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Abstract

Background and Purpose: This study analyses whether first-line antihypertensive

drugs ameliorate the dysbiosis state in hypertension, and to test if this modification

contributes to their blood pressure (BP) lowering properties in a genetic model of

neurogenic hypertension.

Experimental Approach: Twenty-week-old male Wistar Kyoto rats (WKY) and spon-

taneously hypertensive rats (SHR) were untreated or treated with captopril, amlodi-

pine or hydrochlorothiazide. A faecal microbiota transplantation (FMT) experiment

was also performed by gavage of faecal content from donor SHR-treated groups to

SHR recipients for 3 weeks.

Key results: Faeces from SHR showed gut dysbiosis, characterized by lower acetate-

and higher lactate-producing bacteria and lower strict anaerobic bacteria. All three

drugs increased the anaerobic bacteria proportion, captopril and amlodipine restored

the proportion of acetate-producing bacterial populations to WKY levels, whereas

hydrochlorothiazide decreased butyrate-producing bacteria. Captopril and amlodipine

decreased gut pathology and permeability and attenuated sympathetic drive in the

gut. Both drugs decreased neuroinflammation and oxidative stress in the hypotha-

lamic paraventricular nuclei. Hydrochlorothiazide was unable to reduce neuroinflam-

mation, gut sympathetic tone and gut integrity. FMT from SHR-amlodipine to SHR

decreased BP, ameliorated aortic endothelium-dependent relaxation to acetylcholine,
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lowered NADPH oxidase activity, aortic Th17 infiltration and reduced neuroinflam-

mation, whereas FMT from SHR-hydrochlorothiazide did not have these effects.

Conclusions and Implications: First-line antihypertensive drugs induced different

modifications of gut integrity and gut dysbiosis in SHR, which result in no contribu-

tion of microbiota in the BP lowering effects of hydrochlorothiazide, whereas the

vasculo-protective effect induced by amlodipine involves gut microbiota reshaping

and gut-immune system communication.

K E YWORD S

amlodipine, captopril, endothelial dysfunction, gut dysbiosis, hydrochlorothiazide, hypertension,
immune system

1 | INTRODUCTION

Systemic arterial hypertension is the most commonly occurring modi-

fiable risk factor in cardiovascular disease around the world (Guzik

et al., 2007; Touyz et al., 2020). The underlying cause for the rise in

blood pressure (BP) and sometimes even its development can remain

undetermined and undetected. New data suggests a possible role for

shifts in gut bacterial populations in hypertension (Li et al., 2017; Toral

et al., 2019; Yang et al., 2015). This link between BP and the composi-

tion of gut microbiota has been shown in demonstrations of dysbiosis

(Yang et al., 2015), the generation of ‘humanized mice’ via administra-

tion of faecal microbiota from hypertensive human subjects to germ-

free animals (Li et al., 2017), or the transplant from spontaneously

hypertensive rat (SHR) donors into Wistar Kyoto (WKY) normotensive

rats that results in a rise in sympathetic activity and BP (Toral

et al., 2019). Nonetheless, how the microbiota is capable of regulating

BP is not fully understood. Recent evidence has shown that neuroin-

flammation might be involved in this regulatory phenomenon, forming

a dysfunctional gut-brain axis in high BP conditions (Robles-Vera

et al., 2021; Toral et al., 2019; Xia et al., 2021). This mechanism has

been further proven with the involvement of the sympathetic

response in the gut, and intestinal noradrenaline (NA) and tyrosine

hydroxylase concentrations (Toral et al., 2019). Interestingly, drugs

such as minocycline (Santisteban et al., 2015; Sharma et al., 2019),

mycophenolate (Robles-Vera et al., 2021), spironolactone (González-

Correa et al., 2023) or exercise (Xia et al., 2021), reduce neuroinflam-

mation, thus improving gut dysbiosis.

A bidirectional interaction between the gut microbiota and anti-

hypertensive agents has been described. It has been recently demon-

strated that the gut microbiota plays a role in the metabolism of

antihypertensive drugs and thus contributes to the pathophysiology

of resistant hypertension (Yang et al., 2022). There is mounting evi-

dence from human subjects that points to first-line antihypertensive

drugs acting to modulate the gut microbiota. Metagenomic analyses

of faecal samples has shown links between β-blockers and

angiotensin-converting enzyme (ACE) inhibitors and changes in the

bacterial populations of the gut microbiota (Zhernakova et al., 2016).

A high throughput drug screening proved that antibiotic-like effects

on the gut microbiota with use of the calcium channel blockers

felodipine and bepridil (Maier et al., 2018), and sulfonamide diuretics,

such as hydrochlorothiazide (HCTZ), involves antimicrobial activity by

inhibiting the bacterial dihydrofolate reductase enzyme (Kaur

et al., 2020). Finally, antihypertensive medications may have additive

effects: diuretics combined with β-blockers, ACE inhibitors or aspirin

were associated with enriched abundance of Roseburia, (Forslund

et al., 2021) a bacterium involved in the production of the metabolite

butyrate, shown to lower BP in animal models (Muralitharan

et al., 2020). While we still do not understand the impact of these

changes on BP, evidence in SHR supports the suggestion that actions

of the ACE inhibitor captopril (CAP) (Yang et al., 2019) and the

angiotensin II AT1 receptor blocker losartan (Robles-Vera, Toral, de la

Visitación, Sánchez, Gómez-Guzmán, Muñoz, et al., 2020) may be par-

tially dependent on the gut microbiota. However, it is unknown if the

What is already known?

• Gut microbiota is involved in the control of blood pres-

sure (BP).

• Changes to the gut microbiota composition induced by

captopril contributes to the antihypertensive effects.

What does this study add?

• Changes in gut microbiota induced by amlodipine con-

tributed to the reduction of BP.

• Changes in microbiota did not contribute to the antihy-

pertensive effects of hydrochlorothiazide.

What is the clinical significance?

• Gut microbiota represents a new target for amlodipine in

the BP control.
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antihypertensive effects of diuretics, such as HCTZ, or calcium chan-

nel blockers, such as amlodipine (AML), are related to changes in gut

microbiota. Moreover, it is unknown how antihypertensive drugs

modulate gut dysbiosis in hypertension, in addition to their antibiotic-

like effects. Interestingly, captopril (Yang et al., 2019) or losartan

(Robles-Vera, Toral, de la Visitación, Sánchez, Gómez-Guzmán,

Muñoz, et al., 2020) decreased BP, improved gut dysbiosis, permeabil-

ity and general gut pathology, and decreased neuroinflammation in

the SHR, showing the key role of the renin-angiotensin system (RAS)

in controlling the gut-brain axis in hypertension. By contrast, the

vasorelaxant drug hydralazine decreased BP but was unable to

improve gut dysbiosis, because of increased gut sympathetic drive

(Robles-Vera, Toral, de la Visitación, Sánchez, Gómez-Guzmán,

Muñoz, et al., 2020). However, whether HCTZ or AML decreases neu-

roinflammation in the central nuclei that play a role in autonomic con-

trol of BP, such as the hypothalamic paraventricular nucleus (PVN),

known to regulate sympathetic outflow that also is involved in gut

microbiota control, is not known. Hence, we studied the effects of

first-line antihypertensive drugs on the bacterial composition of the

gut and gut pathology and permeability. We further analysed

the involvement of these changes in the BP lowering effects in a well-

known model of neurogenic hypertension, presenting sympathetic

activation, the SHR (Nishihara et al., 2012).

2 | METHODS

2.1 | Animals and experimental groups

All protocols involved in this study followed European Union regula-

tions and requirements on the protection of animals used for scientific

purposes, the ARRIVE guidelines (Percie du Sert et al., 2020) and the

recommendations made by the British Journal of Pharmacology (Lilley

et al., 2020) and were approved by the Ethics Committee of Labora-

tory Animals of the University of Granada (Spain; permit number

16/02/2022/013/A). We chose SHR as an animal model of genetic

hypertension because it resembles essential hypertension in non-

obese humans, and male have higher BP than female young adults

(Doggrell & Brown, 1998). Twenty-weeks-old male SHR and WKY rats

were obtained from Janvier Labs (Le Genest-Saint-Isle, Saint Berthe-

vin Cedex, France) to be used in the study. Studies were performed to

generate groups of equal size and sufficient statistical power. Animals

were randomized to treatment groups and the experimenter was

blinded to drug treatment until data analysis.

2.1.1 | Experiment 1

Rats were allotted into the subsequent groups, in individual ventilated

cages: (a) untreated WKY (WKY, 1 ml of vehicle [methylcellulose 1%]

day�1 by gavage for 5 weeks, n = 8), (b) untreated SHR (SHR, 1 ml of

vehicle day�1, n = 8), (c) SHR treated with captopril (SHR + CAP,

85 mg�kg�1�day�1 by gavage for 5 weeks, n = 6) (Santisteban

et al., 2017), (d) SHR treated with AML (SHR + AML, 10 mg�kg�1�day�1

by gavage for 5 weeks, n = 8) (Sharifi et al., 1998), and (e) SHR treated

with HCTZ (SHR + HCTZ, 90 mg�kg�1�day�1 by gavage for 5 weeks,

n = 8) (Sano & Tarazi, 1987). Food and water intake were recorded

daily, and the animals could access both ad libitum. Body weight was

examined once a week. Drugs treatment was stopped 48 h before the

killing of the animals for tissue collection for long-term effects assess-

ment, avoiding the possible masking acute administration effects.

