
Animals and experimental groups

This study was conducted in accordance with the regulations and requirements of the
European Union concerning the protection of animals used for scientific purposes. The
experimental protocol was approved by the Ethics Committee of Laboratory Animals of the
University of Granada (Spain; permit number 03-CEEA-OH-2013). Animal studies are
reported in compliance with the ARRIVE guidelines (McGrath and Lilley, 2015) and with the
recommendations made by the British Journal of Pharmacology. Twenty weeks old male
SHR/Kyo@Rj and WKY/Kyo@Rj from Envigo (RRID:RGD_5508396, Barcelona, Spain)
were used in the present study. We selected SHR as an animal model of genetic
hypertension. The SHR is a model with similar characteristics to essential hypertension in
non-obese humans and one in which males have higher BP than females as young adults,
but both sexes are hypertensive compared with normotensive Sprague-Dawley or WKY rats.
Rats were kept in specific pathogen-free facilities at University of Granada Biological
Services Unit. All animals were housed under standard laboratory conditions (12 hr light/dark
cycle, temperature 21-22°C, 50-70% humidity). Rats were housed in Makrolom cages
(Ehret, Emmerdingen, Germany), with dust-free laboratory bedding and enrichment. In order
to avoid horizontal transmission of the microbiota among animals, each rat was housed in a
separate cage. Rats were provided with water and standard laboratory diet (SAFE A04,
Augy, France) ad libitum. Water was changed every day, and both water and food intake
was recorded daily for all groups. Studies were designed to generate groups of equal size.
Animals were randomly assigned to treatment groups and the experimenter was blinded to

drug treatment until data analysis has been performed.

Experiment 1. Rats were randomly assigned to three different experimental groups (n = 8):
a) untreated WKY (WKY, 1 mL of tap water once daily), b) untreated SHR (SHR), and c)
SHR treated with losartan (SHR-losartan, 20 mg kg day? by oral gavage).

Experiment 2: SHR were randomly assigned to two groups (n = 8): a) SHR, and b) SHR
treated with hydralazine (SHR-hydralazine, 25 mg kg™ day* by oral gavage).


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7326

In both experiments, rats were treated for 5 weeks. Body weight was measured every week.

Experiment 3: To explore the role of microbiota from SHR-losartan group in the
antihypertensive effects of losartan, a faecal microbiota transplantation (FMT) experiment
was performed. For this purpose, faecal contents were collected fresh and pooled from
individual rats from SHR and SHR-losartan groups at the end of the Experiment 1, twenty-
four hours after the last dose of losartan. Twenty-week-old recipient SHR were orally
gavaged with donor faecal contents for 3 consecutive days, and once every 3 days for a total
period of 2 weeks. Animals were randomly assigned to two different groups of 8 animals
each: SHR with SHR microbiota (S-S), and SHR with SHR-losartan microbiota (S-SLOS).

Faecal microbiota transplantation

The FMT to recipient rats was performed as previously reported (Toral et al., 2019). Faecal
contents were diluted 1:20 in sterile PBS and centrifuged at 800 rpm for 5 minutes. The
supernatant was aliquoted and stored at -80°C. One week prior to transplantation, 1 mL
ceftriaxone sodium (400 mg kg? day?) was administered daily to recipient rats for 5
consecutive days by oral gavage. Forty-eight hours after the last antibiotic treatment,
recipient rats were orally gavaged with donor faecal contents (1 mL) as explained above.
Losartan concentration in the supernatant used for FMT was measured by mass

spectroscopy using previously published technigues (Okawada et al., 2011).

Blood pressure measurements

SBP and heart rate (HR) were measured weekly at room temperature using tail-cuff
plethysmography as described previously (Vera et al., 2007). All experiments were

performed in a quiet room by the same-blinded experimenter.

Cardiac and renal weight indices

When the experimental period was completed, 18 h fasting animals were anaesthetised with
2.5 mL kg equitensin (i.p.) and blood was collected from the abdominal aorta. Finally, the

rats were Kkilled by exsanguination. The kidneys and the heart were then removed and
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weighed. The heart was divided into right ventricle and left ventricle plus septum. All tissue
samples were frozen in liquid nitrogen and then stored at -80°C.

Plasma and colonic parameters

Blood samples were cooled on ice and centrifuged for 10 min at 3,500 rpm at 4°C, and

plasma was frozen at -80°C. Plasma lipopolysaccharide (LPS) concentration was measured

using the Limulus Amebocyte Lysate chromogenic endotoxin quantitation Kit (Lonza, Valais,

Switzerland), according to the manufacturer's instructions.

We used enzyme-linked immunosorbent assay kits (IBL International, Hamburg,
Germany) to measure colonic noradrenaline (NA) concentrations following the
manufacturer’s protocol. Colon samples were collected and placed in the appropriate
conservation solution. EDTA 1 mM and sodium metabisulfite 4 mM were added to prevent

the catecholamine degradation. Then tissue samples were stored at -80°C for later use.

Vascular reactivity studies

Segments of thoracic aortic rings (3 mm) were dissected from animals and were mounted in
organ chambers filled with Krebs solution (composition in mM: NaCl 118, KCI 4.75, NaHCO3
25, MgSO, 1.2, CaCl; 2, KH2PO4 1.2 and glucose 11) as previously described (Gémez-
Guzman et al., 2011).

The concentration-relaxation response curves to acetylcholine (10° -10° M) were
studied in aorta pre-contracted using phenylephrine (1 uM) in the absence or the presence
of NS-nitro-L-arginine methyl ester (L-NAME, 100 pM) or apocynin (10 pM). The
concentration-relaxation response curves to nitroprusside (10° -10° M) were performed in
the dark in aortic rings without endothelium pre-contracted using 1 uM phenylephrine.

Relaxation responses were expressed as a percentage of precontraction.

