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Abstract 37 

The pathogenesis of hypertension is known to involve a diverse range of contributing factors 38 

including genetic, environmental, hormonal, hemodynamic and inflammatory forces, to name a few. 39 

There is mounting evidence to suggest that the gut microbiome plays an important role in the 40 

development and pathogenesis of hypertension. The gastrointestinal tract, which houses the largest 41 

compartment of immune cells in the body, represents the intersection of the environment and the 42 

host. Accordingly, lifestyle factors shape and are modulated by the microbiome, modifying the risk 43 

for hypertensive disease. One well-studied example is the consumption of dietary fibers, which leads 44 

to the production of short-chain fatty acids and can contribute to the expansion of anti-inflammatory 45 

immune cells, consequently protecting against the progression of hypertension. Dietary interventions 46 

such as fasting have also been shown to impact hypertension via the microbiome. Studying the 47 

microbiome in hypertensive disease presents a variety of unique challenges to the use of traditional 48 

model systems. Integrating microbiome considerations into preclinical research is crucial, and novel 49 

strategies to account for reciprocal host-microbiome interactions, such as the wildling mouse model, 50 

may provide new opportunities for translation. The intricacies of the role of the microbiome in 51 

hypertensive disease is a matter of ongoing research, and there are several technical considerations 52 

which should be accounted for moving forward. In this review we provide insights into the host-53 

microbiome interaction and summarize the evidence of its importance in the regulation of blood 54 

pressure (BP). Additionally, we provide recommendations for ongoing and future research, such that 55 

important insights from the microbiome field at large can be readily integrated in the context of 56 

hypertension. 57 

 58 

Non-standard abbreviations and acronyms  59 

Abbreviation Definition 
BP Blood pressure 
GI  Gastrointestinal  
SI Small intestine  
LI Large intestine  
SCFA Short chain fatty acid  
GF Germ-free 
CVD Cardiovascular disease 
FMT  Fecal microbiota transplantation 
NGS Next-generation sequencing  
SHR  Spontaneously hypertensive rat 
WKY Wistar-Kyoto rat  
DASH Dietary Approaches to Stop Hypertension 
Th17  T helper 17 cells  
Th1 Type 1 helper cells  
Treg T regulatory cells 
GPR41 G protein-coupled receptor 41 



GPR43 G protein-coupled receptor 43 
GPR109a G protein-coupled receptor 109 A  
Olfr558 Olfactory receptor 558 
Olfr78 Olfactory receptor 78 
FFAR Free fatty acid receptor 
F/B ratio  Firmicutes-to-Bacteroidetes ratio 
AT1  Angiotensin II type 1  
MS Multiple sclerosis 
CNS Central nervous system 
HDAC Histone deacetylase 
STAT3 Signal transducer and activator of transcription 3  
mTOR Mechanistic target of rapamycin  
IBD Inflammatory bowel disease 
SPF Specific pathogen free 

 60 

Introduction 61 

Microbes are everywhere. They self-organize, creating complex ecosystems within otherwise 62 

uninhabitable niches, rapidly adapting to their environment. The human holobiont is the assembly of 63 

many different species to form a singular functional unit. Adult human beings contain slightly more 64 

than 50% microbial cells, outnumbering the cells of the human host (3.0*1013).  During pregnancy, the 65 

developing fetus is virtually sterile, though upon birth newborns immediately collect up to 3.8*1013 66 

bacteria from 500 to 1000 different microbial species1 at important epithelial barrier sites, reaching a 67 

total mass of about 1.5 kg during adulthood, about the same weight as the liver. The microbiome, 68 

defined as a catalog of all microbes in a site and their genes, encodes  over 40 million distinct gene 69 

variants.2 Half of these gene variants are unique to a single individual, which demonstrates the striking 70 

heterogeneity of human microbiome data and perhaps may explain the elusiveness of a universally 71 

“healthy” microbiome configuration.2, 3 The host depends on the microbiome for several fundamental 72 

symbiotic functions, such as the priming of the immune system and the production of essential 73 

vitamins as well as for the energy harvest from foods. The gut microbiota, defined as the microbial 74 

taxa within a human, is now regarded an endocrine organ which generates metabolites that can act 75 

as effectors in the host, triggering responses in the local microenvironment or distant target organ 76 

systems such as the heart, kidney, vasculature, and brain (Figure 1).4  77 

The first description of a living organism in the human gastrointestinal (GI) tract dates back to 78 

1681 when Antonie van Leeuwenhoek reported a number of ‘little animals’ in his stool samples; 79 

followed by the isolation of Escherichia coli as the first species from the GI tract in 1885. Dramatic 80 

technological developments ensued over the proceeding centuries with the establishment of high-81 

throughput sequencing technologies and metabolomics, as well as developments in high-82 

performance computing and artificial intelligence. These advancements have opened a new avenue 83 

to decipher the interrelationship between lifestyle, diet, pharmacotherapy, and the gut microbiome. 84 



Each individual’s respective ‘healthy’ gut microbiome is relatively stable over time and coexists in 85 

equilibrium with the surrounding environment.5 Perturbations such as antibiotics, intestinal 86 

infections, profound dietary or lifestyle changes, such as moving on or off a ‘Western diet’ can induce 87 

transient or persistent changes to this ecosystem.5, 6 Microbiomes from diseased and non-diseased 88 

individuals differ (exhibiting a dysbiotic as opposed to eubiotic state), and this has been demonstrated 89 

to hold for several inflammatory (e.g. colitis), cardiovascular, and metabolic disorders.7-11 In recent 90 

years, the microbiome field has increasingly shifted focus from taxonomic (“Who’s there?”) to 91 

functional (“What are they doing?”) analyses with an accompanying emphasis on host-microbiome 92 

interactions at the molecular mechanistic level across time and space.12 Furthermore, the interplay 93 

between the host and it’s microbiomes is a critically important consideration. As this reciprocal 94 

interaction becomes more evident, novel strategies to account for it in preclinical disease modeling 95 

are emerging. A major future challenge is to move beyond biomarker identification to identify 96 

bioactive metabolites which could be candidates for therapeutic use. Nevertheless, improved 97 

understanding of the host-microbiome interface provides an exciting new avenue for the 98 

development of pharmacological and non-pharmacological treatments for hypertensive disease  99 