In order to analyse the effects of first-line antihypertensive drugs

in control rats, we tested the effects of captopril, AML and HCTZ in

normotensive WKY rats, using the same doses for 5 weeks.

2.1.2 | Experiment 2

To investigate the role of microbiota from SHR-treated groups in their

antihypertensive effects, a faecal microbiota transplantation (FMT)

experiment was carried out. Thus, faecal contents were collected

fresh and pooled from individual SHR, SHR + AML and SHR + HCTZ

rat groups at the end of the Experiment 1. Twenty-week-old recipient

SHR were orally gavaged with donor faecal contents for three consec-

utive days, and once every 3 days for a total period of 3 weeks. Ani-

mals were randomly assigned to three different groups of eight

animals each: SHR with SHR microbiota (S-S), SHR with SHR + AML

microbiota (S-SAML) and SHR with SHR + HCTZ microbiota

(S-SHCTZ). Rats were maintained in a specific pathogen-free environ-

ment, and were provided with water and standard laboratory diet

(SAFE A04, Augy, France) ad libitum. Each rat was housed in a sepa-

rate cage. Water was changed every day, and both water and food

intake were recorded daily for all groups.

2.2 | Faecal microbiota transplantation (FMT)

The FMT was carried out as previously detailed by our group (Toral

et al., 2019). A faecal slurry was generated from stool samples in ster-

ile phosphate buffered saline (PBS) at a 1:20 dilution factor, the mix-

ture was vortexed and then centrifuging at 60 g for 5 min to eliminate

faecal debris. We collected and kept at �80�C the supernatant until

used. Seven days before the transplant, we orally gavaged the recipi-

ent rats with 1-ml ceftriaxone sodium (400 mg�kg�1�day�1) for five

consecutive days. Two days after finishing the treatment with ceftri-

axone, we administered the animals with the donor faecal solution

(1 ml) prepared as explained above.

2.3 | Blood pressure measurements

The rats were trained for 2 weeks for vehicle administration. Systolic

blood pressure (SBP) and heart rate (HR) measurements were deter-

mined at basal levels before the experimental procedure. SBP and

HR were obtained at room temperature by tail-cuff plethysmography

as detailed in previous articles (Vera et al., 2007). In order to directly
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register intra-arterial BP, once the experiment was completed, ani-

mals from Experiment 1 were surgically implanted with a polyethyl-

ene catheter with 100 U heparin in an isotonic, sterile NaCl solution

in the left carotid artery under isoflurane anaesthesia. After 24 h

post-surgery, intra-arterial BP measurements were recorded uninter-

ruptedly for 60 min with a sampling frequency of 400 s�1 (McLab;

AD Instruments, Hastings, UK). For intergroup comparisons, BP

values recorded during the last 30 min were averaged. All measure-

ments were performed in a quiet room by the same, blinded,

experimenter.

2.4 | Evaluation of the contribution of sympathetic
activity

To evaluate the role of sympathetic activity, we repeated Experiment

1, and intraarterial BP was recorded. Acute BP responses to intrave-

nous injection of hexamethonium (30 mg�kg�1), a nicotinic cholinergic

antagonist that act as ganglionic blocker (Liu et al., 2022), were ana-

lysed in conscious rats. Pre-hexamethonium injection, arterial blood

samples (0.2 ml) were collected through the catheter to determine NA

levels. Then, the animals were completely exsanguinated under iso-

flurane anaesthesia, then the brain was retrieved, snap-frozen in liquid

nitrogen and kept at �80�C until processed for quantitative-

polymerase chain reaction (qPCR) measurements (Romero

et al., 2017). In addition, coronal hypothalamic slices, including the

paraventricular nucleus (PVN) were obtained using standard proce-

dures as previously described (Dange et al., 2015).

2.5 | Tissue collection and cardiac and renal
weight indices

After the experimental procedure, the rats underwent fasting over-

night and then were administered 2.5-ml�kg�1 equitensin (500 ml con-

tain 43% w/v chloral hydrate in 81-ml ethanol; 4.86-mg nembutal;

198-ml propylene glycol; 10.63-g MgSO4; distilled water) (i.p.). This

choice of equitensin, a potent anaesthetic, was made due to its appro-

priateness for terminal procedures where recovery is not expected,

following ethical standards and study protocol requirements. Subse-

quently, the terminal phase was completed through blood collection

from the abdominal aorta, which also effectively ensured the killing of

the animals. The heart, kidney and brain tissues were also excised and

processed. All tissues were preserved by snap freezing them in liquid

nitrogen and then storing them at �80�C.

2.6 | Histological evaluation of gut pathologies and
immunohistochemical staining in gut and brain

Tissue samples ex vivo from colon and brain were retrieved and pro-

cessed for conventional morphological analysis, as previously

described (Santisteban et al., 2017; Xia et al., 2021), and stained for

Masson's trichrome, Movat's pentachromic and haematoxylin–eosin

(H&E). A BX42 light microscope (Olympus Optical Company, Ltd.,

Tokyo, Japan) with a 20X objective was used to study the samples

by taking 10X images with a CD70 camera (Olympus Optical Com-

pany, Ltd.) attached to the microscope. We quantified relevant

parameters such as wall smooth muscle length, connective tissue

area, submucosal vascular smooth muscle layer in vessels less than

70 μm; cell count (goblet cells per 100 epithelial cells), or structure

depth (depth of crypts) on the images with ImageJ programme

(http://imagej.nih.gov/ij/).

Immunohistochemical techniques in gut were conducted to local-

ize of tight junction proteins including occludin, and zonula occluden

protein-1 (ZO-1) in colon samples. Briefly, after deparaffinizing and

rehydrating slides, they were treated in a pretreatment thermal PT

module (Thermo Fisher Scientific Inc., Waltham, MA, USA) with 1 mM

EDTA buffer (pH 8) for 20 min at 95�C, blocked with histoblock solu-

tion (PBS-Triton 0.01%; bovine serum albumin [BSA] 2%; horse serum

5%; goat serum 5%) for 1 h, and incubated with the primary anti-

bodies rabbit anti-occludin (1:400; Abcam, Cambridge, USA Cat#

ab216327, RRID:AB_2737295), and rabbit anti-ZO-1 (1:200; Invitro-

gen, Carlsbad, CA, USA Cat# 61-7300, RRID:AB_2533938), for 1 h at

room temperature in the dark. All antibodies were diluted in histo-

block solution. After washing with PBS, sections were incubated with

the micropolymer conjugated with peroxidase and diaminobenzidine

(Vitro-Master Diagnóstica, Granada, Spain) in an automated immunos-

tainer (Autostainer480S, Thermo Fisher Scientific Inc.). Controls with-

out primary antibody were also run in parallel.

For immunohistochemical study, cross sections of brain (4 μm)

were dewaxed, hydrated and antigen unmasked with 1-mM EDTA

buffer pH 8.0 (Vitro, Granada, Spain) in the PT module for 20 min at

95�C. The immunostain was carried out simultaneously in an Autostai-

ner 480S automatic immunostainer (Thermo Fisher Scientific Inc),

incubated a room temperature with rabbit primary antibody anti-Iba1

diluted 1:1000 (Invitrogen, Cat# PA5–27436, RRID:AB_2544912) for

30 min, using the technique of micropolymer (anti-mouse + anti-rab-

bit) conjugated with peroxidase and developed with diaminobenzidine

(Master Polymer, Vitro). We used a millimetre scale in the eyepiece of

a microscope (BH2, Olympus Optical Company Ltd) with a 40X objec-

tive to count the number of Iba1 positive microglial cells per mm2.

Results were expressed as numbers of positive cells per square

millimetres per 0.062 (correction value for 40X magnification). A

double-blind evaluation was carried out by trained researchers (F.O. &

N.M.-M.). Immunohistochemistry procedures were performed in com-

pliance with the recommendations made by the British Journal of Phar-

macology (Alexander et al., 2018).

2.7 | Plasma determinations

Plasma was obtained from blood by centrifuging for 10 min at 2000 g

and 4�C. The resulting plasma was aliquoted and stored at �80�C

until used. Lipopolysaccharide (LPS) and NA concentrations in plasma

and intestinal fatty acid-binding protein 2 (I-FABP) levels were

4 GONZÁLEZ-CORREA ET AL.
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measured through commercially available kits (the Amebocyte Lysate

Chromogenic Endotoxin Quantitative Kit, Lonza, Valais, Switzerland;

the noradrenaline ELISA kit, IBL International, Hamburg, Germany;

and the I-FABP ELISA kit, R&D Systems, Minneapolis, MN, USA), fol-

lowing the manufacturer's protocols.

2.8 | Vascular reactivity studies

The aorta was excised and segmented into rings (3 mm) that were

mounted on organ chambers with Krebs solution (in mM: NaCl

118, NaHCO3 25, glucose 11, KCl 4.75, CaCl2 2, KH2PO4 1.2, MgSO4

1.2) as described previously (Gómez-Guzmán et al., 2011). Vascular

reactivity to acetylcholine (10�9 to 10�4 M) was studied in these seg-

ments pre-contracted with phenylephrine (10 μM). For an in-depth

analysis of vascular relaxation capabilities, curves were performed in

the presence of NG-nitro-L-arginine methyl ester (L-NAME, a non-

selective competitive inhibitor of nitric oxide synthase, 10�4 M),

VAS2870 (non-selective inhibitor of NADPH oxidase, 5 μM), or with

Y27632 (Rho kinase inhibitor, 0.1 μM) for 30 min. In some experi-

ments the relaxant response curves to acetylcholine were constructed

after 6 h of incubation with physiological saline solution (PSS) or with

IL-17a neutralizing antibody (nIL17, 10 μg�ml�1). Results are

expressed as a percentage of precontraction tension levels.

