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Abstract   1 

Arbequina table olive (AO) consumption lowers blood pressure (BP) in spontaneously 2 

hypertensive rats (SHR). This study evaluates whether dietary supplementation with AO 3 

induced changes in the gut microbiota that are consistent with the purported 4 

antihypertensive effects. Wistar-Kyoto rats (WKY-c) and SHR-c received water, while 5 

SHR-o were supplemented by gavage with AO (3.85 g/kg) for 7 weeks. Faecal microbiota 6 

was analysed by 16S rRNA gene sequencing. SHR-c showed increased Firmicutes and 7 

decreased Bacteroidetes compared to WKY-c. AO supplementation in SHR-o decreased 8 

BP by approximately 19 mmHg, and reduced plasmatic concentrations of 9 

malondialdehyde and angiotensin II. Moreover, reshaped faecal microbiota associated 10 

with antihypertensive activity by lowering Peptoniphilus and increasing Akkermansia, 11 

Sutterella, Allobaculum, Ruminococcus, and Oscillospira. Also promoted the growth of 12 

probiotic strains of Lactobacillus and Bifidobacterium and modified the relationship of 13 

Lactobacillus with other microorganisms, from competitive to symbiotic. In SHR, AO 14 

promotes a microbiota profile compatible with the antihypertensive effects of this food.  15 
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1. Introduction 16 

Hypertension is the main preventable risk factor for cardiovascular disease and 17 

premature death worldwide.1 Primary hypertension is induced by the interaction of 18 

non-modifiable genetic factors, which determine the risk of cardiovascular disease, 19 

with modifiable environmental factors, such as overweight and unhealthy lifestyles.1 20 

An important element in the prevention of cardiovascular disease is the 21 

adherence to healthy dietary habits like those offered by the Mediterranean diet 22 

(MD). The MD has been widely studied, with strong evidence showing that it 23 

promotes cardiovascular health and prevents obesity and hypertension.2 The 24 

consumption of the core elements of the MD (fruits, virgin olive oil, cereals, 25 

vegetables, nuts, legumes, and fish) is associated with a lower risk of 26 

cardiovascular disease and lower blood pressure (BP).3  27 

Extra virgin olive oil (EVOO) has anti-inflammatory, antioxidant, and vasodilator 28 

properties, which reduce the atherosclerotic burden.3,4 EVOO decreases BP in the 29 

spontaneously hypertensive rat (SHR) model5 and in individuals at a high risk of 30 

developing cardiovascular disease.6 In addition to oleic acid, olive oil contains 31 

polyphenols and pentacyclic triterpenes that have antioxidant, anti-inflammatory, 32 

and cardioprotective effects.4 Phenolic compounds from EVOO contribute to the 33 

protection of blood lipids from oxidative stress, as established by the Commission 34 

Regulation (EU) No. 432/2012 document.7 35 

It is well known that during olive oil milling, only a minimal portion of the 36 

bioactive compounds is extracted along with the oil. The rest remains in the mill by-37 

products, like olive pomace or olive pulp, which are used to prepare dietary 38 

supplements or ingredients for animal feed.8 These by-products have been studied 39 
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as potential sources of bioactive compounds. For example, olive pomace powders 40 

have been shown to have gastrointestinal health benefits as they stimulate the 41 

production of short-chain fatty acids (SCFA) by the gut microbiota, which has well-42 

known beneficial effects.9 The consumption of bread enriched with olive fibre has 43 

been observed to have beneficial effects on the host gut, increasing the abundance 44 

of probiotic bacteria such as Bifidobacteriaceae and Lactobacillales.10 However, 45 

there are only a few studies on the protective effects of table olive consumption on 46 

cardiovascular variables. 47 

In recent years, interest has focused on the relationship between gut microbiota 48 

and the host health status. Since the gut microbiota produces active metabolites 49 

that are involved in several physiological processes, an altered microbiota may be 50 

implicated in the development of cardiometabolic diseases.11 Studies on animal 51 

models and humans have shown that the gut microbiota of hypertensive individuals 52 

has lower bacterial diversity and a different taxonomic composition compared to 53 

normotensive controls.12 Some studies also suggest a possible causal role of gut 54 

dysbiosis in the pathogenesis of hypertension.13  55 

Recently, our group reported that dietary supplementation with Arbequina table 56 

olives (AO) for 7 weeks lowered BP in SHR from the second week until the end of 57 

the intervention.14 Therefore, in view of the role of the gut microbiota in the 58 

regulation of cardiovascular functions, the present study analysed differences in 59 

the faecal microbiota composition of hypertensive and normotensive rats and 60 

evaluated the hypothesis that dietary AO supplementation promotes the growth of 61 

bacteria involved in BP modulation in SHR. 62 

 63 
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2. Materials and methods 64 

2.1. Table olives 65 

Table olives of the Arbequina variety (AO), harvested in the 2016-2017 season and 66 

subjected to natural fermentation in brine, were obtained from Cooperativa del 67 

Camp (Maials, Lleida, Spain). The composition of AO (g/100 g of destoned olives) 68 

consisted of 21.0 lipids, 1.6 proteins, 7.2 fibre, and 4.3 salt, with metabolizable 69 

energy of 211 kcal (868 kJ). The AO content of pentacyclic triterpenes and phenolic 70 

compounds was 3308 ± 195 mg/kg and 1048 ± 85 mg/kg of destoned olive (n = 5). 71 

The detailed content of bioactive compounds in AO is shown in Table S1†. AO was 72 

prepared as a homogeneous suspension of the edible part of the olive, at a dose 73 

of 3.85 g/kg of animal weight which is equivalent to the intake of 30 AO by a person 74 

weighing 60 kg, as previously described.14  75 

2.2. Animals 76 

The study was approved by the Animal Experimentation Ethics Committee of the 77 

Universitat de Barcelona (Ref. 105/17) and by the Generalitat de Catalunya (Ref. 78 

