& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

EDITED BY
Soumyadev Sarkar,
Arizona State University, United States

REVIEWED BY

Mohsan Ullah Goraya,

Huagiao University, China

Zhi Feng Ning,

Hubei University of Science and Technology,
China

*CORRESPONDENCE
Yongluan Lin
linbruce@126.com

"These authors have contributed
equally to this work and share
first authorship

RECEIVED 02 July 2025
ACCEPTED 08 September 2025
PUBLISHED 25 September 2025

CITATION

Su S, Ni X and Lin Y (2025) The oral-gut
microbiota axis in cardiovascular diseases:
mechanisms, therapeutic targets, and
translational challenges.

Front. Cell. Infect. Microbiol. 15:1658502.
doi: 10.3389/fcimb.2025.1658502

COPYRIGHT

© 2025 Su, Ni and Lin. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology

TYPE Review
PUBLISHED 25 September 2025
D01 10.3389/fcimb.2025.1658502

The oral-gut microbiota axis

In cardiovascular diseases:
mechanisms, therapeutic targets,
and translational challenges
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The oral-gut microbiota axis, a newly recognized regulatory system, has
emerged as a pivotal factor in the development of cardiovascular diseases
(CVDs). This review comprehensively synthesizes the latest evidence on how
the dysbiosis of oral and gut microbiota, along with their metabolic and
immunological cross-talk, contributes to CVD pathogenesis, including
atherosclerosis, hypertension, and heart failure. We highlight the novel
“microbiota-metabolism-immunity“tri-dimensional regulatory network and
explore innovative therapeutic strategies, such as precision microbiome
modulation and non-invasive biomarker development. By bridging the gap
between basic research and clinical translation, this review provides new
insights into preventing and treating CVDs through targeting the oral-gut axis.
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1 Introduction

Cardiovascular diseases (CVDs) remain the predominant global cause of mortality,
contributing to approximately 32% of all fatalities (World Health Organization (WHO)).
Traditional risk factors, such as smoking, hypertension, and hyperlipidemia, have been
well-established; however, the role of the microbiota in CVD development has gained
increasing attention in recent years. The concept of the “oral-gut microbiota axis,” defined
by Liu et al. in 2025 (Xu et al, 2025), describes a trans-organ regulatory system
interconnected by microbial translocation, metabolic cross-talk, and immune signaling.

Previous studies primarily focused on the association between periodontitis and CVDs,
overlooking the complex interplay between oral and gut microbiota. For instance, a large-
scale cohort study from the CoLaus|PsyCoLaus project (N = 3459) revealed that antibodies
against Fusobacterium nucleatum, a common oral pathogen, were significantly associated
with an increased risk of cardiovascular events (Hodel et al., 2023). A meta-analysis study
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containing 31 studies comprising of 11,132 human samples from
2008 to 2022 reported that dysbiosis of phyla Proteobacteria,
Firmicutes, and Bacteroidetes in blood circulation which could be
colonized in the gastrointestinal tract, was associated with cardio-
metabolic diseases (Goraya et al., 2022; Ullah Goraya et al,, 2023).
Besides, a cross-sectional and a 6-month follow-up study to analyze
the roles of oral and gut microbiota in hypertension discovered that
Ectopic colonization of saliva-derived Veillonella in the gut might
aggravate hypertension (Chen et al., 2023). Thess evidences
underscored the urgency of exploring the oral-gut axis as a
potential therapeutic target for CVDs.

2 The oral and gut microbiota:
composition and functional crosstalk

2.1 Oral microbiota landscape

The oral cavity, composed of the anterior lip, the lateral cheek, the
floor of the inferior mouth, the posterior oropharynx, the superior
palate and characterized by its unique microenvironment with
varying pH levels, oxygen concentrations, and nutrient availability,
harbors a highly diverse microbial community (Madani et al., 2014).
Metagenomic studies have identified over 700 species, with
Firmicutes and Bacteroidetes constituting the dominant phyla
(Schamarek et al, 2023). Among them, Streptococcus spp. within
Firmicutes are often found in the early stages of dental plaque
formation, adhering to tooth surfaces through surface proteins and
polysaccharides, forming a biofilm that provides a protective niche
for other bacteria (Nobbs et al., 2009). By contrast, Prevotella spp.
from the Bacteroidetes phylum exhibit higher prevalence in
periodontal pockets and are strongly contributed to the
exacerbation of periodontal diseases (Ge et al., 2013).

