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The gut microbiota plays a pivotal role in both maintaining human health and in the pathogenesis of diseases. Recent studies have brought to light the significant correlation between gut microbiota and hypertension, particularly focusing on its role in the development and advancement of SSH, a subtype characterized by elevated blood pressure in response to high salt consumption. The complexity of SSH's etiology is notable, with dysbiosis of the gut microbiome identified as a crucial contributing factor. The gut microbiota participates in the occurrence and development of SSH by affecting the host's immune system, metabolic function, and neuromodulation. Investigations have demonstrated that the gut microbes regulate the development of SSH by regulating the TH17 axis and the activity of immune cells. Moreover, microbial metabolites, such as short-chain fatty acids, are implicated in blood pressure regulation and affect the development of SSH. There is evidence to show that the composition of the gut microbiome can be altered through prebiotic interventions so as to prevent and treat SSH. This review aims to concisely sum up the role of gut microbiota in SSH and to discuss pertinent therapeutic strategies and clinical implications, thereby providing a valuable reference for further research and clinical practice in this area.
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1 Introduction

High blood pressure is a world-wide health crisis, influencing 1.1 billion people and resulting in approximately 130 million deaths or severe complications such as stroke, heart disease, and kidney disease annually (1–3). Despite its complex genetic and environmental etiology, the pathogenesis of hypertension remains incompletely understood, leaving current treatments insufficient for all patients. High dietary salt intake is a key factor in raising blood pressure, as shown by various studies including epidemiological studies, animal research, and clinical trials (4, 5). Around half to three-quarters of people with high blood pressure are sensitive to salt, meaning their blood pressure rises abnormally when they consume too much salt. This is a significant risk factor for cardiovascular disease and mortality (6). Salt-sensitive hypertension (SSH) is linked to decreased salt excretion in the kidneys and causes a significant blood pressure response to changes in salt intake. High salt diet raises blood pressure significantly in SSH patients, while low salt diet lowers it. Conversely, the impact on blood pressure in non-salt-sensitive hypertension (NSSH) patients is less pronounced (7). SSH is believed to be caused by the kidneys not being able to properly excrete salt, leading to high levels of salt in the body. Research has shown that SSH is closely linked to genetics, neuroendocrine regulation, and abnormal immune system activation (8). For the past few years, a growing number of researches have shown that imbalanced gut microbes may also be an essential factor in SSH (9). The gut microbiota is a diverse community of microbes that is essential for the health of various organs and systems, including the gastrointestinal, immune, circulatory, and neural systems. Imbalances in the gut microbiota can impact not only intestinal health but also contribute to the development of hypertension by affecting blood pressure regulation (10). Excessive salt intake can disrupt intestinal flora balance and increase the risk of SSH (11). In addition, metabolic byproducts from gut microbes, such as short-chain fatty acids, can help regulate blood pressure by affecting blood vessel relaxation and the immune system (12). SSH is caused by the immune system, nervous system, endocrine system, and gut microbiota interacting (13). Further research is needed to fully understand the impact of gut flora on sodium-sensitive hypertension, but it is clear that studying the relationship between gut flora and hypertension is crucial for developing new prevention and treatment strategies. This review aims to comprehensively explore the involvement of intestinal flora in salt-induced high blood pressure, discussing treatment strategies and clinical implications, thereby offering new insights for its prevention and treatment.



2 Disturbance of intestinal microbiota and salt sensitivity of blood pressure

In the last few years, there has been growing interest in the role of gut microbes in both fitness and illness. Research has demonstrated a close association between intestinal microbial dysbiosis and the onset and progression of various chronic conditions, including hypertension (9). Meanwhile, gender plays a significant role in how gut microbiota and blood pressure salt sensitivity interact. Studies show that gender-specific genetic factors influence arterial stiffness and SSH differently (14). Gender may impact gut microbiota and SSH development, with gender-specific genetic factors influencing blood pressure regulation and other biological processes (14). Dysfunction of the proportion and function of the gut microbiota is called intestinal dysbiosis, which is also manifested as an excessive Firmicutes/Bacteroidetes ratio. This dysbiosis can lead to aberrant activation of the immune system and chronic low-grade inflammation, impacting host metabolism and blood pressure regulation. Studies indicate that an intestinal microbial imbalance in the gut can increase intestinal mucosal permeability, facilitating the invasion of bacteria and their byproducts into the circulatory system, thereby triggering systemic inflammatory responses and promoting hypertension (15). Yang, T. et al. (9) established a connection between gut microbiota and hypertension in animal models through bacterial DNA analysis from fecal samples of hypertensive rat models. This study revealed a substantial reduction in microbial variety, diversity, and uniformity, alongside an elevated Firmicutes to Bacteroidetes ratio in hypertensive rats compared to normal ones. Mell et al. (11) performed 16S rRNA gene sequencing on cecum samples from Dahl salt-sensitive and Dahl salt-resistant mice. They found an increased abundance of Bacteroidetes in rats that are sensitive to salt compared to salt-tolerant ones. Notably, when both rat types were subjected to a diet high in salt and given antibiotics to eliminate microbiota, transplantation of cecal contents from salt-sensitive or salt-resistant rats resulted in different blood pressure responses. Salt-sensitive rats transplanted with contents from salt-resistant rats exhibited sustained elevation in systolic blood pressure and a reduced lifespan compared to those transplanted with contents from salt-sensitive rats. These findings were corroborated by Yang et al.'s study (9), which consisted of a small cohort of 17 hypertensive patients, revealing a correlation between human hypertension and gut microbiota dysbiosis, with hypertensive patients exhibiting lower gut microbiota richness and diversity compared to controls. Furthermore, Yan (16) observed significant alterations in intestinal microorganisms and increased systolic and diastolic blood pressure in experimental rats fed a diet containing 8% sodium salt. Growing evidence underscores the pivotal role of gut microbes in SSH, potentially influencing the host's immune system, neuromodulation, and metabolic function. The gut microbiome profile in SSH patients differs from that in nonsalt-sensitive hypertensive patients, with specific species richness correlating with the severity of SSH (17). In addition to the aforementioned gut microbiota, Actinobacteria and Proteobacteria are also closely associated with SSH, as shown in Table 1.