 100 

Gut microbiome-host immune interaction  101 

The “internal environment” of the intestines acts as an interface between the external 102 

environment and the host and is constantly challenged by the consumption habits of the host. On the 103 

luminal side, microbes are able to attach and colonize this space, while on the host side the GI tract 104 

acts as the largest compartment for immune cells in the body. The physiology of the GI tract and 105 

accompanying immune cells has been extensively reviewed (by Mowat & Agace13). Additionally, the 106 

structural and functional comparability of human and mouse GI physiology, and the resultant 107 

implications for translational microbiome research, has been outlined elegantly elsewhere (see 108 

Nguyen et al.14). Therefore, here we will briefly describe aspects necessary to understand GI 109 

involvement in hypertensive disease, though our review of this topic is by no means comprehensive. 110 

 Anatomically, the intestines consist of different segments. The duodenum, jejunum, and 111 

ileum represent the small intestine (SI), which occupies much more physical space than the large 112 

intestine (LI), which is made up of the colon and rectum. Rodents have an enlarged cecum compared 113 

to humans, which is a blind-ended sac connecting the SI and LI.14 In mice, the cecum acts as a large 114 

reservoir for the commensal microbes that are involved in the fermentation of fibers that cannot be 115 

otherwise cleaved by SI enzymes.13 The role of the cecum in mice is nontrivial, as this acts as the major 116 

sight of production for short chain fatty acids (SCFAs), and removal of this compartment led to 117 

increased inflammation at distal sites within the GI tract.15 In humans, the volume of microbes is far 118 

smaller than in mice, but this compartment still plays an important role in facultative anaerobic 119 

fermentation.16  120 



Of note, the composition and abundance of commensal microbes is quite distinct in the 121 

different GI regions, for example, abundance of microbes is low in the adult SI (<105 microorganisms 122 

per ml) and increases to 1012 in the colon.13 The SI and LI have distinct physiological functions. While 123 

the duodenum and jejunum are involved in the process of digestion, absorption of nutrients, and 124 

motility, the LI has 3 primary functions: absorption of water and electrolytes, production and 125 

absorption of vitamins, and formation and transport of feces for elimination.17 Mucus lining the gut 126 

lumen represents a physiological barrier against bacterial infections and can bind toxins.18 In addition, 127 

the mucus serves as nutrient source for bacteria, and thus affects colonization by microbes which have 128 

the ability to survive and expand in the mucus layer.19 Akkermansia muciniphila and Citrobacter 129 

rodentium are capable of degrading mucin, and the latter blooms during fiber deprivation.20 Loss of 130 

integrity of the colonic mucus layer increases host susceptibility to pathogens. Under healthy 131 

conditions, the tight epithelial layer prevents the invasion of pathogenic microbes while certain 132 

stimuli like inflammatory disease or a ‘Western Diet’ can lead intestinal permeability and the 133 

development of so-called leaky gut syndrome.21 Altogether, the evidence pinpoints to the pivotal role 134 

of the gut microbiota in gut epithelial health.22  135 

The intestine is continually exposed food particles and food antigens, physiological or 136 

opportunistic microbiota-derived metabolites, and other immunomodulatory stimuli. Immune cells 137 

within the GI tract not only respond to antigenic provocations within the gut but have been shown to 138 

egress to distal organs throughout the body, indicating their importance in systems-wide 139 

inflammatory homeostasis.23, 24 We are now just beginning to understand the full breadth of spatial 140 

interactions of these stimuli with the respective immune compartment (Figure 2). Gnotobiotic mice 141 

are those with a defined community. Germ-free (GF), which are devoid of all bacteria, are an extreme 142 

but useful gnotobiotic model system used to elucidate the impact of bacteria on the host immune 143 

system and physiology. GF mice have increased gut permeability which could be reversed upon 144 

colonization with microbes.25 GF mice are also severely compromised in immune cell function and 145 

lymphoid organ development.26 Colonization experiments have demonstrated the importance of 146 

certain microbes such as segmented filamentous bacterium for the regional specialization of immune 147 

cells along the length of the intestine.27 They have also provide detailed insight as to how human-148 

resident bacterial species may modulate the host immune system.28  The importance of the 149 

microbiota-immune dynamics in human disease is clear as well. For example, fecal microbiota 150 

transplantation (FMT) affects the severely perturbated immune system in patients after radiation and 151 

chemotherapy during hematopoietic cell transplantation.29 Furthermore, microbial colonization in 152 

early life is critical for the maturation of the human immune system30, and perturbations during this 153 

phase have been shown to influence susceptibility to allergies31 and infectious diseases.32  154 

Over the last few decades, experimental and clinical studies have demonstrated that cells of 155 

the innate and adaptive immune system play pivotal roles in the pathogenesis of hypertension, target 156 



organ damage, and CVD.33-35 Pro-inflammatory effector memory T cells (TEM), T helper cell subtypes 157 

TH17 (producing IL-17) and TH1 (producing IFN-g)  promote hypertension and cardiovascular target 158 

organ damage while regulatory T cells (Treg) typically produce high amounts of anti-inflammatory IL-159 

10 and can ameliorate vascular, cardiac and renal damage.36-41 In addition, gamma delta (γδ) T cells42 160 

and myeloid derived suppressor cells43 play also an important role in the pathogenesis of 161 

hypertension. Dendritic cells, which can alter the activation state of several T cell subtypes, have been 162 

shown to increase in salt-responsive hypertension and are suggested to play a role in the interplay 163 

between microbial dysbiosis and BP.44 Bacteria can communicate with different immune cells 164 

involved in CVD, either directly or through the metabolites that they produce. For example, 165 

segmented filamentous bacteria or Bifidobacterium adolescentis induced TH17 cells 27, 45-47 while 166 

Lactobacillus murinus and their tryptophan metabolite indole-3 lactic acid inhibits TH17 cells.48 Further, 167 