Pathogenic species like Porphyromonas gingivalis play a critical
role in oral dysbiosis. This anaerobic bacterium secretes virulence
factors, such as gingipains, which are cysteine proteases. Gingipains
degrade various components of the oral epithelial barrier, including
collagen, fibronectin, and laminin, weakening the tissue integrity
(Jayaprakash et al., 2014). Additionally, they can cleave host
cytokines and chemokines, modulating the local immune
response to facilitate bacterial survival and invasion. It was
demonstrated in a 2019 study that salivary Porphyromonas
gingivalis abundance is associated with the onset and severity of
periodontitis (Damgaard et al., 2019).

2.2 Gut microbiota architecture

The gut microbiota exhibits significant spatial heterogeneity
along the gastrointestinal tract. In the ileum, due to faster transit
time and higher oxygen levels, microbial density is lower, and the
community structure differs markedly from that of the colon.
Certain Firmicutes species are present in the ileum; however, in
the colon, anaerobic Firmicutes efficiently ferment complex
carbohydrates into short-chain fatty acids (SCFAs) like butyrate.
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Butyrate serves as a primary energy source for colonic epithelial
cells and possesses anti-inflammatory properties. In contrast, the
colon, characterized by slower transit and an anaerobic
environment, harbors a higher microbial density dominated by
Firmicutes and Bacteroidetes. Bacteroidetes species excel at
degrading dietary fibers that resist digestion in the upper
gastrointestinal tract, producing SCFAs and other metabolites
(Zhang et al., 2014; Zhang et al., 2018; Martinez-Guryn et al., 2019).

Studies have shown that the composition of the gut microbiota is
closely associated with host metabolism. In metabolic disorders such
as obesity, gut microbial diversity is often reduced, and the relative
abundance of certain bacterial groups is altered. Early research
suggested that the ratio of Firmicutes to Bacteroidetes may be
elevated in obese individuals, potentially reflecting an increased
capacity to extract energy from the diet (Ley et al., 2006). However,
subsequent studies have questioned the consistency of this ratio as a
reliable biomarker for obesity, as it is significantly influenced by
factors such as diet, ethnicity, and lifestyle (Sze and Schloss, 2016;
Magne et al, 2020). As a result, current research increasingly
emphasizes the functional characteristics of the gut microbiota and
the associated metabolic pathways, rather than relying solely on
specific taxonomic ratios to assess metabolic health.

One of the most well-studied gut microbiota-derived metabolites
in the context of cardiovascular diseases is trimethylamine N-oxide
(TMAO). Gut microbes can convert dietary phosphatidylcholine,
choline, and L-carnitine into trimethylamine (TMA), which is then
absorbed into the bloodstream and oxidized in the liver by the
enzyme flavin-containing monooxygenase 3 (FMO3) to form
TMAO. Multiple prospective cohort studies have shown that
elevated TMAO levels are significantly associated with an increased
risk of cardiovascular events, including myocardial infarction, stroke,
and cardiovascular death (Koeth et al., 2013; Schiattarella et al., 2017).
A meta-analysis further revealed that for each 1 pmol/L increase in
TMAO concentration, the risk of cardiovascular events rises by
approximately 23% (Tang et al,, 2013). Mechanistic studies suggest
that TMAO promotes the development and progression of
atherosclerosis by enhancing macrophage cholesterol uptake,
inhibiting cholesterol efflux, and inducing endothelial dysfunction.