TABLE 1 The gut microbiota may be related to SSH.
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3 Metabolites of the gut microbiota and blood pressure sensitivity to salt

Metabolic products of gut bacteria have been identified as significant factors in the regulation of salt-induced high blood pressure (11). For instance, metabolites, such as short-chain fatty acids (SCFAs) and aromatic compounds, can affect the angiotensin system, immune system, and neuromodulation, thereby impacting blood pressure levels (24). Short-chain fatty acids are derived from the gut microbiota fermentation of dietary fiber, such as resistant starch. The primary metabolites produced, including acetate, propionic acid, and butyrate, constitute 95% of SCFAs produced by the gut microbiota and regulate blood pressure by binding to specific receptors or by affecting the autonomic nervous system and immune system (25). G protein-coupled receptor 41 (GPR41) and olfactory receptor 78 (Olfr78) are widely expressed in sympathetic nervous ganglia, vascular endothelial cells, surface cells, juxtaglomerular complex and non-striated muscle cells, and play crucial responsibilities in modulating blood pressure through SCFAs. Researche has indicated that the activation of GPR41 can inhibit the differentiation of TH17 cells and the creation of inflammatory factors, thereby reducing vascular inflammation and protecting vascular function (26). In a SSH animal model, the down-regulation of GPR41 expression is significantly correlated with elevated blood pressure, implying that gut microbes may influence the development of SSH by regulating the activation state of GPR41 (26). In a population-based study (27), an increase in fecal butyrate was linked to lower systolic blood pressure among patients with cancer who were undergoing a weight-loss intervention. In another animal study (20), salt-sensitive rats were assigned to receive either a regular diet or a diet high in sodium. The concentrations of short-chain fatty acids in stools, such as acetic acid, propionic acid, butyric acid, and isobutyric acid, were determined by chromatography-mass spectrometry. The results suggest an interaction among a high-salt diet, gut microbial richness, and blood pressure in a mouse model of salt-exacerbated hypertension. Additionally, higher standards of SCfAs (ethanoic acid, propanoic acid, and isobutyric acid) were observed in bowel samples from hypertensive rats in the experimental group compared to the control group, and high salt disrupted SCFAs produced by the gut microbiota in salt-sensitive rats compared with those on a normal diet. Mell, B. et al. (11) quantified plasma SCFAs by mass spectrometry to investigate whether plasma SCFAs in salt-sensitive rats were altered by transplantation of cecal contents. Rats with salt sensitivity transplanted with cecal contents from resilient rats had higher plasma acetate and heptamate levels compared to rats prone to salt sensitivity transplanted with cecal contents from sensitive rats, suggesting that microbial composition influences SCFAs levels. Furthermore, A 6-week study showed that short-chain fatty acids increased on a low-sodium diet, including 2-methylbutyric acid, butyric acid, Isobutanoic acid, valeric acid, and caproic acid (28). Additionally, Exposure to LPS can increase salt sensitivity in the body, potentially leading to hypertension. This may be due to LPS-induced inflammation affecting blood pressure regulation and kidney function (29). Furthermore, tryptophan is important for SSH, with studies showing that its metabolites can lower blood pressure by affecting immune cells and gut microbiota (30–32). Studies have shown that bile acids and chlorogenic acid may impact SSH by regulating inflammation, fluid balance, and gut microbiota (33, 34).



4 Gut microbiota regulates the TH17 axis and SSH

There is a significant interaction between gut flora and the immune response. Modulating the composition and function of the gut microbiota may enhance the host's immune status, reduce inflammation, and subsequently lower blood pressure (35). The CD4+ T helper 17 (TH17) axis plays a significant role in regulating the immune system in SSH by influencing the activity of TH17 cells and the expression of Interleukin 17A (IL-17) through key factors like SGK1 and NFAT5, potentially contributing to the development of diseases like hypertension (36).

In experimental culture, T cells from salt-sensitive rats showed increased inflammation in high salt solution, indicating a combined effect of sodium chloride and cytokines in promoting TH17 cells and hypertension (37). Studies have unveiled the intricate interplay between the intestinal microbiota and the host's immune response, particularly its role in regulating SSH (38). In this process, specific immune cells, particularly T helper cells (TH cells), play a central role. TH17 cells, a type of T cell that produces the inflammatory cytokine IL-17, have been implicated in the onset of SSH (31). The composition and function of the intestinal flora can influence the polarization and function of TH17 cells through various mechanisms (13, 16, 39). For instance, substances generated by specific gut bacteria, such as short-chain fatty acids, can stimulate the generation of Treg cells, leading to the suppression of the activity of TH17 cells and reducing the risk of hypertension affected by salt. Conversely, an imbalanced gut microbiota may lead to excessive activation of TH17 cells and increased IL-17 fabrication, thereby promoting hypertension. Furthermore, the gut microbiome can indirectly regulate TH17 cells by impacting the integrity of the intestinal mucosal barrier (39, 40). A weakened intestinal barrier allows more outside antigens to enter the body, triggering the immune system and potentially worsening inflammation. This can impact the development of SSH by affecting the activity of TH17 cells through various mechanisms involving the gut flora (13, 38, 39). Extracellular vesicles (EVs) play a crucial role in SSH by transporting proteins, nucleic acids, and lipids among cells (41). Urinary EVs are being researched as possible biomarkers for hypertension, as they contain proteins related to renal sodium transport, which is important in hypertension development (42). Higher levels of NCC or phosphorylated NCC in urinary EVs are found in hypertensive patients, indicating the importance of EVs in hypertension. Other markers linked to hypertension, like Inducible Vitamin D Gene 2 protein and hsa-miR-4516, have also been identified in EVs, showing potential for early detection of hypertension (41–44). Thus, the gut microbiota may affect blood pressure in SSH by controlling salt absorption and metabolism through extracellular vesicles, potentially worsening the condition. Immune cells, T helper cells, and extracellular vesicles release pro-inflammatory cytokines, contributing to SSH. High salt intake leads to increased infiltration of specific cells, contributing to the development of this condition, as shown in Table 2.


