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Abstract: The purpose of this scoping review was to provide a comprehensive under-
standing of the current knowledge concerning the gut microbiome and SCFAs as emerging
treatments for salt-sensitive hypertension. Relevant animal and human studies were iden-
tified via PubMed through August 2024. Twenty-four human (n = 9) and animal (1 = 15)
trials were included. Most human studies were observational (1 = 6), aiming to compare
gut microbiota differences between hypertensive and normotensive individuals. Three
human studies evaluated microbiome-based interventions either via a sodium-restricted
diet (n = 2) or prebiotic supplementation (n = 1). Fifteen animal trials involving either mice
or rats were identified, all of which were interventional. These included dietary changes
(n =9), probiotic treatments (1 = 1), postbiotic primarily bacterial metabolites (n = 4), and
live biotherapeutic products (n = 4). All interventions were effective in decreasing blood
pressure. Microbiome-based therapies as biologic modifiers for salt-sensitive hypertension
are emerging. Substantial knowledge gaps remain, warranting further research to fully
explore this promising therapeutic avenue.

Keywords: microbiota; live biotherapeutic products; probiotics; prebiotics; postbiotics;
cardiovascular disease

1. Background

Hypertension (HTN) is a significant public health concern, affecting nearly half of
USA adults and contributing to over 124,000 deaths annually, highlighting its substantial
impact on the nation’s disease burden [1]. HTN is a complex disease influenced by both
genetic and environmental factors. Among the environmental factors, high dietary salt
(HDS) intake is recognized as a major contributor to elevated blood pressure (BP) [2].
Approximately 50-75% of individuals with HTN exhibit salt sensitivity, characterized
by a rise in BP of 10 mm Hg or more in response to excessive dietary salt intake [3-5].
This makes it one of the most common clinical HTN phenotypes. Additionally, it is
emphasized that there is a subgroup of patients who are particularly responsive to dietary
and microbiome-targeted interventions [6,7]. Initially, two primary mechanisms were
proposed to explain salt-sensitive HTN: renal dysfunction and vascular dysregulation [3].
However, gut dysbiosis, defined as an imbalance in the gut microbiota or its metabolites,
may also affect salt-sensitive HTN [8]. For example, germ-free mice given fecal microbiota
transplantation (FMT) from hypertensive patients exhibited gut dysbiosis and elevated
BP [9]. The gut microbiome is a complex ecosystem of microorganisms that contributes to
overall health, including the regulation of BP [4,8]. One key function of the gut microbiome
is the production of short-chain fatty acids (SCFAs), metabolic byproducts that are essential
for human health [4,8]. The human body has approximately 17 enzymes dedicated to
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digesting dietary fibers into SCFAs, whereas the gut microbiome harbors thousands of
enzymes capable of fermenting these complex resistant starches [10]. From this fiber
fermentation process, SCFAs such as acetate, butyrate, and propionate are produced in
the gut lumen [11,12]. SCFAs can be systemically absorbed and exert effects through G-
protein-coupled receptors (GPCRs), notably Gpr41/FFAR3 and Olfr78/OR51E2, which are
abundantly expressed in vascular endothelial cells and the juxtaglomerular complex and
play a critical role in regulating BP [13].

Disruptions in the balance of the gut microbiome and SCFA production can result in
HTN development by altering these BP regulation mechanisms [14]. Understanding the
biological effect of the gut microbiome and SCFAs’ interplay on salt-sensitive HTN can offer
insights into the mechanisms underlying salt-sensitive HTN and endothelial dysfunction.
This scoping review aimed to explore the existing research on salt-sensitive HTN and the
gut microbiome with a particular focus on emerging therapies. By synthesizing the current
knowledge, this review will inform future studies and explore the potential of targeting
the gut microbiome composition and its metabolites as a novel therapeutic approach to
managing HTN.

2. Methods

This scoping review was conducted following the JBI methodology to map and synthe-
size current research on the relationship between salt-sensitive HTN, the gut microbiome,
and SCFAs [15]. The goal of this scoping review was to identify existing research exploring
the impact of the gut microbiome or SCFAs on the pathophysiology of salt-sensitive HTN.
We developed our search strategy to answer the following questions: (i) Which animal or
human experimental models have investigated salt-sensitive HTN and the gut microbiome
or SCFAs? (ii) Which interventions have been assessed?