9468), complying with the European Community Guidelines for the care and 79 

management of laboratory animals. Male spontaneously hypertensive rats (SHR) 80 

and normotensive Wistar-Kyoto (WKY) controls, all at the age of 11-week-old, were 81 

obtained from Envigo Laboratories (Huntingdon, United Kingdom). The animals 82 

were distributed into groups of two rats per cage and maintained under controlled 83 

conditions of temperature (22 ± 2 °C), humidity (50 ± 10%), and a 12-hour light-84 

dark cycle. During the whole experiment, the rats were fed a standard diet (2014 85 

Teklad Global 14%, Harlan, Barcelona, Spain) and water ad libitum. 86 

2.3. Experimental design 87 
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At 14 weeks of age, the SHR group was randomly distributed into 2 groups, the 88 

untreated SHR (SHR-c n = 7) and the SHR supplemented with AO (SHR-o, n = 6). 89 

The third group was constituted of untreated WKY rats (WKY-c n = 8). During a 90 

period of 7 weeks, the control groups (WKY-c and SHR-c) received water by 91 

gavage at a volume of 10 mL/kg while the SHR-o had the corresponding dose of 92 

AO suspension.14 The body weight of the rats, as well as food and water 93 

consumption were measured at 14 and 21 weeks of age. 94 

2.4. Blood pressure  95 

Systolic (SBP), diastolic blood pressure (DBP) and heart rate (HR) were 96 

determined in WKY-c, SHR-c, and SHR-o rats at 14 and 21 weeks of age. 97 

Measurements were performed using a non-invasive automatic BP analyser for 98 

rodents (LE5001 Harvard Apparatus, Panlab, Barcelona, Spain) as previously 99 

described.14  100 

2.5. Analysis of malondialdehyde, angiotensin II, IL6 and TNF-α in plasma  101 

At the end of the experiments, overnight fasted rats were anaesthetized by intramuscular 102 

injection of ketamine (90 mg/kg, Imalgene®, Merial, Lyon, France) and xylazine (10 103 

mg/kg, Rompun®, Bayer Hispania SL, Sant Joan Despí, Barcelona, Spain). Blood was 104 

collected from WKY-c, SHR-c, and SHR-o rats and transferred to EDTA-K3-coated tubes. 105 

Plasma samples were used to determine relevant biomarkers involved in the development 106 

of hypertension. Lipid peroxidation was assessed by measuring malondialdehyde (MDA) 107 

using the method described by Ohkawa et al.15 Enzyme-linked immunosorbent assay 108 

(ELISA) kits from FineTest (Wuhan, Hubei, China) were used to determine angiotensin II 109 

(ANG II) (Ref. ER1637) and tumour necrosis factor α (TNF-α) (Ref. ER1393) while the kit 110 
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for interleukin 6 (IL6) (Ref. SEA079Ra) was provided by Cloud Clone Crop (Katy, TX, 111 

USA).  112 

2.6. Collection of faecal samples 113 

Stool samples were collected at 14 and 21 weeks of age in clean conditions. Faeces were 114 

collected directly into a sterile Eppendorf, frozen immediately in liquid N2, and stored at -115 

80 °C until use. 116 

2.7. DNA extraction and purification  117 

Microbial DNA was extracted from stool samples using the QIAamp PowerFecal 118 

DNA kit (Mo Bio Laboratories, Carlsbad, CA, USA). DNA quantification was 119 

performed using the NanoDrop ND-100 spectrophotometer (Thermo Fisher 120 

Scientific, Waltham, MA, USA), and the purity of the extraction was verified by 121 

agarose gel electrophoresis. 122 

2.8. Analysis of the 16S rRNA gene 123 

The V3 and V4 hypervariable regions of the bacterial 16S rRNA gene were 124 

amplified by PCR using the specific primers PCR1_Forward (50bp): 5’–125 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG126 

–3’ and PCR1_Reverse (55bp): 5’–127 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTA128 

ATCC–3’. Samples were sequenced using the Illumina MiSeq platform (Illumina, 129 

San Diego, CA, USA) at the Genomics and Bioinformatics Service of the Universitat 130 

Autònoma de Barcelona (Bellaterra, Barcelona, Spain). The analysis of the 16S 131 

rRNA gene was performed using the BaseSpace app 16S Metagenomics and the 132 

MiSeq Reporter software v 2.6 provided by the Illumina MiSeq platform. The raw 133 

paired-end reads were trimmed considering a Phred quality score equal to or 134 
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greater than 30. The filtered sequences were analysed using the ClassifyReads 135 

algorithm, a high-performance implementation of the Ribosomal Database Project 136 

(RDP),16 with further sequence homology analysis by the RDP SeqMatch tool using 137 

the Greengenes database (v. 13.5) as a reference. 138 

2.9. Statistical analysis 139 

Microbiota analysis only included taxa with a percentage of reads higher than 140 

0.001%. Alpha diversity was analysed using the Chao1 and Shannon indices and 141 

the number of species observed. Beta diversity was estimated based on Bray-142 

Curtis dissimilarities, using analysis of similarities (ANOSIM) and permutational 143 

multivariate analysis of variance (PERMANOVA) with Bonferroni post-hoc test to 144 

determine differences between microbial communities. Both tests were performed 145 

in RStudio (R v. 4.2.2; R Core Team, Vienna, Austria) using the vegan package v. 146 

2.4-6. Beta diversity was visualised using principal coordinate analysis from the 16s 147 