2.9 | In situ detection of vascular reactive oxygen
species (ROS) content

Unfixed thoracic aortic rings were cryopreserved (PBS, 0.1 mol�L�1,

plus 30% sucrose for 1–2 h), placed in optimum cutting temperature

compound medium (Tissue-Tek; Sakura Finetechnical, Tokyo, Japan),

frozen (�80�C), and 5-μm cross sections were obtained in a cryostat

(Microm International Model HM500 OM, Walldorf, Germany). Sec-

tions were incubated for 15 min in Hepes buffered solution, contain-

ing dihydroethidium (DHE) (10�6 M), counterstained with the nuclear

stain DAPI (3 � 10�7 M) and in the following 24 h examined on a

fluorescence microscope (Leica DM IRB, Wetzlar, Germany). Sections

were photographed and fluorescence was quantified using the ImageJ

programme. All parameters (pinhole, contrast, gain and offset) were

held constant for all sections from the same experiment. ROS produc-

tion was estimated from the ratio of ethidium/DAPI fluorescence

(Zarzuelo et al., 2011). dihydroethidium (DHE) fluorescence was also

analysed in aortic sections from the SHR group incubated for 30 min,

at 37�C, in the presence of superoxide dismutase conjugated to poly-

ethylene glycol (PEG-SOD, 25 U�ml�1) before dihydroethidium (DHE).

2.10 | NADPH oxidase activity

A scintillation counter (Lumat LB 9507, Berthold, Germany) was used

to measure NADPH oxidase activity in aorta, using a lucigenin-

enhanced chemiluminescence method as previously described in

detail by our group (Zarzuelo et al., 2011), by incubating tissue sam-

ples at 37�C for 30 min in an HEPES buffer solution (in mM): CaCl2

1.2, glucose 5.5, HEPES 20, KCl 4.6, KH2PO4 0.4, MgSO4 1, NaCl

119, NaHCO3 1. The chemiluminescent signal was achieved by adding

100-μM NADPH as a substrate for the reaction and 5-μM lucigenin

to be oxidised proportionally to the amount of ROS generated, emit-

ting light as a signal.

Alternatively, enzyme activity from PVN samples was measured

by fluorescence derived from dihydroethidium (DHE) oxidation prod-

ucts incubated with tissue homogenates, as done previously (Toral

et al., 2019). We incubated the samples at 37�C for 30 min in PBS

with 10-μM dihydroethidium (DHE) and 1.25-μg�ml�1 DNA, 100-μM

diethylenetriamine pentaacetate (DTPA) and 50-μM NADPH in the

absence or in the presence of the NADPH oxidase inhibitor apocy-

nin (50 μM). The fluorescent signal was studied, exciting at 490 nm

and detecting the emission at 590 nm in a Fluostart fluorescence

spectrometer (BMG Labtechnologies, Offenburg, Germany). NADPH

oxidase activity was defined as the difference between values

obtained in the absence and those obtained in the presence of

apocynin.

2.11 | Reactive oxygen species (ROS)
concentrations in the PVN

ROS concentration in the PVN was studied using the fluorescent

probe 5-(and-6-)chloromethyl-20-70-dichlorodihydrofluorescein diace-

tate (CM-H2DCFDA, 5 μM) from tissue homogenates in a non-

denaturing lysis buffer (50-mM Tris–HCl, 10 μg�ml�1 aprotinin,

0.1-mM EDTA, 0.1-mM EGTA, 10-μg�ml�1 leupeptin, 1-mM PMSF)

for 30 min at 37�C. Fluorescence was measured in the Fluostart fluo-

rescence spectrometer as described previously (Toral et al., 2019).

2.12 | Flow cytometry

Mesenteric lymph nodes (MLN) and aortae were adequately homoge-

nized for cell collection. Blood was treated with Gey's solution for red

cell lysis. Then, all samples were filtered through a 40-μM cell

strainer. 1 � 106 cells per sample were counted and incubated at

37�C with 50-ng�ml�1 PMA, 1-μg�ml�1 ionomycin and a protein

transport inhibitor (BD GolgiPlugTM) for a total of 4 h 30 min. Non-

specific staining was prevented. blocking with anti-CD32 (clone

D34-485, BD Biosciences), while staining for live/dead (LIVE/DEAD®

Fixable Aqua Dead cell Sain Kit, Molecular Probes, Oregon, USA).

Cells were then stained in sequential incubations for extracellular and

intracellular markers. The samples were also permeabilized and fixed.

The list of antibodies and their targets used can be found in Table S1.

Flow cytometry was performed on a FACS ARIA III flow cytometer

(BD Biosciences) and the final analysis was carried out using FlowJo

software (Tree Star, Ashland, OR, USA) as described previously

(González-Correa et al., 2023). Gate strategy for flow cytometry is

showed in Figure S1.
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2.13 | Gene and protein expression analysis

To determine gene expression levels in colon and PVN, we performed

quantitative PCRs as previously done (González-Correa et al., 2023).

RNA was obtained by tissue homogenization with TRI Reagent®. The

probes utilized can be found in Table S2. All qPCR reactions were car-

ried out in a Techne Techgene thermocycler (Techne, Cambridge, UK).

The mRNA relative expression was determined using the ΔΔCt

method.

We used western blots to look at the levels of ZO-1 and occlu-

din in colonic homogenates. These samples were electrophoresed

with sodium dodecyl sulphate-polyacrilamide (20 μg of protein per

lane). The proteins were then transferred to polyvinylidene difluoride

membranes. Then, membranes were blocked with 5% bovine serum

albulin (BSA) in Tris Buffer Saline with Tween 20 (TBST) solution

(0.5 M Tris pH 7.5; 1.5 M NaCl; 0.1% Tween 20) for 1 h. After incu-

bating the membranes with the appropriate primary antibodies, ZO-1

and occludin were detected: rabbit polyclonal anti-occludin (1:1000,

Abcam, Cambridge, USA Cat# ab216327, RRID:AB_2737295) and

rabbit polyclonal anti-tight junction protein ZO-1 (1:1000; Invitrogen,

Carlsbad, CA Cat# 61-7300, RRID:AB_2533938). All were incubated

at 4�C overnight at 1/1000 dilution. The membranes were then

exposed with Santa Cruz Biotechnology's secondary peroxidase-

conjugated goat anti-rabbit (1/10000). All antibodies were diluted in

TBST with 3% of BSA. An ECL system (Amersham Pharmacia Bio-

tech, Amersham, UK) was used to detect antibody binding, and Ima-

geJ software was used to perform densiometric analysis. Smooth

muscle ß-actin was again found in the samples. For each control or

experimental sample, the relative abundance of the protein of inter-

est was normalized to the mean of the controls to minimize varia-

tions. All quantifications were carried out by a blind analyser.

Western blot procedures were performed in compliance with the rec-

ommendations made by the British Journal of Pharmacology

(Alexander et al., 2018).

2.14 | DNA extraction, 16S rRNA gene
amplification, bioinformatics

A detailed version of the protocol can be found in our previous publi-

cations (Toral et al., 2019) DNA from faecal samples was extracted

using G-spin columns at the end of the experiment (INTRON Biotech-

nology). Amplification of the V4-V5 regions was carried out for the

16S rRNA. Amplicon libraries were obtained from Bioanalyzer 2100

(Agilent). Sequencing was performed using the Illumina MiSeq instru-

ment with 2 � 300 paired-end read sequencing at the Unidad de Gen-

ómica (Parque Científico de Madrid, Spain). USEARCH6.1 was used

for operational taxonomic unit (OTU) generation. The Taxonomy

Database (National Center for Biotechnology Information) was uti-

lized for classification and nomenclature. Bacteria were classified

according to their short chain fatty acid (SCFA) end-products, as

established previously (Xia et al., 2021).

2.15 | Reagents

The chemicals and other reagents were purchased from Merk

(Barcelona, Spain) unless otherwise specified.

2.16 | Statistical analysis

Data and statistical analysis comply with the recommendations of the

British Journal of Pharmacology on experimental design and analysis in

Pharmacology (Curtis et al., 2022). Initial group size (n = 8) was

selected for the Experiments 1 and 2, and n = 6 for drugs-treated

control WKY experiment, based on our previous experience, consider-

ing the possible loss of rats due to the application of the criteria of

humane endpoints; if physical signs other than drugs treatment were

observed, loss of consumption data, failure during mounting the aorta

in the organ bath, insufficient amount of tissue for quantitative PCRs,

during the surgery for the in vivo, or outlier values (determined by the

extreme studentized deviate method [ROUT test] with significance

level of Q = 1). These conditions were the only exclusion criteria

employed and account for differences in group sizes. A smaller group

size of n = 5 was considered for the ex vivo determinations due to

lower intrinsic variability, resulting in fewer expected outliers and less

expected data loss due to simpler procedures. In all experiments, the

size group was described in the section on animals and experimental

groups, and it refers to biological samples rather than technical

replicates.

The reads per operational taxonomic unit (OTU) were standard-

ized to the total number of reads per sample. We used Phyloseq tools

to calculate the Chao and Shannon indexes. In the analysis, we

included only the data from taxa prevalent in over 20% of the samples

and over four reads per sample. We show the Linear Discriminant

Analysis (LDA) only for scores over 3.5, at genus level. The analysis

was performed using the Microbiome Analyst for the Linear Discrimi-

nant Analysis effect size (LEfSe) (Chong et al., 2020), considering the

enrichment significant at P < 0.05. Results are expressed as means

± SEM. Features with significant differential abundant were identified

through the non-parametric factorial Kruskal-Wallis sum-rank test.