A search was conducted on PubMed for articles through August 2024 using the
keywords “microbiome” and “hypertension”. All study designs (animal and human)
investigating the relationship between the gut microbiome and salt-sensitive HTN in
animal and human models were included. Studies evaluating alternative etiologies, review
articles, and non-English studies were excluded. The bibliographies of selected articles were
screened for relevant primary studies. Prior to screening, study duplicates were manually
removed. Two reviewers (AH and ASM) independently screened the titles and abstracts of
the collected articles to identify those meeting the inclusion criteria. The full texts of articles
meeting the inclusion criteria were screened by the same investigators (AH and ASM).
Discrepancies between the two reviewers were resolved by a third investigator (KWG or
EMW). For human trials, the extracted data included the study design types, population
studied, type of intervention, effect on BP, microbiome, and SCFA results. For animal
studies, the data extracted included the population studied, type of intervention, effect on
BP, microbiome, and SCFA results. Treatments were categorized as dietary interventions,
prebiotics (non-digestible food ingredient that stimulates the growth of colonic bacteria),
probiotics (microorganisms that confer a health benefit when given in the appropriate
amount), postbiotics (bioactive compounds produced by gut microorganisms), or live
biotherapeutic products (biologic medicinal products with live microorganisms as active
substances) [16-18].

3. Results

The search yielded 2071 studies, with an additional 255 studies found through back-
ward reference screening. After removing duplicates, 1300 articles remained for title and
abstract screening. Among these, 48 articles examined the relationship between the gut
microbiome or SCFA and salt-sensitive HTN. Following a full-text review, 24 studies met
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the eligibility criteria, including 9 human trials and 15 animal studies. A detailed summary
of the search results and study selection process is presented in Figure 1.
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Figure 1. Study selection flow diagram. * Review studies’ bibliographies were screened for relevant
primary studies.

3.1. Human Studies

Nine human trials, all involving adult populations, were identified (Table 1). Most
studies (1 = 6) were observational, with the primary objective of demonstrating microbiota
differences between hypertensive patients and healthy controls. Hypertensive patients
consistently exhibited reduced bacterial diversity, while normotensive individuals were
enriched with fiber-metabolizing bacteria associated with butyrate production [19,20]. One
study identified an epidemiologic link between high salt intake and increased BP that
was correlated with the bacterial genus Prevotella, being more prevalent in hypertensive
patients [21]. Three studies evaluated microbiome-targeted interventions, including a
sodium-restricted diet (n = 2) and prebiotic supplementation (n = 1) [6,7,20]. A phase I
trial in healthy male volunteers revealed that a 2-week HSD elevated BP and decreased
gut Lactobacillus species survival [6]. A sodium-restricted diet in untreated hypertensive
patients reduced BP, especially in females, and increased the systemic SCFA concentra-
tions [7]. Finally, a randomized crossover trial demonstrated that supplementation with
acetylated and butyrylated high-amylose maize starch (HAMSAB) lowered BP, elevated
the systemic acetate and butyrate levels, and increased the abundance of Bacteroides and Ru-
minococcus [20]. These findings collectively highlight the potential of dietary interventions,
such as sodium restriction and prebiotic supplementation, to modulate the gut microbiome
and improve BP outcomes.
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Table 1. Human trials investigating salt-sensitive hypertension and the microbiome.
HIN SCFA Gut Microbiome
Stud Desien N Population (1) ** Treatment Intervention, Results with Results Results
y & P Category Duration Intervention Associated Associated with
with HTN HTN
. RCT (phase 3) Overweight/
Tilves C secondary 111 obese cancer NA NA NA Lower fecal NA
etal. [14] . . butyrate
analysis survivors
Prospective V(Ellflilttehe};s Decreased Bac-
Lietal [9] P 196 ! NA NA NA NA teroides /increased
cohort pHTN, untreated
HTN Prevotella
Ferguson Prospective Healthy Higher BP
etal. [21] cohort 135 volunteers NA NA with HSD Increased Prevotella
Yang et al Prospective Healthy Reduction in
[gz] ’ coliort 17 volunteers and NA NA NA NA bacterial richness
treated HTN and diversity
Decreased
Kim et al Prospective Healthy Lower butyrate-
[19] ’ 1;1 " 40 volunteers and NA NA NA plasma producing bacteria,
cono treated HTN butyrate including
Eubacterium rectale
. . Healthy Different gut
Walejko Prospective 52 volunteers and NA NA NA NA microbiota
etal. [23] cohort
HTN taxonomy
Wilck et al. rancll\(l)ﬁi_ze d 12 Healthy male rz(s)g'lit:ltrz c_l HSD, 2 Isngéejvsi:ﬁ NA Decreased
[6] study (phase 1) volunteers diet weeks HSD Lactobacillus
Chen et al RCT (phase 3) Sodium- Decreased Lower
’ secondar 145 Untreated HTN restricted LSD, 6 weeks  BP with LSD lasma NA
171 Yy 1%
analysis diet o SCFAs
" Decreased
Jama et al RCT (phase 2) HAMSAB Decreased lasma Decreased
' p ! 20 Untreated HTN Prebiotic vs. placebo, SBP with p Parabacteroides and
P
[20] crossover - acetate and .
3 weeks prebiotic butyrate Ruminococcus