Measurement of ex vivo vascular reactive oxygen species (ROS) levels

We used dihydroethidium (DHE), an oxidative fluorescent dye, to localise ROS in aortic

segments in situ, as previously described (Zarzuelo et al., 2011). Briefly, the aorta segments


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5019
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=484
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=294
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=485
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5213
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9533

were included in optimum cutting temperature compound medium (Tissue-Tek; Sakura
Finetechnical, Tokyo, Japan), quickly frozen, and cut into 10 um thick sections in a cryostat
(Microm International Model HM500 OM). Sections were incubated at room temperature for
30 min with 10 uM DHE in the dark, counterstained with the nuclear stain 4,6-diamidino-2-
phenylindole dichlorohydrate (DAPI, 300 nM) and in the following 24 h examined on a
fluorescence microscope (Leica DM IRB, Wetzlar, Germany). Sections were photographed
and ethidium and DAPI fluorescence were quantified using ImageJ (version 1.32j, NIH,
http://rsb.info.nih/ij/). ROS production was estimated from the ratio of ethidium/DAPI

fluorescence.

Immunofluorescent detection of macrophages and lymphocytes

Immunofluorescence microscopy was performed on 10-pum-thick cryostat aortic sections.
Aortic sections were air-dried for 30 min, fixed for 5 min in methanol at -20°C and washed
with PBS for 15 min. Sections were blocked with PBS containing 5% non-fat dry milk for 2 h
at room temperature and then incubated with a mouse anti-macrophage-specific antigen
CD11b polyclonal antibody (1:200, Santa Cruz Biotechnology, Santa Cruz, USA), and a
rabbit anti-CD3 polyclonal antibody (1:200, Abcam, Cambridge, UK) in blocking solution
overnight at 4°C. The sections were washed 3 times with PBS and incubated with Alexa
Fluor® 594 goat anti-rabbit, Alexa Fluor™ 488 goat anti-mouse (1:200, Molecular Probes,
Oregon, USA) in the blocking solution for 1h at room temperature and then washed 3 times
with PBS. Images were captured using a fluorescence microscope (Leica DM IRB, Wetzlar,
Germany). The percentage of CD11 and CD3 staining/total surface area was quantified with

Image J software (version 1.32j, NIH, http://rsb.info.nih/ij/) (Barhoumi et al., 2011).

NADPH oxidase activity

The lucigenin-enhanced chemiluminescence assay was used to determine NADPH oxidase
activity in intact aortic rings as previously described (Zarzuelo et al., 2011). Aortic rings from
all experimental groups were incubated for 30 minutes at 37°C in HEPES-containing
physiological salt solution (pH 7.4) of the following composition (in mM): NaCl 119, HEPES
20, KCI 4.6, MgSO0s 1, Na;HPO,4 0.15, KH2PO4 0.4, NaHCO3 1, CaCl, 1.2 and glucose 5.5.
Then NADPH (100 uM) was added to the buffer containing the aortic rings, and lucigenin (5

MM) was injected automatically. NADPH oxidase activity was determined by measuring
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luminescence over 200 s in a scintillation counter (Lumat LB 9507, Berthold, Germany) in 5-
s intervals and was calculated by subtracting the basal values from those found in the
presence of NADPH and expressed as RLU (relative light units)/min per mg of tissue for

aortic rings.

Flow Cytometry

Mesenteric lymph nodes (MLNs) were collected from all groups. The tissues were mashed
with wet slides to decrease friction and then the solutions were filtered through a 70uM cell
strainer. 1x10° cells were counted and incubated with a protein transport inhibitor (BD
GolgiPlugTM) for an optimum detection of intracellular cytokines by flow cytometry. For

intracellular staining, cells were stimulated with 50 ng mL™ phorbol 12-myristate 13-acetate

plus 1 yg mL* ionomycin. After 4.5 hours, aliquot cells, of each sample, were blocked with
anti-CD32 (clone D34-485) for 30 minutes at 4°C to avoid non-specific binding to Fc-gamma
receptors. After that, cells were transferred to polystyrene tubes for the surface staining with
mAbs anti-CD4 (PerCP-Vio700, clone REA482, Miltenyi Biotec, Bergisch Gladbach,
Germany), anti-CD45 (APC, clone RA3-6B2 BD PharmigenTM, New Jersey, USA), and
viability dye (LIVE/DEAD® Fixable Aqua Dead cell Sain Kit, Molecular Probes, Oregon,
USA) for 20 min at 4°C in the dark. The lymphocytes were then fixed, permeabilised with the
Fix/Perm Fixation/Permeabilisation kit (eBioscience, San Diego, USA) and intracellular
staining was achieved with mAbs anti-forkhead box P3 (FoxP3) (PE,clone FJK-16s,
eBioscience, San Diego, USA), anti-interleukin (IL)-17A (PE-Cy7, clone eBiol7B7,
eBioscience, San Diego, USA) and anti-IFNy (Alexa Fluor® 647, DB-1, 6B2 BD
Pharmigen™, New Jersey, USA) for 30 min at 4°C in the dark. All samples were analysed
using a flow cytometer CANTO Il (BD Biosciences) and data were analysed with FlowJo
software (Tree Star, Ashland, OR, USA) (Romero et al., 2017).

Gene expression analysis

The analysis of gene expression was performed by reverse transcription polymerase chain
reaction (RT-PCR), as previously described (Zarzuelo et al., 2011). For this purpose, total
RNA was extracted by homogenisation using TRl Reagent® following the manufacturer’s
protocol. All RNA samples were quantified with the Thermo Scientific NanoDrop™ 2000
Spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 2 ug of RNA
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were reverse transcribed using oligo(dT) primers (Promega, Southampton, UK). Polymerase
chain reaction was performed with a Techne Techgene thermocycler (Techne, Cambridge,
UK). The sequences of the forward and reverse primers used for amplification are described
in Table S1. The efficiency of the PCR reaction was determined using a dilution series of
standard vascular samples. To normalise mRNA expression, the expression of the
housekeeping gene [B-actin was used. The mRNA relative quantification was calculated
using the AACt method.