The analysis was accompanied by LDA to determine the effect size of

each differentially abundant feature. Beta diversity of the microbiota

was determined via comparisons of bacterial composition of thou-

sands of taxa between two samples. All samples are compared to the

other samples resulting in a distance or dissimilarity matrix, that was

analysed through the Bray–Curtis distance and represented by Princi-

pal Coordinate Analysis (PCoA).

Data analysis was performed using Prism v8 (GraphPad Sofware

Inc., USA). Tail cuff SBP, HR and the results for the vascular reactivity

tests were analyses by two-way repeated-measures ANOVA with the

Bonferroni post hoc test. Alternatively, other data were tested for

normal distribution through the Shapiro–Wilk normality test and

compared by one-way ANOVA and Tukey post hoc test if the data

presented a normal distribution or Mann–Whitney U test or Kruskal-
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F IGURE 1 Legend on next page.
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Wallis with Dunn's multiple comparison test if the distribution was

abnormal. Post-hoc tests were run only if F achieved P<0.05 and

there was no significant variance inhomogeneity. P < 0.05 was consid-

ered statistically significant.

2.17 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org and are

permanently archived in the Concise Guide to PHARMACOLOGY

2023/24 (Alexander, Christopoulos, Davenport, Kelly, Mathie, Peters,

Veale, Armstrong, Faccenda, Harding, Davies, et al., 2023; Alexander,

Fabbro, Kelly, Mathie, Peters, Veale, Armstrong, Faccenda, Harding,

Davies, Annett, et al., 2023; Alexander, Fabbro, Kelly, Mathie, Peters,

Veale, Armstrong, Faccenda, Harding, Davies, Beuve, et al., 2023;

Alexander, Kelly, Mathie, Peters, Veale, Armstrong, Buneman, Fac-

cenda, Harding, Spedding, Cidlowski, et al., 2023).

3 | RESULTS

3.1 | First-line antihypertensive drugs decrease BP
and organ target damage and ameliorate aortic
endothelial dysfunction in SHR

As expected, in comparison to their healthy counterparts, the SHR

experienced a rise in the SBP and HR (Figure 1a,b). The captopril, AML

or HCTZ treatments induced a progressive decrease in SBP down by

�59, 51 and 37 mmHg, respectively. Additionally, high heart weight/

tibia length (HW/TL), left ventricle weight/tibia length (LVW/TL) and

kidney weight/tibia length (KW/TL) ratios were detected in SHR com-

pared with those in WKY. The three drugs improved the cardiac

hypertrophy parameters, whereas only AML reduced renal hypertro-

phy (Figure 1c). In WKY, captopril and AML treatments slightly

reduced SBP by �13, and 8 mmHg, respectively, with HCTZ being

without effect (Figure S2a). HR was similar among all experimental

groups of WKY treatments (Figure S2b). In addition, aortae from SHR

showed reduced endothelium-dependent vasodilation to acetylcholine

in comparison to WKY (Figure 1d), and this was improved by all three

drugs. The vasodilatory capabilities in all samples were completely

abolished by coincubation with L-NAME, which proves the involve-

ment of nitric oxide in the observed vasorelaxant effects (data not

shown). In relaxation curves that used VAS2870, the vasodilation of

SHR aortic rings reached WKY levels, pointing to a role for NADPH

oxidase in SHR endothelial dysfunction (Figure 1d). This was also cor-

roborated by the study of NADPH activity, which was increased

(�1.7-fold) in SHR in comparison to WKY. All treatments were able to

normalize enzyme activity values to healthy control levels (Figure 1e).

Red fluorescence was measured in sections of aorta incubated with

dihydroethidium (DHE) to characterize and localize ROS levels within

the vascular wall. When compared to control mice, SHR rings showed

significantly increased staining (�5-fold), which was significantly

reduced by all antihypertensive drugs. PEG-SOD abolished increased

red fluorescence in SHR, indicating its O2
� specificity (Figure S3).

Evidence suggests that vascular T cell infiltration regulates ROS

production and endothelial function in SHR (Guzik et al., 2007;

Robles-Vera et al., 2021). High levels of T helper (Th)17 and Th1 cell

and reduced levels of regulatory T cell (Tregs) infiltration were

detected in aorta from SHR, as compared to WKY (Figure 1f). Capto-

pril normalized Th17 and Th1 infiltration in SHR, whereas AML and

HCTZ only reduced Th17 cell infiltration in the aorta.

3.2 | First-line antihypertensive drug treatment
induced changes in gut microbiota in SHR

There is a proven link between microbiota and the SHR phenotype

(Toral et al., 2019; Yang et al., 2015), which prompted us to examine

the effects of these drugs on gut microbiota composition. Shannon and

Simpson, ecological parameters of diversity and Chao and abundance-

based coverage estimator, that study richness, can be used to measure

alpha diversity, as well as Chao and abundance-based coverage stima-

tor, that study richness, can all be used to measure alpha diversity. No

significant changes were detected among all experimental groups in

these parameters (Figure 2a). The axonometric two-dimensional Princi-

pal Coordinate Analysis (PCoA) at genus level showed no significant dif-

ferences among all experimental groups (Figure 2b). HCTZ altered the

intestinal microbiome populations in SHR but this was not statistically

significant (Figure 2b). At phylum level, we observed minor changes in

phyla proportion induced by these drugs, except HCTZ (Table S3 and

Figure 2c). HCTZ reduced bacteria belonging to Firmicutes and

increased Bacteroidetes; and AML reduced the relative abundance of

Tenericutes. The Firmicutes/Bacteroidetes (F/B) ratio is commonly used

as a marker of gut dysbiosis (Yang et al., 2015), and it is usually higher

in SHR than WKY; nevertheless, in our experiment it was unaltered in

SHR, being reduced by HCTZ treatment (Figure 2d). Furthermore, the

populations of strict anaerobic and aerobic bacteria were reduced and

F IGURE 1 Captopril (CAP), amlodipine (AML) and hydrochlorothiazide (HCTZ) reduce blood pressure, target organ damage, endothelial

dysfunction and aortic T cells infiltration in spontaneously hypertensive rats (SHR). Time course of systolic blood pressure (SBP) (a) and heart rate
(HR) (b) measured by tail-cuff plethysmography. (c) Ratio heart weight/tibia length (HW/TL), left ventricle weight/tibia length (LVW/TL) and
kidney weight/tibia length (KW/TL). (d) Endothelium-dependent relaxation induced by acetylcholine (Ach) in aortas precontracted by
phenylephrine (phe) in the absence or in the presence of the NADPH oxidase inhibitor VAS2870. (e) NADPH oxidase activity measured by
chemiluminescence to lucigenin. (f) Th17, Tregs, and Th1 infiltration measured by flow cytometry in aorta from all experimental groups. Values
are expressed as mean ± SEM. The number of animals analysed is shown in parenthesis. * indicates P < 0.05 compared with Wistar Kyoto rats
(WKY). # indicates P < 0.05 compared with untreated SHR group.
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F IGURE 2 Captopril (CAP), amlodipine (AML) and hydrochlorothiazide (HCTZ) reshape the remodelling of gut microbiota in spontaneously

hypertensive rats (SHR). The microbial DNA from faecal samples was analysed by 16S rRNA gene sequencing. (a) Ecological parameters of
richness, such as Chao, and abundance-based coverage estimator (ACE), and diversity, such as Shannon and Simpson. (b) Principal coordinate
analysis (PCoA) in the gut microbiota from all experimental groups. (c) Phylum breakdown of the seven most abundant bacterial communities in
the faecal samples was obtained from all experimental groups. (d) Firmicutes/Bacteroidetes ratio (F/B ratio) was calculated as a biomarker of gut
dysbiosis. (e) Relative proportion of strict anaerobic and aerobic bacteria from all experimental groups. Values are expressed as mean ± SEM. The
number of animals analysed is shown in parenthesis. * indicates P < 0.05 compared with Wistar Kyoto rats (WKY). # Indicates P < 0.05 compared
with untreated SHR group.
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increased, respectively, in SHR in comparison to WKY (Figure 2e). Cap-

topril and HCTZ increased the relative abundance of strict anaerobic

bacteria, but not significantly modified strict aerobic population.

In WKY rats, captopril and HCTZ treatments decreased richness

parameters, captopril decreased Shannon diversity, and AML had no

effect on ecological parameters (Figure S4a). The axonometric two-

dimensional Principal Coordinate Analysis (PCoA) at the genus level

revealed statistically significant differences between all treated groups

and the untreated-WKY group (Figure S4b). Both captopril and HCTZ

increased Bacteroidetes and reduced the Firmicutes phylum

(Figure S4c), while HCTZ increased Verrucomicrobia. Captopril and

HCTZ both reduced the F/B ratio (Figure S4d). Captopril increased

the populations of strict anaerobic bacteria while having no effect on

the strict aerobic population (Figure S4e). In WKY, AML treatment

had no effect on the relative proportion of phyla or the strict aerobic

and anaerobic bacteria.