* HAMSARB: Prebiotic acetylated and butyrylated high-amylose maize starch supp. ** All studies were in adults
>18 years. BP: blood pressure; HTN: hypertension; HSD: high-salt diet; LSD: low-salt diet; NA: not applicable;
PHTN: pre-hypertension; RCT: randomized controlled trial; SBP: systolic blood pressure; SCFA: short-chain fatty
acid. *** Effect larger in females.

3.2. Animal Studies

Fifteen animal trials involving either mice or rats were identified (Table 2). Specific
pathogen-free conditions were maintained throughout all animal experiments. All studies
were interventional and included one or more interventions, including dietary interven-
tions (n = 9), probiotic treatments (n = 1), postbiotic bacterial metabolite administration
(n = 4), and live biotherapeutic products (n = 4). Dietary interventions primarily in-
volved salt restriction (n = 3) or dietary fiber supplementation (1 = 4). All interventions
were effective in decreasing BP. Notably, FMT was utilized by all live biotherapeutic
product trials. FMT from salt-sensitive hypertensive donors consistently increased BP
in recipient controls, except in one study by Mell et al., where FMT from salt-resistant
rats further exacerbated HTN and elevated plasma acetate in salt-sensitive rats on a
HSD [24]. Another study found increased fecal acetate and propionate levels in rats fed an
HSD [25]. Microbiome changes were examined in 14 studies, highlighting potential protec-
tive roles for Bacteroides, Parabacteroides, Lactobacillus, Bifidobacterium, and Akkermansia in 8 of
14 (57%) trials. These findings underscore the potential of microbiome-targeted interven-
tions, including dietary modifications and FMT, in mitigating salt-sensitive HTN and
promoting gut microbial resilience.
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Table 2. Animal trials investigating salt-sensitive hypertension and the microbiome *.
Treatment HTN SCFA Microbiome
Author Population Intervention  Results with  Results with Results with
Category . . .
Intervention Intervention Intervention
P .
Wilcketal. —\p o pyp/n  Dietary HSD Increased BP NA Decreased
[6] intervention Lactobacillus
Increased Unique taxa
Bier etal. Rats, Déhl . D1etary HSD Increased BP fecal z.;lcetate, associated with
[25] salt-sensitive intervention propionate, . A
: increased BP
isobutyrate
Chakraborty . Increased BP Microbiota
etal,2020 ~ Rats,Dahl - Dietary HSD in a diurnal NA changed in a
salt-sensitive intervention .
[26] manner diurnal manner
Decreased
Chenetal. Rats, Sprague- Dietary HSD with Firmicutes to
[27] Dawley intervention fructose Increased BP NA Bacteroidetes
ratio
. Grain diet
* Abais- .
Battadet Rats, Dghl ' D1etary HSD V.S. attenuated NA NA
salt-sensitive intervention grain diet HSD-BP
et al. [28] .
increase
Mice, C57BI/6 . . . Increased acetate-
* 4 _
Marques DOCA-salt . D1etary ngh fiber Decreased BP NA producing
etal. [29] intervention diet .
model Bacteroides
Komatsu Rats, Dahl Dietar
salt-sensitive, . Y Inulin Decreased BP NA NA
et al. [30] intervention
obese
Zhang etal. Mice, C57BI/6 Dietary Increased
[31] fed HSD intervention Lactulose Decreased BP NA Bifidobacterium
1,3
Chakraborty Rats, Dahl Dietar butanediol inde nggént of
etal., 2018.  salt-sensitive . Y (nutritional ~ Decreased BP NA pend
intervention microbiota
[32] fed HSD supple-
changes
ment)
*Wilck etal. Mice, FVB/N . Lactobacillus
[6] fed HSD Probiotic murinus Decreased BP NA NA
* Marques Mice, C57B1/6 Increj(?:licai;etate-
! DOCA-salt Postbiotic Acetate Decreased BP NA P ng
etal. [29] Bacteroides
model qir s
acidifaciens
Kim et al Mice, C57B16, Increased
[19] ' infused with Postbiotic Butyrate Decreased BP NA Akkermansia
angiotensin II muciniphila
Mice, Increased
Zhu etal. C57BL/6J fed Postbiotic Chlorqgemc Decreased BP NA Parabacteroides
[33] HSD with acid }
and Klebsiella
fructose
. Mice, Vitamin K
LiuTH et al. C57BL/67 fed Postbiotic supplemen-  Decreased BP NA Incregsed
[34] . Dubosiella
HSD tation
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Table 2. Cont.
Treatment HTN SCFA Microbiome
Author Population Intervention Results with Results with Results with
Category . . .
Intervention Intervention Intervention
FMT from Decreased
* Abais- Rats. Dahl Live biothera-  hyperten- Erysipelotrichaceae
Battadet al. salt—sénsitive peutic sive rat to Increased BP NA and
[28] product high-grain Parabacteroides
diet rat gordonii
Mice Live biothera- I;MTeﬁ(e)Ir:}
Lietal. [9] ! peutic P Increased BP NA NA
germ-free sive human
product .
patients
Rats, cases: FM;{:_Om
Mell et al. Dahl. . Live blo’Fhera- resistant rat Increased Decreased
salt-sensitive; peutic Increase BP plasma .
[24] to salt- Veillonellaceae
control: Dahl product o acetate
salt-resistant sensitive rat
fed HSD
Yan et al. Rats, Wistar, Live blo’Fhera- FMT from Redpced .
peutic hyperten- Increased BP NA Bacteroides with
[35] fed HSD ) )
product sive rats increased BP