DNA Extraction, 16S rRNA Gene Amplification, Bioinformatics

For analysis of the bacterial population present in the gut, faecal samples were collected
from six individual animals at the end of the experimental period. DNA was extracted from
faecal samples using G-spin columns (INTRON Biotechnology) and starting from 30 mg of
samples resuspended in PBS and treated with proteinase K and RNAses. DNA
concentration was determined in the samples using Quant-IT PicoGreen reagent (Thermo
Fischer), and DNA samples (about 3 ng) were used to amplify the V3-V4 region of 16S rRNA
gene (Caporaso et al., 2011). PCR products (approx. 450 bp) included extension tails, which
allowed sample barcoding and the addition of specific lllumina sequences in a second low-
cycle number PCR. Individual amplicon libraries were analysed using a Bioanalyzer 2100
(Agilent) and samples were pooled in equimolar amounts. The pool was further cleaned,
guantified and the exact concentration was estimated by real time PCR (Kapa Biosystems).
Finally, DNA samples were sequenced on an lllumina MiSeq instrument with 2 x 300 bp

paired-end sequencing reads at the Genomics Unit (Madrid Science Park, Spain).

We used the BIPES pipeline to process the raw sequences (Zhou et al., 2011). First,
the barcode primers were trimmed and filtered if they contained ambiguous bases or
mismatches in the primer regions according to the BIPES protocol. Second, we removed any
sequences with more than one mismatch within the 40—70 bp region at each end. Third, we
used 30 Ns to concentrate the two single-ended sequences for the downstream sequence
analyses. A detailed description of these methods was previously reported (Liu et al., 2017).
Third, we performed UCHIME (implemented in USEARCH, version 6.1) to screen out and
remove chimeras in the de novo mode (using-minchunk 20-xn 7-noskipgaps 2) (Edgar and
Flyvbjerg, 2015).



Between 90,000 and 220,000 sequences were identified in each sample. All
subsequent analyses were performed using 16S Metagenomics (Version: 1.0.1.0) from
lllumina. The sequences were then clustered to an operational taxonomic unit (OTU) using
USEARCH with default parameters (USERACHG61). The threshold distance was set to 0.03.
Hence, when the similarity between two 16S rRNA sequences was 97%, the sequences
were classified as the same OTU. QIIME-based alignments of representative sequences
were performed using PyNAST, and the Greengenes 13_8 database was used as the
template file. The Ribosome Database project (RDP) algorithm was applied to classify the
representative sequences into specific taxa using the default database (Edgar and Flyvbjerg,
2015). The Taxonomy Database (National Center for Biotechnology Information) was used
for classification and nomenclature. Bacteria were classified based on the short chain fatty
acids (SCFAs) end-product as previously described (Wang et al., 2007; Antharam et al.,
2013). Bacteria were classified based on the oxygen requirement using Genomes OnLine
Database (GOLD) (Mukherjee et al., 2019).

Chemicals

All chemicals were obtained from Sigma-Aldrich (Barcelona, Spain), unless otherwise

stated.

Statistical analysis

The data and statistical analysis comply with the recommendations on experimental
design and analysis in pharmacology (Curtis et al.,, 2018). Statistical analysis was
undertaken only for studies where each group size was at least n=5. Group size is the
number of independent values, and statistical analysis was done using these independent
values. The Shannon, Chao, Pielou and observed species indexes were calculated using
QIIME (PAST 3x). Reads in each OTU were normalised to total reads in each sample. Only
taxa with a percentage of reads > 0.001% were used for the analysis. Principal component
analysis (PCA) was also applied to these data to identify significant differences between
groups, using PAST 3x, and SSPS. Linear Discriminant Analysis (LDA) scores greater than
2 were displayed. Taxonomy was summarised at the genus level within QIIME-1.9.0 and
uploaded to the Galaxy platform (Segata et al., 2011) to generate the LDA effect size

(LEfSe)/cladogram enrichment plots considering significant enrichment at a P<0.05, LDA



score > 2. All data were analysed using GraphPad Prism 7 (RRID:SCR_000306). Results
are expressed as means + SEM of measurements. The evolution of tail SBP and the
concentration-response curves to acetylcholine were analysed by two-way repeated-
measures analysis of variance (ANOVA) with the Bonferroni post hoc test. The remaining
variables were tested on normal distribution using Shapiro-Wilk normality test and compared
using an unpaired t test or one-way ANOVA and Tukey post hoc test in case of normal
distribution, or Mann-Whitney test or Kruskal-Wallis with Dunn’s multiple comparison test in

case of abnormal distribution. P < 0.05 was considered statistically significant.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in
http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS
Guide to PHARMACOLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017).

Results

Losartan treatment reduces gut dysbiosis in SHR

The compositions of bacterial communities were evaluated by calculating three major
ecological parameters, including Chao richness, Pielou evenness, and Shannon diversity
and the number of observed species. Reduced richness and diversity without changes in
evenness and observed species were found in gut microbiota from SHR compared to those
found in WKY. Losartan did not restore these changes despite its antihypertensive effect
(Figure S1A).

We performed a three-dimensional PCA of the bacterial community, which measures
microorganism diversity between samples, i.e. B-diversity, at the level of the different taxa
(phylum, class, order, family, genus and species), in an unsupervised manner. This analysis
at the phylum level showed a perfect clustering of the animals into the SHR and WKY
groups, with no perfect clustering of the animals into SHR-losartan group (Figure S1B). The
composition of the faecal microbial communities of the WKY and SHRs was found to be
distinct from the previously reported composition (Yang et al., 2015). A clear separation was
observed in the PCA between the 2 clusters representing the microbial compositions of WKY

and SHR, indicating 2 extremely different gut environments. However, the cluster SHR-



losartan is closer to WKY than to SHR, being the key bacterial populations that are
responsible for discriminating among groups the phylum Firmicutes (loading 0.84). The
Kaiser-Meyer-Olkin (KMO) test, that measure sampling adequacy, was 0,777, indicating a
middling sampling. The Barlett’s test of sphericity was < 0.05. The analysis of the phyla
composition showed that Firmicutes was the most abundant phylum in the rat faeces,
followed by Proteobacteria, Actinobacteria, Bacteroidetes, and Verrucomicrobia (Figure 1A).
The proportion of bacteria from the Fimicutes phylum was significantly higher in SHR than in
WKY and SHR-losartan, whereas the proportions of Actinobacteria and Bacteroidetes were
lower in SHR than in the other groups. Losartan treatment restored bacteria from the
Firmicutes and Bacteroidetes phyla to levels similar to those found in WKY. The F/B ratio, a
signature of gut dysbiosis in hypertension (Yang et al., 2015), was = 3-fold higher in SHR
than in WKY, and this ratio returned to normal values by the action of losartan (Figure 1B). In
addition, significant lower percentages of acetate- and propionate-producing bacteria, and a
higher percentage of lactate-producing bacteria, without significant differences in the
percentage of butyrate-producing bacteria, were found in SHR compared to WKY; these
effects were abolished by losartan treatment (Figure 1C). Moreover, the percentage of strict
anaerobic bacteria was significantly lower in SHR compared to WKY, no significant
differences in strict aerobic bacteria were found between SHR and WKY. Losartan restored

this change in the percentage of anaerobic bacteria (Figure 1D).