Clostridium spp. and the short-chain fatty acid (SCFA) butyrate are outstanding inducers of Tregs in 168 

the colon.49, 50 169 

 170 

Gut microbiota and hypertension 171 

The development of high BP is a complex, multifactorial process that involves both genetic and 172 

environmental risk factors. While 901 loci have been identified in the latest genome-wide association 173 

study, altogether this can only explain 5.7% of BP variability51. Additionally, population data from the 174 

UK Biobank suggests that lifestyle factors can account for up to 4–5mmHg.52 Of note, even a 2 mm 175 

Hg BP reduction would decrease overall cardiovascular disease (CVD) mortality by 7%.53 Much of the 176 

evidence for the role of the gut microbiome and hypertension has accumulated in the last decade due 177 

to the reduction in costs for next generation sequencing (NGS). Several cross-sectional studies in 178 

humans show an association between gut microbiome and BP or hypertension.54-63 Alpha-diversity 179 

describes the microbial variance within a given ecosystem, captured as a biological sample. The 180 

majority of published microbiome studies in humans identified a reduced alpha-diversity in 181 

hypertensive patients or in patients with higher BP55-60, 63 which has also been observed in obesity, 182 

hyperinsulinemia, and dyslipidemia. Numerous human gut microbiome studies have reported an 183 

association between a higher abundance of Gram-negative microbiota including Klebsiella, 184 

Parabacteroides, Desulfovibrio, and Prevotella and higher BP, although not all studies were able to 185 

identify this pattern.54, 56, 59, 61 Data from the cross-sectional HELIUS cohort study58 demonstrated that 186 

Klebsiella spp. and Streptococcaceae spp. were positively correlated with BP, as found previously.59, 61 187 

Moreover, germ-free mice that received FMT from a hypertensive human donor developed a similar 188 

gut microbiota to their donor, as well as elevated systolic and diastolic BP after 8 weeks when 189 

compared to germ-free mice which received an FMT from 2 normotensive donors.56 In addition, there 190 

are several valuable rodent hypertension models which have analyzed the role of the gut microbiome 191 

and BP.48, 60, 64-67 Adnan et al. demonstrated that the gut microbiota of stroke-prone SHR rats is 192 



dysbiotic and significantly different than the microbiota of normotensive WKY control rats.64 193 

Furthermore, FMT from stroke-prone SHR into WKY controls increased the systolic BP of these 194 

otherwise normotensive rats.64 Dysbiosis was also described for hypertension models such as 195 

angiotensin II-infused mice66, Dahl salt-sensitive rats65 as well as high salt-treated mice48, and 196 

deoxycorticosterone acetate-salt hypertensive mice.67 Additionally, a recent study demonstrated in 197 

SHR rats that microbial dysbiosis was linked to pathophysiological changes in the GI tract and 198 

diminished intestinal integrity.68 Furthermore, intestinal permeability and dysbiosis in SHR could be 199 

remedied by treating rats with the anti-hypertensive drug losartan.69  200 

The link between the gut microbiome and hypertension is not species-specific. For example, 201 

high salt treatment in both mice and humans reduced  Lactobacillus spp. abundance and led to an 202 

increase in BP.48 Of note, a modest reduction in salt in therapy-naïve hypertensive patients was able 203 

to reduce BP and improve arterial compliance.70 Improved clinical outcomes were accompanied by an 204 

increase in 8 circulating SCFA (including 2-methylbutyrate, butyrate, hexanoate, isobutyrate, and 205 

valerate).70 Furthermore, it was shown that probiotic Lactobacillus treatment inhibited Th17 cells and 206 

ameliorated salt-sensitive hypertension by restoring indole-3 lactic acid levels, which is product of 207 

microbial tryptophan metabolism.48 In addition, Lactobacillus coryniformis has been shown to improve 208 

vascular function and insulin sensitivity.71 Lactobacillus treatment not only ameliorates cardiovascular 209 

diseases (CVD), but also improves experimental autoimmune disease outcomes (detailed in depth in 210 

a previous review72). A systematic review of randomized, controlled trials investigating the role of 211 

probiotics on high BP showed that Lactobacillus-containing probiotics are effective, if used in 212 

sufficiently high doses and for at least 8 weeks.73 Despite preliminary advances to understand the role 213 

of the microbiome in the regulation of BP, it is also essential to elucidate how environmental factors 214 

affect this nexus. 215 

 216 

Lifestyle affects the gut microbiome  217 

In humans, core microbial communities in the gut are quite stable and change only in response 218 

to major perturbations such as enteric infection, global travel or medication, leading to transient or 219 

persistent changes in the gut microbiome.5, 74 In addition, members of the gut microbiota are not only 220 

reactive to proportions of certain dietary stimuli, but also may also respond in a spatio-temporal 221 

context. Currently, our understanding of the exact mechanisms by which specific dietary changes 222 

affect susceptibility to inflammatory, autoimmune, and cardiovascular diseases is rather vague. Using 223 

machine learning algorithms trained on microbiome composition and function offers an exciting 224 

opportunity to facilitate better predictions of responsiveness to nutritional stimuli. A landmark study 225 

by Segal and colleagues investigated a large cohort of healthy individuals and found that they could 226 

predict glycemic variability in response to a meal challenge using individual microbiome and 227 

nutritional information.75 228 



 Emerging research suggests that dietary factors (high salt or high fiber) and lifestyle 229 

interventions (salt restriction or caloric restriction) influence microbial community structure and 230 

function, and this has major implications for immune cell activation and BP. A western lifestyle 231 

typically involves consuming several main meals per day and leads to decreased bacterial diversity, 232 

the overgrowth of some commensals, and concomitant suppression of others.76, 77 Accordingly, 233 

production of metabolites by the bacterial community is shifted78, which promotes inflammation79 234 

and ultimately can lead to the development of diseases such as obesity80 and atherosclerosis.81 While 235 

historically meals were often cooked freshly, nowadays humans more frequently consume processed 236 

foods, which generally have a higher salt content.82 This lifestyle often leads to a higher salt intake 237 

than the recommendations of medical guidelines or experts.83-85 To reduce the risk of cardiometabolic 238 

