
Biomedicine & Pharmacotherapy 158 (2023) 114149

Available online 23 December 2022
0753-3322/© 2022 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Mineralocorticoid receptor blockade improved gut microbiota dysbiosis by 
reducing gut sympathetic tone in spontaneously hypertensive rats 
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A B S T R A C T   

Microbiota has a crucial role in the host blood pressure (BP) regulation. The present study analyzes whether the 
mineralocorticoid receptor antagonist spironolactone ameliorates the dysbiosic state in a genetic model of 
neurogenic hypertension. Twenty-week-old male Wistar Kyoto rats (WKY) and spontaneously hypertensive rats 
(SHR) were randomly allocated into three groups: untreated WKY, untreated SHR, and SHR treated with spi-
ronolactone for 5 weeks. Spironolactone restored the Firmicutes/Bacteroidetes proportion, and acetate- 
producing bacteria populations to WKY levels. Spironolactone reduced the percentage of intestinal aerobic 
bacteria. The amelioration of gut dysbiosis was linked to a reduction in the gut pathology, an enhanced colonic 
integrity, a reduced gut permeability and an attenuated sympathetic drive in the gut. Spironolactone was unable 
to reduce neuroinflammation and oxidative stress in the paraventricular nuclei in the hypothalamus. Spi-
ronolactone reduced the higher Th17 cells proportion in mesenteric lymph nodes and Th17 infiltration in aorta, 
improved aortic endothelial function and reduced systolic BP. This study demonstrates for the first time that 
spironolactone reduces gut dysbiosis in SHR. This effect could be related to its capability to improve gut integrity 
and pathology due to reduced sympathetic drive in the gut.   

1. Introduction 

Systemic arterial hypertension is the most crucial risk factor 
contributing to worldwide cardiovascular morbimortality that can be 
modified and controlled [1,2]. The exact reason behind elevated blood 

pressure (BP) cannot always be determined, and its detection is still 
challenging. Mounting evidence has suggested a role for altered gut 
microbiota in hypertension [3–6]. In addition to demonstrations of 
dysbiosis [3], fecal microbiota transplants from hypertensive human 
donors into germ-free mice [4] or spontaneously hypertensive rats 

Abbreviations: AUC, area under curve; BP, blood pressure; CM-H2DCFDA, 5-(and-6-)chloromethyl-2’− 7’-dichlorodihydrofluorescein diacetate; DHE, dihy-
droethidium; DNA, deoxyribonucleic acid; F/B, Firmicutes/Bacteroidetes; GOLD;, Genomes OnLine Database; HR, heart rate; HW/TL, heart weight/tibia length; I- 
FABP, intestinal fatty acid-binding protein 2; IL, interleukin; KW/TL, kidney weight/tibia length; L-NAME, NG-nitro-L-arginine methyl ester; LEfSe, Linear 
discriminant analysis effect size; LDA, Linear Discriminant Analysis; LPS, lipopolysaccharide; LVW/TL, left ventricle weight/tibia length; MLN, Mesenteric lymph 
nodes; MR, mineralocorticoid receptor; MUC, mucin; NA, noradrenaline; NO, nitric oxide; OTU, operational taxonomic unit; PCoA, principal component analysis; 
PVN, paraventricular nucleus; RAAS, renin-angiotensin-aldosterone system; RDP, Ribosome Database Project; RLU, relative light units; RNP, rat neutrophil peptide; 
ROS, reactive oxygen species; SBP, systolic blood pressure; SCFAs, short chain fatty acids; SHR, spontaneously hypertensive rats; Th, T helper; TH, tyrosine hy-
droxylase; TNF-α, tumor necrosis factor-alpha; Tregs, regulatory T cells; WKY, Wistar Kyoto rats; ZO-1, zonula occludens-1. 

* Corresponding authors at: Department of Pharmacology, School of Pharmacy and Center for Biomedical Research (CIBM), University of Granada, 18071 Granada, 
Spain 
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(SHR) into Wistar Kyoto (WKY) normotensive rats resulting in elevated 
BP and sympathetic activity [5,6] are key evidence for the modulatory 
capabilities of gut microbiota on BP regulation, although the regulatory 
mechanisms in BP have not been fully discovered yet. Recently, there 
has been discovered new evidence of a dysfunctional gut-brain axis in 
hypertension, involving neuroinflammation, [6–8] the sympathetic 
response in the gut and intestinal tyrosine hydroxylase and noradrena-
line (NA) levels [5,6]. Interestingly, drugs such as minocycline [9,10] or 
mycophenolate [7] or exercise [8], which reduce neuroinflammation, 
improve gut microbiota dysbiosis. 

The renin-angiotensin-aldosterone system (RAAS) plays a crucial 
part in the onset and maintenance of vascular disease and hypertension. 
Interestingly, angiotensin-converting enzyme inhibition with captopril 
[11] or angiotensin receptor blockade with losartan [12] decreased BP, 
altered gut microbiota, improved gut pathology and permeability, and 
reduced neuroinflammation in the SHR, showing the key role of RAAS 
controlling gut-brain axis in hypertension. Aldosterone is a steroid 
hormone that is critically involved in fluid and electrolyte balance as 
well as BP control through the mineralocorticoid receptor (MR) [13]. In 
addition, in the SHR forebrain, increased MR expression causes a bias 
towards a pro-inflammatory phenotype characteristic for hypertensive 
encephalopathy [14]. Previous studies [15–17] also demonstrated that 
MR blockade reduced BP as well as vascular dysfunction and hyper-
trophy in SHR. However, whether the MR antagonism reduces neuro-
inflammation in central nuclei involved in autonomic control of 
hypertension, such as the hypothalamic paraventricular nucleus (PVN), 
which participates in sympathetic outflow and regulates gut microbiota 
composition, is unclear. We hypothesized that MR antagonism might 
improve gut dysbiosis by reducing gut sympathetic tone as consequence 
of neuroinflammation reduction in SHR. Accordingly, we aimed to study 
the effects of spironolactone, a competitive aldosterone receptor 
antagonist used for over 40 years to treat diseases associated with pri-
mary or secondary hyperaldosteronism and resistant hypertension, in 
the gut microbiota composition and gut pathology and permeability in a 
genetic model of hypertension. SHR is a widely used animal model of 
sympathetic activation and neurogenic hypertension [18]. 