Metagenomics app. 148 

The normality of data was assessed using the Shapiro-Wilk test. The faecal 149 

microbiota composition analysis was performed by two-way ANOVA for the factors 150 

strain and age (14 and 21 weeks) in WKY-c and SHR-c groups. The Benjamini-151 

Hochberg procedure was used to control the false discovery rate (FDR 5%) in 152 

multiple comparisons. The effect of AO supplementation on the SHR-c and SHR-o 153 

faecal microbiota at 21 weeks of age was analysed using an independent Student 154 

t-test or the Mann-Whitney U test, according to data distribution. Correlation 155 

between faecal microbiota with BP, MDA and ANG II was performed using the 156 

Spearman rank correlation, and the correlation between microbiota genera was 157 

visualized by a network plot using Cytoscape v 3.9.1.17 The statistical analysis of 158 
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body weight, feed intake, water consumption, BP, MDA, ANG II, IL6 and TNF-α 159 

was performed by one-way ANOVA considering treatment (water or AO) as the 160 

independent variable following of Bonferroni post-hoc test. Statistical significance 161 

was considered when p < 0.05. The sample size of the WKY-c (n = 8), SHR-c (n = 162 

7), and SHR-o (n = 6) were established, considering an 80% power to detect a 163 

difference greater than or equal to 0.26 units for the Shannon index and changes 164 

of 16 mmHg or more in SBP, assuming in both cases a 5% significance level in a 165 

two-sided test. Statistical analysis was performed with GraphPad Prism v 8.0.2 (La 166 

Jolla, CA, USA). 167 

3. RESULTS 168 

3.1. General characteristics 169 

Table 1 shows the body weight as well as the food and water intake at the beginning 170 

and the end of the experiment, that is, at 14 and 21 weeks of age. No changes were 171 

found among groups in body weight gain and feed consumption. Conversely, the 172 

water consumption was higher in SHR-c and SHR-o than in the WKY-c rats (p < 173 

0.05). 174 

WKY-c rats gave measurements of SBP and DBP within the normotensive 175 

range, whereas SHR-c and SHR-o showed hypertensive values, both at 14 and 21 176 

weeks of age (Table 1). The supplementation of AO for 7 weeks induced a 177 

decrease of 20 mmHg in SBP and 19 mmHg in DBP in the SHR-o compared to the 178 

SHR-c at the end of the experiment (Table 1). Moreover, the supplementation 179 

induced a non-significant decrease in heart rate (HR) of SHR-o with respect to 180 

SHR-c at the end of the 7 weeks of administration. 181 

3.2. Malondialdehyde, angiotensin II, IL6 and TNF-α in plasma  182 
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Lipid peroxidation determined at 21 weeks of age was enhanced a 24% in plasma from 183 

SHR-c compared to WKY-c (p > 0.05). AO supplementation prevented the increase in the 184 

concentration of MDA in SHR-c yielding a decrease of 39% and a reduction of 20%, in 185 

WKY-c, as shown in Table 2 (p < 0.05). Plasma concentration of ANG II was higher in 186 

SHR-c compared with WKY-c (p < 0.05). However, ANG II concentration showed a 187 

reduction of 32% in rats administered with AO compared to SHR-c (p < 0.05) without 188 

reaching the values of WKY-c (Table 2). Quantification of IL6 and TNF-α showed similar 189 

plasma concentrations in control groups rats (WKY-c and SHR-c), and no differences 190 

were observed in rats supplemented with AO. 191 

3.3. Differences in faecal microbiota composition and age-related changes in WKY 192 

rats and SHR controls 193 

After bacterial DNA sequencing, a total of 4,182,795 reads that passed quality filtering 194 

(PF) were generated, and each faecal sample produced an average of 154,918 ± 9,041 195 

PF reads. Similar alpha diversity (p > 0.05) was found for the WKY-c rats and SHR-c at 196 

14 and 21 weeks of age (Fig. 1A). PCoA at the genus level also showed no differences, 197 

according to ANOSIM (R = 0.07; p = 0.134) and PERMANOVA (F = 1.41; p = 0.139), 198 

between the rat strains in beta diversity at both the ages examined (Fig. 1B).  199 

Faecal microbiota composition was evaluated from the relative abundances of the 200 

different taxonomic levels (Fig. 1C). In both WKY-c rats and SHR-c, at 14 weeks of age, 201 

Firmicutes (WKY-14w: 78.9% and SHR-14w: 82.5%) was the main phylum, followed by 202 

Bacteroidetes (WKY-14w: 17.1% and SHR-14w: 12.3%), Actinobacteria (WKY-14w: 203 

1.89% and SHR-14w: 3.60%), and Proteobacteria (WKY-14w: 1.42% and SHR-14w: 204 

1.05%), with the remaining phyla accounting for less than 1% of the total faecal bacteria. 205 

No significant differences between strains were found at 14 weeks of age except for 206 
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Proteobacteria, which were significantly increased in WKY-c rats (p = 0.024) (Fig. 1C) and 207 

remained higher at 21 weeks of age (WKY-21w: 1.59% and SHR-21w: 1.26% p = 0.016). 208 

The comparison of the faecal microbiota between WKY-c rats and SHR-c at 21 weeks of 209 

age (Fig. 1C) showed an increase in the abundance of Firmicutes in SHR-c (WKY-21w: 210 