* Studies with multiple interventions. ~ Pseudomonadales order, Christensenellaceae, Barnesiellaceae, Eubacteriaceae
families, Erwinia and Anaerofustis genus, and anaerostipes genera. BP: blood pressure; DOCA: deoxycorticosteroine
acetate; FMT: fecal microbiota transplant; HSD: high-salt diet.

4. Discussion

This review offers insights into the interaction between diet, the gut microbiome, SCFA
levels, and changes in BP. Several microbiome-based therapeutics were identified, with
only a few having progressed to human trials. A HSD was consistently associated with gut
dysbiosis and the subsequent exacerbation of salt-sensitive HTN, while a high-fiber diet and
elevated the SCFA plasma levels attenuated the elevated BP response. Salt-induced gut dys-
biosis was characterized by the depletion of beneficial bacteria (Lactobacillus, Bifidobacterium,
and Bacteroidetes) and increased Prevotella. This is thought to activate proinflammatory
pathways and contribute to persistent HTN [6,21,31,35]. Notably, Lactobacillus and Bifi-
dobacterium are involved in the metabolism of fecal tryptophan into indole derivatives,
which have been shown to reduce inflammation and BP [6,31]. Furthermore, a lack of
butyrate-producing bacteria has been associated with colonic inflammation, an impaired
gut epithelium, and elevated SBP, which can be normalized by butyrate or fiber supple-
mentation [19,20].