2. Materials and methods 

2.1. Animals and experimental groups 

All procedures in the present study were conducted in accordance 
with the European Union regulations and requirements on the protec-
tion of animals used for scientific purposes. The necessary protocol was 
approved by the Ethics Committee of Laboratory Animals of the Uni-
versity of Granada (Spain; permit number 16/02/2022/013/A). Animal 
studies follow the ARRIVE guidelines [19]. Twenty-weeks-old male SHR 
and WKY rats from Janvier Labs (Le Genest-Saint-Isle, Saint Berthevin 
Cedex, France) were used in the study. The animals were distributed into 
three groups: a) untreated WKY (WKY, 1 mL of vehicle (methylcellulose 
1 %) day-1, n = 8), b) untreated SHR (SHR, 1 mL of vehicle day-1, n = 8), 
and c) and SHR treated with spironolactone (SHR-SPIR, 30 mg Kg-1 day-1 

by gavage for 5 weeks, n = 8) [20]. Rats were housed in individual 
ventilated cages. Food and water intake were recorded daily. For the 
duration of the experiment, rats accessed to food and water ad libitum. 
Body weight was recorded weekly. Spironolactone treatment was 
stopped 48 h previous to the experimental endpoint, to better assess its 
long-term effects avoiding the possible masking of acute administration 
effects. 

2.2. Blood pressure measurements 

2 weeks were allowed for the rats to adapt at to vehicle adminis-
tration, systolic blood pressure (SBP) and heart rate (HR) measurements 
were established before the procedural start. SBP and HR were obtained 
at room temperature in the morning, in no anesthetized, restrained rats 

(prewarmed for 10–15 min at 35 ◦C) by tail-cuff plethysmography (LE 
5001 Pressure Meter, Letica SA, Barcelona, Spain) as detailed in previ-
ous articles [21]. Briefly, animals were held in a plastic tube, and their 
tail was put through a rubber cuff, and the cuff was inflated with air. The 
pressure level at which the first pulse appeared, after blood flow had 
been interrupted with the inflated cuff, was designated SBP. At least 10 
determinations were made in every session, and the mean of these 
values was taken as the SBP level. 

2.3. Tissue collection and cardiac and renal weight indices 

At procedural endpoint, the animals fasted overnight and were 
anesthetized with 2.5 mL/kg equitensin (i.p.) and exsanguinated 
through the abdominal aorta. The heart, kidney and brain tissues were 
rapidly removed and cleaned. The PVN tissues excised from frozen brain 
tissues as previously reported [22]. The heart was weighed, and then 
divided into the right ventricle and the left ventricle plus septum. The 
samples were immediately submerged in liquid nitrogen and later 
retrieved and kept at − 80ºC. 

2.4. Histological evaluation of gut pathologies 

At the end of the experiment, segments of colon were prepared for 
conventional morphology analysis, as previously described [8,23]. 
Briefly, samples were fixed in 10 % formalin buffered solution for 48 h 
and then transferred to 70 % ethanol. Paraffin embedded 4 µm sections 
were stained with hematoxylin-eosin (H&E), Masson-trichrome and 
Movat’s pentachromic and observed under a BX42 light microscope 
(Olympus Optical Company, Ltd., Tokyo, Japan) with a 20x objective to 
visualize the general morphology and submucosal vascular-connective 
tissue. 10x images were also captured with a CD70 camera (Olympus 
Optical Company, Ltd.) attached to the microscope for the quantifica-
tion of the thickness and area of submucosal fibrosis, thickness and area 
of the smooth muscle cell layer, number of goblet cells per 100 epithelial 
cells, crypt depth and the area of the submucosal vascular smooth 
muscle layer using ImageJ software (http://imagej.nih.gov/ij/). A 
double-blind evaluation was performed by experienced researchers (F. 
O. & N.M.-M.). 

2.5. Plasma determinations 

Blood samples kept on ice were centrifuged at 3500 rpm at 4ºC for 10 
min to obtain plasma, which was frozen at − 80 ◦C. According to the 
manufacturer’s instructions, the Amebocyte Lysate Chromogenic 
Endotoxin Quantitative Kit (Lonza, Valais, Switzerland) was utilized to 
determine lipopolysaccharide (LPS) levels in plasma. NA and intestinal 
fatty acid-binding protein 2 (I-FABP) in the plasma were measured using 
a noradrenaline ELISA kit (IBL International, Hamburg, Germany) and 
an I-FABP ELISA kit (R&D Systems, Minneapolis, MN), respectively, 
following the manufacturer’s protocol. 

2.6. Vascular reactivity studies 

Samples from the descending aorta (3 mm) were placed in organ 
chambers with Krebs solution (in mmol/L: NaCl 118, NaHCO3 25, 
glucose 11, KCl 4.75, CaCl2 2, KH2PO4 1.2, MgSO4 1.2) as detailed 
previously [24]. Concentration-contractile response curves to phenyl-
ephrine (10-9-10-5 mol/L) were constructed in intact aortic rings from all 
experimental groups. The relaxation curves to acetylcholine (10-9 to 10-4 

mol/L) were studied in phenylephrine pre-contracted ring-shaped 
samples (10 μmol/L). Additional curves were performed incubating with 
NG-nitro-L-arginine methyl ester (L-NAME, a non-selective competitive 
inhibitor of nitric oxide synthase, 10− 4 mol/L) or VAS2870 (non-selec-
tive inhibitor of NADPH oxidase, 5 μmol/L) for 30 min. Results were 
represented as a percentage of precontraction tension levels. 
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2.7. NADPH oxidase activity 

As reported in other articles [25], we determined the NADPH oxidase 
activity in intact samples of aorta by a lucigenin-enhanced chem-
iluminescence assay. Segments of aorta from all groups were incubated 
at 37ºC for 30 min in a physiological salt solution (pH 7.4) with the 
following composition (in mmol/L): CaCl2 1.2, glucose 5.5, HEPES 20, 
KCl 4.6, KH2PO4 0.4, MgSO4 1, NaCl 119, NaHCO3 1 and Na2HPO4 0.15. 
Adding NADPH (100 μmol/L) and lucigenin (5 μmol/L). We measured 
the resulting luminescence for 200 s periods in 5-s intervals in a scin-
tillation counter (Lumat LB 9507, Berthold, Germany) and determined 
enzyme activity by subtracting the basal values from the NADPH-treated 
values, expressing results as relative light units (RLU)/min/mg of tissue. 