72.5% and SHR-21w: 82.0% p = 0.014) and a higher abundance of Bacteroidetes in WKY-211 

c rats (WKY-21w: 23.1% and SHR-21w: 12.2% p = 0.003). At the phylum level, there was 212 

an increase in the Firmicutes to Bacteroidetes (F/B) ratio in SHR-c, which was 2-fold 213 

higher than that of WKY-c rats at 21 weeks of age (p = 0.026) (Fig. 1D). 214 

Lactobacillus, Blautia, Ruminococcus, and Turicibacter were the most abundant 215 

genera in both WKY rats and SHR throughout the study period, without differences 216 

between groups (Fig. 2). No differences in the relative abundances of the different genera 217 

were found between strains at 14 weeks of age, except for Allobaculum which was 218 

superior (p < 0.05) in SHR-c with respect to WKY-c but showed no differences at 21 weeks 219 

of age (Fig. 2). However, important differences were found at 21 weeks of age, where the 220 

relative abundances of Phascolarctobacterium, Parabacteroides, Prevotella, 221 

Desulfovibrio, Sutterella, and Akkermansia were higher (p < 0.05) in WKY-c rats with 222 

respect to SHR-c. 223 

3.4. Key bacteria related to blood pressure 224 

The association between the relative abundance of faecal microbiota and BP in 225 

WKY-c and SHR-c at 21 weeks of age was estimated by the analysis of Spearman 226 

rank correlation (Fig. 3). A direct association between the relative abundance of the 227 

phylum Firmicutes, including the Sarcina genus and the Lactobacillus acidophilus 228 

species were established with SBP and DBP (p < 0.05). Although this positive 229 
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association was also set up for the genera Alkaliphilus and Peptoniphilus, the 230 

correlation was only significant with DBP (p < 0.05).  231 

On the other hand, an inverse significant association (p < 0.05) between the 232 

relative abundance of faecal microbiota was settled for the phylum Bacteroidetes, 233 

including Parabacteroides, Bacteroides, Prevotella, and Flavobacterium genera, 234 

the phylum Proteobacteria including the genera Desulfovibrio and Sutterella and 235 

SPB and DPB. Although the phylum Verrucomicrobia yielded a non-significant 236 

correlation with BP (p > 0.05), this inverse association was significant (p < 0.05) for 237 

the Akkermansia genus and Akkermansia muciniphila species (Fig. 3). Noteworthy 238 

that from the Firmicutes phylum, only the Phascolarctobacterium genus showed a 239 

negative relationship with BP (p < 0.05). 240 

Spearman rank correlation analysis was also performed to estimate the 241 

association between gut microbiota and plasma concentrations of MDA and ANG II in 242 

hypertensive and normotensive rats. Fig. 3 shows that the phylum Firmicutes, along 243 

with the genera Lactobacillus, Blautia, Alkaliphilus, and Sarcina showed a direct 244 

association with MDA (p < 0.05); whereas only the phylum Firmicutes and Sarcina were 245 

correlated directly with ANG II (p < 0.05). Conversely, the genera 246 

Phascolarctobacterium, Allobaculum, Parabacteroides, Sutterella, and 247 

Akkermansia, along with the species Bifidobacterium animalis, Bifidobacterium 248 

thermacidophilum, and Akkermansia muciniphila were inversely correlated with 249 

lower values of lipid peroxidation (p < 0.05). While the phylum Bacteroidetes and the 250 

genera Phascolarctobacterium, Bacteroides, Prevotella, Desulfovibrio and Akkermansia 251 

showed an inverse association with ANG II (p < 0.05). 252 

3.5. Effect of AO consumption on SHR faecal microbiota 253 
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The effect of AO on the diversity and abundance of SHR-c and SHR-o faecal 254 

microbiota was studied from a total of 1,950,997 PF reads with an average of 255 

150,077 ± 15,909 PF reads per sample. Daily administration of AO for seven weeks 256 

did not affect the alpha diversity (p > 0.05) (Fig. 4A) and beta diversity of the 257 

microbial communities of SHR (ANOSIM: R = 0.17, p = 0.083 and PERMANOVA: 258 

F = 2.47, p = 0.077) (Fig. 4B). At 21 weeks of age, the main phyla, Firmicutes (SHR-259 

c: 82.0% and SHR-o: 80.4%) and Bacteroidetes (SHR-c: 12.2% and SHR-o: 260 

11.7%) showed similar abundances in both the untreated and treated groups, 261 

whereas only Actinobacteria (SHR-c: 3.09% and SHR-o: 5.99% p = 0.047) was 262 

significantly increased in the AO supplemented group (Fig. 4C). Moreover, AO 263 

intake did not modify the F/B ratio (Fig. 4D). 264 

At the genus level, the most remarkable effects of AO consumption were the 265 

dramatic increase in the treated group of the growth of Allobaculum (SHR-c: 1.25% 266 

and SHR-o: 3.54% p = 0.031), Sutterella (SHR-c: 0.03% and SHR-o: 0.12% p = 267 

0.038) and Akkermansia (SHR-c: 0.001% and SHR-o: 0.016% p = 0.013) (Fig. 5A). 268 

Moreover, AO elicited in the treated group a reduction in the growth of Peptoniphilus 269 

(SHR-c: 0.15% and SHR-o: 0.06% p = 0.017), Blautia (p = 0.049), Oscillospira (p = 270 

0.048), and Ruminococcus (p = 0.049) (Fig. 5A).  271 

Supplementation with AO also increased the abundance of Akkermansia 272 

muciniphila (p = 0.019), Lactobacillus acidophilus (p = 0.003), Lactobacillus 273 

crispatus (p = 0.008), Bifidobacterium animalis (p = 0.014), Bifidobacterium 274 

thermacidophilum (p = 0.028), and Ruminococcus flavefaciens (p = 0.041), but 275 

reduced the abundance of Ruminococcus gnavus (p = 0.019) (Fig. 5B).  276 

3.6. Faecal microbiota co-occurrence networks 277 
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To evaluate interactions between bacterial taxa in the faecal microbiota of each 278 

group, we used Spearman rank correlation to create co-occurrence networks, 279 

where only significant correlations were considered (rho > 0.6 and p < 0.05). 280 