Figure S2 shows the bacterial taxa (class, order, family, and genus) that were altered
in SHR according to LEfSe. Prominent changes in bacterial taxa occurred, where the relative
abundance of 51 taxa was increased (green) and 19 taxa were decreased (red) in WKY
compared to SHR. Losartan treatment of SHR also induced several changes in the
microbiota taxa compared to SHR, where the relative abundance of 41 taxa was increased

(green) and 16 taxa was decreased (red) (Figure S3).

We also identified what bacterial families (Figure S4) and genera (Figure S5) were
associated with changes in the composition of microbiota. The key bacterial populations that
are responsible for discriminating among groups was the familia Clostridiaceae (loading
0.38), and the genus Oscillospira (loading 0.78). The KMO test was 0,84, and 0,82,
indicating in both cases a meritorious sampling for PCA at the family and genus levels,
respectively. The Barlett’s test of sphericity was < 0.05 in both cases. A significant depletion
of Verrucomicrobiacea, Pedobacter, and Akkermansia, with a higher abundance of
Lactobacillaceae, and Lactobacillus was found in the microbiota of SHR group compared to
WKY. Losartan treatment tended to restore changes in Verrucomicrobiacea, Pedobacter,

and Akkermansia, and significantly restored changes in Lactobacillaceae and Lactobacillus.



Losartan improved intestinal integrity, a-defensins production, gut sympathetic tone,
and changed MLNs T cell population in SHR

Hypertension is associated with the altered expression of gut tight junction proteins,
increased permeability and gut pathology. The ACE inhibitor captopril, which lowers BP in
SHR, reverses gut pathology (Santisteban et al., 2017). We also found reduced mRNA
levels of barrier-forming junction proteins (occludin and zonula occludens-1 (ZO-1)) in the
colon of SHR compared to WKY (Figure 2A). Losartan treatment restored occludin and ZO-1
MRNA levels in the colon, suggesting an enhanced barrier function. In addition, increased
gut permeability in adult hypertensive SHR correlates with reduced goblet cells (Santisteban
et al., 2017). Goblet cells produce mucins, which protect the gut from pathogen invasion,
thereby regulating gut immune response (Mowat AM, Agace WW, 2014). We have also
found downregulation of mucin (MUC)-2 transcripts, without change in MUC-3 in SHR than
in WKY, which was restored by losartan (Figure 2A), suggesting reduced gut permeability.
We measured endotoxin levels in plasma, and found them to be significantly higher in SHR
compared with the WKY group (Figure 2B). Interestingly, the long-term treatment with
losartan significantly decreased endotoxemia in SHR. These results suggest that intestinal
permeability is increased in SHR and allow bacterial components (e.g., LPS) to enter the
blood stream. Furthermore, the increased mRNA levels of the colonic pro-inflammatory

cytokines tumor necrosis factor-a (TNF-a) and IL-6 (Figure 2C) in SHR were significantly

reduced by losartan administration.

RAS participates in the regulation of gastrointestinal inflammation (Garg et al., 2012;
Brzozowski, 2014) and has been linked to human inflammatory bowel diseases (IBD) (Hume
et al., 2016). In fact, pharmacological inhibition of classical RAS with losartan is capable to
alleviate murine models of IBD, independently of their antihypertensive effects (Wengrower
et al., 2012; Liu et al, 2016). However, we did not found any changes in the mRNA levels of

several RAS components, such as angiotensinogen (AGT), ACE and ACE2 (Figure 3A), in

colonic samples from all experimental groups, suggesting that the protective effects of
losartan in both colonic integrity and inflammation seems to be independent of local RAS
inhibition. Santisteban et al., (2017) showed that the increase in the sympathetic nerve
activity to the gut lead to alteration of gut junction proteins in SHR. We found an increase in

the expression of tyrosine hydroxylase (TH), a key enzyme involved in NA generation and

NA content in the gut from SHR compared to WKY, which was abolished by chronic losartan
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treatment (Figure 3B). These results suggest that reduced sympathetic tone in the gut could
be involved in the protective effects of losartan in the gut.

Epithelial intestinal cells are able to secrete antimicrobial peptides, a-defensins,
which are cysteine-rich cationic peptides with antibiotic activity against a wide range of
bacteria and other microbes (Bevins, 2005), to maintain the intestinal microbiota composition
(Hashimoto et al., 2012). We found reduced mRNA levels of the a-defensin RNP1-2, and
increased mRNA levels of RNP3 and RNP4, without significant change of RNP5 in colon
from SHR compared to the WKY group. Again, losartan treatment restored the mRNA levels
of defensins to levels similar to those found in WKY (Figure 3C).

Under altered gut mucosal integrity, bacteria are able to translocate across the
intestinal epithelium leading to activation and migration of CX3CR1" cells, such as
macrophages and dendritic cells, to draining lymph nodes of the lower intestinal tract (Niess
et al., 2005). They also present soluble antigen to naive CD4+ T cells, leading to T cell
activation. We found that the number of total lymphocytes in MLNs was higher in SHR
compared to WKY (Figure 4). Losartan treatment did not change the content in lymphocytes
in MLNs. The percentage of Treg (CD4*/FoxP3") was reduced, whereas the percentage of
Th1l7 (CD4*/IL-17") lymphocytes was significantly increased in MLNs in SHR compared to
WKY (Figure 4). Losartan increased only Treg population in MLNs without affecting Th17

population.