F IGURE 3 Captopril (CAP), amlodipine (AML) and hydrochlorothiazide (HCTZ) reshape the Short Chain Fatty Acid (SCFA)-producing bacteria
in spontaneously hypertensive rats (SHR). Relative proportion of (a) total acetate- (b) total butyrate- and (c) total lactate-producing bacteria
expressed as relative abundance of total bacteria, and main SCFA-producing genera. The microbial DNA from faecal samples was analysed by 16S

rRNA gene sequencing. Values are expressed as mean ± SEM. The number of animals analysed is shown in parenthesis. * indicates P < 0.05
compared with Wistar Kyoto rats (WKY). # indicates P < 0.05 compared with untreated SHR group.
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F IGURE 4 Effects of captopril (CAP), amlodipine (AML) and hydrochlorothiazide (HCTZ) on the gut pathological alterations in the colon in
spontaneously hypertensive rats (SHR). (a) Representative micrographs of Masson-trichrome staining and quantitative analysis of muscle layer
length, connective tissue area and crypt depth in the colon from all experimental groups. (b) Representative micrographs of Movat's pentachromic
(MP) staining (upper) and representative micrographs of MP staining of the submucosal vascular smooth muscle layer (bottom) and quantitative
analysis of number of goblet cells per 100 epithelial cells and the area of the submucosal vascular smooth muscle layer in vessels less than 70 μm
in the colon from all experimental groups. Bar scale: 50 μm. Values are expressed as mean ± SEM. The number of animals analysed is shown in
parenthesis. * indicates P < 0.05 compared with Wistar Kyoto rats (WKY). # indicates P < 0.05 compared with untreated SHR group.
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F IGURE 5 Legend on next page.
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The shifts in gut microbiota in SHR are also marked by changes

in the populations of SCFAs-producing bacteria (González-Correa

et al., 2023; Robles-Vera et al., 2021; Robles-Vera, Toral, de la Vis-

itación, Sánchez, Gómez-Guzmán, Muñoz, et al., 2020; Toral

et al., 2019; Xia et al., 2021; Yang et al., 2015). We were able to

observe a reduction in acetate-producing bacteria (Figure 3a), no

detectable changes in butyrate-producing bacteria (Figure 3b) and an

increase in lactate-producing bacteria (Figure 3c) between SHR and

WKY. Interestingly, captopril and AML normalized the relative popu-

lations of acetate-producing bacteria, mainly Parabacteroides and Pre-

votella, whereas HCTZ significantly reduced the proportion of

butyrate-producing bacteria, especially Butyrivibrio. No significant

changes in the proportion of lactate-producing bacteria were induced

by the three drug treatments. When the effects of these drugs on

SCFA-producing bacteria in WKY rats were studied, captopril

increased total acetate-producing bacteria, primarily by increasing

Bacteroides and Blautia (Figure S5a), while decreasing butyrate-

producing bacteria, primarily by decreasing the abundance of Copro-

coccus (Figure S5b). The HCTZ treatment had no effect on total

acetate- and butyrate-producing bacteria, but it increased Blautia and

decreased Coprococcus. Any of these drug treatments changed the

relative proportion of lactate-producing bacteria in WKY rats, as it

did in SHR (Figure S5c).

3.3 | First-line antihypertensive drug treatment
differently affects gut pathology, inflammation,
permeability, α-defensins production, and changes
MLNs T cells in SHR

An increase in gut pathology and permeability and a decrease in tight

junction protein expression in gut epithelial cells have been associated

with the development of hypertension (González-Correa et al., 2023;

Santisteban et al., 2015). SHR showed colonic thickening of the mus-

cular layer, a rise in the connective tissue area, and a reduction in villi

length in comparison to those in WKY (Figure 4a). In addition to this,

a decreased percentage of goblet cells and a rise in thickness of the

adventitia and connective tissue surrounding arterioles were detected

in the colon of the SHR in comparison to WKY (Figure 4b). Both cap-

topril and AML treatments decreased the connective tissue and mus-

cular layer thickness and favoured the increase in villi length in SHR

colon, with no effects in goblet cell proportion. By contrast, HCTZ

was unable to improve pathological features in colon from SHR,

except normalizing goblet cell content. Remarkably, the higher cross-

sectional area of colonic arterioles detected in SHR in comparison to

WKY were decreased by all three drugs. Then, we studied the expres-

sion of colonic proinflammatory cytokines through qPCR. The

increased mRNA levels of interleukin IL-1ß, and tumour necrosis

factor-alpha (TNF-α) in SHR compared to WKY were normalized by

captopril and AML, HCTZ being without effect (Figure S6).

In addition to this, we then focused on the effects of these drugs

on colonic gut integrity through the mRNA levels of tight junction

proteins, zonula occludens-1 (ZO-1) and occludin, and mucins (MUC).

Low levels of expression for occludin and ZO-1 were found in colon

from SHR in comparison with WKY (Figure 5a). Captopril and AML

treatment increased occludin and ZO-1 colonic levels, which suggests

an increased barrier function. Peripheral membrane localization of

both tight junction proteins was detected in immunohistochemical

images from all experimental groups (Figure 5b). Additionally, high gut

permeability in fully hypertensive SHR was associated with low num-

bers of goblet cells (Santisteban et al., 2017). Goblet cells excrete

mucins that protect the gut from pathogen infiltration and regulate

the gut immune response as part of a physiological barrier (Mowat &

Agace, 2014). In correlation with lower goblet cells, MUC-2 and

MUC-3 transcripts were down-regulated too in SHR, and MUC-3

mRNA levels were restored only by HCTZ treatment (Figure 5c).

Moreover, plasma LPS levels were increased in SHR in comparison

with WKY and endotoxemia was normalized by captopril and AML,

but not by chronic HCTZ (Figure 5d). Our results showed increased

intestinal permeability in SHR. This facilitates the migration of

bacteria-derived molecules of interest (e.g., LPS) to the blood stream,

and drugs able to restore gut integrity, such as captopril and AML,

reduced plasma LPS levels. I-FABP2 is a broadly recognized gut per-

meability marker (Stevens et al., 2018), and higher circulating I-FABP

levels were also detected in animals and human with hypertension

(González-Correa et al., 2023; Kim et al., 2018; Stevens et al., 2018).

We also found higher plasma I-FABP in the SHR group than in the

WKY animals. Again, captopril and AML, but not HCTZ reduced

I-FABP plasma levels (Figure 5e).

The cells that form the gut epithelium are able to synthesize

defensins, peptides that possess antibiotic activity against microor-

ganisms (Bevins, 2005), to balance the composition of the local micro-

biota (Hashimoto et al., 2012). In our results, SHR displays a decrease

in colonic α-defensin rat neutrophil peptide (RNP)1–2 expression

levels, and increased levels for RNP3 and RNP4 compared with the

WKY group. Chronic captopril and AML, but not HCTZ treatment

restored RPN3 and RPN4 levels to those of the WKY group

(Figure S7a). By contrast, no changes were observed among all

F IGURE 5 Effects of captopril (CAP), amlodipine (AML) and hydrochlorothiazide (HCTZ) on gut integrity and permeability in spontaneously
hypertensive rats (SHR). (A) mRNA levels of occludin, and zonula occludens-1 (ZO-1) in the colon in all experimental groups. (b) Representative
immunohistochemistry images showing occludin- and ZO-1-positive cells in the colon from all experimental groups (scale, 100 μm). (c) mRNA
levels of mucin (MUC)-2, and MUC-3 in the colon in all experimental groups. (d) Levels of plasma endotoxin (endotoxin units per millilitre
[EU�ml�1]). (e) Measurement of intestinal FABP levels in the plasma. Values are expressed as mean ± SEM. The number of animals analysed is
shown in parenthesis. * indicates P < 0.05 compared with Wistar Kyoto rats (WKY). # indicates P < 0.05 compared with untreated SHR group.
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F IGURE 6 Captopril (CAP), amlodipine (AML) and hydrochlorothiazide (HCTZ) improve T cell profile at mesenteric lymph nodes (MLNs) and
in blood in spontaneously hypertensive rats (SHR). T helper (Th)-17 (CD3+ CD4+ IL17a+), regulatory T cells (Treg; CD3+ CD4+ CD25+) and
Th1 (CD3+ CD4+ IFNγ+) measured by flow cytometry in MLNs (a) and blood (b) from all experimental groups. Values are expressed as mean
± SEM. The number of animals analysed is shown in parenthesis. * indicates P < 0.05 compared with Wistar Kyoto rats (WKY). # indicates
P < 0.05 compared with untreated SHR group.
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experimental groups on the mRNA levels of ß-defensins (DefB-2,

DefB-3 and DefB-4) (Figure S7b).

It has been previously described that under altered gut mucosal

integrity conditions, such as in hypertension, bacteria can move into

the bloodstream through the intestinal wall, activating in their path

macrophages and dendritic cells that then migrate to local lymph

nodes (Niess et al., 2005). These CX3CR1+ cells are able to prime

naïve CD4+ T cells into proliferation by processing and presenting

bacterial antigens. In fact, in our experiment we found that Th17 and

Th1 relative populations were increased in MLNs from SHR in com-

parison to WKY, whereas the Treg population was reduced in SHR

(Figure 6a). Captopril treatment normalized Th17, Tregs and Th1 pro-

portion in MLNs from SHR, AML reduced Th17 and Th1, and HCTZ

reduced Th17 content. We observed parallelisms in the results from

blood, except for HCTZ which was unable to induce any change

(Figure 6b).