2.3 Cross-talk mechanisms between oral
and gut microbiota

2.3.1 Microbial translocation

Recent research has made significant progress in elucidating the
mechanisms by which oral bacteria translocate to the gut. A study
published in Gut Microbes in 2024 demonstrated that oral
pathobiont Klebsiella spp. can specifically adhere to inflamed
intestinal mucosa via chaperone-usher pili (CUP), a surface
protein structure (Guo et al., 2024). During conditions such as
inflammatory bowel disease or after antibiotic treatment, the
intestinal epithelial barrier becomes more permeable, allowing
oral bacteria swallowed during normal digestion to cross the
compromised barrier and colonize the gut lumen. Once
established, these oral bacteria can disrupt the gut microbial
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balance, leading to a reduction in beneficial short-chain fatty acid
(SCFA)-producing bacteria and an increase in pro-inflammatory
cytokines. This imbalance may promote the translocation of
bacterial lipopolysaccharides (LPS) into the bloodstream,
triggering systemic inflammatory responses (Apoorva, 2020; Guo
et al., 2024).

2.3.2 Metabolic cross-feeding

There may be a metabolic cross-feeding relationship between
the oral and gut microbiota. Although direct evidence is currently
lacking to confirm a significant positive correlation between salivary
lactate produced by oral lactic acid bacteria and fecal short-chain
fatty acids (SCFAs) synthesized by gut bacteria, existing studies
have shown that lactic acid bacteria can influence the composition
and metabolic activity of the gut microbiota (Li et al., 2024). Lactic
acid bacteria ferment dietary carbohydrates into lactate, which can
be further metabolized by certain gut bacteria—such as Veillonella
and Bacteroides—into acetate and propionate. Propionate has been
demonstrated to modulate host energy metabolism and
inflammation by activating G protein-coupled receptors (e.g.,
GPR41 and GPR43) on immune cells, thereby inhibiting the NF-
KB signaling pathway and reducing the production of pro-
inflammatory cytokines (Akhtar et al., 2022). In addition,
propionate can stimulate the secretion of glucagon-like peptide-1
(GLP-1) from intestinal endocrine cells, contributing to improved
glucose homeostasis and potentially protecting cardiovascular
health by reducing insulin resistance (Kimura et al., 2011).

Notably, recent research has begun to reveal the unique role of
gut fungi in the metabolism-inflammation axis. Cross-kingdom
interactions between fungi and bacteria also show potential
synergistic pathogenic mechanisms. For instance, when Candida
albicans and Streptococcus mutans coexist in dental plaque biofilms,
they enhance biofilm structural stability and pro-inflammatory
capacity (Falsetta et al., 2014; Ellepola et al., 2019). This “fungus-
bacterium interaction” mechanism has recently been proposed as a
potential new driver of inflammatory diseases, including
cardiovascular conditions. Therefore, exploring the metabolic
cross-feeding and inflammatory synergy between fungi and
bacteria within oral and gut ecosystems may provide new insights
into the pathogenesis of systemic metabolic diseases.

3 The oral-gut axis in cardiovascular
pathogenesis

3.1 Atherosclerosis: from plaque initiation
to instability

The Oral-Gut Microbiota Axis Plays a Pivotal Role in Multiple
Stages of Atherosclerosis, Including Plaque Formation, Cholesterol
Metabolism Disorders, and Plaque Instability Leading to Thrombosis.

3.1.1 Plaque formation and immune activation
In the early stages of the disease, oral pathogens such as
Porphyromonas gingivalis and Fusobacterium nucleatum may be
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swallowed through the oropharynx and enter the gut, where they
disrupt the balance of the gut microbiota. For instance, colonization
by F. nucleatum has been associated with a reduction in
Lactobacillus populations (Xie et al., 2024), accompanied by
decreased levels of anti-inflammatory cytokines (e.g., IL-10)
(Zhao et al, 2019) and increased levels of pro-inflammatory
cytokines (e.g., IL-17, TNF-a) (Chen et al,, 2015; Gebremariam
et al, 2019). IL-17 can activate vascular endothelial cells and
upregulate the expression of VCAM-1 and ICAM-1, thereby
promoting immune cell adhesion and migration to the vessel
wall, creating a pro-inflammatory environment conducive to
plaque formation (Mai et al., 2016). Notably, recent studies have
provided direct evidence of oral pathogens in atherosclerotic tissue.
In 2017, J-L C Mougeot and colleagues used 16S rRNA gene-based
metagenomic analysis to identify 230 species of oral microbiota
within atherosclerotic plaques, with P. gingivalis being the most
abundant (Mougeot et al., 2017). This supports a potential causal
relationship between oral infections, atherosclerosis, and
cardiovascular events.