Losartan reduces blood pressure and organ target damage and improves vascular

nitric oxide (NO) pathway, oxidative stress and inflammation

As expected, SHR receiving chronic losartan treatment showed a progressive decrease in
SBP (Figure S6A), which was already significant after the first week, and was almost
normalised after 5 weeks (a decrease of 54.7 + 9.4 mmHg). No significant differences were
found among groups in heart rate (not shown). At the end of the study period, losartan
prevented the increase in the left ventricular weight index (= 12 %) and in urine protein

excretion (=51 %) found in SHR compared with the WKY counterparts (data not shown).

Aortas from the SHR control group showed strongly reduced endothelium-dependent
vasodilator responses to acetylcholine compared to aortas from the WKY group, which was
restored after losartan treatment (Figure S6B). The incubation with L-NAME in the organ

bath abolished the relaxation response to acetylcholine in all experimental groups, involving
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NO in this relaxation (data not shown). The presence of the non-selective NADPH oxidase
inhibitor apocynin in the organ bath increased the relaxation response to acetylcholine in
untreated SHR until reaching similar relaxation percentages to those found in WKY (Figure
S6B), suggesting that an increased NADPH oxidase activity is involved, at least in part, in
the impaired relaxation to acetylcholine in aorta from SHR. In addition, no differences were
observed among groups in the endothelium-independent vasodilator responses to the NO
donor sodium nitroprusside in aortic rings, excluding changes in NO pathway in smooth
muscle (data not shown). Rings from SHR showed both marked increased ROS content
(Figure S6C), measured by red staining to ethidium in vascular wall (= 27 %), and NADPH
oxidase activity (Figure S6D) compared to WKY, which were suppressed by losartan.

The infiltration of T cells and macrophages measured by immunofluorescence was
higher in aorta from SHR than from WKY counterparts, and was inhibited by losartan (Figure
5A). In addition, we also analysed the transcript level of transcription factor FoxP3, retinoid-
related orphan receptor-y (RORYy), T-bet and GATAS3, as markers of accumulation of Treg,
Th17, Thl and Th2, respectively, in aorta from all experimental groups (Figure 5B). Aortic
Th1l7, Thl, and Th2 contents were increased in SHR group, whereas Treg content was
reduced. Aorta from the SHR-losartan group showed levels of T cells similar to those found
in WKY (Figure 5B). The mRNA expression of pro-inflammatory cytokines IL-17a, IFN-y and
TNF-a was higher, whereas the mRNA levels of anti-inflammatory IL-10 were lesser in aortic
homogenates from SHR than in WKY. Losartan treatment significantly suppressed these

changes (Figure 5C).

Hydralazine reduced blood pressure, cardiac hypertrophy and improved endothelial

function, but did not restore gut microbiota and gut integrity.

To differentiate between the effects of blocking AT1 receptors vs. lowering arterial pressure,
the effect of hydralazine, another vasodilator-acting antihypertensive drug, on gut microbiota
was tested. This drug also reduced SBP, being significant at the first week of treatment and
reaching a decrease of 73.4 £ 7.6 mm Hg after 5 weeks, similar to that induced by losartan
(Figure 6A). In contrast, hydralazine significantly increased heart rate (Figure 6B),
suggesting increased sympathetic activity. Hydralazine treatment also reduced left
ventricular hypertrophy (Figure 6C), improved the endothelium-dependent relaxation to

acetylcholine (Figure 6D) and reduced the vascular NADPH oxidase activity (Figure 6E).
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The composition of bacterial community was evaluated. The major ecological
parameters were not altered by hydralazine treatment. Only a reduced Shannon diversity
was found in SHR-hydralazine group compared to SHR (Figure 7A). An unclear separation
was observed in the PCA between the 2 clusters representing the microbial compositions of
SHR and SHR-hydrazine groups, indicating 2 similar gut environments (Figure 7B). The key
bacterial populations that are responsible for discriminating among groups was the phylum
Bacteroidetes (loading 0.74). The KMO test was 0,71, indicating a middling sampling. The
Barlett’s test of sphericity was < 0.05. In addition, the proportion of bacteria among phyla
(Figure 7C), the F/B ratio (Figure 7D), the proportion SCFAs-producing bacteria (Figure 7E),
and the percentage of strict anaerobic bacteria (Figure 7F) were similar between both
groups, showing that hydralazine did not alter gut dysbiosis, despite its antihypertensive

effect.

In the gut, hydralazine was unable to change the mRNA levels of the RAS
components (data not shown), but it increased the TH expression and the NA content
(Figure 8A), suggesting higher colonic sympathetic drive. In addition, no significant
modifications were induced by hydralazine in mRNA levels of barrier-forming junction
proteins and mucins (Figure 8B), showing that this drug did no improve gut integrity.

Furthermore, colonic a-defensins expression was not restored by hydralazine (Figure 8C).

Faecal microbiota transplantation (FMT) from SHR-losartan reduces blood pressure

and improves endothelial function in SHR

To test if changes in gut microbiota composition induced by a chronic treatment with losartan
were involved in their antihypertensive effects, a FMT from SHR treated with losartan to
SHR was performed, and compared to FMT from an untreated SHR to another untreated
SHR. We found a significant decrease of 16.6 £ 7.0 mm Hg in SBP after 2 weeks of FMT
from SHR-Losartan to SHR, whereas no changes in SBP were found when FMT was
performed from SHR to SHR (Figure 9A). In addition, an improvement of the endothelium-
dependent relaxation to acetylcholine (Figure 9B) and a reduced NADPH oxidase activity
(Figure 9C) were also induced by stool transplantation from SHR treated with losartan.
These vascular changes were linked to both increased Treg and decreased Thl7 cells
population in the vascular wall (Figure 9D). In addition, FMT from SHR-losartan to SHR
increased colonic ZO-1, and MUC-2 expression (Figure 10A) and reduced colonic TH mRNA
level (Figure 10B), suggesting improvement of gut integrity and gut sympathetic tone. In

addition, increased Tregs cells in MLNs were detected in S-SLOS group compared to S-S



(Figure 10C), indicating that microbiota from SHR treated with losartan induced positive
changes in this secondary lymph organ in the gut.