Positive correlations indicate cooperative or interdependent relationships between 281 

taxa, while negative correlations suggest a competitive relationship. The WKY-c 282 

group microbial network consists of 21 nodes (genera) and 53 edges (33 positive 283 

correlations and 20 negative correlations), where the mean number of relationships 284 

between bacterial taxa (degree) was 5.05, and the genera with the highest number 285 

of relationships were Coprococcus (degree 8), Bifidobacterium, and Bacteroides 286 

(degree 7). The SHR-c group network consisted of 23 nodes and 41 edges (16 287 

positive and 25 negative correlations), where the mean number of relationships 288 

between taxa (3.56) was lower than that observed in WKY-c, and the most related 289 

genus was Oscillospira (degree 6), with a predominance of competitive 290 

relationships between bacterial genera. In the SHR-o group, after the 291 

supplementation with AO, the microbial network included 23 nodes and 52 edges 292 

(31 positive and 21 negative correlations), with an increase in the mean number of 293 

relationships between bacteria (4.52). Noteworthy that AO supplementation 294 

favoured the presence of Akkermansia within the network (degree 8) as well as the 295 

establishment of a higher number of positive correlations between taxa (Fig. 6). 296 

4. Discussion 297 

In a previous study, we found that the dietary supplementation with AO had anti-298 

hypertensive effects in SHR but did not affect the BP in normotensive WKY rats.14 299 

Recently, the development of cardiometabolic pathologies, including hypertension 300 

has been associated with changes in the microbiota.11,13 The mechanisms by which 301 
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gut dysbiosis affects cardiovascular homeostasis may involve an imbalance in the 302 

production of the microbiota-derived metabolites, alteration of the immune system, 303 

increased sympathetic nervous system activity, alterations in gut barrier integrity, 304 

and intestinal inflammation.13 In addition, intestinal microbiota produces bioactive 305 

compounds that may have hypertensive or anti-hypertensive effects.13 Therefore, 306 

we have compared the profile of the microbiota of WKY-c with that of SHR-c to 307 

identify the species, genera, or phyla that correlate with BP. Furthermore, we have 308 

analysed the changes in the microbiota composition induced by the 309 

supplementation with AO in SHR. 310 

The microbiota of SHR-c and WKY-c rats showed similar alpha and beta 311 

diversities at 14 and 21 weeks of age in agreement with the findings of Abboud et 312 

al.18 and Guo et al.19 in the same rat strains. Differences in species richness and 313 

diversity in SHR take place from 25 weeks of age,20,21 suggesting that the loss of 314 

diversity in the microbiota of hypertensive rats may occur in older animals than 315 

those used in the present study. At the phylum level, the faecal microbiota 316 

composition of WKY-c and SHR-c were similar at 14 weeks of age. However, at 21 317 

weeks of age, the microbiota of SHR-c differs from that of age-matched WKY 318 

animals with a higher abundance of Firmicutes in SHR-c compared to WKY-c rats, 319 

a finding consistent with previous studies that described Firmicutes expansion as a 320 

characteristic of SHR gut dysbiosis.12 321 

Given the differences in faecal microbiota composition observed between 322 

WKY-c and SHR-c at 21 weeks, a Spearman correlation analysis was conducted 323 

between the relative abundance of microorganisms and the measurements of BP. 324 

In the phylum Firmicutes, the genera Sarcina, Alkaliphilus, and Peptoniphilus as 325 
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well as the species Lactobacillus acidophilus, exhibited a direct association with BP 326 

since their relative abundance increased in hypertensive animals. Conversely, a 327 

lower abundance of Phascolarctobacterium in SHR-c than in WKY-c was inversely 328 

associated with SBP and DBP, which is consistent with results reported by Guo et 329 

al.19 Similar results were found in hypertensive individuals and in patients with 330 

coronary artery disease, showing a lower abundance of Phascolarctobacterium 331 

than in healthy populations.22  332 

Reduced abundance of the phylum Bacteroidetes has been described as a 333 

characteristic of the gut microbiota associated with hypertension.12 Our results 334 

show that the lower relative abundance of four genera of this phylum, namely 335 

Parabacteroides, Bacteroides, Prevotella, and Flavobacterium, was correlated with 336 

hypertension. This inverse association between Parabacteroides and arterial 337 

hypertension confirms previous reports.24 Moreover, the lower abundance of 338 

Parabacteroides, Bacteroides, and Flavobacterium was described in the gut 339 

microbiota of hypertensive rats.12,23 Other taxa found in less abundance in SHR-c 340 

with respect to WKY-c, and inversely associated with BP, were the phylum 341 

Proteobacteria along with the genera Desulfovibrio and Sutterella. From the phylum 342 

Verrucomicrobia an inverse correlation was found for the genera Akkermansia and 343 

the specie Akkermansia muciniphila. Diverging results have been reported for 344 

Desulfovibrio, since its abundance was decreased in 9-month-old SHR compared 345 

to WKY controls,23 and increased in rats transplanted with microbiota from 346 

spontaneously hypertensive stroke-prone rats24 as well as in hypertensive 347 

individuals.25 The inverse association of Sutterella with BP has also been 348 

established in SHR.19 This genus was also found to be reduced in hypertensive 349 
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patients.26 Furthermore, a high relative abundance of Bifidobacterium animalis in 350 

Wistar rats has been associated with normotension.27 The drop in Akkermansia 351 

observed in SHR-c may also correlate with hypertension, as previously observed 352 

by Guo et al.19 and Robles-Vera et al.12 in the same strain. 353 

Therefore, the analysis of faecal microbiota allowed the identification of taxa in 354 

SHR-c associated with high BP. Sixteen taxa were estimated to closely correlate 355 

with BP in rats, six of them showed a direct association with BP whereas ten 356 

exhibited an inverse relationship. Once the microbiota components associated with 357 

BP were identified, we conducted the second part of the study aimed at evaluating 358 

the effect of AO supplementation on SHR. We first confirmed the results of Franco-359 