TABLE 2 The immune cells may be related to SSH.
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5 The angiotensin system regulates gut microbiota metabolites and SSH

The angiotensin system constitutes a vital hormonal system in the human body primarily involved in regulating blood pressure and fluid balance (51, 52). Excessive salt consumption, particularly through a high-salt diet, activates the angiotensin system, initiating a series of physiological reactions. This system primarily functions through vasoconstriction, water and sodium retention, and sympathetic activation in the regulation of SSH (51, 53). Gut microbial metabolites are believed to influence the activity of the angiotensin system, thereby impacting the advancement and escalation of salt-induced high blood pressure. The relationship between the regulation of the angiotensin system (RAS) and the influence of intestinal microbe metabolites on SSH involves complex biological mechanisms. These mechanisms mainly encompass the direct effects of gut microbiota metabolites on RAS components and the effects of these metabolites on salt sensitivity regulation. Firstly, the gut microbiota can directly or indirectly affect angiotensin-converting enzyme (ACE) activity and angiotensin II (Ang II) production through its metabolites, particularly short-chain fatty acids such as butyric acid and propionic acid (40). SCFAs help lower blood pressure in SSH by affecting the adrenergic system and reducing sensitivity to salt response (54). Secondly, intestinal microflora indirectly affects the progression of hypertension sensitive to salt by influencing the control of the immune system. Gut microbial imbalance may lead to an increased systemic inflammatory response, exacerbating the pathological process of SSH by activating RAS and increasing Ang II levels. Conversely, a healthy gut microbiota may help inhibit this process and reduce SSH by producing anti-inflammatory compounds and modulating host immune responses (54). These discoveries emphasize the vital function of intestinal microbial metabolites in regulating RAS and SSH, offering potential strategies to treat and prevent SSH by adjusting the gut microbiota balance. Such strategies may involve promoting the growth of beneficial flora through diet, as well as the utilization of synbiotics and microbial adjuncts to affect RAS activity and reduce the risk of SSH (11, 54). Additionally, the angiotensin system has been associated with pathological processes, for instance, reactive oxygen species and immune response, which also play a significant function in the development of SSH (54).



6 Sympathetic nerve activity regulates the gut microbiota to affect compassionate neural network and SSH

The sympathetic nervous system, a component of the autonomic nervous system, primarily oversees the body's stress response and maintains internal stability (55). When the central nervous system detects excessive salt intake, it modulates the operation of the empathetic nerve structure through intricate neural pathways, potentially involving various brain regions such as the thalamus, amygdala, and brain stem (56). The interplay among these brain regions ultimately leads to heightened excitability of the sympathetic nervous system. This increased activity can impact the cardiovascular system, resulting in elevated cardiac rhythm, heightened myocardial contraction force, and increased peripheral vascular resistance (56). These physiological changes collectively elevate blood pressure, exacerbating the progression of sodium-reactive high blood pressure. Recent investigations have unveiled novel mechanisms through which the gut microbiota may influence renal renin secretion and blood pressure regulation via specific olfactory receptors (e.g., Olfr78) (57). The revelation that signaling substances generated by intestinal microbiota can act on these olfactory receptors to influence sympathetic nervous system activity offers a fresh understanding of the complex interaction between intestinal flora and systemic blood pressure control. This pathway shows how gut microbes can affect blood pressure and the development of SSH through communication with the olfactory receptor and sympathetic nervous system (15). Investigating how gut microbiota affects sympathetic nervous system activity may yield a deeper understanding of the mechanisms underpinning the evolution of sodium-reactive high blood pressure (15). Sodium-reactive high blood pressure patients exhibit abnormal sensitivity to salt intake, and the sympathetic nervous system participates in a central function in managing the body's hydration-sodium equilibrium and cardiovascular force. Consequently, the gut microbiota, through its influence on the sympathetic nervous system, may indirectly regulate salt absorption and blood pressure, thereby further impacting the development of SSH (15). This study not only elucidates a new mechanism through which gut microbiota may influence blood pressure regulation via the sympathetic nervous system but also lays the groundwork for the development of novel healing techniques for SSH (15). For instance, modifying the gut microbiota composition or targeting specific olfactory receptors may offer an effective means to modulate sympathetic activity, thereby controlling blood pressure and preventing SSH. In summary, gut microbiota influences sympathetic nervous system activity through specific olfactory receptors, with significant implications for the growth and advancement of sodium-responsive high blood pressure. This study not only advances our comprehension of the intricate connections between gut microbiota and blood pressure regulation but also points toward potential avenues for future hypertension treatments (15, 58). Elevated sympathetic activity is a key characteristic of SSH. Gut microbes can regulate blood pressure levels by influencing the host's nervous system activity. Gut microbes have been found to influence sympathetic nervous system activity, modulate renal saline balance, and regulate blood pressure (15). Specifically, gut microbial metabolites can affect the excitability and inhibition of the sympathetic nervous system through neurotransmission and hormone release pathways, thereby regulating blood pressure levels. This effect may be closely related to ward the advancement and evolution of sodium-reactive high blood pressure, particularly under conditions of a high-salt diet (58).