As performed in previous experiments [6], PVN NADPH oxidase 
activity was assessed in a microplate reader from tissue homogenates 
(10 µg protein) adding DHE (10 µmol/L) and deoxyribonucleic acid 
(DNA, 1.25 µg/mL) in PBS (100 mmol/L), pH 7.4, containing 100 
µmol/L DTPA and NADPH (50 µmol/L) to a final volume of 120 µL, 
incubating for 30 min at 37ºC in the dark, in the absence or presence of 
apocynin, a NADPH oxidase inhibitor (50 μmol/L). The fluorescence was 
detected in a fluorescence spectrophotometer (Fluorostart, BMG Lab-
technologies, Offenburg, Germany) using a rhodamine filter (excitation 
490 nm, emission 590 nm) in a microplate reader. NADPH oxidase ac-
tivity was calculated as difference of relative unit of fluorescence 
without and with apocynin and expressed a fold change respect WKY 
group. 

2.8. Reactive oxygen species (ROS) concentrations in the PVN 

PVN ROS levels were determined through the fluorescent probe 5- 
(and-6-) chloromethyl-2’− 7’-dichlorodihydrofluorescein diacetate 
(CM-H2DCFDA). The homogenates from 10 µg of protein were prepared 
in a non-denaturing lysis buffer (50 mmol/L Tris-HCl (pH 7.4) con-
taining 10 µg/mL aprotinin, 0.1 mmol/L EDTA, 0.1 mmol/L EGTA, 10 
µg/mL leupeptin and 1 mmol/L PMSF) and incubated in 96-well plates 
with 5 μmol/L CM-H2DCFDA for 30 min at 37 ºC. The fluorescence was 
detected in a spectrofluorimeter (Fluorostart, BMG Labtechnologies, 
Offenburg, German [6]. 

2.9. Flow cytometry 

Mesenteric lymph nodes (MLN), blood and aortae were collected 
from all animals. These samples were adequately mashed with wet slides 
to reduce friction. Next, the red blood cells were lysed with Gey’s so-
lution and filtered through a 70 µM cell strainer. 1 × 106 cells were 
obtained and used per panel and organ. To improve the fluorescence 
signal for cytokines, we incubated our samples with 50 ng/mL PMA plus 
1 μg/mL ionomycin for 30 min, then added a protein transport inhibitor 
(BD GolgiPlugTM) for 4 h at 37 ◦C. Next, the samples were pipetted into 
polystyrene tubes for staining. The cells were blocked with anti-CD32 
(clone D34–485, BD Biosciences) to prevent non-specific bindings to 
Fc-gamma receptors, concomitantly, samples were incubated with a 
viability dye (LIVE/DIED® Fixable Aqua Dead cell Sain Kit, Molecular 
Probes, Oregon, USA) in PBS for 20 min at 4 ◦C in the dark. After 
washing with PBS, cells were stained for 30 min at 4ºC for surface targets 
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 anti-CD25 (PE-VIO770, clone 
7D4, Miltenyi). The lymphocytes were then fixed and permeabilized 
simultaneously with the Fix/Perm Fixation/Permeabilization kit (eBio-
science, San Diego, USA) and intracellular targets were stained with 
mAbs anti-IL-17A (PE-Cy7, clone eBio17B7, eBioscience, San Diego, 
USA), and anti-IFN-γ (PE-VIO770, clone XMG1.2, eBioscience, San 
Diego, USA) for 30 min at 4 ◦C in the dark. Samples were processed with 
a FACS ARIA III flow cytometer (BD Biosciences) and the analysis was 
performed with FlowJo software (Tree Star, Ashland, OR, USA) [26]. 

2.10. Gene and protein expression analysis 

Colonic and PVN gene expression was carried out through quanti-
tative polymerase chain reaction (qPCR), as stablished in previous ex-
periments [25]. Hence, samples were homogenized to obtain RNA with 
TRI Reagent®. RNA concentration was assessed using a NanoDropTM 
2000 Spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). 2 μg of RNA from all samples were retrotranscribed into cDNA 
using oligo(dT) primers (Promega, Southampton, UK). The qPCR was 
performed using a Techne Techgene thermocycler (Techne, Cambridge, 
UK). The forward and reverse probes used for amplification are listed in 
(Table S1). A dilution series of standard vascular samples determined 
the efficiency of the reaction. We used GADPH expression for house-
keeping normalization. The mRNA relative expression was determined 
using the ΔΔCt method. 

We examined the content of zonula occludens protein-1 (ZO-1) and 
occludin in colonic homogenates by western blots. These samples were 
run on a sodium dodecyl sulphate-polyacrilamide electrophoresis (40 μg 
of protein per lane). Next, the transference of proteins was performed to 
polyvinylidene difluoride membranes. ZO-1 and occludin were detected 
after the membranes were incubated with the respective primary anti-
bodies: rabbit polyclonal anti-occludin (Abcam, Cambridge, UK) and 
rabbit polyclonal anti-tight junction protein ZO-1 (Novus biological, 
Cambridge, UK). All were incubated at 1/1000 dilution overnight at 4ºC. 
The membranes were then incubated with secondary peroxidase- 
conjugated goat antirabbit (1/10000; Santa Cruz Biotechnology). Anti-
body binding was detected by a ECL system (Amersham Pharmacia 
Biotech, Amersham, UK) and densiometric analysis was done by ImageJ 
software. Samples were re-probed for smooth muscle α-actin. 