It has been reported that 60% losartan can be found in faeces and the donor samples
could contain the drug. However, a low concentration of 0.60 ug/mL of losartan was
detected in faeces from SHR-Losartan group, which rendered a losartan dose of 0.15 ug Kg-
! excluding that the observed effects in S-SLOS group were related to direct actions of the

drug. As expected, losartan were not detected in faecal samples from untreated SHR.

At the end of the experiment the composition of faecal microbiota was analysed. The
bacterial communities evaluated by calculating major ecological parameters (Chao richness,
Pielou evenness, Shannon diversity and the number of observed species), were similar
between both groups (data not shown). The proportion of bacteria from the Fimicutes and
Verrucomicrobia phyla was significantly lower, whereas the proportions of Bacteroidetes
were higher in S-SLOS than in S-S group (Figure S7A). The F/B ratio was also lower in S-
SLOS group (Figure S7B). In addition, significant lower percentages of lactate- and
propionate-producing bacteria, and a higher percentage of acetate-producing bacteria, were
found in S-SLOS compared to S-S (Figure S7C). Moreover, the percentage of strict
anaerobic bacteria was significantly higher in S-SLOS compared to S-S (Figure S7D).

Figure S8 shows the bacterial taxa that prominent changes in bacterial taxa occurred,
where the relative abundance of 30 taxa was increased (green) and 64 taxa were decreased
(red) in S-SLOS compared to S-S. A clear separation was observed in the PCA between the
2 clusters representing the microbial compositions of S-S and S-SLOS groups (Figure S9A).
The key bacterial populations that are responsible for discriminating among groups the
genus Bacteroides (loading 0.56). The KMO test was 0,84, indicating a meritorious
sampling. The Barlett’s test of sphericity was < 0.05. Bacterial genera were associated with
changes in the composition of microbiota (Figure S9B). A significant reduction of
Oscillospira, with a higher abundance of Bacteroides, Prevotella and Clostridium was found
in the microbiota of S-SLOS group compared to S-S (Figure S9C). Interestingly, increased
proportion of Bacteroides acidifaciens was detected as main strain in S-SLOS group (Figure
S9D).



Discussion and conclusions

The main new findings of this study are the following: 1) chronic losartan treatment reduces
gut dysbiosis in SHR; 2) changes in gut microbiota composition induced by losartan are
independent of its BP reducing effects, and seem to be related to improvement of gut
integrity and the normalisation of colonic a-defensins production, as a result of reduced gut
sympathetic drive; 3) microbiota SHR-losartan is able to improve gut integrity, aortic

endothelial dysfunction and reduce BP in rats with genetic hypertension.

Abundant evidence has demonstrated the association between gut dysbiosis and
hypertension (Mell et al., 2015; Yang et al., 2015, Li et al 2017, Toral et al., 2019; Sun et al.,
2019). Our results are consistent with the main features of dysbiotic microbiota described in
SHR (Yang et al., 2015; Toral et al., 2019, Yang et al., 2019): a) a reduced richness and
diversity, b) an increased F/B ratio, and c) a reduction in acetate- and propionate-producing
bacteria, with higher proportion of lactate-producing bacteria. Losartan treatment tended to
increase richness and diversity, whereas separated bacteria clusters from SHR towards
WKY, normalised F/B ratio and SCFAs-producing bacteria. The increased abundance of
Lactobacillus ssp. found in SHR samples was also normalised. All these changes induced by
losartan in microbiota were linked to reduced BP, improvement of left ventricle hypertrophy,
reduced both vascular oxidative status and accumulation of pro-inflammatory lymphocytes,

and improvement of endothelial dysfunction.

Losartan may elicit changes in gut microbiota by several mechanisms. It has been
commonly observed that a change in the host health status has been accompanied by a shift
in the gut microbiota. Therefore, microbiota could be adapted to BP reduction, shifting to a
microbiota composition similar to WKY. However, our results are contrary to this hypothesis
because hydralazine, which reduced BP in a similar extent to losartan, was unable to alter
dysbiosis in SHR. Changes in gut microbiota composition have been associated with gut
integrity (Kim et al, 2018). The mammalian digestive tract epithelial cells create a tight barrier
in the gut, contributing to the hypoxic environment of the lumen. Damage to this barrier
makes the environment less hypoxic, conducive to aerobic bacterial growth (Konig et al.,
2016; Earley et al, 2015). In fact, intestines of angiotensin ll-hypertensive mice were
significantly less hypoxic and with increased aerobic bacteria in faeces (Kim et al., 2018).
We also found decreased abundance of anaerobic bacteria in faeces from SHR, which was
associated with lost of gut integrity. SHR treated with losartan showed increase colonic
integrity and a proportion of strict anaerobic bacteria similar to WKY, whereas hydralazine

was unable to improve both gut integrity and the proportion of anaerobic bacteria. This data



support the key role of gut integrity in the composition of intestinal microbiota. In addition,
intestinal epithelial cells and Paneth cells secrete antimicrobial peptides, such as defensins,
which selectively kill Gram-positive bacteria (Pamer, 2007; Ayabe et al., 2000; Vora et al,
2004; Vaishnava et al., 2008). Components of the microbiota, such as LPS, are recognized
by Toll-like Receptors expressed by these intestinal cells and trigger production and
secretion of these defensins. We found changes in mRNA levels of defensins in colonic
samples from SHR compared to WKY, which might also be involved in changes in
microbiota found in this hypertensive rats. Losartan restored defensins expression to
become similar to that found in WKY, whereas hydralazine did not altered the expression of
RNP1-2 and RPN3 and enhanced the increased expression of RNP4 found in SHR,
suggesting a role of defensins in the different changes in gut microbiota induced by both
drugs.