Ávila et al.14 showing that AO supplementation lowers BP in SHR, with a reduction 360 

of 20 mmHg of the SBP and 19 mmHg of the DBP. The dose of AO chosen (3.85 361 

g/kg) is equivalent to human consumption of 30-small-sized Arbequina olives which 362 

is about double the daily intake recommended by the MD pyramid.28 The dose of 363 

AO used did not affect body weight, probably because AO has a low-calorie density 364 

(211 kcal in 100 g of edible portion) which represent approximately an additional 365 

5% of the daily energy intake in SHR-o with respect to SHR-c.  366 

Some components of table olives are known to affect the composition of the gut 367 

microbiota. For example, oleic acid promotes the biodiversity of intestinal bacteria29 368 

and stimulates the proliferation of species that produce SCFAs, which have anti-369 

inflammatory activity and a role in the reduction of total cholesterol.30 In addition to 370 

oleic acid, the AO that was administered in our study contained approximately 1 g 371 

of polyphenols and 3.3 g of pentacyclic triterpenes per kg of the edible part of the 372 

olive that could influence the gut microbiota composition of SHR-o. In this sense, 373 
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table olive polyphenols can act as prebiotics, inhibiting the growth of pathogenic 374 

bacteria such as Escherichia coli, and stimulating probiotic Bifidobacteria.30 Most 375 

of the ingested polyphenols are not absorbed in the small intestine and enter the 376 

large intestine, where they promote the growth of beneficial bacteria.31 Polyphenols 377 

can also be converted into active metabolites which may exert postbiotic effects.31 378 

Similar properties have been described for pentacyclic triterpenes when interacting 379 

with the intestinal microbiota.32 380 

In our results, the AO supplementation reduced the abundance of Peptoniphilus 381 

and increased Akkermansia (A. muciniphila) and Sutterella, which are changes that 382 

have been suggested to ameliorate hypertension.19,27,33 Concerning Akkermansia, 383 

this genus has been proposed as a biomarker of gut microbiota dysbiosis and some 384 

studies have reported an association between increased abundance and reduced 385 

prevalence of hypertension, obesity, and type-2 diabetes.33 In hypertensive rat 386 

models, the supplementation with quinoa19 or treatment with minocycline34 lowered 387 

BP which was accompanied by a higher abundance of Akkermansia compared to 388 

the control animals. In addition, this genus has been demonstrated to be influenced 389 

by dietary components, such as the polyphenol quercetin that was able to increase 390 

Akkermansia in Wistar rats consuming a high-fat sucrose diet.35 Sutterella was also 391 

incremented after the supplementation with wasabi thus preventing the 392 

development of hypertension in a model of obesity and metabolic syndrome in 393 

Wistar rat.27 In accordance with our study, these authors also found an increase in 394 

the abundance of Allobaculum,27 an SCFA-producing genus.36 Allobaculum is also 395 

associated with a reduction of BP in SHR19,20,27 and has been described to mediate 396 

the hypotensive effects of berberine.37 Furthermore, Allobaculum was associated 397 
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with the increment of the expression of tight-junction proteins (which regulate 398 

epithelial permeability) in the large intestine38 and negatively correlated with 399 

proinflammatory cytokines present in the blood.39  400 

We also observed that AO supplementation reduced the faecal abundance of 401 

Ruminococcus and Oscillospira, both related to the production of trimethylamine, 402 

involved in the development of atherosclerosis.40,41 The abundance of 403 

Ruminococcus is positively correlated with SBP27 and atrial fibrillation.42 On the 404 

other hand, the abundance of Oscillospira is positively correlated with hypertension, 405 

as shown in a Wistar rat model of obesity and metabolic syndrome27 and in the 406 

spontaneously hypertensive heart failure rat model.23 These results suggest that 407 

the effect of AO supplementation in reducing the abundances of Ruminococcus 408 

and Oscillospira may contribute to the prevention of cardiovascular disease. 409 

AO promoted the growth of probiotic strains of Lactobacillus and 410 

Bifidobacterium. Its effects on increasing the abundance of Lactobacillus 411 

acidophilus may be relevant because, as shown in a clinical trial with elderly 412 

patients, this species was related to a reduction in BP and the restoration of plasma 413 

concentrations of total cholesterol, triglycerides, LDL, and HDL.43 In SHR, Hidalgo 414 

et al.29 showed that olive oil supplementation lowered systolic BP, an effect that 415 

correlated well with a higher abundance of Lactobacillus in the gut microbiota. 416 

Pentacyclic triterpenes from Olea europaea L. also promote the growth of 417 

Lactobacillus44 therefore, an effect of these bioactive compounds cannot be 418 

excluded. In our study, the increased abundance of Lactobacillus acidophilus was 419 

paralleled by an increase in Allobaculum, as described by Mendes et al.45 420 
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AO supplementation increased the abundance of probiotic Bifidobacterium, an 421 

effect also observed in animals supplemented with olive oil.46 The genus 422 

Bifidobacterium has also been associated with protective effects against 423 

hypertension in SHR.27 AO increased the abundance of Bifidobacterium animalis, 424 

which may be relevant because it upregulates the release of anti-inflammatory 425 

cytokines in the human intestinal HT-29 cell line.47 In addition, Bifidobacterium 426 

animalis can promote acetate production and regulate the Gpr43 receptor involved 427 

in BP regulation.48  428 

The co-occurrence network has allowed us to study the interactions between 429 

microorganisms within the microbial community of each group, and to identify the 430 

number of relationships that a taxon establishes within the community, 431 

independently of its abundance.49 Genera with similar abundance have been 432 

observed in WKY-c and SHR-c, although the interaction between taxons was 433 

different. In SHR-c, bacteria belonging to the phylum Firmicutes, namely, 434 

Coprococcus, Oscillospira, Ruminococcus, Blautia, Lactobacillus, Allobaculum, 435 

and Alkaliphilus have fewer connections with other bacteria and mainly establish 436 

competitive relationships. In addition, bacteria from the phylum Bacteroidetes 437 

associated with normal BP values, show a lower number of interactions within the 438 