disease, a healthy diet and exercise are often prescribed. Most recommendations center around 239 

changing the ‘Western diet’, which is rich in saturated fat, sugar, salt, and calories but low in fiber, to 240 

a healthier ‘Mediterranean-like’ DASH diet86 to achieve optimal nutrition, including negative energy 241 

balance and lower salt intake, although compliance is a major challenge. Fasting, as an extreme form 242 

of caloric restriction, plays an important role in different cultural and religious practices. Dramatic 243 

caloric restriction not only affects host health and physiology, but also lowers BP.87 Lifestyle and diet-244 

induced perturbations of the microbiota and its metabolites can directly affect epithelial cell and 245 

immune cell homeostasis.9, 46, 48, 88-90 Our understanding of the connection between nutrition, the 246 

microbiota and microbial products, the immune system and host health or disease is still in its 247 

infancy.4, 91  248 

 249 

Microbiota-derived short-chain fatty acids  250 

One of the most well-characterized microbiota-derived metabolite classes is SCFAs, which 251 

are produced during the process of fermentation of undigestible fibers. Acetate, propionate, and 252 

butyrate are the 3 SCFA of high abundance. Dietary fiber is a hypernym for dietary carbohydrates 253 

made up of ≥3 monomers, such as non-starch polysaccharides, resistant starches, inulin, pectins, β-254 

glucan, and oligosaccharides. Most of these fibrous compounds are digested by microbes from the 255 

Bacteriodetes, Firmicutes and Actinobacteria phyla. The species Bifidobacterium adolescentis, 256 

Eubacterium rectale, Eubacterium hallii, Faecalibacterium prausnitzii and Ruminococcus bromii typically 257 

colonize in the LI and possess enzymes to digest fibers for SCFA production. The LI has about 4-fold 258 

higher propionate and butyrate levels compared to SI.92 SCFAs are rapidly absorbed in the colon93, 259 

and butyrate is utilized to a large extent as fuel to supply energy to colonic epithelial cells.94 Of note, 260 

intestinal SCFAs are much higher compared to portal blood, whereas SCFA are higher in the portal, 261 

then hepatic blood, and least in the peripheral blood, suggesting SCFA are substantially taken up by 262 

the liver.92 Propionate uptake by the liver serves as precursor for gluconeogenesis, liponeogenesis, 263 

and protein synthesis95, while acetate enters the circulation and is metabolized by several tissues and 264 



is a substrate for cholesterol synthesis.96 SCFA can bind to the G-protein coupled receptors Gpr41, 265 

Gpr43, Gpr109a, Olfr558 and Olfr78 in mice, which are also known as free fatty acid receptors 266 

(FFAR).97 FFARs can be found in a variety of tissues, including the vasculature and kidney, and are 267 

involved in the regulation of vasoreactivity in response to propionate, acetate, and butyrate.98 SCFA-268 

induced G-protein coupled receptor signal transduction has been elegantly reviewed by Poll et al.97 269 

Of note, Gpr41 and Olfr78 are both involved in the regulation of BP, although they seem to promote 270 

opposing actions.99 Renin secretion is induced upon Olfr78 activation.99 In line with this, Gpr41 knock 271 

out mice are hypertensive, while Olfr78 null animals are hypotensive.100 Interestingly, acetate was 272 

formerly used in hemodialysis buffers, but was largely abandoned, because of its hypotensive 273 

action101, consistent with the concept that for the most part, SCFAs lower BP. Even though 274 

epidemiological and interventional studies have suggested that dietary fiber intake lowers BP, the 275 

daily fiber intake in Western societies is often below the recommendations found in nutritional 276 

guidelines.102-104 Fiber itself has been suggested to shape microbiome composition to some extent. 277 

With regards to BP, the stimulatory action of fibers increase the abundance of the SCFA producers 278 

Faecalibacterium prausnitzii and Eubacterium rectale as well as Lactobacillus spp., and possess 279 

bifidogenic properties.105, 106 A landmark study showed that European children consuming a Western 280 

diet have significantly lower SCFA levels and a high Firmicutes-to-Bacteroidetes (F/B) ratio compared 281 

African children, who traditionally had an unprocessed diet high in fiber.107 Since that study, a high 282 

F/B ratio is often used a surrogate marker of gut dysbiosis, although some Firmicutes bacteria are also 283 

known produce microbial metabolites which contribute to a healthy microbiome. Likewise, 284 

experimental work often relies on the F/B ratio as a disease marker. Spontaneously hypertensive rats 285 

(SHR) and the stroke prone SHR (SHRSP) strain show an increase in F/B ratio, supporting the concept 286 

that this can act as a marker for gut dysbiosis.64  287 

 288 

Blood pressure and SCFA in health and disease 289 

Various experimental or clinical studies have demonstrated the effects of prebiotic higher 290 

fiber or postbiotic SCFA treatment on BP. Pluznick et al. reported that propionate induces an acute 291 

dose-dependent hypotensive response in anesthetized mice, which was mediated by Gpr41.99 Kaye 292 

and colleagues elegantly showed that prebiotic fiber not only prevents cardiovascular disease, but 293 

deficiencies in these nutrients may be a risk factor for the development of hypertension and CVD.66 294 

The addition of the postbiotics acetate, propionate or butyrate to a low fiber diet was also found to 295 

improve BP and reduce target organ damage.66 Further, FMT in GF mice demonstrated that the gut 296 

microbiome resultant of a diet lacking resistant starch compared to the high fiber situation not only 297 

resulted in higher BP upon angiotensin II challenge, but also contributed to the pathogenesis of 298 

cardiac and renal damage.66 Similarly, our group recently tested the properties of oral propionate 299 

treatment in hypertensive mice, with and without atherosclerosis.108 Propionate treatment decreased 300 



systemic and local inflammatory responses, BP, and cardiac damage in both models.108 The 301 

therapeutic effects of propionate are mediated by Treg cells.108 In our study, the BP-lowering 302 

potential of propionate was not acute, but occurred over time, suggesting that anti-inflammatory 303 

properties of SCFAs indirectly contributed to the improvement of the vascular phenotype. 108  304 