Angiotensin receptor blockers have gut anti-inflammatory properties via inhibition of
angiotensin 1l/ angiotensin Il type 1 receptor (AT1) axis (Takeshita and Murohara, 2014).
Inhibition of the classical RAS pathway is also involved in the upregulation of ACE2, which
activates the Ang-(1-7)/Mas pathway to counteract inflammatory signaling (Yisireyili et al.,
2018). In our study, no significant changes in AGT, ACE and ACE2 expression were found
among colonic samples from WKY, SHR and SHR-losartan groups ruling out that changes in
this pathway were involved in the protective effects of losartan in gut integrity. Our current
study is consistent with Santisteban et al., (2017), demonstrating an increased gut
sympathetic drive (increased TH expression and NA accumulation) associated with lost of
gut integrity and microbial dysbiosis in SHR. Recently, the hypothesis posing the presence
of a brain-gut communication driven by sympathetic system has been reinforced. Central
administration of a modified tetracycline inhibited microglial activation, normalised
sympathetic activity, attenuated pathological alterations in gut wall, restored certain gut
microbial communities altered by angiotensin Il and reduced BP (Sharma et al., 2019). Our
data also support that gut sympathetic drive is a key regulator of gut integrity and microbiota
composition. It is pertinent to note that sympathetic tone in SHR is attenuated by RAS-
inhibition (Tsuda et al., 1988, Demirci et al., 2005; Santisteban et al., 2017), and increased
by hydralazine (Tsoporis and Leenen, 1988). In fact, losartan treatment reduced sympathetic
activity in the colon, improving gut integrity and reducing gut dysbiosis, whereas hydralazine
(that increased gut sympathetic drive) was unable to restore gut integrity and microbiota

composition.



Normal microbiota could regulate immune system and/or gut-brain communication
reducing BP. In fact, Karbach et al (2016), showed that angiotensin Il infusion to germ-free
mice reduced ROS formation in the vasculature, attenuated vascular expression of NADPH
oxidase subunit Nox2, and reduced upregulation of RORYy, the signature transcription factor
for IL-17 synthesis in the aortic vessel wall. These vascular changes exerted protection from
endothelial dysfunction and attenuation of BP increase in response to angiotensin I,
involving immune system in the effects of microbiota in vascular function and BP regulation.
We have recently described that FMT from WKY to SHR reduced neuroinflammation,
sympathetic nervous system activity and BP (Toral et al., 2019a). In addition, the
antihypertensive effect of the ACE inhibitor captopril has sustained influence on the brain-gut
axis even after the withdrawal of captopril (Yang et al., 2019). When we explore the effects
of FMT from donors SHR-losartan to receptors SHR, we found decreased F/B ratio, thus
improving gut dysbiosis, and increased the prevalence of acetate-producing bacteria and
those of the genus Bacteroides acidifaciens. This bacterium was recently associated to
reduced SBP in DOCA-salt hypertension (Marques et al., 2017). In addition, it shown to
prevent obesity and to improve insulin sensitivity in mice (Yang et al., 2017), but whether it
can prevent the development of high BP in monocolonized animal is yet to be determined.
These changes in gut microbiota were accompanied by a reduced BP, an improvement of
endothelial dysfunction, a reduction of aortic NADPH oxidase activity linked to increased
aortic Tregs infiltration without changes in Th17. IL-10, the main cytokine released by Tregs,
attenuates NADPH oxidase activity, which is a critical process in the improvement of
vascular endothelial function in hypertension (Kassan et al., 2011). The changes in T cell
infiltration in the vascular wall were similar to that found in MLNs, suggesting that a
regulation in T cell population in this gut secondary lymph organ by microbiota is involved in
the antihypertensive effects of losartan. In fact, microbial metabolites, such as acetate,
derived from acetate-producing bacteria in S-SLOS, might promote T-cell differentiation into

Tregs cells (Park et al., 2015), leading to reduced BP.

In conclusion, we have found for the first time that losartan treatment reduced gut
dysbiosis in SHR. This effect seems to be related to its capacity to reduce sympathetic drive
in the gut, improving gut integrity and defensins production. The changes induced by
losartan in gut microbiota contributed, at least in part, to protect the vasculature and reduce
BP, possibly by modulating gut immune system (Figure S10). No sex-differences have been
described in the antihypertensive effects of angiotensin receptor antagonists in humans.
However, if the effects of losartan are sex-independent deserves further investigation in
female SHR.
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Bullet point summary:

‘What is already known’

Gut microbiota is involved in the control of BP. RAS inhibition reduces BP, reverses gut
pathology, and shifts the gut microbiota composition in SHR.

‘What this study adds’

RAS inhibition corrects gut dysbiosis due to its capacity to inhibit sympathetic drive, leading
to improvement of gut integrity. These changes in gut microbiota contributed to the reduction
of BP.

‘Clinical significance’

Gut microbiota represent a new target for losartan in the BP control. The gut dysbiosis

inhibition by antihypertensive drugs might be involved in lower BP in genetic hypertension.
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Figure 1. Losartan (Los) induces different behaviours of the gut microbiota of
spontaneously hypertensive rats (SHR). Faecal samples were collected and bacterial 16S
ribosomal DNA was amplified and sequenced to analyse the composition of microbial
communities. Phylum breakdown of the 5 most abundant bacterial communities in the faecal
samples obtained from all experimental groups (A). The Firmicutes/Bacteroidetes ratio (F/B
ratio) was calculated as a biomarker of gut dysbiosis (B). Relative proportions of acetate-,
butyrate-, lactate-, and propionate-producing bacteria (C). Anaerobic and aerobic bacteria
expressed as relative proportions (D) in the gut microbiota in Wistar Kyoto rats (WKY),
untreated SHR (SHR) and SHR treated with losartan (SHR-Los). Values are expressed as
mean = SEM (n = 6). *P< 0.05 significant differences compared with WKY rats. #P< 0.05

significant differences compared with the untreated SHR.
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Figure 2