3.4 | First-line antihypertensive drug treatment
differently protected against neuroinflammation, and
gut sympathetic tone in the SHR

Hypertension has been associated with increased activated microglia,

oxidative stress and neuroinflammation in autonomic brain regions

(Sharma et al., 2019). In fact, in brain PVN, a key autonomic brain

region in the regulation of BP, we found that the total number of

microglial cells was increased in SHR as compared with WKY rats

(Figure 7a) and captopril treatment normalized this parameter. Micro-

glia activation by agents such as IFNγ and LPS induced a proinflamma-

tory phenotype. Our group discovered that the relative expression of

pro-inflammatory cytokines such as TNF-α, IL-1ß and IL-6 were

higher in SHR than in WKY (Figure 7b), and were reduced by chronic

captopril and AML treatment, whereas HCTZ was without effect. Toll

like receptor TLR4 activation in the brainstem plays a role in neuroin-

flammation and the enhanced sympathetic outflow (Dange

et al., 2015). TLR4 expression in PVN from SHR was increased in com-

parison to the WKY group and was reduced only by captopril treat-

ment (Figure 7c). NADPH oxidase-derived high oxidative stress in the

PVN is responsible for the increase in central sympathetic outflow

(Gao et al., 2005). In PVN from SHR we showed increased ROS pro-

duction (Figure 7d), NADPH oxidase activity (Figure 7e), mRNA levels

of NADPH oxidase subunits, NOX4, p22phox and p47phox (Figure 7f)

as compared with WKY group. Both captopril and AML, but not HCTZ

reduced all these parameters.

In order to study the effects of these drugs on sympathetic out-

flow, we assessed the BP drop induced by the ganglionic blocker

hexamethonium, and the plasma NA concentration. Basal SBP mea-

sured by intra-arterial cannula at the end of the experiment showed

similar qualitative results to that registered by tail-cuff plethysmogra-

phy (Figure 8a). The percentage reduction of SBP induced by hexame-

thonium was higher in the SHR group than WKY group. Chronic

captopril and AML, but not HCTZ inhibited the drop in SBP after

hexamethonium, as compared to the SHR group (Figure 8b). In addi-

tion, compared with the WKY rats, the plasma NA levels were

increased in SHR, and were only reduced by captopril and AML treat-

ment (Figure 8c), displaying a decreased sympathetic activity. A high

sympathetic activity to the gut can cause alterations in gut junction

proteins in SHR (Santisteban et al., 2017). We found increased con-

centrations of tyrosine hydroxylase (TH), an enzyme involved in the

synthesis of NA, (Figure 8d) and NA levels (Figure 8e) in the colon

from SHR as compared to the WKY group, which were reduced by

captopril and AML but not by HCTZ treatment. These results link

reduced intestinal sympathetic tone with gut pathology, integrity and

permeability improvement.

3.5 | Different protective effects of faecal
microbiota transplantation (FMT) from SHR-treated
with antihypertensive drugs on BP and endothelial
dysfunction in SHR

Previous studies in SHR demonstrated that BP lowering effects of the

ACE inhibitor captopril (Yang et al., 2019) and angiotensin II type

1 receptor blockers losartan (Robles-Vera, Toral, de la Visitación, Sán-

chez, Gómez-Guzmán, Muñoz, et al., 2020) were partially dependent

on the gut microbiota. To investigate whether shifts in populations of

the intestinal microbiome induced by chronic AML and HCTZ treat-

ments play a role in the known antihypertensive effects, we carried

out an FMT from SHR treated with AML or HCTZ to untreated SHR

(S-SAML and S-SHCTZ groups, respectively). For comparisons, a par-

allel FMT from untreated SHR to untreated SHR (S-S group) was con-

ducted. Ceftriaxone treatment reduced SBP by �8 mmHg in all SHR,

suggesting the regulatory capabilities of microbiota in BP control.

FMT increased SBP in all experimental groups (Figure 9a). However,

after 3 weeks of FMT, we found a significant decrease of �15 mmHg

in SBP in S-SAML compared to S-S rats, whereas no changes in SBP

were found between S-SHCTZ and S-S groups (Figure 9a,b). More-

over, an amelioration of the endothelium-dependent relaxation to

F IGURE 7 Effects of captopril (CAP), amlodipine (AML) and hydrochlorothiazide (HCTZ) on microglia, neuroinflammation, and ROS

production in the paraventricular nucleus (PVN) of the hypothalamus in spontaneously hypertensive rats (SHR). (a) The upper pictures show the
number of microglia with anti-Iba1 antibody indicative of microglia. (b) mRNA levels of pro-inflammatory cytokines, tumour necrosis factor α
(TNFα), interleukin IL-1β and IL-6 and toll like receptor TLR-4 (c) in homogenates from brain PVN. (d) 5-(and-6-)chloromethyl-20-70-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA)-detected intracellular ROS and NADPH oxidase activity (e) measured by dihydroethidium
(DHE) fluorescence in the microplate reader in homogenates from brain PVN. (f) mRNA levels of NADPH oxidase subunits NOX4, p22phox and
p47phox in PVN. Values are expressed as mean ± SEM. The number of animals analysed is shown in parenthesis. * indicates P < 0.05 compared
with Wistar Kyoto rats (WKY). # Indicates P < 0.05 compared with untreated SHR group.
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acetylcholine (Figure 9c) and a lower NADPH oxidase activity

(Figure 9d) and in situ ROS accumulation (Figure S8) were also

induced by faecal transplant from SHR treated with AML, but not with

HCTZ. In addition, NADPH oxidase inhibition with VAS2870 or Rho

kinase inhibition with Y27632 improved the relaxant responses to

acetylcholine in S-S and S-HCTZ groups (Figure 9c), but not in

S-SAML, suggesting that reduced NADPH oxidase and Rho kinase

activity are involved in the improvement of endothelial function

induced by microbiota from SHR treated with AML. Similarly, the aor-

tic rings incubated with an antibody neutralizing IL17 also showed

improved acetylcholine relaxation in the S-S and S-SHCTZ groups

(Figure 9e). These modifications of vascular function were associated

with reduced Th17 cell infiltration in the vascular wall (Figure 9f) and

lower proportion of Th17 cells in MLNs in S-SAML in comparison with

the S-S group (Figure 9g). Additionally, FMT from SHR-AML to SHR

incremented colonic mRNA levels of occludin and ZO-1, whereas

HCTZ increased MUC-3 expression (Figure 10a). The protein expres-

sion of ZO-1 was found higher in S-SAML group as compared to S-S

group (Figure 10b). However, we only found reduce plasma LPS in the

S-SAML group (Figure 10c), suggesting that microbiota from AML-

treated SHR reduced colonic permeability after transplantation to

SHR. In addition, lower mRNA levels of the proinflammatory cytokines

IL-1ß, and TNF-α were observed in S-SAML in comparison with S-S

(Figure 10d), with no change in S-SHCTZ. GPR43 is a key receptor

activated by acetate (Marques et al., 2017). We also found increased

colonic GPR43 transcript in the S-SAML group in comparison with the

S-S (Figure 10e), suggesting that microbiota from AML-treated SHR

induced positive changes in the gut by GPR43 activation. To test if

they are a gut-brain communication, as described previously (Toral

et al., 2019) we found reduced IL-1ß, and TNF-α levels in PVN from

the S-SAML group as compared to the S-S, and being without change

in S-SHCTZ (Figure S9a). In agreement with the lower plasma LPS

found in S-SAML we also detected reduced TLR4 mRNA levels in

PVN (Figure S9b), suggesting that transfer microbiota from SHR trea-

ted with AML to SHR lower microglia activation and inflammation.

At the end of the experiment the composition of faecal micro-

biota was analysed. The bacterial communities evaluated by calculat-

ing major ecological parameters, such as Chao richness, and Shannon

and Simpson diversity, were different between the S-S and S-SHCTZ

groups (Figure S10a). Moreover, the bacterial taxa were clearly sepa-

rated between these two groups, with no perfect clustering between

S-S and S-SAML (Figure S10b). The analysis of the phyla composition

showed a profound reduction in the implantation of Firmicutes and

increased abundance of Bacteroidetes, as compared with the

F IGURE 8 Effects of captopril (CAP), amlodipine (AML) and hydrochlorothiazide (HCTZ) on sympathetic tone. (a) Basal systolic blood
pressure (SBP) measured by carotid intraarterial recording. (b) Decrease induced by acute intravenous administration of hexamethonium (30 mg
kg�1) on SBP in conscious rats. (C) Plasma noradrenaline (NA) content, (d) colonic tyrosine hydroxylase (TH) expression and (e) colonic NA
concentration found in all experimental groups. Values are expressed as mean ± SEM. The number of animals analysed is shown in parenthesis. *
indicates P < 0.05 compared with Wistar Kyoto rats (WKY). # indicates P < 0.05 compared with untreated SHR group.
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transplanted microbiota. No significant changes in the relative abun-

dance of phyla among all experimental groups were found

(Figure S10c). Interestingly, the relative proportion of the family

S24_7 was increased in the S-SAML group compared with S-S

(Figure S10d). There is a strong negative correlation between the

abundance of this family and SBP (Figure S10e).

4 | DISCUSSION

As we showed above, a crucial discovery made from our experiments

is that the antihypertensive effects of the first-line antihypertensive

drugs examined in this study are linked to an improvement in gut dys-

biosis and general gut pathology in SHR, except in the case of HCTZ.