7 Gut microbiota prevents SSH

These studies indicate that the gut microbiota plays a crucial role in the development of SSH. Modulating the composition and metabolites of gut microbes can impact salt absorption and metabolism, thereby regulating blood pressure levels (59). Yang T. et al. (9) demonstrated that hypertension was linked to gut microbiota dysregulation in both creatures and people with high blood pressure. They suggested that nutritional treatment to adjust the intestinal flora might serve as a novel nutritional treatment strategy for hypertension. Yan, X et al. (16) revealed that a sodium-triggered rise in blood pressure could be reversed by administering the intestinal bacteria product linoleic acid, along with other known blood-pressure-lowering metabolites, such as short-chain fatty acids, produced by gut microbes fermenting prebiotic fibers. Probiotics and prebiotics, as nutritional supplements, have a certain effect on hypertension (60). Probiotics can reduce blood pressure levels by enhancing the composition and biochemical function of he intestinal flora, diminishing the number of harmful bacteria, and increasing the proportion of beneficial probiotics (61). Conversely, prebiotics supply nutrients to probiotics, promoting their growth and survival in the gut, thereby reinforcing the regulatory effect of probiotics on hypertension (62). Multiple studies in rats (63, 64) and a recent human study (65) have demonstrated that the intestinal microorganisms reduce blood pressure by fermenting brief-length oily chemicals generated from alimentary roughage. For instance, the absence of nutritional filament triggers high blood pressure in rodents, nevertheless; reintegration of SCFAs has shown a protective effect against hypertension and cardiac hypertrophy (60). Various approaches to modify the gut microbiota to ameliorate SSH have been explored, encompassing the utilization of friendly bacteria as well as prebiotics, as well as personalized strategies to modulate the gut microbiome (66). Among these, probiotics are considered a beneficial form of microbial supplementation, positively affecting blood pressure salt sensitivity by regulating the gut's internal environment, promoting the proliferation of beneficial bacteria, and enhancing metabolite production. Conversely, prebiotics are nutrients utilized by gut microbes and fermented to generate advantageous metabolites, such as SCFAs, that help maintain gut microbiota balance and diversity (65). Hence, utilizing gut microbiota to prevent and treat SSH represents an innovative research direction, offering new ideas for future personalized and precision medicine. Further investigation into the correlation between intestinal microorganisms and high blood pressure is expected to yield more effective treatment and treatment methods for patients with hypertension. By adjusting the composition composition of intestinal microorganisms, innovative approaches to prevent or manage salt-responsive high blood pressure may arise. Additional research is necessary to gain insight into the specific connections that are crucial in understanding various aspects of human health and disease, and how they collectively influence blood pressure regulation and the potential for high blood pressure.



8 Conclusion

New studies have demonstrated the crucial function of the intestinal microbiome in the prevention and treatment of SSH. Modulating the structure and substances of intestinal bacteria can impact salt absorption and metabolism, thereby regulating blood pressure levels. Research has suggested that dietary intervention to correct the gut microbiota could serve as a novel nutritional treatment strategy for hypertension. Additionally, administering gut microbial metabolites, such as arachidonic acid and short-chain fatty acids produced by gut microbes fermenting prebiotic fibers, has been found to reverse salt-induced increases in blood pressure. Probiotics and prebiotics have also shown promise in addressing hypertension. Probiotics lower blood pressure by improving gut bacteria, while prebiotics help probiotics grow and survive in the gut, strengthening their ability to regulate hypertension. Experiments in both animals and humans have shown that the intestinal microbiota can lower blood pressure by metabolizing SCFAs produced from dietary fiber. Reintroduction of short-chain fatty acids has shown a protective effect against hypertension and cardiac hypertrophy. Various approaches to modify the gut microbiota to ameliorate SSH have been explored, incorporating the application of probiotic supplements and prebiotics as well as personalized strategies to modulate the gut microbiome. Probiotics are considered a beneficial form of microbial supplementation, positively affecting blood pressure salt sensitivity by regulating the gut's internal environment, promoting the proliferation of beneficial bacteria, and enhancing metabolite production. Conversely, prebiotics are nutrients utilized by gut microbes, fermented to generate advantageous substances, like small-molecule fatty compounds, that aid in maintaining gut microbiota balance and diversity. Utilizing gut microbiota to prevent and treat SSH represents an innovative research direction, offering new ideas for future personalized and precision medicine. Further investigation into the connection between intestinal microorganisms and high blood pressure is expected to yield more effective treatment and treatment methods for patients with hypertension. Through modifying the structure of intestinal microorganisms, novel approaches for averting or managing salt-responsive high blood pressure could arise. Further research is needed to understand how gut bacteria and the immune system influence blood pressure regulation and susceptibility to hypertension.



9 Limitation and future directions

Research on how gut microbiota affects SSH has advanced, but challenges remain due to the use of animal models and the complexity of the gut microbiota. Understanding the multiple mechanisms involved in this relationship is still incomplete, and the diversity of gut microbiota in individuals complicates research efforts, necessitating more personalized approaches in future studies. Future research should prioritize conducting more human clinical trials to validate findings from animal model research and explore the mechanisms of interaction between gut microbiota and SSH. Additionally, further investigation is needed to understand how gut microbiota influences blood pressure regulation by affecting physiological systems like the sympathetic nervous system and the renin-angiotensin system, focusing on specific molecular and cellular mechanisms. Develop personalized treatment strategies, such as customized probiotics and prebiotics, to enhance prevention and treatment by considering individual variability in gut microbiota. Evaluate the long-term effects and safety of gut microbiota modulation for SSH prevention and treatment to support clinical application. In conclusion, the gut microbiota has potential for preventing and managing SSH. Further research is needed to understand its mechanisms and improve treatment strategies for patients with SSH.



Author contributions

LW: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. JH: Funding acquisition, Supervision, Validation, Visualization.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article.

This article was funded by the National Natural Science Foundation of China (81960614); Key Research and Development Program of International Science and Technology Cooperation in Gansu Province (20YF3WA020); Open Project of Dunhuang Key Laboratory of Medicine and Transformation of Ministry of Education (DHYX20-05).



Acknowledgments

We express our gratitude to Wen-Juan Xu for her valuable assistance in the selection and validation of the topic during the article's development process.



Conflicts of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Mels CM, Delles C, Louw R, Schutte AE. Central systolic pressure and a nonessential amino acid metabolomics profile: the African prospective study on the early detection and identification of cardiovascular disease and hypertension. J Hypertens. (2019) 37(6):1157–66. doi: 10.1097/HJH.0000000000002040

2. Sun H, Zhou Y, Jiang S, Zhao D, Li H, Lu Y, et al. Association between low-sodium salt intervention and long-term blood pressure changes is modified by ENaC genetic variation: a gene-diet interaction analysis in a randomized controlled trial. Food Funct. (2023) 14(21):9782–91. doi: 10.1039/D3FO02393A

3. Hanevold CD. Salt sensitivity of blood pressure in childhood and adolescence. Pediatr Nephrol. (2022) 37(5):993–1005. doi: 10.1007/s00467-021-05178-6

4. He FJ, Li J, Macgregor GA. Effect of longer term modest salt reduction on blood pressure: cochrane systematic review and meta-analysis of randomised trials. Br Med J. (2013) 346:f1325. doi: 10.1136/bmj.f1325

5. Newberry SJ, Chung M, Anderson CAM, Chen C, Fu Z, Tang A, et al. AHRQ Comparative Effectiveness Reviews. Sodium and Potassium Intake: Effects on Chronic Disease Outcomes and Risks. Rockville (MD): Agency for Healthcare Research and Quality (US) (2018).