Furthermore, others have shown that Th17 cells and the balance of Th17 to Tregs mediate the role of 305 

SCFAs in BP regulation.109, 110  306 

Human studies on the role of SCFAs on BP are rather rare. Some studies of microbiota 307 

composition and hypertension have indicated SCFA-producers Ruminococcaceae spp., Rothia, or 308 

Roseburia spp. were associated with lower BP.57-59, 61, 62 In a small intervention trial, the postbiotic 309 

butyrate (600 mg/d), the prebiotic inulin (10 g/d), and the combination of these two all reduced 310 

diastolic BP in patients with metabolic syndrome.111 In the HELIUS cohort58, machine learning 311 

algorithms applied to microbiome data identified Roseburia spp. to account for the largest absolute 312 

effect on BP. The highest tertile of Roseburia spp. abundance was associated with a 4.1 mmHg lower 313 

systolic BP even after adjusting for confounders, including use of medication.58 Conversely, fecal 314 

SCFA levels were higher in patients with higher BP.58 This positive correlation is in line with previous 315 

studies55, 59, but seems to contradict to the negative correlation between BP and microbial SCFA-316 

producers within the GI tract. However, fecal SCFA levels do not necessarily reflect the SCFA levels 317 

within the intestine, but rather reflects the SCFA generated in the gut which was not absorbed by the 318 

host. This notion is supported by experimental work in SHR rats demonstrating that colonic butyrate 319 

absorption into the host is reduced in experimental hypertension.112 In addition, the AT1 receptor 320 

blocker Candesartan, a drug frequently used for the treatment of hypertension, was found to increase 321 

Lactobacillus abundance and fecal SCFA levels, improve intestinal integrity, and reduce BP in SHR 322 

rats.113  In the human MetaCardis cohort114, 115, depletion of butyrate production genes in the gut of 323 

severely obese subjects was ameliorated by Candesartan treatment (Forslund et al., in revision). 324 

Altogether in the HELIUS cohort, machine learning models based on gut microbiota composition 325 

explained 4.4% and 4.3% of systolic and diastolic BP variability, respectively. 326 

Fiber-derived SCFAs do not solely affect BP, but also play a pivotal role in other cardiovascular 327 

diseases and autoimmunity.46, 60, 99, 100, 108, 116-122 For instance, postbiotic treatment with acetate, 328 

propionate or butyrate ameliorates acute kidney injury.121 Renoprotection was associated with a 329 

reduced local and systemic inflammatory response, oxidative cellular stress, and apoptosis.121 In an 330 

animal model of multiple sclerosis (MS), a T cell-mediated inflammatory disease of the central 331 

nervous system (CNS), propionate increased the frequency of anti-inflammatory Tregs in the gut and 332 

spleen, and this was accompanied by an amelioration of clinical symptoms.46  High fiber intake and 333 

increased SCFA concentrations have also been shown to protect the CNS.117 Of note, patients with 334 

MS were shown to benefit from propionate treatment.123 Short-term propionate treatment resulted 335 

a significant and sustained enrichment of functionally competent Tregs, while Th1 and Th17 cells were 336 



depleted simultaneously.123 In addition, SCFA supplementation or high-fiber intake positively 337 

influences outcomes in rheumatoid arthritis, a chronic inflammatory disorder of the joints.116, 124, 125 338 

Propionate can increase bone mass, and SCFAs were found to stimulate bone formation by increasing 339 

the number of Treg cells.116  340 

 341 

Interplay between SCFA and the immune system 342 

Mechanistically, SCFAs can affect distinct immune cell populations. For instance, neutrophils 343 

were found to produce less inflammatory cytokines upon propionate and butyrate treatment.126 344 

Butyrate can also reduce oxidative stress and phagocytic capacity.127 SCFAs modulate the 345 

inflammatory process by decreasing dendritic cell maturation and inhibiting CD4 and CD8 T cell 346 

proliferation.121 In contrast to acetate, butyrate or propionate affects dendritic cell maturation from 347 

bone marrow precursor cells by histone deacetylase (HDAC) inhibition.128 Moreover, butyrate was 348 

shown to provoke M1 macrophages to secrete fewer inflammatory cytokines, and increases secretion 349 

of the anti-inflammatory cytokine interleukin (IL)-10.129   350 

SCFAs also elicit the expression of anti-inflammatory signatures in human monocytes and T 351 

cells. For example, butyrate inhibits IL-12 production in Staphylococcus aureus-stimulated human 352 

monocytes and enhances the secretion of IL-10.130 Recently, we have demonstrated that propionate 353 

decreases rate of Th17 cell differentiation46, 123.  Butyrate was also found to increase the secretion of 354 

IL-10 in Th1 differentiated cells via Gpr43131. SCFA-driven induction of IL-10 activates STAT3 and 355 

mTOR, and consequently upregulates transcription factor B lymphocyte- induced maturation protein 356 

1.131  Further, one of the most well-studied properties of SCFAs is their role in the induction of anti-357 

inflammatory Tregs. We and others showed that butyrate and propionate increase the differentiation 358 

of murine and human Tregs and enhance their suppressive capacity.46, 50, 123, 132 In addition to butyrate, 359 

de novo Treg cell formation in the periphery was also induced by propionate, but not acetate, via 360 

HDAC inhibition.132 Of note, Clostridia, a dominant class of commensal microbe, mediated the 361 

induction colonic Tregs50, which is in line with findings that Clostridium butyricum induces Tregs and 362 

reduces Th17 cells, thereby ameliorating symptoms in experimental autoimmunity.133 363 

 364 

Fasting as a novel treatment strategy for blood pressure control 365 

Accumulating evidence suggests that fasting is an effective tool to manage metabolic and 366 

inflammatory diseases.87 The rationale that caloric restriction  impacts the microbiome is intriguing, 367 

nevertheless, robust data in humans is still scarce.90, 134-137 Mesnage and colleagues investigated the 368 

effect of a 10-d periodic fast on the fecal microbiota of fifteen healthy men.90 Fasting caused a 369 

decrease in Lachnospiraceae and Ruminococcaceae.90 A small human pilot study showed that 370 