2.11. DNA extraction, 16 S rRNA gene amplification, bioinformatics 

For an analysis of intestinal microbial populations, we obtained 
faecal samples at the experimental endpoint. DNA was extracted from 
the samples using G-spin columns (INTRON Biotechnology) starting 
from 30 mg of faecal matter resuspended in PBS. RNAses and Proteinase 
K were utilized to treat all samples. Quant-IT PicoGreen reagent 
(Thermo Fischer) was used to quantify DNA concentrations. Then, we 
proceeded to the amplification of the V3-V4 regions for the 16 S rRNA 
gene [8] in all samples (about 3 ng). Extension tails present in the PCR 
products (approx. 450 pb) were used for barcoding and the addition of 
specific Illumina sequences in a low-cycle number PCR. Individual 
amplicon libraries were studied with the Bioanalyzer 2100 (Agilent) and 
a pool of samples was generated in equimolar concentrations. The pool 
was purified further and quantified; and the concentration determined 
through qPCR (Kapa Biosystems). Finally, the resulting DNA was 
sequenced on an Illumina MiSeq instrument with 2 × 300 paired-end 
read sequencing at the Unidad de Genómica (Parque Científico de 
Madrid, Spain). 

BIPES pipeline was used to sort raw sequences. The barcode probes 
were trimmed and filtered if ambiguous bases or mismatches in the 
primer regions were detected as per the BIPES protocol. Sequences with 
more than one mismatch within the 40–70 bp region at each end were 
excluded. 30 Ns was used to concentrate the two single-ended sequences 
for the downstream sequence analyses. UCHIME (implemented in 
USEARCH, version 6.1) was conducted to screen out and remove chi-
meras in the de novo mode (using-minchunk 20-xn 7-noskipgaps 2). 
Additional analyses were carried out utilizing the 16 S Metagenomics 
(Version: 1.0.1.0) from Illumina. The sequences were clustered to an 
operational taxonomic unit (OTU) with USEARCH on default parame-
ters (USERACH6.1). The threshold distance was set to 0.03. Thus, when 
the similarities between two 16 S rRNA sequences were over 97 %, the 
sequences were classified as the same OTU. QIIME-based alignments of 
representative sequences were conducted with PyNAST, and the SILVA 
database acted as template file. We utilized the Ribosome Database 
Project (RDP) algorithm representative sequences classification into 
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specific taxa with the default database. The Taxonomy Database (Na-
tional Center for Biotechnology Information) was used for classification 
and nomenclature. Bacteria were classified based on short chain fatty 
acids (SCFAs) end-product, as previously described [8]. Briefly, genera 
were classified into more than one group if they were defined as pro-
ducers of different metabolites. Bacteria were classified according to 
their oxygen requirements with the Genomes OnLine Database (GOLD) 
[8]. The obtained data were presented as relative abundance of pre-
dicted functions within the samples. 

2.12. Reagents 

All reagents were obtained from Merk (Barcelona, Spain) unless 
otherwise specified. 

2.13. Statistical analysis 

The Shannon and Chao Richness were calculated using the phyloseq 
package. Reads in each OTU were normalized to total reads in each 
sample. Only taxa with a prevalence in samples > 20 % and minimum 
count of 4 reads, and the data from minimum library size according to 
data rarefying were utilized for the analysis. Linear Discriminant 
Analyze (LDA) scores greater than 3.5 were displayed. Taxonomy was 
summarized at the genus level and uploaded to Microbiome Analyst 
[27] to generate LDA effect size (LEfSe) where significant enrichment 

was considered at a P < 0.05, LDA score > 3.5. Results are expressed as 
means ± SEM of measurements. The non-parametric factorial 
Kruskal-Wallis sum-rank test was performed to identify features with 
significant differential abundance, followed by LDA to calculate the ef-
fect size of each differentially abundant features. Beta diversity analyses 
was carried out, comparing the changes in the presence/absence or 
abundance of thousands of taxa present in a dataset and summarize 
these into how ’similar’ or ’dissimilar’ two samples. Each sample gets 
compared to every other sample generating a distance or dissimilarity 
matrix. The Bray-Curtis distance was used to analyze beta diversity. The 
result is represented by Principal Coordinate Analysis (PCoA). 

Tail SBP, HR and the concentration-response curves to phenyleph-
rine and acetylcholine were analyzed by two-way repeated-measures 
ANOVA with the Bonferroni post hoc test. Other variables were tested 
for normal distribution using Shapiro-Wilk normality test and compared 
using one-way ANOVA and Tukey post hoc test in case of normal dis-
tribution or Mann–Whitney U test or Kruskal–Wallis with Dunn’s mul-
tiple comparison test in case of abnormal distribution. P < 0.05 was 
considered statistically significant. 

Fig. 1. Spironolactone (SPIR) reduces blood pressure and target organ damage 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). Values are expressed as mean ± SEM (n = 8). *P < 0.05 and * *P < 0.01 significant differences compared with Wistar 
Kyoto rats (WKY). #P < 0.05 and ##P < 0.01 significant differences compared with untreated SHR group. 
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Fig. 2. Spironolactone (SPIR) improves endo-
thelial dysfunction and Th17 infiltration in aorta 
from spontaneously hypertensive rats (SHR). A) 
Concentration-contractile response curve 
induced by phenylephrine (Phe). Endothelium- 
dependent relaxation induced by acetylcholine 
(Ach) in aortas precontracted by phenylephrine 
in the absence (B) or in the presence of VAS2870 
(C). NADPH oxidase activity measured by 
chemiluminescence to lucigenin (D), and Th17, 
Tregs, and Th1 infiltration measured by flow 
cytometry (E) in aorta from all experimental 
groups. Values are expressed as mean ± SEM 
(n = 8). *P < 0.05 and * *P < 0.01 significant 
differences compared with Wistar Kyoto rats 
(WKY). #P < 0.05 and ##P < 0.01 significant 
differences compared with untreated SHR group. 
AUC: area under curve.   
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3. Results 