6. Kurtz TW, Pravenec M, DiCarlo SE. Mechanism-based strategies to prevent salt sensitivity and salt-induced hypertension. Clin Sci (Lond). (2022) 136(8):599–620. doi: 10.1042/CS20210566

7. Weinberger MH. Salt sensitivity of blood pressure in humans. Hypertension. (1996) 27(3 Pt 2):481–90. doi: 10.1161/01.HYP.27.3.481

8. Franco V, Oparil S. Salt sensitivity, a determinant of blood pressure, cardiovascular disease and survival. J Am Coll Nutr. (2006) 25(3 Suppl):247s–55s. doi: 10.1080/07315724.2006.10719574

9. Yang T, Santisteban MM, Rodriguez V, Li E, Ahmari N, Carvajal JM, et al. Gut dysbiosis is linked to hypertension. Hypertension. (2015) 65(6):1331–40. doi: 10.1161/HYPERTENSIONAHA.115.05315

10. Li J, Zhao F, Wang Y, Chen J, Tao J, Tian G, et al. Gut microbiota dysbiosis contributes to the development of hypertension. Microbiome. (2017) 5(1):14. doi: 10.1186/s40168-016-0222-x

11. Mell B, Jala VR, Mathew AV, Byun J, Waghulde H, Zhang Y, et al. Evidence for a link between gut microbiota and hypertension in the dahl rat. Physiol Genomics. (2015) 47(6):187–97. doi: 10.1152/physiolgenomics.00136.2014

12. Naqvi S, Asar TO, Kumar V, Al-Abbasi FA, Alhayyani S, Kamal MA, et al. A cross-talk between gut microbiome, salt and hypertension. Biomed Pharmacother. (2021) 134:111156. doi: 10.1016/j.biopha.2020.111156

13. Wilck N, Matus MG, Kearney SM, Olesen SW, Forslund K, Bartolomaeus H, et al. Salt-responsive gut commensal modulates T(H)17 axis and disease. Nature. (2017) 551(7682):585–9. doi: 10.1038/nature24628

14. Decano JL, Pasion KA, Black N, Giordano NJ, Herrera VL, Ruiz-Opazo N. Sex-specific genetic determinants for arterial stiffness in dahl salt-sensitive hypertensive rats. BMC Genet. (2016) 17:19. doi: 10.1186/s12863-015-0324-7

15. Santisteban MM, Qi Y, Zubcevic J, Kim S, Yang T, Shenoy V, et al. Hypertension-linked pathophysiological alterations in the gut. Circ Res. (2017) 120(2):312–23. doi: 10.1161/CIRCRESAHA.116.309006

16. Yan X, Jin J, Su X, Yin X, Gao J, Wang X, et al. Intestinal flora modulates blood pressure by regulating the synthesis of intestinal-derived corticosterone in high salt-induced hypertension. Circ Res. (2020) 126(7):839–53. doi: 10.1161/CIRCRESAHA.119.316394

17. Adnan S, Nelson JW, Ajami NJ, Venna VR, Petrosino JF, Bryan Jr RM, et al. Alterations in the gut microbiota can elicit hypertension in rats. Physiol Genomics. (2017) 49(2):96–104. doi: 10.1152/physiolgenomics.00081.2016

18. Chakraborty S, Mandal J, Cheng X, Galla S, Hindupur A, Saha P, et al. Diurnal timing dependent alterations in gut microbial composition are synchronously linked to salt-sensitive hypertension and renal damage. Hypertension. (2020) 76(1):59–72. doi: 10.1161/HYPERTENSIONAHA.120.14830

19. Miranda PM, De Palma G, Serkis V, Lu J, Louis-Auguste MP, McCarville JL, et al. High salt diet exacerbates colitis in mice by decreasing Lactobacillus levels and butyrate production. Microbiome. (2018) 6(1):57. doi: 10.1186/s40168-018-0433-4

20. Bier A, Braun T, Khasbab R, Di Segni A, Grossman E, Haberman Y, et al. A high salt diet modulates the gut microbiota and short chain fatty acids production in a salt-sensitive hypertension rat model. Nutrients. (2018) 10(9):1154. doi: 10.3390/nu10091154

21. Abais-Battad JM, Saravia FL, Lund H, Dasinger JH, Fehrenbach DJ, Alsheikh AJ, et al. Dietary influences on the dahl SS rat gut microbiota and its effects on salt-sensitive hypertension and renal damage. Acta Physiol (Oxf). (2021) 232(4):e13662. doi: 10.1111/apha.13662

22. Wang C, Huang Z, Yu K, Ding R, Ye K, Dai C, et al. High-salt diet has a certain impact on protein digestion and gut microbiota: a sequencing and proteome combined study. Front Microbiol. (2017) 8:1838. doi: 10.3389/fmicb.2017.01838

23. Chen Y, Zhu Y, Wu C, Lu A, Deng M, Yu H, et al. Gut dysbiosis contributes to high fructose-induced salt-sensitive hypertension in sprague-dawley rats. Nutrition (Burbank, Los Angeles County, Calif). (2020) 75-76:110766. doi: 10.1016/j.nut.2020.110766

24. Marques FZ, Nelson E, Chu PY, Horlock D, Fiedler A, Ziemann M, et al. High-fiber diet and acetate supplementation change the gut Microbiota and prevent the development of hypertension and heart failure in hypertensive mice. Circulation. (2017) 135(10):964–77. doi: 10.1161/CIRCULATIONAHA.116.024545

25. Pluznick J. A novel SCFA receptor, the microbiota, and blood pressure regulation. Gut Microbes. (2014) 5(2):202–7. doi: 10.4161/gmic.27492

26. Jama HA, Beale A, Shihata WA, Marques FZ. The effect of diet on hypertensive pathology: is there a link via gut microbiota-driven immunometabolism? Cardiovasc Res. (2019) 115(9):1435–47. doi: 10.1093/cvr/cvz091