Ramadan fasting affected the microbiome of healthy subjects enriching several SCFA producers.135 371 

We evaluated the impact of fasting in metabolic syndrome patients (Maifeld medRexiv 2020 372 



doi: https://doi.org/10.1101/2020.02.23.20027029; Nat. Commun. 2020 in press). In a clinical study, 373 

thirty-five metabolic syndrome patients underwent a 5 day fast followed by 3 weeks of DASH diet. A 374 

control group received DASH diet only. Fasting followed by the DASH diet reduced BP, need for 375 

antihypertensive medication and body weight 3 months post intervention, and altered the gut 376 

microbiome impacting SCFA producers. Stratification of the cohort to BP responsiveness showed 377 

that immune cell changes present in the fasting arm are more pronounced in BP responders than in 378 

non-responders.  Furthermore, the immune shift in the fasting arm was fundamentally different from 379 

observed changes seen in the DASH arm. A BP responder-specific microbiome changes in the fasting 380 

arm post-intervention (enrichment of F. prausnitzii, Bacteroides and Firmicutes, depletion of 381 

Actinomyces) was observed. Of note, the enrichment of the butyrate producer F. prausnitzii remained 382 

even 3 months post fasting. Computational analyses revealed that BP responders and non-responders 383 

not only reacted differentially to fasting but differed at baseline with regards to their propionate 384 

synthesis capacity. Applying machine learning algorithms to either baseline immunome or 16S 385 

microbiome data, we were able to make effective predictions regarding which patients would 386 

respond to fasting with a reduction in BP. The prediction model was confirmed by reanalyzing the 387 

data from the only other existing cohort (the Mesnage dataset) investigating the effect of fasting and 388 

BP.90 A significant long-term BP decrease in the Mesnage cohort was predicted with about 70% 389 

accuracy, further supporting the idea that these findings are likely generalizable. It is important to 390 

emphasize that the aforementioned studies established associations between the microbiome and 391 

BP in response to fasting. Fasting is a daunting challenge for many patients. Being able to manipulate 392 

the mechanisms responsible for the change in BP in response to fasting would be of high clinical 393 

utility. However, few studies have succeeded in establishing mechanisms in microbiome research 394 

which hold up in a clinical setting.138 The high-profile failure of a SER-109, a stool-derived bacterial 395 

spore mixture aimed at recurrent Clostridium difficile infections, during phase 2 trials is a prime 396 

example.138, 139 The pharmacologic was designed for a different disease state, however, the translation 397 

challenges facing the microbiome field at large also apply in the context of hypertension.  398 

 399 

 From mice to men: translational challenges   400 

As detailed throughout this review, the host-microbiome interaction is clearly influential in 401 

human health and disease. The interactions between the host and its various microbial inhabitants 402 

are reciprocal in nature, meaning the host genetics, microbial genetics, and the interplay of these two 403 

spaces all could be explanations for the resultant phenotype140. In hypertension, model systems are 404 

often used in basic and preclinical research to study the pathogenesis and progression of disease. 405 

Mouse and rat models are extremely informative and can provide information which would not be 406 

available from a human cohort study. However, there are many barriers to the study of the human 407 

host-microbiome interaction in model systems.  408 



 There are many aspects of gastrointestinal physiology and morphology, which are distinct 409 

between human and rodent species14. The cecum is perhaps the most obvious example of divergent 410 

speciation in humans and rodents, as well as the thinness of the mucus layer in the colon of mice 411 

compared to humans14. Indeed, the genetics of model systems themselves is a double-edged sword; 412 

inbreeding and genetic homogeneity provides an easy platform for genetic manipulation, but one 413 

may question the utility of this oversimplification for translational research. The diversity of human 414 

genomes indelibly impacts individual susceptibility to disease, and the interactions between host and 415 

microbial genes is a growing area of research for the treatment of complex ailments such as Type 1 416 

diabetes and Crohn’s disease.141 Additionally, the genomic responses to inflammatory stressors in 417 

mice and humans are starkly contrasting, which could be related to either host-specific or 418 

microbiome-specific features, or combination of the two142. The microbes inhabiting the GI tract are 419 

often also distinct between mice and humans. Although they may be comparable on the genus or 420 

phylum level, species-specific changes are often shown to have clinical importance in hypertension.143 421 

Additionally, it is known that within each microbial clade, the degree to which functional properties 422 

are shared between member species differ.144 For example, Firmicutes species are particularly 423 

metabolically inconsistent as a clade144, which again presents an issue when considering the 424 

ubiquitous use of the F/B ratio as a marker for dysbiosis. Furthermore, because of the isolation of lab-425 

raised mouse communities for extended periods of time, which is frequently unavoidable, the 426 

microbiome and associated immune competency of sub-strains can also be divergent from one 427 

another.145-147 Interestingly, a recent study found that within two sub-strains of mice with subtle 428 

differences in the host genome, colonization with an IBD-associated Bacteroides species induced 429 

disease in only one mouse strain, despite robust colonization of all mice.148 Littermate controls have 430 

therefore become an important standardization technique for microbiome studies.140, 149 Use of 431 

littermate controls can provide important context, for example, two recent studies suggested a role 432 

for Nlrp6- and ASC-mediated inflammasomes in shaping commensal gut microbiota composition150, 433 
151, although none of these results were reproducible when the appropriate littermate controls were 434 

used.152 Additionally, the coprophagic nature of rodent models has been suggested to have a unique 435 

impact on the microbiome, which can be avoided using single housing strategies, although this 436 

induces a stress response in mice, adding an additional confounding factor.  437 

Many researchers attempt to circumvent the issue of non-comparable species in mice 438 

compared to humans by using human microbes to colonize mice. This presents two important 439 

challenges, which should be considered. First, there is the issue of the reciprocal nature of interactions 440 

between the host and its microbes, of which the host is unavoidably different when using rodent 441 

models. Indeed, the importance of this interaction was exemplified in a recent study which showed 442 

that the colonization of germ-free mice with human or rat microbes did not induce immune 443 

maturation, and only mouse-specific microbes were able to induce full immune competence.153 444 