SHR-c microbiota. Likewise, it was observed that Sutterella, also associated with a 439 

normotensive state, establishes cooperative relationships in WKY-c, while in SHR-440 

c its role is mainly competitive. AO supplementation for 7 weeks has generated 441 

changes in the interactions of the SHR-o microbiota. An increase in the number of 442 

bacteria with significant participation within the community as well as the 443 

cooperative relationships between taxa was found. On the other hand, in addition 444 
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to changes in the relative abundance of some genera, AO supplementation has 445 

modified the relationship of some bacteria. For example, in the SHR-o group, 446 

Lactobacillus shows symbiotic relationships, while in SHR-c their interactions were 447 

clearly competitive. In addition to increasing the abundance of Akkermansia, the 448 

AO supplementation favoured a higher connection in the microbiota of the treated 449 

animals. The co-occurrence study indicates that AO supplementation promotes 450 

greater interaction between the genera associated with normal BP with the rest of 451 

the microorganisms in the bacterial community. 452 

Since the antihypertensive effect of olive components is associated with the 453 

reduction of oxidative and inflammatory status,50,52 as well as with the regulation of 454 

the renin-angiotensin system (RAS) in SHR,50,51 we have included in our study the 455 

analysis of plasma concentrations of MDA, ANG II, IL6, and TNF-α.  456 

Our results showed a higher concentration of MDA in SHR-c compared to WKY-c at 457 

21 weeks of age, which is consistent with previous findings indicating that SHR develops 458 

high BP concomitantly with an increase of oxidative stress markers.50 We also observed 459 

that plasma concentration of ANG II in SHR-c is 3-fold higher than that in WKY-c as 460 

previously reported.54 Moreover, the supplementation with AO elicited a decrease in the 461 

plasmatic concentrations of MDA (39%) and ANG II (32%) in SHR-o compared to SHR-c. 462 

These results are consistent with other studies indicating that an antihypertensive effect 463 

in SHR rats is related to a decrease in oxidative stress biomarkers after the administration 464 

of an extra-virgin olive oil enriched with polyphenols51 and an oleuropein-enriched olive 465 

leaf extract.52 466 

Given the implication of the gut microbiota on blood pressure,34 we performed a 467 

correlation analysis between bacterial taxa and the concentrations of MDA and ANG II. 468 
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The relationship between bacterial taxa with MDA and ANG II showed a similar trend as 469 

that described for faecal microbiota and BP. Among the bacteria associated to MDA and 470 

ANG II, the AO supplementation reduced the relative abundance of Blautia and increased 471 

the relative abundance of the genera Allobaculum and Sutterella, as well as the species 472 

Bifidobacterium animalis and Bifidobacterium thermacidophilum, all inversely associated 473 

with MDA. In addition, the relative abundance of Akkermansia and the species 474 

Akkermansia muciniphila, inversely related to the concentrations of MDA and ANG II, 475 

increased in the supplemented group. It is noteworthy that an association between 476 

Akkermansia and the RAS system has been described previously.53 477 

Among the effects of ANG II that are linked to hypertension, it is known that this 478 

hormone is able to activate the MAPK pathway through the ATR1 receptor, and initiate 479 

the signalling cascade leading to the production of proinflammatory cytokines.52,54 480 

However, in our study, despite observing a higher plasma ANG II concentration in SHR-481 

c, no differences in plasmatic concentration of IL6 and TNF-α were observed in any group 482 

of rats. Similar results were reported for ANG II and inflammatory cytokines in plasma 483 

from WKY and SHR rats by Vazquez et al.51 484 

Conclusions 485 

In conclusion, our results show that AO supplementation has prebiotic effects, 486 

inducing a microbiota profile compatible with its reported antihypertensive activity, 487 

which is accompanied by a reduction in plasma MDA and ANG II. Dietary AO also 488 

stimulates the growth of probiotic species of the genera Lactobacillus and 489 

Bifidobacterium as well as taxa, such as Akkermansia, Allobaculum, and Sutterella, 490 

known for their antihypertensive and cardioprotective properties. These results 491 
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support the view that regular consumption of table olives may have beneficial health 492 

effects. 493 
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Figure captions 717 

Fig. 1. Differences between the faecal microbiota composition of Wistar-Kyoto (WKY-c) 718 

and spontaneously hypertensive rats (SHR-c) at 14 and 21 weeks of age. (A) Alpha 719 

diversity was evaluated with the Chao 1 Index, the Shannon Index, and the number of 720 

species. (B) Beta diversity at the genus level was assessed by ANOSIM and 721 

PERMANOVA tests adjusted by Bonferroni post-hoc analysis and visualized by principal 722 

coordinate analysis (PCoA) plot. (C) Relative abundance at the phylum level; and (D) the 723 

Firmicutes/Bacteroidetes (F/B) ratio. Results are expressed as the mean ± SEM of the 724 

relative abundance in WKY-c (n = 8) and SHR-c (n = 7). Two-way ANOVA with 725 

Bonferroni post-hoc test was used to analyse alpha diversity, relative abundance at 726 

phylum level and F/B ratio between groups. *p < 0.05 indicate statistically significant 727 

differences between the strains of the same age. 728 

Fig. 2. Relative abundance at the genus level of faecal microbiota of SHR-c and 729 

WKY-c rats at 14 and 21 weeks of age. The graph depicts the phyla Firmicutes 730 

(Firm), Bacteroidetes (Bact), Actinobacteria (Actn), Proteobacteria (Prot), and 731 