27. Tilves C, Yeh HC, Maruthur N, Juraschek SP, Miller E, White K, et al. Increases in circulating and fecal butyrate are associated with reduced blood pressure and hypertension: results from the SPIRIT trial. J Am Heart Assoc. (2022) 11(13):e024763. doi: 10.1161/JAHA.121.024763

28. Chen L, He FJ, Dong Y, Huang Y, Wang C, Harshfield GA, et al. Modest sodium reduction increases circulating short-chain fatty acids in untreated hypertensives: a randomized, double-blind, placebo-controlled trial. Hypertension. (2020) 76(1):73–9. doi: 10.1161/HYPERTENSIONAHA.120.14800

29. Cao N, Lan C, Chen C, Xu Z, Luo H, Zheng S, et al. Prenatal lipopolysaccharides exposure induces transgenerational inheritance of hypertension. Circulation. (2022) 146(14):1082–95. doi: 10.1161/CIRCULATIONAHA.122.059891

30. Ahmad H, Zhao X, Ahmad N, Khan A, Jin Y, Du J, et al. Benincasa hispida extracts positively regulated high salt-induced hypertension in dahl salt-sensitive rats: impact on biochemical profile and metabolic patterns. J Food Biochem. (2022) 46(12):e14497. doi: 10.1111/jfbc.14497

31. Baranwal G, Goodlett BL, Arenaz CM, Creed HA, Navaneethabalakrishnan S, Rutkowski JM, et al. Indole propionic acid increases T regulatory cells and decreases T Helper 17 cells and blood pressure in mice with salt-sensitive hypertension. Int J Mol Sci. (2023) 24(11):9192. doi: 10.3390/ijms24119192

32. Zhang Z, Zhao J, Tian C, Chen X, Li H, Wei X, et al. Targeting the gut Microbiota to investigate the mechanism of lactulose in negating the effects of a high-salt diet on hypertension. Mol Nutr Food Res. (2019) 63(11):e1800941. doi: 10.1002/mnfr.201800941

33. Ishimwe JA, Dola T, Ertuglu LA, Kirabo A. Bile acids and salt-sensitive hypertension: a role of the gut-liver axis. Am J Physiol Heart Circ Physiol. (2022) 322(4):H636–h46. doi: 10.1152/ajpheart.00027.2022

34. Zhu Q, Zhu Y, Liu Y, Tao Y, Lin Y, Lai S, et al. Moderation of gut microbiota and bile acid metabolism by chlorogenic acid improves high-fructose-induced salt-sensitive hypertension in mice. Food Funct. (2022) 13(13):6987–99. doi: 10.1039/D2FO00038E

35. Komatsu Y, Aoyama K, Yoneda M, Ashikawa S, Nakano S, Kawai Y, et al. The prebiotic fiber inulin ameliorates cardiac, adipose tissue, and hepatic pathology, but exacerbates hypertriglyceridemia in rats with metabolic syndrome. Am J Physiol Heart Circ Physiol. (2021) 320(1):H281–h95. doi: 10.1152/ajpheart.00657.2020

36. Mihalj M, Štefanić M, Mihaljević Z, Kolobarić N, Jukić I, Stupin A, et al. Early low-grade inflammation induced by high-salt diet in sprague dawley rats involves Th17/treg axis dysregulation, vascular wall remodeling, and a shift in the fatty acid profile. Cell Physiol Biochem. (2024) 58(1):83–103. doi: 10.33594/000000684

37. Jang S, Kim JY, Kim CW, Kim I. Hypertonic salt solution enhances inflammatory responses in cultured splenic T-cells from dahl salt-sensitive rats but not dahl salt-resistant rats. J Cardiovasc Dev Dis. (2023) 10(10):414. doi: 10.3390/jcdd10100414

38. Kim JY, Lee S, Jang S, Kim CW, Gu BH, Kim M, et al. T helper cell polarity determines salt sensitivity and hypertension development. Hypertens Res. (2023) 46(9):2168–78. doi: 10.1038/s41440-023-01365-0

39. Norlander AE, Saleh MA, Kamat NV, Ko B, Gnecco J, Zhu L, et al. Interleukin-17A regulates renal sodium transporters and renal injury in angiotensin II-induced hypertension. Hypertension. (2016) 68(1):167–74. doi: 10.1161/HYPERTENSIONAHA.116.07493

40. Hashimoto T, Perlot T, Rehman A, Trichereau J, Ishiguro H, Paolino M, et al. ACE2 Links amino acid malnutrition to microbial ecology and intestinal inflammation. Nature. (2012) 487(7408):477–81. doi: 10.1038/nature11228

41. Guy R, Herman S, Benyamini H, Ben-Zur T, Kobo H, Pasmanik-Chor M, et al. Mesenchymal stem cell-derived extracellular vesicles as proposed therapy in a rat model of cerebral small vessel disease. Int J Mol Sci. (2022) 23(19):11211. doi: 10.3390/ijms231911211

42. Chacko KM, Nouri MZ, Schramm WC, Malik Z, Liu LP, Denslow ND, et al. Tempol alters urinary extracellular vesicle lipid content and release while reducing blood pressure during the development of salt-sensitive hypertension. Biomolecules. (2021) 11(12):1804. doi: 10.3390/biom11121804

43. Chen X, Yan X, Gingerich L, Chen QH, Bi L, Shan Z. Induction of neuroinflammation and brain oxidative stress by brain-derived extracellular vesicles from hypertensive rats. Antioxidants (Basel). (2024) 13(3):328. doi: 10.3390/antiox13030328

44. Salih M, Fenton RA, Zietse R, Hoorn EJ. Urinary extracellular vesicles as markers to assess kidney sodium transport. Curr Opin Nephrol Hypertens. (2016) 25(2):67–72. doi: 10.1097/MNH.0000000000000192

45. Dixon KB, Davies SS, Kirabo A. Dendritic cells and isolevuglandins in immunity, inflammation, and hypertension. Am J Physiol Heart Circ Physiol. (2017) 312(3):H368–h74. doi: 10.1152/ajpheart.00603.2016

46. Ferguson JF, Aden LA, Barbaro NR, Van Beusecum JP, Xiao L, Simmons AJ, et al. High dietary salt-induced dendritic cell activation underlies microbial dysbiosis-associated hypertension. JCI Insight. (2019) 5(13):e126241. doi: 10.1172/jci.insight.126241