Several differences have been noted between mouse and human immune composition which may be 445 

related to the immune-microbiome axis, for example, the proportion of neutrophils in the peripheral 446 

blood is about twice as high (50-70%) in humans compared to mice (10-25%).154, 155 Furthermore, the 447 

distribution of CD8+ T cells in nonlymphoid tissue in adult humans is much higher than what is found 448 

in specific pathogen free (SPF) mice, which could have implications for the progression of intracellular 449 

infections or cancer.156, 157 This is not surprising considering the coevolution of hosts and their 450 

respective microbiomes.140, 155 Human and mice only share about 15% of bacterial lineages.158 Due to 451 

the niche-specific specialization of microbes144, even implantation of defined species may not induce 452 

the desired effect and can vary in effect depending on the rodent model used.14 Second, given that 453 

the human microbiome is so highly diverse, how should one determine which human microbiome to 454 

use for experimentation? Protocols in this sense vary between studies.159 Standardized procedures 455 

have been suggested throughout the literature159, 160, such as household member or internal baseline 456 

controls, but have not been adopted universally.  Despite these caveats, mice implanted with a 457 

microbiome grafted from diseased patients have been found to recapitulate clinical findings in several 458 

disease states, including in hypertension.56  459 

 460 

From mice to men: future perspectives 461 

Despite the ubiquitousness of using SPF inbred rodent models for disease research, 462 

alternative approaches are gaining traction. The intention to avoid infections which may alter 463 

experimental results is logically sound. However, there is mounting evidence that suggests humans 464 

are relatively “dirty”, and that exposure to a full range of fungi, viruses, microbes and so on are needed 465 

for the robust development of a healthy immune system.161, 162  Indeed, a recent interventional study 466 

exposed children whose environment was otherwise highly hygienic to increased microbial 467 

biodiversity, which led to an increase in the amount of healthy commensal bacteria in the gut and 468 

skin, and a shift towards anti-inflammatory cytokine production in the skin163.  It has been suggested 469 

that preclinical modeling of immune response in rodents likely contributes to the high failure rate in 470 

clinical trials156, 164. Humans are acutely and chronically infected with pathogens throughout their 471 

lifetime, which shapes their immune systems.165, 166 Furthermore, infections can also alter reactivity 472 

to vaccinations and subsequent unrelated infections, and it was recently shown that sequential 473 

infection in mice can recapitulate these effects.167 474 

Several studies have shown that using a mouse with a more natural environment or mice 475 

captured from the wild are quite different and may more accurately recapitulate human physiology 476 

than lab-raised SPF mice.164, 168, 169 It has been proposed that the scientific community may be able to 477 

improve preclinical pipelines with the use of mice with a “wild” mouse microbiome, rich in both 478 

commensals and opportunistic pathogens that are not normally present in lab-raised mice. Wild mice 479 

which were selected for their close similarity in genomic background were shown to have a distinct 480 



immune profile compared to laboratory mice.170 The applicability of a strategy involving the capture 481 

of mice from the wild prior to experimentation is unlikely to be adopted widely. However, a recent 482 

study demonstrated that implantation of the full breadth of microbes from wild mice onto a 483 

C57BL/6NTac background (referred to as “wildling” mice) generates equally promising results (Figure 484 

3).164 Wild and wildling mice, compared with standard lab-raised mice, had much higher concordance 485 

of mouse data with the results of clinical trials164, and were more resistant to disease.168 The wildling 486 

mouse microbiome was also more resilient to a high-fat dietary challenge over the course of ten days 487 

than their lab-mouse counterparts, whose microbiome drastically shifted in response to the 488 

challenge, and was not able to fully recover.164 Lab mice in this regard are divergent from humans 489 

because of the relative stability of the human microbiome over time.5 Additionally, it has been shown 490 

that the introduction of a “wild” microbiome leads to the convergence of lab-raised mouse microbial 491 

communities.156, 164 Co-housing experiments of lab mice with a “wild” counterpart also shifted the 492 

immune cell profile after about two weeks towards that of the wild mouse, which was more like the 493 

adult human phenotype.156 Interestingly, wild mice also have a thicker mucus layer in the colon than 494 

laboratory mice.171 These findings suggest the potential of this technique, particularly the wildling 495 

strategy, to be used to standardize the research into the host-microbiome interaction, thereby 496 

improving reproducibility.  497 

  498 

Important considerations for ongoing research  499 

Throughout this review, we have raised addressed many issues, and offered solutions to ongoing 500 

problems in the study of the microbiome. Nevertheless, microbiome science would also benefit from 501 

healthy doses of skepticism.172 Indeed, both animal and human studies present many challenges for 502 

ongoing research. In mouse studies, standardization of procedures throughout the field, such as the 503 

use of littermate controls and robust documentation of conditions which could impact the 504 

microbiome is essential. Factors like caging, bedding and diet are likely to substantially impact 505 

results.173, 174 Furthermore, it has been recently shown that the microbiome has a diurnal circadian 506 

rhythm, in which case, time of sample collection should become a consideration.175 The site of 507 

sampling the microbiome is also important, as the microbial cell density, composition and the 508 

production of microbial metabolites varies throughout the GI tract.13 A recent study demonstrated 509 

that additional to the spatial dynamics of different GI regions, the microbiome sampled from the 510 

mucosa and the luminal space were unique in mice and in men.176 Because the GI tract is the site-of-511 

action for polarization of immune cells and absorption of microbially produced metabolites177, many 512 

have questioned whether fecal sampling is the right avenue for studying the host-microbiome 513 

interface. Feces represents the excretory products from this system. However, fecal sampling is most 514 

common and practically applicable way to examine the microbiome, particularly for longitudinal 515 

studies where non-invasive methods are necessitated. The collection of fecal matter no doubt 516 



substantially contributes to our understanding of the host-microbiome interaction. Although the 517 

relevance of locally produced microbial biproducts is suspected to be of importance, particularly 518 

impacting the uptake of metabolites to the circulation and effecting the activity of GI immune cells, 519 

measurements of this compartment are underdeveloped. The ability to identify microbially-produced 520 