Proving this point, captopril and AML: (1) attenuated gut leakiness

and wall pathology; (ii) reshaped colonic α-defensin production;

(iii) increased the relative abundance of strict anaerobic bacteria and

acetate-producing bacteria, bacterial communities associated with

normal BP; (iv) attenuated neuroinflammation in PVN; (v) dampened

gut sympathetic activity; and (vi) microbiota treated with AML trans-

ferred, at least in part, their BP lowering effect, and the vasculo-

protective, immunomodulatory and anti-neuroinflammatory effects,

reshaping recipient gut microbiota with a higher proportion of bacte-

ria belonging to family S24_7. By contrast, HCTZ was unable to

reduce neuroinflammation, gut sympathetic drive, gut pathology, and

permeability, but changed the gut microbiota, decreasing the F/B

ratio, and increasing the population of strict anaerobic bacteria.

However, microbiome changes induced by HCTZ, with reduced

butyrate-producing bacteria, were unable to transfer the antihyper-

tensive phenotype. Therefore, the beneficial effects of AML could,

partially, derive from its influence on the brain-gut-vascular wall axis.

Interestingly, captopril and HCTZ also induced changes in gut micro-

biota composition in control WKY rats.

Recently, a notable amount of evidence is beginning to suggest

that there is an association between hypertension and intestinal dys-

biosis. This connection has been found both in patients and in a wide

variety of experimental models of hypertension (Marques et al., 2017;

Robles-Vera et al., 2018, 2020,b,c, 2021; Toral et al., 2019; Xia

et al., 2021; Yang et al., 2015, 2019). Our present results agree par-

tially with the key known characteristics of dysbiosis seen elsewhere

in SHR (Robles-Vera et al., 2020,c, 2021; Toral et al., 2019; Xia

et al., 2021; Yang et al., 2015), such as a reduction in acetate-

producing bacteria and in strict anaerobic bacteria with a higher

proportion of strict aerobic bacteria. All first-line antihypertensive

drugs used in this study changed microbiota composition in SHR. The

observed effect of these drugs on the microbiota could be due to vari-

ous mechanisms. Shifts in the composition of the gut microbiota can

be associated with changes in the health of the host. Thus, modulating

the microbiota could result in a reduction in BP, by shifting its compo-

sition to those detected in healthy control subjects. Nevertheless, our

group has already shown that hydralazine is able to normalize BP in

hypertensive rats without changes in the composition of the gut

microbiota (Robles-Vera, Toral, de la Visitación, Sánchez, Gómez-Guz-

mán, Muñoz, et al., 2020), showing that a return to a microbiota simi-

lar to the one in normotensive rats is not a necessary part of the

mechanism. In agreement with this, HCTZ reduced BP to a similar

extent as AML, but the changes induced by these agents in the micro-

biota composition are quite different. Shifts in the composition of the

gut microbiota have been linked to gut integrity (Kim et al., 2018;

Robles-Vera, Toral, de la Visitación, Sánchez, Gómez-Guzmán, Muñoz,

et al., 2020; Xiong et al., 2023). Here we show that there exists a

pathological state in the gut of hypertensive rats, including an increase

in fibrosis, muscular tissue and leakiness and permeability.

Moreover, we detected stunted villi and a reduction in goblet

cells in hypertensive rats. The intestinal epithelium creates a tight bar-

rier that contributes to the characteristic hypoxia of the gut lumen.

When this tissue gets damaged, it results in an increase in oxygen

availability, which favours the growth of aerobic bacteria (Earley

et al., 2015). SHR rats present a decrease in the tight junction proteins

occludin and ZO-1, which were localized on the peripheral membrane

of epithelial cells, and both being normalized by the captopril and

AML treatments. Surprisingly, HCTZ increased the relative abundance

of strict anaerobic bacteria (mainly Barnesiella), but it was unable to

restore gut integrity, suggesting the involvement of other mechanisms

in the changes induced by HCTZ in the microbiota. Previous studies

indicated antibiotic activity by sulphonamide diuretics, such as HCTZ,

by bacterial dihydrofolate reductase inhibition (Kaur et al., 2020). This

effect is believed to expand butyrate producing taxa of the gut micro-

biome, which in turn supports good health (Maniar et al., 2017). How-

ever, in the gut hypertensive environment HCTZ reduced the

populations of butyrate-producing bacteria from the Lachnospiraceae

family, and in normotensive WKY rats also reduced the proportion of

Coprococcus (Lachnospiraceae). In contrast, the changes in gut micro-

biota caused by AML were almost entirely specific to a hypertensive

environment, as only minor changes were observed in WKY rats. High

intestinal permeability in adult hypertensive SHR also presents an

F IGURE 9 Effects of faecal microbiota transplantation from spontaneously hypertensive rat (SHR)-amlodipine (AML) and SHR-
hydrochlorothiazide (HCTZ) to control SHR on vascular function in control SHR. (a) Time course of systolic BP (SBP), and final SBP (b) measured

by tail-cuff plethysmography, in SHR with stool transplant from SHR (S-S) or from SHR treated with AML (S-SAML) or with HCTZ (S-SHCTZ).
(c) Endothelium-dependent relaxation induced by acetylcholine (Ach) in aortas pre-contracted by phenylephrine in the absence or in the presence
of VAS2870 or Y27632 for 30 min. (d) NADPH oxidase activity measured by lucigenin-enhanced chemiluminescence in aorta from all
experimental groups. (e) Endothelium-dependent relaxation induced by Ach in aortas pre-contracted by phenylephrine (phe) after 6 h of
incubation with physiological saline solution (PSS) or with IL-17a neutralizing antibody (nIL17). (f) T helper (Th)17 infiltration in aorta, and (g) Th17
population in mesenteric lymph nodes (MLNs) from all experimental groups measured by flow cytometry. Values are represented as mean ± SEM.
The number of animals analysed is shown in parenthesis. # indicates P < 0.05 compared with the S-S group.
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20 GONZÁLEZ-CORREA ET AL.

 14765381, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.16410 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [03/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



association with reduced goblet cells, and mucins (Santisteban

et al., 2017). HCTZ increased colonic goblet cells and increased mRNA

levels of MUC-3, but it was unable to reduce marker of gut permeabil-

ity, such as plasma levels of LPS and FABP2. Moreover, the cells that

form the intestinal epithelium and Paneth cells secrete antimicrobial

peptides (eg. defensins) that selectively target Gram-positive bacteria

to cause their depletion (Ayabe et al., 2000; Pamer, 2007; Vaishnava

et al., 2008; Vora et al., 2004). Our group observed changes in

α-defensin levels in colon from SHR compared to WKY, which might

also be involved in changes in the SHR microbiota. These changes

were normalized by both captopril and AML treatments and might

contribute to reshaping the gut microbiota. However, the changes

induced by HCTZ in the gut microbiota were independent of

α-defensin production.

Mounting evidence suggests that an activated microglia–neuron

unit in the PVN can increase gut sympathetic drive; this is associated

with more severe gut pathology and inflammatory status, and gut dys-

biosis and permeability, pointing to a brain-gut axis driven by the sym-

pathetic response (Santisteban et al., 2017; Sharma et al., 2019; Toral

et al., 2019; Zubcevic et al., 2019). Actually, the inhibition of microglial

activation and neuroinflammation by intracerebroventricular adminis-

tration of a modified tetracycline normalizes the sympathetic activity,

producing shifts in the gut microbiota and the amelioration of gut

pathology (Sharma et al., 2019). In agreement with these data, we

observed in PVN from SHR a higher number of microglia cells than in

the WKY group, which was reduced by captopril. However, in agree-

ment with previous data, ACE inhibition with captopril (Richards

et al., 2022) or L-type Ca2+ channel blockade with AML (Huang

et al., 2014; Kim et al., 2022) normalized the mRNA levels of higher

pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6). These protective

effects could be partially related to a reduced proinflammatory TLR4

pathway in PVN. Furthermore, activation of PVN AT1 receptors facili-

tates the sympathetic outflow, increasing the NADPH oxidase-

dependent ROS production (Gao et al., 2005). As expected, captopril

and AML, but not HCTZ, reduced NADPH oxidase-driven ROS pro-

duction in PVN and reduced sympathetic excitation (less BP reduction

after nicotinic blockade, and lower plasma NA levels).

Our present data suggest a high gut sympathetic drive (indicated

by an increase in tyrosine hydroxylase and NA levels), which is linked

to microbial dysbiosis and decreased gut integrity in hypertensive ani-

mals. These findings agree with those of Santisteban et al. (2017). Sev-

eral authors have already shown that a reduction of sympathetic

activity in the colon induced by captopril (Santisteban et al., 2017),

losartan (Robles-Vera, Toral, de la Visitación, Sánchez, Gómez-

Guzmán, Muñoz, et al., 2020) or spironolactone (González-Correa

et al., 2023) ameliorated gut pathology and reduced gut dysbiosis,

while hydralazine (which increases gut sympathetic drive) was incapa-

ble of normalizing gut integrity and microbiota composition (Robles-

Vera, Toral, de la Visitación, Sánchez, Gómez-Guzmán, Muñoz,

et al., 2020). We observed an increase in mRNA levels of tyrosine

hydroxylase and in NA content in the SHR colon, which were restored

by both captopril and AML, but not by HCTZ. Thus, captopril and AML

in SHR decreased the sympathetic excitation, inducing a low gut sym-

pathetic drive that improves gut pathology and gut dysbiosis in SHR.