3.1. Spironolactone decreases BP, improving the vascular nitric oxide 
(NO) pathway, and reducing oxidative stress and Th17 infiltration in 
aorta 

As shown in Fig. 1A, B the SHR had a significant increase in the SBP 
and HR compared with the WKY rats (213.5 ± 6.4 mmHg and 416.9 ±

8.6 bpm vs. 154.2 ± 3.5 mmHg and 383.9 ± 5.7 bpm). The five-week 
spironolactone treatment induced a progressive reduction in both pa-
rameters reaching a total reduction in SHR of 37.5 ± 3.4 mmHg and 
30.9 ± 7.1 bpm, respectively. In addition, increased heart weight/tibia 
length (HW/TL), left ventricle weight/tibia length (LVW/TL) and kidney 
weight/tibia length (KW/TL) ratios were observed in the SHR compared 
with those in the WKY groups. Chronic spironolactone significantly 
reduced left ventricular hypertrophy in SHR (Fig. 1C). 

Fig. 3. Spironolactone (SPIR) reshapes the remodeling of gut microbiota in spontaneously hypertensive rats (SHR). The microbial DNA from fecal samples was 
analyzed by 16 S rRNA gene sequencing. A) Ecological parameters of richness, and diversity. 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 butyrate-, acetate- and lactate-producing bacteria 
expressed as relative abundance of total Bacteria. F) Relative proportion of strict anaerobic and aerobic bacteria in the gut microbiota in Wistar Kyoto rats (WKY), 
untreated SHR and SHR treated with SPIR (SHR-SPIR). Values are expressed as mean ± SEM (n = 8). *P < 0.05 significant differences compared with Wistar Kyoto 
rats (WKY). #P < 0.05 significant differences compared with untreated SHR group. 
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The aortic concentration-contractile response curves to phenyleph-
rine were similar among all groups (Fig. 2A). However, aortae from SHR 
displayed significatively decreased endothelium-dependent vasodilator 
responses to acetylcholine compared to WKY (~ - 38 % area under 
curve, AUC) (Fig. 2B), which were improved by spironolactone by ~ 48 
%. After the incubation with L-NAME in the organ bath the 
acetylcholine-induced relaxation was abolished for all groups, pointing 
to NO being involved in this relaxation (data not shown). VAS2870 
improved the relaxation response to acetylcholine in SHR group to WKY 
values, suggesting the involvement of NADPH oxidase activity in the 
impaired relaxation to acetylcholine in SHR (Fig. 2C). Moreover, the 
NADPH oxidase activity increased (~ 68 %) in SHR group as compared 
to WKY and normalized after spironolactone (Fig. 2D). 

Vascular T cell infiltration seems to regulate ROS production and 
endothelial function in SHR [2,7]. Increased T helper (Th)17 and Th1 
cells and decreased Tregs infiltration was detected in aorta from SHR, as 
compared to WKY. Chronic spironolactone normalized Th17 cells infil-
tration in SHR, being without effects in regulatory T cells (Tregs) and 
Th1 content (Fig. 2E). 

3.2. Spironolactone treatment reduces gut dysbiosis in SHR 

Given the key role of the gut microbiota in SHR [3–6] we examined 
the effects of spironolactone on the shifts in gut microbiota. Alpha di-
versity of gut bacterial communities was analysed by calculating two 
relevant ecological parameters: Chao richness and Shannon diversity. 
No significant changes were observed among the three groups in alpha 
diversity parameters (Fig. 3A). The axonometric two-dimensional PCoA 
at genus level showed WKY and SHRs to be significatively different 
(Fig. 3B) as described in other experiments [3,5–8,12] representing 2 
distinct gut microbial communities. Spironolactone treatment changed 
effectively the composition of gut microbiota communities in SHR 
approaching near WKY (Fig. 3B). Percentages for the phyla Firmicutes 
and Actinobacteria were increased in SHR, meanwhile Bacteroidetes 
was lower, compared to WKY. Spironolactone treatment restored bac-
teria from these phyla to WKY-like proportions (Table 1, Fig. 3C). The 
Firmicutes/Bacteroidetes (F/B) ratio is broadly seen as an indicator of 
gut dysbiosis [3] and it was ~1.8-fold elevated for SHR, being normal-
ized by spironolactone treatment (Fig. 3D). The dysbiosis of gut 
microbiota in SHR is characterized by changes in SCFAs-producing 
bacteria populations [3,5–8,12]. In our experiment there was a 
decrease in the proportions of acetate-producing bacteria, with no sig-
nificant differences present in the populations of butyrate- and 
lactate-producing bacteria between SHR and WKY (Fig. 3E). Spi-
ronolactone treatment restored the level of acetate-producing bacteria 

(specially the changes in the Bacteroides, Bacteroidaceae, Bacteroidales; 
and Prevotella, Prevotellaceae, Bacteroidales, Fig. S1, S2) and it was able to 
reduce the butyrate-producing bacteria (specially the changes in the 
Eubacterium, Eubacteriaceae, Clostridiales, Fig. S1, S2). Moreover, the 
populations of strict aerobic bacteria were increased in SHR compared 
with WKY, but no significant differences in strict anaerobic bacteria 
were detected. Spironolactone was able to restore these changes in 
aerobic populations (Fig. 3F). 