compounds at the site-of-action in the interstitial fluid would likely provide a different perspective on 521 

host-microbiome dynamics.   522 

 Microbiome analysis adds another layer of complexity to experimental design. Particularly in 523 

human studies, procedural standardization is necessary to increase reproducibility and accelerate 524 

progress. Recent studies have suggested that sample collection178, storage179, and extraction 525 

methods180, 181 can all contribute to resultant microbiome quantification. Particularly the extraction 526 

method appears to play a major role in the overall microbiome signature, as it was found that the 527 

extraction method used resulted in taxonomic shifts mimicking important biologically relevant 528 

features like the enterotype or diet.181 Two sequencing methods, 16s rRNA sequencing and shotgun 529 

metagenomic sequencing, can be used to understand the composition of the microbiome. Recent 530 

findings suggest results from 16s and shotgun are largely concordant, regardless of which technology 531 

is selected182, although importantly the resolution of shotgun is better than 16s. The main differences 532 

are that 16s sequencing only allows genus-level taxonomic resolution, where shotgun offers species-533 

level information, and that shotgun data additionally can be used to assess the functional potential of 534 

the microbiome.183 Similar inferences can be made from 16s using projected annotations (e.g. using 535 

PICRUSt184), however this is not as reliable or robust, and does not necessarily match up with 536 

comparable annotation from shotgun data.182 However, it should also be noted that 16s is more cost-537 

effective than shotgun, and in the case that high-resolution data is not crucial, this remains a viable 538 

option for sequencing.183 Choice of software pipeline, settings and particularly reference databases 539 

also may have impact on results, though substantially less than biosample handling. However, when 540 

comparing multiple datasets, the analysis pipeline used for either 16s or shotgun data must be 541 

carefully considered so as not to introduce a source of bias. Beyond this, investigators must also ask 542 

themselves whether the quantification of absolute or relative abundance of microbes is best able to 543 

answer their research question. Because the variation in DNA yield from sequenced samples can 544 

influence relative abundance quantification, it is important to interpret these data with caution to 545 

avoid false positives (including through methods such as rarefaction or explicit modeling of 546 

proportions), and it may be useful to verify findings using absolute abundances, considering again 547 

possible sources of error.160, 185  548 

Ultimately, results must always be interpreted in the context with which they were collected. 549 

Most microbiome research to date (particularly human studies) suggests associations between 550 

phenotypic data and microbes or metrics of microbial diversity. To move the field forward and begin 551 

to address whether the microbiome can be targeted or manipulated to influence the prevalence or 552 



progression of hypertension, studies which can establish causation and uncover mechanisms are 553 

urgently needed. The two areas which promising in terms of the development of novel treatment 554 

strategies are the targeting of microbially-produced molecules (such as SCFAs) and modulation of the 555 

microbiome-immune axis.138 Considering the challenges in preclinical research using rodent models, 556 

we suggest the use of novel strategies to address these ongoing inquiries.  557 

In conclusion, although prudence is needed in the interpretation of microbiome data172, the 558 

study of the microbiome-host interface in hypertension is a promising and rapidly accelerating field 559 

of research. With a variety of opportunities for further advancement, we anticipate that both 560 

pharmacological and lifestyle-centered treatment options addressing the microbiome space are likely 561 

to emerge in the not-so-distant future.  562 
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Figures Legends 1120 

Figure 1. The relationship between blood pressure and the gut microbiome. Ingested food is 1121 

transformed by the gut microbiome into small metabolites. Food antigens, microbially-produced 1122 

metabolites, and the microbes themselves all contribute to immune homeostasis. Perturbations to 1123 

the symbiotic relationship between host and the microbiome can lead directly or indirectly, via the 1124 

immune system, to changes in blood pressure and associated heart, vascular, or kidney damage.  1125 

 1126 

Figure 2. Intestinal spatial variability can be found on both the host and microbiome side (adapted 1127 

from Mowat & Agace, 201413). Relative levels of luminal and tissue-associated content are illustrated 1128 

here, suggestive of the regional specialization of both features. The luminal contents of the intestines 1129 

are known to vary significantly, in terms of microbial load, the microbial inhabitants, and the resultant 1130 

microbially-produced metabolites.13, 186 Shown here is a proposed scheme, although the inhabitants 1131 

and regional specifications throughout the GI tract is subject to individual differences in both mice 1132 

and men.  In accordance with the variations in luminal content, the host immune system is likewise 1133 

regionally specific.13, 177 Shown here are immune cells where spatial dynamics have been 1134 

demonstrated during immune homeostasis.  1135 

 1136 

Figure 3. Modeling the human immune phenotype for basic and preclinical research. The mammalian 1137 

phenotype is driven by the combination of the host genome and the microbial genome (microbiome), 1138 

together referred to as the metagenome. However, the repertoire of microbes encountered in the 1139 

wild is not replicated in a laboratory setting. This can substantially distort how the immune system 1140 

develops and functions, leading to false assumptions of how our own “wild” immune system works. 1141 

Thus, laboratory mice are too far removed from natural environmental conditions to faithfully mirror 1142 

the physiology of free-living mammals such as humans. To address this shortcoming, embryos of 1143 

laboratory mice can be transferred into wild mice to generate wildlings that more closely resemble 1144 

the natural mammalian metaorganism with coevolved microbes and pathogens, while preserving the 1145 

research benefits of tractable genetics of laboratory mice (interventionalist approaches, mechanistic 1146 

studies etc.). Natural microbiota has been shown to be multi-generationally stable and resilient 1147 

against environmental challenges, thereby providing a model system for long-term work and 1148 

reproducible experimentation. Moreover, in two preclinical trials187, 188, where conventional lab mice 1149 

as well as rat and non-human primate models had failed to predict the human response to harmful 1150 

drug treatments, wildlings accurately mirrored the human phenotype.164 Such models may enhance 1151 

the validity and reproducibility of biomedical studies among research institutes, facilitate the 1152 

discovery of disease mechanisms and treatments that cannot be studied in conventional laboratory 1153 

mice, and increase the safety as well as the success of translating results from animal models to 1154 

humans. 1155 
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