3.1.2 Cholesterol metabolism disorders

The oral-gut microbiota axis also plays a crucial role in
cholesterol metabolism. Trimethylamine-N-oxide (TMAO), a
metabolite produced by gut bacteria from dietary choline and
carnitine, has been closely linked to atherosclerosis. Studies have
shown that TMAO can inhibit the expression of cholesterol
transporters ABCA1 and ABCGI in macrophages, reducing
cholesterol efflux and leading to intracellular cholesterol
accumulation and foam cell formation—a hallmark of
atherosclerotic plaques (Luo et al, 2024). Additionally, TMAO
can activate the TLR4/NF-kB signaling pathway, thereby
promoting inflammatory responses and accelerating
atherosclerosis progression (Hakhamaneshi et al., 2021).
Interestingly, oral bacteria such as Prevotella and Fusobacterium
are also capable of producing TMA, suggesting that the oral
microbiome may indirectly contribute to atherosclerosis by
influencing TMAO production (Nakajima et al., 2015).

3.1.3 Plaque instability and thrombosis

In the later stages of atherosclerosis, the oral-gut microbiota
axis may contribute to plaque instability and thrombosis through
systemic inflammation and metabolic disruption. Chronic
periodontitis can lead to oral pathogens such as P. gingivalis, or
its virulence factors (e.g., lipopolysaccharide [LPS] and gingipains),
being swallowed into the gut, where they disrupt the microbial
ecology. Studies have shown that such dysbiosis increases pro-
inflammatory bacteria like Enterobacteriaceae and Fusobacterium,
while decreasing barrier-protective and butyrate-producing
bacteria. This induces increased intestinal permeability (“leaky
gut”), allowing pathogen-associated molecular patterns such as
LPS to more easily enter the circulation, triggering systemic
inflammation (Nakajima et al, 2015; Sun et al, 2024). This
systemic inflammation can activate matrix metalloproteinases
(MMPs) within atherosclerotic plaques, leading to degradation of
collagen and elastin, thereby weakening plaque structure (Di Nubila
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et al., 2024). In addition, circulating oral-derived toxins (e.g., P.
gingivalis LPS) can activate endothelial cells and platelets via the
TLR4/NF-kB signaling pathway, promoting platelet adhesion,
aggregation, and inflammation. In recent years, P. gingivalis DNA
has also been detected in coronary thrombi of patients with acute
myocardial infarction (Pinon-Esteban et al., 2020; Joshi et al., 2022),
and its secreted gingipains can activate protease-activated receptors
(PAR-1 and PAR-4) on platelets, inducing aggregation and pro-
inflammatory cytokine release (Khalaf et al., 2017). Its
lipopolysaccharides may also activate immune cells through the
TLR4/NF-kB pathway (Khalaf et al., 2017). These dual mechanisms
may promote thrombosis and exacerbate atherosclerosis. Therefore,
the oral-gut microbiota axis not only contributes to systemic
inflammation through local infections but also disrupts gut
barrier function and microbiota composition, promoting a pro-
inflammatory vascular environment and platelet activation,
potentially serving as a critical driver of plaque rupture and acute
cardiovascular events.

3.2 Hypertension: the role of gut-derived
metabolites

The oral-gut microbiota axis is increasingly recognized as a
contributing factor in the development of hypertension,
primarily through its regulation of gut-derived metabolites and
immune responses.

3.2.1 Intestinal barrier dysfunction and
endotoxemia

Oral microbiota dysbiosis may lead to alterations in gut
microbial composition, subsequently affecting the integrity of the
intestinal barrier (Murugesan and Al Khodor, 2023). When this
barrier is compromised, lipopolysaccharide (LPS) from the outer
membrane of Gram-negative bacteria can enter systemic
circulation, resulting in endotoxemia. LPS activates the Toll-like
receptor 4 (TLR4) signaling pathway, inducing the production of
proinflammatory cytokines and reactive oxygen species (ROS) in
vascular endothelial and smooth muscle cells. The increase in ROS
impairs endothelial nitric oxide synthase (eNOS) function, reducing
nitric oxide (NO) production, a key vasodilator. The subsequent
vasoconstriction and increase in peripheral vascular resistance
ultimately lead to elevated blood pressure (Dinakis et al., 2024).