3.3. Spironolactone improves gut pathology, inflammation, permeability, 
α-defensins production, and changes MLNs T cells in SHR 

Hypertension has been linked to a reduction in gut tight junction 
proteins levels, and an increase in gut permeability and gut pathology 
[10]. In the colon, the SHR showed thickening of the muscle layer, an 
increase in the connective tissue area, and a decrease in villi length 
compared with those in the WKY group (Fig. 4A). Additionally, a 
reduced percentage of goblet cells (Fig. 4B) and an increase in thickness 
of adventitia and the amount of connective tissue around arterioles 
(Fig. 4C) were also observed in the colon of the SHR compared with 
those in the WKY group. Chronic spironolactone treatment reduced the 
connective tissue and the thickness of the muscle layer and increased the 
villi length in the colon of the SHR, being without significant effect in the 
goblet cells proportion. Interestingly, the higher crossectional area of 
colonic arterioles found in SHR as compared with WKY were reduced in 
SHR-SPIR. Next, we also examined the mRNA levels of proinflammatory 
cytokines in colon. The higher mRNA concentrations of IL-1ß, and TNF-α 
in SHR than WKY were normalized by spironolactone (Fig. S3). 

We also investigated the effects of spironolactone on gut integrity in 
the colon by measuring tight junction proteins (ZO-1 and occludin) and 
mucins (MUC) levels. Lower mRNA levels and protein for ZO-1 and 
occludin were detected in colon from SHR compared to WKY (Fig. 5A). 
Spironolactone treatment increased occludin expression in colon, sug-
gesting a recuperation of barrier function. Also, an increased gut 
permeability in adult hypertensive SHR was linked to decreased 
numbers of goblet cells [23], which function is to excrete mucins, pro-
tecting the gut from pathogen invasion, and regulating the gut immune 
response [28]. MUC-2 transcripts were detected downregulated too in 
the SHR group, which was unaffected by spironolactone. Similarly, 
reduced mRNA levels of MUC-3 in SHR were found, but spironolactone 
restored its gene expression (Fig. 5B), lowering gut permeability in 
SHR-SPIR group. Plasma endotoxin levels were higher in SHR compared 
with WKY group and were unaltered by the spironolactone treatment 
(Fig. 5C). Our results point to higher intestinal permeability in SHR that 
could facilitate the migration bacterial components (e.g., LPS) to the 
blood stream. I-FABP is a known marker of gut permeability [29], and 
mounting evidence has shown higher circulating I-FABP in animals and 
human with hypertension [29,30]. We detected increased plasma 
I-FABP in the SHR group compared with those in WKY animals. 
Remarkably, spironolactone was able to reduce I-FABP plasma levels 
(Fig. 5D). 

Epithelial intestinal cells can synthesise α-defensins, cysteine-rich 
cationic peptides with antibiotic activity against microorganisms [31], 
to balance the composition of intestinal microbiota [32]. Our experi-
ment in SHR shows a reduction in the α-defensin rat neutrophil peptide 
(RNP)1–2 expression levels, and high mRNA levels of RNP3 and RNP4 in 
colon in comparison with the WKY group. Spironolactone restored 
defensin levels to WKY group levels (Fig. 6). 

As reported in the past, bacteria can translocate through the intes-
tinal barrier, activating macrophages and dendritic cells that migrate to 
lymph nodes in the lower intestinal tract in altered gut mucosal integrity 
conditions [33]. These CX3CR1 + cells can process antigens for their 
presentation to naïve CD4 + T cells, activating T cell proliferation. We 
have observed that the percentage of Th17 and Th1 lymphocytes was 
higher in MLNs from SHR compared with WKY group, whereas Tregs 
were decreased in SHR (Fig. 7A). Spironolactone treatment normalized 

Table 1 
Effect of spironolactone (SPIR) on phyla proportion of gut microbiota from 
spontaneously hypertensive rats (SHR).   

WKY 
(n = 8) 

SHR 
(n = 8) 

P value 
(SHR vs 
WKY) 

SHR+SPIR 
(n = 8) 

P value 
(vs 
SHR) 

Actinobacteria 0.16 
± 0.03 

0.56 ± 0.19 0.043 0.07 ± 0.02 0.017 

Bacteroidetes 37.96 
± 5.25 

24.80 
± 3.01 

0.036 38.52 
± 4.74 

0.021 

Firmicutes 56.61 
± 4.95 

71.22 
± 2.58 

0.014 55.82 
± 4.36 

0.006 

Verrucomicrobia 0.92 
± 0.19 

1.71 ± 0.49 0.135 2.28 ± 0.67 0.473 

Proteobacteria 0.04 
± 0.01 

0.08 ± 0.02 0.118 0.35 ± 0.19 0.157 

Tenericutes 0.01 
± 0.01 

0.41 ± 0.23 0.084 0.37 ± 0.11 0.892 

Cyanobacteria 0.01 
± 0.01 

0.01 ± 0.01 0.362 0.01 ± 0.01 0.362 

Others 4.31 
± 2.67 

1.23 ± 0.42 0.244 2.59 ± 0.67 0.088  
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Th17 proportion in MLNs from SHR but did not change neither Tregs nor 
Th1 content. Similar data were found in blood from all experimental 
groups (Fig. 7B). 

3.4. Spironolactone did not protect against neuroinflammation, but 
decreased gut sympathetic tone in the SHR 

Increased neuroinflammation and oxidative stress within autonomic 
brain regions have been linked to hypertension [9]. MR activation in the 
hypothalamus leads to salt sensitivity acquisition and increased sym-
pathetic activity [34]. We analyzed the effects of MR blockade with 

spironolactone in neuroinflammation, oxidative stress and sympathetic 
activity. We found that the mRNA levels of pro-inflammatory cytokines 
TNF-α, IL-1ß, and IL-6 (Fig. 8A) in brain PVN (one key autonomic brain 
region controlling BP) were increased in SHR compared to WKY, and 
unaltered by spironolactone. TLR4 activation within the brainstem 
contributes to neuroinflammation and the enhanced sympathetic 
outflow [22]. TLR4 mRNA levels in PVN from SHR group were higher 
than WKY group and were unaltered by spironolactone (Fig. 8B). 
Increased oxidative stress in PVN derived from activated NADPH oxi-
dase is responsible for increasing central sympathetic outflow [35]. ROS 
production (Fig. 8C), NADPH oxidase activity (Fig. 8D) and the mRNA 