Figure 2. Losartan (Los) induces improvement of gut inflammation and permeability in
spontaneously hypertensive rats (SHR). Colonic mRNA levels of occludin, zonula
occludens-1 (ZO-1), mucin (MUC)-2, and MUC-3 (A). Plasma endotoxin concentrations
(endotoxin units/mL (EU/mL)) (B). Pro-inflammatory cytokines, tumor necrosis factor-a (TNF-
a) and interleukin (IL)-6 (C) in Wistar Kyoto rats (WKY), untreated SHR (SHR) and SHR
treated with losartan (SHR-Los). Values are expressed as mean + SEM (n = 8). *P< 0.05
significant differences compared with WKY rats. #P< 0.05 significant differences compared

with the untreated SHR rats.
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Figure 3. Losartan (Los) induces improvement of a-defensins production and gut
sympathetic tone in spontaneously hypertensive rat (SHR). mRNA levels of several
renin angiotensin system such as angiotensinogen (AGT), angiotensin-converting enzyme
(ACE) and ACE2 (A). mRNA levels of tyrosine hydroxylase (TH) expression and
noradrenaline content (B). mRNA levels of a-defensins (RNP1.2, RNP3, RNP4, and RNP5)
in colon from Wistar Kyoto rats (WKY), untreated SHR (SHR) and SHR treated with losartan
(SHR-Los). Values are expressed as mean = SEM. *P< 0.05 significant differences

compared with WKY. #P< 0.05 significant differences compared with the untreated SHR.
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Figure 4. Losartan (Los) induces changes in T-cell polarization in mesenteric lymph
nodes in spontaneously hypertensive rats (SHR). Total T cells (CD4+CD45+), regulatory
T cells (Treg; CD4+ FoxP3+), and T helper (Th)-17 (CD4+ IL17a+) cells measured in
mesenteric lymph nodes in Wistar Kyoto rats (WKY), SHR and SHR treated with losartan
(SHR-Los). Values are expressed as mean = SEM. *P< 0.05 significant differences

compared with WKY. #P< 0.05 significant differences compared with untreated SHR.
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Figure 5

Figure 5. Losartan (Los) induces improvement of macrophage and T cell infiltration in
vascular wall from spontaneously hypertensive rats (SHR). Pictures on the top show
aortic T cell infiltration measured by immunostaining of CD3 (red fluorescence). Pictures on
the bottom show aortic macrophage infiltration measured by immunostaining of CD11b
(green fluorescence) (x 400 magnification). Data are represented as mean + SEM of the red
or green fluorescence (A). T-cells infiltration in aortas from all experimental groups
measured by mRNA levels of regulatory T cells (Treg; FoxP3), T helper (Th)17; RORy), Th1
(T-bet), and Th2 (GATA-3) cells (B). mRNA levels of interleukin (IL)-10, IL-17a, interferon-y
(IFN-y), and tumor necrosis factor-a (TNF-a) (C) in aortas from Wistar Kyoto rats (WKY),
SHR and SHR treated with losartan (SHR-Los). Values are expressed as mean + SEM. *P<
0.05 significant differences compared with WKY. #P< 0.05 significant differences compared

with untreated SHR.
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Figure 6. Protective effects of hydralazine (HDZ) in endothelial dysfunction and
hypertension in spontaneously hypertensive rats (SHR). Time course of systolic blood
pressure (SBP, A) and heart rate (HR, B) measured by tail-cuff plethysmography in SHR
treated with the hydralazine or saline. Morphological data from the left ventricle (C).
Endothelium dependent relaxation induced by acetylcholine (ACh) in aortas precontracted
by phenylephrine (D) and NADPH oxidase activity measured by lucigenin enhanced
chemiluminescence (E) in aorta from SHR and SHR+HDZ groups. Values are represented

as means £ SEM (n = 8). #P< 0.05 significant differences compared with untreated SHR.
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Figure 7. Hydralazine (HDZ) does not induce changes in the gut microbiota
composition in spontaneously hypertensive rat (SHR). The microbial DNA from faecal
samples was analysed by 16S rRNA gene sequencing. To evaluate general differences of
microbial composition amongst all experimental groups, diversity, richness, evenness, and
observed species (A) were examined. Principal coordinate analysis in the gut microbiota
from all experimental groups (B). Phylum breakdown of the 5 most abundant bacterial
communities in samples from all groups (C). The Firmicutes/Bacteroidetes ratio (F/B ratio)
was calculated as a biomarker of gut dysbiosis (D). Relative proportions of anaerobic and
aerobic bacteria (F), and lactate-, butyrate-, acetate- and propionate-producing bacteria
expressed as relative proportions (E) in the gut microbiota in all experimental groups are
shown. Values are represented as mean + SEM. #P< 0.05 significant differences compared
with untreated SHR.
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Figure 8

Figure 8. Effects of hydralazine (HDZ) on the sympathetic tone and gut integrity in
spontaneously hypertensive rats (SHR). Colonic mRNA levels of tyrosine hydroxylase
(TH) and noradrenaline levels (A). Zonula occludens-1 (ZO-1), occluding, mucin (MUC)-2
(B), and a-defensins, RNP1.2, RNP3, and RNP4 (C) measured by RT-PCR in the colon from
all experimental groups. Values are represented as mean + SEM. #P< 0.05 significant

differences compared with untreated SHR.
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Figure9

Figure 9. Effects of faecal microbiota transplantation from spontaneously
hypertensive rat (SHR)-losartan to SHR on vascular function in SHR. Time course of
systolic blood pressure (SBP), measured by tail-cuff plethysmography, in SHR with stool
transplant from SHR (S-S) or from SHR treated with losartan (S-SLOS, A). Endothelium-
dependent relaxation induced by acetylcholine (ACh) in aortas pre-contracted by
phenylephrine (B) and NADPH oxidase activity measured by lucigenin-enhanced
chemiluminescence in aorta from S-S, S-SLOS (C). mRNA levels of regulatory T cells (Treg;
FoxP3), T helper (Th)-17; RORYy), Th1 (T-bet), and Th2 (GATA-3) cells and mRNA levels of
interleukin (IL)-10, IL-17a, interferon-y (IFN-y), and tumor necrosis factor-a (TNF-a) (D) in
aortas from S-S and S-SLOS groups. Values are represented as mean + SEM. #P< 0.05

significant differences compared with S-S group.
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Figure10

Figure 10. Effects induced by faecal microbiota transplantation from spontaneously
hypertensive rats (SHR)-losartan on gut integrity and gut sympathetic activity. mRNA
levels of occludin, zonula occludens-1 (ZO-1), mucin (MUC)-2, MUC-3 (A), and tyrosine
hydroxylase (TH, B) measured by RT-PCR in colon from all experimental groups. Regulatory
T cells (Treg) and T helper (Th)-17 measured in mesenteric lymph nodes from all S-S and S-
SLOS groups by flow cytometry. Values are represented as mean + SEM. #P< 0.05

significant differences compared with S-S group.