47. Kambayashi T, Laufer TM. Atypical MHC class II-expressing antigen-presenting cells: can anything replace a dendritic cell? Nat Rev Immunol. (2014) 14(11):719–30. doi: 10.1038/nri3754

48. Saleem M, Masenga SK, Ishimwe JA, Demirci M, Ahmad T, Jamison S, et al. Recent advances in understanding peripheral and gut immune cell-mediated salt-sensitive hypertension and nephropathy. Hypertension. (2024) 81(3):436–46. doi: 10.1161/HYPERTENSIONAHA.123.22031

49. Lee E, Kim N, Kang J, Yoon S, Lee HA, Jung H, et al. Activated pathogenic Th17 lymphocytes induce hypertension following high-fructose intake in dahl salt-sensitive but not dahl salt-resistant rats. Dis Model Mech. (2020) 13(5):dmm044107. doi: 10.1242/dmm.044107

50. Ren J, Crowley SD. Role of T-cell activation in salt-sensitive hypertension. Am J Physiol Heart Circ Physiol. (2019) 316(6):H1345–h53. doi: 10.1152/ajpheart.00096.2019

51. Lukaszewicz K, Falck JR, Lombard J. Effect of chronically suppressed plasma angiotensin II on regulation of the CYP4A/20-HETE pathway in the dahl salt-sensitive rat. Antioxidants (Basel). (2023) 12(4):783. doi: 10.3390/antiox12040783

52. Ertuglu LA, Pitzer Mutchler A, Elijovich F, Laffer CL, Sheng Q, Wanjalla CN, et al. Regulation of human salt-sensitivite hypertension by myeloid cell renin-angiotensin-aldosterone system. Front Physiol. (2023) 14:1208270. doi: 10.3389/fphys.2023.1208270

53. Su C, Xue J, Ye C, Chen A. Role of the central renin-angiotensin system in hypertension (review). Int J Mol Med. (2021) 47(6):95. doi: 10.3892/ijmm.2021.4928

54. Tang WH, Kitai T, Hazen SL. Gut Microbiota in cardiovascular health and disease. Circ Res. (2017) 120(7):1183–96. doi: 10.1161/CIRCRESAHA.117.309715

55. Kinsman BJ, Simmonds SS, Browning KN, Stocker SD. Organum Vasculosum of the Lamina Terminalis detects NaCl to elevate sympathetic nerve activity and blood pressure. Hypertension. (2017) 69(1):163–70. doi: 10.1161/HYPERTENSIONAHA.116.08372

56. Fujita M, Fujita T. The role of CNS in the effects of salt on blood pressure. Curr Hypertens Rep. (2016) 18(2):10. doi: 10.1007/s11906-015-0620-7

57. Jose PA, Raj D. Gut microbiota in hypertension. Curr Opin Nephrol Hypertens. (2015) 24(5):403–9. doi: 10.1097/MNH.0000000000000149

58. Pluznick JL, Protzko RJ, Gevorgyan H, Peterlin Z, Sipos A, Han J, et al. Olfactory receptor responding to gut microbiota-derived signals plays a role in renin secretion and blood pressure regulation. Proc Natl Acad Sci U S A. (2013) 110(11):4410–5. doi: 10.1073/pnas.1215927110

59. Wu Y, Xu H, Tu X, Gao Z. The role of short-chain fatty acids of gut Microbiota origin in hypertension. Front Microbiol. (2021) 12:730809. doi: 10.3389/fmicb.2021.730809

60. Kaye DM, Shihata WA, Jama HA, Tsyganov K, Ziemann M, Kiriazis H, et al. Deficiency of prebiotic fiber and insufficient signaling through gut metabolite-sensing receptors leads to cardiovascular disease. Circulation. (2020) 141(17):1393–403. doi: 10.1161/CIRCULATIONAHA.119.043081

61. Jakobsdottir G, Nyman M, Fåk F. Designing future prebiotic fiber to target metabolic syndrome. Nutrition (Burbank, Los Angeles County, Calif). (2014) 30(5):497–502. doi: 10.1016/j.nut.2013.08.013

62. Khalesi S, Sun J, Buys N, Jayasinghe R. Effect of probiotics on blood pressure: a systematic review and meta-analysis of randomized, controlled trials. Hypertension. (2014) 64(4):897–903. doi: 10.1161/HYPERTENSIONAHA.114.03469

63. Myint H, Kishi H, Iwahashi Y, Saburi W, Koike S, Kobayashi Y. Functional modulation of caecal fermentation and microbiota in rat by feeding bean husk as a dietary fibre supplement. Benef Microbes. (2018) 9(6):963–74. doi: 10.3920/BM2017.0174

64. Zhai X, Lin D, Zhao Y, Li W, Yang X. Effects of dietary fiber supplementation on fatty acid metabolism and intestinal Microbiota diversity in C57BL/6J mice fed with a high-fat diet. J Agric Food Chem. (2018) 66(48):12706–18. doi: 10.1021/acs.jafc.8b05036

65. Jama HA, Rhys-Jones D, Nakai M, Yao CK, Climie RE, Sata Y, et al. Prebiotic Intervention with HAMSAB in Untreated Essential Hypertensive Patients Assessed in a Phase II Randomized Trial. Melbourne, VIC, Au: Hypertension Research Laboratory, School of Biological Sciences, Faculty of Science, Monash University, Clayton, VIC, Australia;Department of Gastroenterology, Central Clinical School, Monash University (2023). p. 35–43. Vol.2(No.1)

66. Liska DJ, Dioum E, Chu Y, Mah E. Narrative review on the effects of oat and sprouted oat components on blood pressure. Nutrients. (2022) 14(22):4772. doi: 10.3390/nu14224772



OPS/images/fcvm-11-1410623-i001.jpg
treatment mz.