Verrucomicrobia (Verr). Results are expressed as the mean ± SEM of the relative 732 

abundance in WKY-c (n = 8) and SHR-c (n = 7). Two-way ANOVA with Bonferroni 733 

post-hoc test was used for comparison between groups. *p < 0.05 and **p < 0.01 734 

indicate statistically significant differences between the strains of the same age; #p 735 

< 0.05 indicate the differences due to age within the same rat strain.  736 

Fig. 3. Heatmap of the Spearman rank correlation between the relative abundance of the 737 

bacterial faecal microbiota of SHR-c and WKY-c rats and systolic blood pressure (SBP), 738 

diastolic blood pressure (DBP), malondialdehyde (MDA) as well as angiotensin II (ANG 739 

II) at 21 weeks of age. The bacteria are grouped by phyla Firmicutes (Firm), Bacteroidetes 740 
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(Bact), Actinobacteria (Actn), Proteobacteria (Prot), and Verrucomicrobia (Verr). Colours 741 

range from red (negative correlation) to green (positive correlation). *p < 0.05 and **p < 742 

0.01 indicate statistically significant correlations. 743 

Fig. 4. Effect of the daily intake of Arbequina table olives (AO) during seven weeks 744 

in SHR. (A) Alpha diversity was evaluated with the Chao 1 Index, the Shannon 745 

Index, and the number of species. (B) Beta diversity at the genus level was 746 

assessed using ANOSIM and PERMANOVA tests and visualized using a principal 747 

coordinate analysis (PCoA) plot. (C) Relative abundance at the phylum level; and 748 

(D) the Firmicutes/Bacteroidetes (F/B) ratio. Data are expressed as mean ± SEM, 749 

and differences in alpha diversity, relative abundance and F/B ratio between SHR-750 

c (n = 7) and SHR-o (n = 6) were analysed by t- Student or the Mann-Whitney U 751 

test. 752 

Fig. 5. Effect of the daily consumption of Arbequina table olives for 49 days on (A) 753 

relative abundance at the genus level; and (B) species, in SHR faecal microbiota. 754 

Data are expressed as the mean ± SEM of the relative abundance and differences 755 

between SHR-c (n = 7) and SHR-o (n = 6) were analysed by t- Student or the Mann-756 

Whitney U test. *p < 0.05 and **p < 0.01 indicate statistically significant differences.  757 

Fig. 6. Co-occurrence network plots of the Spearman rank correlation among key 758 

genera. Faecal microbiota was analysed in WKY-c and SHR-c that were orally 759 

administered with water for 7 weeks as well as SHR-o supplemented by gavage 760 

with Arbequina table olives during the same experimental period. Genera are linked 761 

when the correlation is significant (p < 0.05). Node size indicates relative 762 

abundance.  763 
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Table 1. General characteristics of WKY and SHR animals after the 

supplementation of Arbequina table olives (AO) at a dose of 3.85 g/kg or water 

during the experiment. 

 WKY-c SHR-c SHR-o 

Body weight (g) 

 14-wk-old 270 ± 7a 269 ± 4a 272 ± 6a 

21-wk-old 347 ± 10a 325 ± 4a 323 ± 8a 

Feed intake (g/day) 

14-wk-old  18.2 ± 0.5a 17.9 ± 0.2a 18.4 ± 0.2a 

21-wk-old 18.0 ± 0.3a 17.4 ± 0.2a 16.8 ± 0.5a 

Water intake (mL/day) 

14-wk-old  21.8 ± 0.7a 36.8 ± 2.3b 37.4 ± 2.3b 

21-wk-old 21.1 ± 0.4a 30.3 ± 1.6b 29.9 ± 1.5b 

SBP (mmHg)  

14-wk-old 147 ± 3a 209 ± 3b 209 ± 3b 

21-wk-old  152 ± 2a 228 ± 4b 208 ± 7c 

DBP (mmHg) 

14-wk-old 98 ± 3a 168 ± 4b 166 ± 3b 

21-wk-old  109 ± 4a 177 ± 5b 158 ± 4c 

HR (bpm)    

14-wk-old 395 ± 11a 458 ± 6b 458 ± 14b 

21-wk-old  404 ± 13a 456 ± 8b 446 ± 6b 

Results are presented as mean ± SEM in the WKY-c (n = 8), SHR-c (n = 7) and 

SHR-o (n = 6) groups. Data were analysed by one-way ANOVA followed by multiple 

comparison Bonferroni test. Means without a common letter differ, p < 0.05. SBP, 

systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate. 
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Table 2. Biomarkers of the development of hypertension in WKY and SHR animals 

after the supplementation of Arbequina table olives (AO) at a dose of 3.85 g/kg or 

water during the experiment. 

 WKY-c SHR-c SHR-o 

Malondialdehyde (µM)  

21-wk-old  14.7 ± 1.8a 19.3 ± 1.4a 11.8 ± 0.5b 

Angiotensin II (pg/mL)    

21-wk-old  1277.5 ± 155.9a 3704.8 ± 380.4b 2517.0 ± 336.0c 

IL6 (pg/mL)    

21-wk-old  3.6 ± 0.02 3.7 ± 0.02 3.8 ± 0.03 

TNF-α (pg/mL) 

21-wk-old 2.1 ± 0.2 2.9 ± 0.4 2.7 ± 0.3 

Results are presented as mean ± SEM in the WKY-c (n = 8), SHR-c (n = 7) and SHR-o (n 

= 6) groups. TNF-α, tumour necrosis factor α; IL6, interleukin 6. Data were analysed by 

one-way ANOVA followed by multiple comparison Bonferroni test. Means without a 

common letter differ, p < 0.05.  
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42 

 

Figure 5 

 