Fig. 4. Spironolactone (SPIR) improves 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 in all experimental groups. B) 
Representative micrographs of Movat’s pentachromic (MP) staining and quantitative analysis of number of goblet cells per 100 epithelial cells in the colon in all 
experimental groups. C) Representative micrographs of MP staining and quantitative analysis of the area of the submucosal vascular smooth muscle layer in vessels 
less than 70 µm of the colon in all experimental groups. Bar scale: 50 µm. Values are expressed as mean ± SEM (n = 8). *P < 0.05 and * *P < 0.01 significant 
differences compared with Wistar Kyoto rats (WKY). #P < 0.05 and ##P < 0.01 significant differences compared with untreated SHR group. 
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Fig. 5. Spironolactone (SPIR) induces an improvement in gut 
integrity and permeability in spontaneously hypertensive rats 
(SHR). A) mRNA levels and protein of occludin, and zonula 
occludens-1 (ZO-1) in the colon in all experimental groups. B) 
mRNA levels of mucin (MUC)− 2, and MUC-3 in the colon in 
all experimental groups. C) Levels of plasma endotoxin 
(endotoxin units/mL (EU/mL). D) Measurement of intestinal 
FABP level in the plasma. Values are expressed as mean ± SEM 
(n = 8). *P < 0.05 and * *P < 0.01 significant differences 
compared with Wistar Kyoto rats (WKY). #P < 0.05 and 
##P < 0.01 significant differences compared with untreated 
SHR group.   

C. González-Correa et al.                                                                                                                                                                                                                     



Biomedicine & Pharmacotherapy 158 (2023) 114149

10

levels of NADPH oxidase subunits, NOX4, p22phox, and p47phox 
(Fig. 8E) were observed higher in SHR group than WKY group. However, 
spironolactone was also unable to reduce all these parameters. To 
stablish the effects of spironolactone in sympathetic outflow, we 
measured plasma NA concentration. Plasma NA concentration was 
higher in SHR as compared with WKY, which were reduced by spi-
ronolactone (Fig. 8F), showing reduced sympathetic activity. The 
increased sympathetic activity to the gut causes alterations in gut 
junction proteins in SHR [23]. Higher levels of tyrosine hydroxylase 
(TH) were detected, a crucial enzyme for the generation of NA, and NA 
content in the colon from SHR compared to WKY group, effects abol-
ished by spironolactone (Fig. 8G). These results suggest that a reduction 
in intestinal sympathetic tone could be linked to the positive effects of 
spironolactone. 

4. Discussion 

A key element found in our experiment is that antihypertensive ef-
fects induced by chronic blockade of MR with spironolactone is associ-
ated with improvement of gut dysbiosis in SHR. Evidences for this are 
the following: 1) attenuation of gut wall pathology and leakiness; (ii) 
reshaping of colonic α-defensins production; (iii) repopulation with 
bacterial communities linked with normal BP; (iv) attenuation of Th17 
population in MLNs, blood, and aorta; and (v) dampened sympathetic 
activity. Thus, beneficial effects of spironolactone could, in part, be due 
to its influence on the gut-vascular wall axis. 

The link between gut dysbiosis, immune system and hypertension 
has already been discussed multiple times [5,7,12]. The conclusion to 
our experiment is consistent with what has already been stablished 
[15–17,36], MR blockade inducing lower BP in SHR. Plus, spi-
ronolactone restored the endothelial function joined to a decreased ROS 
production as reported previously [16,17]. A link between gut dysbiosis 
and hypertension has been confirmed in patients and animal models 
with hypertension, such as SHR. Mounting evidence points to gut 
microbiota and gut-vascular wall communication being crucial in hy-
pertension [5]. In addition, intestinal microbiota composition has value 
in predicting major adverse cardiovascular and cerebrovascular events 
in patients with refractory hypertension [38], the main clinical target of 
spironolactone. Recent articles detail how gut dysbiosis is displayed in a 
broad range of experimental models of hypertension [3,5–8,11,12, 
38–41]. The conclusions to this experiment are partially in concordance 
with the key known characteristics of dysbiotic microbiota seen else-
where in SHR [3,5–8,11,12,41], such as, a high F/B ratio, a reduction in 
acetate-producing bacteria and an increase in strict aerobic bacteria. 
Spironolactone tended to the normalization of gut microbiota, reducing 

the F/B ratio, normalizing SCFAs-producing microorganisms (increasing 
the acetate-producing bacteria Prevotella) and reducing strict aerobic 
bacteria population. Lower Prevotella abundance in feces is a hallmark of 
cardiovascular events in patients with refractory hypertension [37]. 
Acetate produced by bacteria could be involved in the antihypertensive 
effects of spironolactone. In fact, acetate consumption prevented the 
development of hypertension and endothelial dysfunction in a deoxy-
corticosterone acetate-salt murine model of hypertension [38,40] and in 
SHR [41]. Different authors have reported the ability of certain SCFA, 
like acetate, to modulate the immune response [42]. We found an 
expansion in acetate-producing bacteria in SHR-SPIR, which might be 
involved in the lower numbers of Th17 found in MLN and aorta from 
SHR-SPIR. Surprisingly, spironolactone could not increase Tregs popu-
lation in MLNs, which would be related with the lower abundance of 
butyrate-producing bacteria, being butyrate the main microbial 
metabolite that regulates Treg differentiation [43]. 