Prebiotics

Prevent
Probiotics,

Sympathetic
nerve acyivity

G t microbiota

IL-17

o/%w
THI17 axis

Proinflammatory @ ®
cytokines @ @ @

\

—— SVIOS

The

~ y angiotensin system
0

[

Vasoconstricion, water and sodium retention, ect

High salt intake
[
o

metabolites






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Unraveling the gut microbiota's role in salt-sensitive hypertension: current evidences and future directions

		1 Introduction



		2 Disturbance of intestinal microbiota and salt sensitivity of blood pressure



		3 Metabolites of the gut microbiota and blood pressure sensitivity to salt



		4 Gut microbiota regulates the TH17 axis and SSH



		5 The angiotensin system regulates gut microbiota metabolites and SSH



		6 Sympathetic nerve activity regulates the gut microbiota to affect compassionate neural network and SSH



		7 Gut microbiota prevents SSH



		8 Conclusion



		9 Limitation and future directions



		Author contributions



		Funding



		Acknowledgments



		Conflicts of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cardiovascular Medicine

Unraveling the gut microbiota’s role in
salt-sensitive hypertension: current
evidences and future directions









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





OPS/images/fcvm-11-1410623-t002.jpg
References Immune

cells

Receptor molecules

Cytokines

Norlander et al. (39) | Adaptive T lymphocytes - IL-6, IL-8, TNF-, IL-17A
immune cells
Dixon et al. (45) Antigen- Dendritic cells(CD11c", CDL1b™, | CD86, CD80, CD70, CD27, CD83 | TGE-f, IL-1p, IL-6, IL-23, IL-21, IL-17, IL-17A,
presenting cells, | CD45ROY, CD11c", CDI1b, IFN-, TNF-a, TGF-Bl, GM-CSF, IL-17F,
Adaptive CD45ROM),
immune cells | B cells,
Macrophages,
T cells(CD8")
Ferguson et al. (46) Antigen- Dendritic cells(CD11c"), CD86 IEN-y, IL-17A, IL-6, IL-17, IL-1B.
presenting cells, | T cells(CD45", CD3*, CD8", CD4"),
Adaptive Monocyte/Macrophages(F4/80°)
immune cells | B cells(CD19°),
Kambayashi and Antigen- Dendritic cells, CD80, CD86, CD4, CD40, CD401 | IL-4, IFN-y, GM-CSF, IL-3, SCF, IL-9, IL-12,
Laufer (47) presenting cells, | T cells(CD4") IL-12R
Adaptive

immune cells

Saleem et al. (48) Antigen- T cells(Th17, CD45", CD3', CD4", | CD14, Ly96, TLR4, CD28, CD80, | IL-6, TNF-0s IL-1p, IL-174, IL-18, IL-10, IFN-,
presenting cells, | CDS8"), CD86, CD4, CD8 21
Adaptive Dendritic cells(CD11c"),
immune cells B cell,
Monocyte/Macrophages
Lee et al. (49) Adaptive T cells(CD4", Th17) CD25, IL23R IL17A, IL-10, IL-23
immune cells
Ren and Crowley (50) | Antigen- T cells(CD4", CD8", Thl7, CD25") | CD4, CD8, CD27, CD44, CD62, | TNF-os IFN-y, IL-2, IL-4, IL'5, IL9, IL-13, IL-17,
presenting cells, | Dendritic cells CD70, CD80, CD86, CD109, IL-21, IL-22, IL-35, TGF-B1, IL-10, IL-17A, IL-6,
Adaptive cp2s IL-1BTNF-a
immune cells
Wilck et al. (13) Adaptive Dendritic cells, IL-17A, IFN-y, TNF-a,
immune cells | T cells(Th17, CD4", RORyt", CD25,

Foxp3")

IL. interleukin; TNF, tumor necrosis factor;
information provided in the studies.

IFN, interferon; TGF, transforming growth factor; GM-CSF,

factor; -, no relevant






OPS/images/fcvm-11-1410623-t001.jpg
References

Genus

Wilck et al. (13) Firmicutes, Bacteroidia, Lactobacillales, | Lactobacillaceae, Lactobacillus,
Escherichia coli,
Bacteroidota, Prevotellaceae, Oscillibacter,
Clostridium XIVa,
Johnsonella,
Rothia,
Parasutterella,
Pseudoflavonifractor,
Clostridia,
Akkermansia,
Alistipes
Chakraborty et al. (18) | Firmicutes, Bacteroidia, Bacteroidales, | Lachnospiraceae, Lactobacillus,
i L Sutterella,
Actinobacteria Clostridiales, Sutterellacea Prevotella,
Actinomycetales | Veillonellaceae, Paraprevotella,
Clostridiaceae, Turicibacter,
Helicobacteriaceae, Allobaculum,
Erysipelotrichaceae, Anaerostipes
Ruminococcaceae,
Actinomycetaceae
Miranda et al. (19) Firmicutes Clostridia Clostridiales, Lachnospiraceae, Lactobacillus,
Oscillospirales, | Erysipelotrichaceae, Blautia,
Lactobacillales | Ruminococcaceae Bifidobacterium,
Turicibacter,
Oscillospira
Bier et al. (20) Firmicutes Clostridia cl Erwinia,
Anaerofustis,
Anaerostipes
Abais-Battad et al. (21) | Firmicutes, Clostridia Bacteroidales Erysipelotrichaceae, Parabacteroides gordoni,
Bacteroidota Desulfovibrionaceae Streptococeus alactolyticus,
‘Wang et al. (22) Firmicutes, Bacteroidia, Bacteroidales, Ruminococcaceae, Ruminococcus,
i L L Lactobacillus,
Verrucomicrobia, Enterobacteriales, | Erysipelotrichaceae, Bacteroidales 5247,
Actinobacteria, Actinomycetales | Actinomycetaceae, Alistipes,
Proteobacteria Lachnospiraceae NK4A136,
Faecalibaculum,
Bifidobacterium,
Akkermansia,
Rikenellaceae RC9,
Ruminococcaceae UCG-014
Chen et al. (23) Firmicutes, Bacteroidia, = Enterobacteriaceae, Lactobacillus,
Bacteroidota, Deltaproteobacteria Sphaerochaeta, Proteobacteria,
Proteobacteria Ruminococcaceae, Alistipes,
Rikenellaceae, Wolbachia,
Desulfovibrionaceae, Ruminiclostridium_6,
Desulfovibrio,
Anaeroplasma,
Fusobacterium,
Klebsiella,
Sphaerochaeta,

Ruminococcaceae UCG-014

no relevant information provided in the studies.