It is known that, through modulation of the immune system and

gut-brain communication, the microbiota is able to reduce BP (Robles-

Vera, Toral, & Duarte, 2020). Karbach et al. (2016) demonstrated that

angiotensin II infusion to germ-free mice decreased ROS formation in

the vascular system, attenuating Nox2 activity, a subunit of NADPH

oxidase, and decreased up-regulation of RORγ, the signature tran-

scription factor for IL-17 synthesis in aorta. The aforementioned

effects conferred protection from endothelial dysfunction and attenu-

ated the increase in BP in response to angiotensin II, involving the

immune system in the vascular effects of the microbiota. In a previous

article, we showed that FMT from SHR treated with losartan to SHR

decreased BP, ameliorated endothelial dysfunction, and the aortic

NADPH oxidase activity associated with high aortic Tregs infiltration

(Robles-Vera, Toral, de la Visitación, Sánchez, Gómez-Guzmán,

Muñoz, et al., 2020). When we explore the effects of FMT from donor

SHR-HCTZ, SHR-AML or untreated-SHR to receptor SHR, we found

that microbiota from AML-treated rats reduced BP and exerted vascu-

lar protection from oxidative stress as compared to FMT from

untreated SHR, whereas those treated with HCTZ were without pro-

tective effects. The donor microbiota from SHR-AML have a higher

proportion of acetate-producing bacteria than untreated SHR,

whereas those from SHR-HCTZ showed similar acetate-and lower

butyrate-producing bacteria to the SHR-SHR group. SCFAs are rele-

vant metabolites for the maintenance of intestinal homeostasis.

SCFAs can act as fuel for intestinal epithelial cells, intervene in the

strengthening of the gut barrier function (Parada Venegas et al., 2019)

and regulate gut-immune system communication in gut secondary

lymph organs (Robles-Vera, Toral, de la Visitación, Sánchez,

Gómez-Guzmán, Romero, et al., 2020). The protective effects on gut

integrity and permeability induced by microbiota from SHR-AML are

linked with acetate-GPR43 pathway. Moreover, reduced CD4+ polar-

ization to proinflammatory Th17 cells in MLNs and lower Th17 infil-

tration in the vascular wall are involved in the improvement of

endothelial dysfunction. We also previously found that microbiota

F IGURE 10 Effects of faecal microbiota transplantation from spontaneously hypertensive rat (SHR)-amlodipine (AML) and SHR-

hydrochlorothiazide (HCTZ) to control SHR on the gut integrity, permeability, and inflammation. (a) mRNA levels of occludin, zonula occludens-1
(ZO-1) and mucin (MUC)-3 in the colon in all experimental groups. Where n<5, statistical tests were not carried out, and these data can be
regarded as preliminary. (b) Protein expression of occludin and ZO-1 analysed by western blots and normalized to β-actin expression in the colon
in all experimental groups. Protein of interest and β-actin were analysed in the same membranes. (C) Levels of plasma endotoxin (endotoxin units
per millilitre [EU�ml�1]). (d) mRNA levels of pro-inflammatory cytokines, interleukin IL-1β and tumour necrosis factor α (TNFα) and (e) GPR43 in
colonic samples. Values are represented as mean ± SEM. The number of animals analysed is shown in parenthesis. # indicates P < 0.05 compared
with the S-S group.
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transplants from normotensive WKY rats to SHR decreased neuroin-

flammation and sympathetic drive (Toral et al., 2019). Moreover, the

antihypertensive effects of the ACE inhibitor captopril holds a contin-

ued influence on the brain-gut axis even after treatment withdrawal

(Yang et al., 2019). Interestingly, in this study we also found lower

neuroinflammation in the S-SAML group as compared to S-S, associ-

ated with lower plasma LPS and its target receptor TLR4 in PVN, sug-

gesting improvement of the gut-brain axis induced by AML, whereas

microbiome changes induced by HCTZ did not influence the commu-

nication between gut and brain.

When gut microbiota is transplanted, a cross-interaction is estab-

lished between the microbiota and the host, which can lead to

changes in its composition to adapt to the conditions of the gut envi-

ronment, but also to alter the pathological state of the host despite

the complexity of arterial hypertension in this genetic model. A signifi-

cant increase in the relative abundance of bacteria belonging to family

S24_7 was found in faeces from SHR transplanted with donor micro-

biota from SHR treated with AML, which correlates with reduced

BP. A higher proportion of this family correlated positively with

splenic FoxP3+ CD4+ Treg cells and delayed diabetes onset age

(Krych et al., 2015), with increased inner mucus layer barrier function

(Volk et al., 2019), and with the lower BP induced by probiotics and

SCFAs in SHR (Robles-Vera, Toral, de la Visitación, Sánchez, Gómez-

Guzmán, Romero, et al., 2020). However, whether bacteria belonging

to S24_7 are responsible for reduced BP induced by AML deserves

further investigation.

There are some limitations in our study. First, the impact of envi-

ronmental factors that vary among animal facilities, including housing

conditions (ambient temperature, humidity), and the chow composi-

tion used in the present experiment, as compared with previous stud-

ies (Robles-Vera, Toral, de la Visitación, Sánchez, Gómez-Guzmán,

Muñoz, et al., 2020), could modify gut microbiota composition, poten-

tially affecting the BP effects of these drugs. Second, the lack of spec-

ificity in the ROS detection assays used was partially addressed

following the American Heart Association recommendations, which

suggest that the best practice to confirm findings is to use more than

one assay and include appropriate controls (Griendling et al., 2016).

Third, considering the clear differences between the composition of

transplanted and implanted microbiota in SHR, the conclusions of the

FMT study must be interpreted with caution.

In conclusion, we have found for the first time that first-line anti-

hypertensive drugs changed gut dysbiosis in SHR. The effects of capto-

pril and AML could be associated with their capability to decrease

neuroinflammation and the subsequent sympathetic drive in the gut,

ameliorating gut integrity and defensin production, whereas HCTZ

treatment was without these effects. AML-induced changes in the gut

microbiota might contribute, at least partially, to the protection of the

vasculature and the reduction in BP, possibly by modulating the gut

immune system and the gut-brain axis. However, further investigation

is needed to verify the precise mechanisms of AML-induced changes in

gut microbiota and its communication with immune system and brain.
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GONZÁLEZ-CORREA ET AL. 25

 14765381, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.16410 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [03/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1161/HYPERTENSIONAHA.116.08655
https://doi.org/10.1161/HYPERTENSIONAHA.116.08655
https://doi.org/10.1161/01.cir.75.3.618
https://doi.org/10.1161/CIRCRESAHA.117.305853
https://doi.org/10.1161/CIRCRESAHA.116.309006
https://doi.org/10.1161/CIRCRESAHA.116.309006
https://doi.org/10.1097/00004872-199816040-00007
https://doi.org/10.1097/00004872-199816040-00007
https://doi.org/10.1161/CIRCRESAHA.118.313882
https://doi.org/10.1136/gutjnl-2017-314759
https://doi.org/10.3389/fphys.2019.00231
https://doi.org/10.1016/j.cjca.2020.02.081
https://doi.org/10.1073/pnas.0808723105
https://doi.org/10.1097/GME.0b013e31802d9785
https://doi.org/10.1084/jem.20190679
https://doi.org/10.4049/jimmunol.173.9.5398
https://doi.org/10.1080/19490976.2020.1854642
https://doi.org/10.1080/19490976.2020.1854642
https://doi.org/10.1097/HJH.0000000000003613
https://doi.org/10.1161/JAHA.118.010721
https://doi.org/10.1161/HYPERTENSIONAHA.121.18711
https://doi.org/10.1161/HYPERTENSIONAHA.121.18711
https://doi.org/10.1161/HYPERTENSIONAHA.115.05315
https://doi.org/10.1161/HYPERTENSIONAHA.111.174490
https://doi.org/10.1161/HYPERTENSIONAHA.111.174490
https://doi.org/10.1126/science.aad3369
https://doi.org/10.1126/science.aad3369
https://doi.org/10.1161/CIRCRESAHA.119.313965
https://doi.org/10.1111/bph.16410

	Differing contributions of the gut microbiota to the blood pressure lowering effects induced by first-line antihypertensive...
	1  INTRODUCTION
	What is already known?
	What does this study add?
	What is the clinical significance?
	2  METHODS
	2.1  Animals and experimental groups
	2.1.1  Experiment 1
	2.1.2  Experiment 2

	2.2  Faecal microbiota transplantation (FMT)
	2.3  Blood pressure measurements
	2.4  Evaluation of the contribution of sympathetic activity
	2.5  Tissue collection and cardiac and renal weight indices
	2.6  Histological evaluation of gut pathologies and immunohistochemical staining in gut and brain
	2.7  Plasma determinations
	2.8  Vascular reactivity studies
	2.9  In situ detection of vascular reactive oxygen species (ROS) content
	2.10  NADPH oxidase activity
	2.11  Reactive oxygen species (ROS) concentrations in the PVN
	2.12  Flow cytometry
	2.13  Gene and protein expression analysis
	2.14  DNA extraction, 16S rRNA gene amplification, bioinformatics
	2.15  Reagents
	2.16  Statistical analysis
	2.17  Nomenclature of targets and ligands

	3  RESULTS
	3.1  First-line antihypertensive drugs decrease BP and organ target damage and ameliorate aortic endothelial dysfunction in SHR
	3.2  First-line antihypertensive drug treatment induced changes in gut microbiota in SHR
	3.3  First-line antihypertensive drug treatment differently affects gut pathology, inflammation, permeability, α-defensins ...
	3.4  First-line antihypertensive drug treatment differently protected against neuroinflammation, and gut sympathetic tone i...
	3.5  Different protective effects of faecal microbiota transplantation (FMT) from SHR-treated with antihypertensive drugs o...

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	DECLARATION OF TRANSPARENCY AND SCIENTIFIC RIGOUR
	REFERENCES