Another mechanism involves HSD-induced endothelial dysfunction [7,34]. Liu et al.
demonstrated that a HSD significantly elevated the plasma endothelin-1 levels and de-
creased nitric oxide in wild-type mice, compared to those on a standard-salt diet, leading to
a marked increase in BP [34]. Dietary fibers, such as resistant starch, function as prebiotics
and undergo fermentation by commensal bacteria in the large intestine. This fermentation
process generates SCFAs, which have been shown to possess antihypertensive proper-
ties [13,20]. A high-fiber diet increases the abundance of SCFA-producing bacteria and
elevates the SCFA plasma levels, potentially mitigating salt-sensitive HTN [12,20,28,29].
Acetate, butyrate, and propionate are the most abundant and well-characterized SCFAs that
act systemically on GPCRs, such as Gpr41 and Olfr78 [13]. Gpr41, located in the vascular
endothelium, exerts a direct vasodilatory effect, and Olfr78, expressed in the juxtaglomeru-
lar cells of the afferent arteriole, stimulates renin release, leading to increased BP [36,37].
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Although these two receptors exert contrasting physiological responses to the same stimuli,
the varying binding affinities between SCFAs and these receptors create a negative feedback
loop, maintaining homeostasis and preventing significant fluctuations in BP (Figure 2) [38].
Both of these mechanisms appear to be amenable to therapeutic interventions.
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Figure 2. Tllustration of the conversion of indigestible fiber into short-chain fatty acids and subsequent
systemic impact via G-protein-coupled receptors. Straight arrow (Blue) indicates direct activation.
Dashed arrow (Brown) indicates negative feedback loop.

This review identified key gaps in the literature regarding the relationship between
dysbiosis and salt-sensitive HTN. Most of the available data are derived from animal
models, and human studies are urgently needed to move the field forward. Most human
studies were observational, non-interventional, or limited by small sample sizes. In contrast,
numerous animal studies have demonstrated promising microbiome-targeted interventions,
such as salt-restricted diets and fiber supplementation, which are considered safe and could
rapidly transition to clinical trials. Larger, interventional studies specifically designed to
address targeted research questions are necessary.

Human and animal studies indicate that SCFAs play a key role in linking gut dysbiosis
to HTN [7,12,20,29]. Dietary fibers are a key modulator, enabling the targeted manipula-
tion of the gut microbial composition to enhance SCFA production profiles, potentially
addressing different HTN etiologies [39]. However, a critical gap remains in understanding
how specific bacterial taxa influence SCFA production and BP regulation. Identifying
SCFA-producing bacteria and their response to diet could lead to further microbiota-based
interventions for HTN. This has been shown in an animal model, but further data in
humans are required. Data directly assessing the impact of antibiotics on the gut micro-
biome and BP control in salt-sensitive HTN are lacking. Interestingly, a prospective, pilot,
open-label study demonstrated that minocycline reduced BP in high-risk patients with
resistant HTN and decreased neuroinflammation [40]. Yang et al. reported that a 4-week
minocycline regimen restored BP control (p < 0.01) and decreased the F/B ratio (p < 0.01) in
angiotensin Il-infused rats [22]. The validation of these findings in patients with HTN is
needed. Finally, while this review suggests that gut dysbiosis can affect BP regulation, data
from hypertensive rat models challenge the direction of this relationship. Reciprocal FMT
experiments between spontaneously hypertensive rats (SHR) and wild-type rats imply that
the host’s uncontrolled BP might influence the gut microbiome more than the microbiome
affects BP [41]. Nevertheless, these studies did not find significant changes in gut function,
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as measured by SCFAs, between the two groups. This complicates our understanding of
the microbiome’s role in these experiments.

In summary, this review highlights the link between diet, gut dysbiosis, and salt-
sensitive HTN. Dietary fibers and SCFAs may have protective effects. Most evidence comes
from animal studies, and limited human research supports these findings, highlighting the
need for larger, well-designed human trials. Furthermore, a better understanding of how
antibiotics affect gut imbalances and BP regulation in salt-sensitive HTN is needed.

Figure 2 provides an illustration of the conversion of indigestible fiber into short-
chain fatty acids and the subsequent systemic impact via G-protein-coupled receptors.
Indigestible fibers are fermented by the gut microbiome and are metabolized into short-
chain fatty acids (SCFAs) such as acetate, butyrate, and propionate. These primary SCFAs
then traverse the gut epithelium and enter the circulation, interacting with G-protein-
coupled receptors GPR41/FFAR3 in the vascular endothelial cells, promoting vasodilation
and reducing the blood pressure. Acetate and propionate also interact with Olfr78/OR51E2
receptors in the juxtaglomerular complex of the kidneys, but with lower potency, to create
a negative feedback loop by increasing the renin and angiotensin II levels, which in turn
elevates the blood pressure.
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