Several explanations by which spironolactone could induce changes 
in gut microbiota were observed. Changes in the host health status are 
complemented by changes in gut microbiota populations. Consequently, 
the microbiota could be modulated to decrease BP, changing to com-
positions like those found in normotensive rats. However, we have 
already shown that hydralazine can normalize BP in SHR but remains 
unable to improve dysbiosis [12], discarding the possibility that gut 
microbiota adapted to normotensive conditions. Changes in gut micro-
biota populations have been associated with gut integrity [12,30]. Our 
results demonstrate pathological changes in the gut of hypertensive 
animals. This includes increased permeability and leakiness, fibrosis, 
and muscular tissues in the gut wall. In addition, stunted villi and 
decreased goblet cells were observed in SHR. 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 [44]. 
In the SHR was found a reduction in the expression of tight junction 
proteins, being occludin normalized by the spironolactone. Moreover, 
increased intestinal permeability in adult hypertensive SHR has been 
related to reduced goblet cells, and mucins [23]. Spironolactone tended 
to increase colonic goblet cells and increased mRNA levels of MUC-3. 
These protective effects in gut integrity are associated with reduced 
plasma levels of FABP2, a marker of gut permeability. In addition, in-
testines of SHR were significantly less hypoxic and presented increased 
aerobic bacteria in feces, due to a reduction in the epithelium barrier 
integrity [12]. We also found a higher population of aerobic bacteria in 
feces from SHR, which were linked to a loss of gut integrity. Spi-
ronolactone increased colonic integrity and reduced the populations of 
strict aerobic bacteria. The data reinforces the essential role of gut 

Fig. 6. Spironolactone (SPIR) induces an improvement in α-defensins production in spontaneously hypertensive rats (SHR). mRNA levels of α-defensins (RNP1.2, 
RNP3, and RNP4) in colon from Wistar Kyoto rats (WKY), untreated SHR (SHR) and SHR treated with SPIR (SHR+SPIR). Values are expressed as mean ± SEM 
(n = 8). *P < 0.05 and * *P < 0.01 significant differences compared with WKY. #P < 0.05 and ##P < 0.01 significant differences compared with untreated 
SHR group. 
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Fig. 7. Spironolactone (SPIR) improves T cell profile at Mesenteric lymph nodes (MLNs) and 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 (n = 8). *P < 0.05 and * *P < 0.01 significant differences compared with Wistar Kyoto rats 
(WKY). #P < 0.05 and ##P < 0.01 significant differences compared with untreated SHR group. 
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Fig. 8. Spironolactone (SPIR) cannot reduce neuroinflammation, and ROS production in the paraventricular nucleus (PVN) of the hypothalamus in spontaneously 
hypertensive rats (SHR) but reduces the sympathetic tone. mRNA levels of pro-inflammatory cytokines, tumor necrosis factor α (TNFα), interleukin (IL)− 1β, and IL6 
(A), and toll like receptor (TLR)− 4 (B) in homogenates from brain PVN. C) CM-H2DCFDA-detected intracellular ROS and NADPH oxidase activity (D) measured by 
DHE fluorescence in the microplate reader in homogenates from brain PVN. E) mRNA levels of NADPH oxidase subunits NOX4, p22phox, and p47phox in PVN. F) 
Plasma noradrenaline (NA) content from all experimental groups. G) Colonic tyrosine hydroxylase (TH) expression and colonic NA concentration. Values are 
expressed as mean ± SEM (n = 8). *P < 0.05 and * *P < 0.01 significant differences compared with Wistar Kyoto rats (WKY). ##P < 0.01 significant differences 
compared with untreated SHR group. 
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integrity in the composition of intestinal microbiota. Furthermore, in-
testinal epithelial cells and Paneth cells secrete antimicrobial peptides, 
such as defensins, which selectively kill Gram-positive bacteria [45–48]. 
We detected changes in defensin levels in colon from SHR compared to 
WKY, which might also be involved in changes in SHR microbiota, 
which were normalized by spironolactone treatment, and might 
contribute to reshaping of gut microbiota. Our present data agree with 
Santisteban et al., [23], pointing to an increased gut sympathetic drive 
(higher TH levels and NA content) associated with microbial dysbiosis 
and reduced gut integrity in hypertensive animals. 

Resistant hypertension is primarily of neurogenic origin, exhibiting 
higher sympathetic activity. Past experiments have suggested that an 
activated microglia-neuron unit in the PVN increases gut sympathetic 
drive; linked to an increased gut pathology and inflammatory status, and 
altered gut microbiota and permeability, showing a brain-gut axis 
driven by a sympathetic response [6,9,23,49]. In fact, inhibition of 
neuroinflammation by intracerebroventricular administration of a 
modified tetracycline normalizes the sympathetic activity, inducing 
changes in microbiota populations and the amelioration of gut pathol-
ogy [9]. Moreover, activation of PVN AT1 receptor triggers the sym-
pathetic outflow stimulating NADPH oxidase-dependent ROS 
production [35]. In agreement with these data, we observed in PVN 
from SHR a higher NADPH oxidase-driven ROS production, and a higher 
pro-inflammatory cytokine (TNF-α, IL-1β, and IL-6) expression than 
WKY group. Unexpectedly, spironolactone was unable to reduce neu-
roinflammation and ROS production in PVN but reduced sympathetic 
excitation (lower plasma NA levels). The change in sympathetic activity 
induced by spironolactone seems to be independent of changes in TLR4 
pathway in PVN. This reduced sympathetic drive would be related to the 
reduced cerebrospinal fluid Na+ concentration because of MR/epithelial 
Na channels pathway blockade in choroid plexus, as described previ-
ously by eplerenone in hypertensive rats [50]. However, further studies 
are needed to explore this mechanism. 

Previous studies demonstrated that reduction of sympathetic activity 
in the colon induced by captopril [23] or losartan [12] improved gut 
pathology and decreased gut dysbiosis parameters, while hydralazine 
(which increases gut sympathetic drive) was incapable of normalizing 
gut integrity and microbiota composition [12]. We detected higher 
mRNA levels of TH and NA content in SHR colon, which were restored 
by spironolactone. Thus, spironolactone in SHR reduces the sympathetic 
excitation, lending to lower gut sympathetic drive (lower colonic TH 
expression and NA content), improving gut pathology and gut dysbiosis 
in SHR. 

In conclusion, we can assert that spironolactone improves gut dys-
biosis in SHR. This appears to be associated with its ability to ameliorate 
gut integrity by reducing the intestinal sympathetic drive. Whether 
these beneficial effects in the gut contribute to the antihypertensive 
effects deserve further investigation. 
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