3.2.2 Activation of the renin-angiotensin system
The oral-gut axis can also activate the renin-angiotensin system.
Gut microbiota-derived short-chain fatty acids (SCFAs), such as
propionate and butyrate, modulate the RAS via G protein-coupled
receptors (e.g., GPR41, GPR43, and OlIfr78). For instance,
propionate activates GPR41 to promote vasodilation and lower
blood pressure, whereas Olfr78 activation may increase renin
release and raise blood pressure. SCFAs also regulate renal gene
expression of renin and angiotensinogen, thereby affecting RAS
activity (Pluznick et al., 2013; Gotoh and Shibata, 2023).
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Furthermore, systemic inflammation caused by oral and gut
dysbiosis can stimulate the release of angiotensin-converting
enzyme (ACE) (Nobbs et al., 2009; Ge et al, 2013), leading to
RAS activation, sodium and water retention, increased blood
volume, and eventually elevated blood pressure (Schenkein and
Loos, 2013; Santisteban et al., 2017).

3.2.3 The gut-brain axis and hypertension

Notably, in the past five years, the role of the gut-brain axis in
hypertension—particularly resistant hypertension—has gained
increasing attention. Metabolites produced by gut microbiota,
such as SCFAs, can influence the central nervous system via the
vagus nerve, regulating sympathetic nervous activity and thereby
affecting blood pressure. In addition, gut dysbiosis may increase
proinflammatory cytokines such as IL-17 and TNF-ca, which can
activate central nervous system inflammation and further promote
the development of hypertension (Cui et al., 2024).

3.3 Heart failure: bidirectional regulation
and controversies

The oral-gut microbiota axis plays a complex and bidirectional
role in the pathogenesis of heart failure, exerting both potentially
harmful effects and compensatory adaptive responses.

3.3.1 Microbial dysbiosis and the progression of
heart failure

A 2024 review published in the International Journal of
Molecular Sciences highlights that dysbiosis of the oral
microbiota is closely associated with the development of
cardiovascular diseases (CVD) (Mai et al., 2016). Oral pathogens
and their metabolites can enter the bloodstream either directly
through the oral mucosa or indirectly by translocating to the gut,
thereby triggering systemic inflammatory responses. In patients
with heart failure, such inflammation may further impair cardiac
function. For example, the presence of pathogenic bacteria such as
Porphyromonas gingivalis is associated with elevated levels of high-
sensitivity C-reactive protein (hs-CRP) and other pro-inflammatory
cytokines, which may contribute to myocardial fibrosis, reduced
cardiac contractility, and decreased cardiac output.

3.3.2 Compensatory mechanisms and microbiota
adaptation

A 2023 study published in the American Journal of Physiology -
Heart and Circulatory Physiology observed compositional shifts in
the gut microbiota of heart failure patients, characterized by a
reduction in beneficial bacteria and an increase in pathogenic ones
(Ahmad et al., 2023). The study also reported a decline in short-
chain fatty acids (SCFAs) such as butyrate, which may be associated
with disease progression. However, in some cases, these microbiota
changes may represent an adaptive response aimed at maintaining
host metabolic and immune homeostasis in the context of
heart failure.
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3.3.3 Strain-specific function hypothesis

Notably, certain bacterial genera exhibit “double-edged sword”
effects in heart failure. For instance, Akkermansia muciniphila is
widely recognized for its metabolic benefits: it strengthens the
intestinal mucus layer, modulates immune responses, and
produces anti-inflammatory metabolites such as SCFAs, which
can improve metabolic profiles and endothelial function (Everard
et al, 2013). However, under pathological conditions such as
compromised intestinal barriers or inflammation, A. muciniphila’s
mucin-degrading activity may increase gut permeability, facilitate
the translocation of pathogens like Salmonella, and trigger systemic
inflammation, potentially exacerbating cardiovascular damage
(Hikima et al., 2021).

In light of these findings, the “strain-specific function
hypothesis” has been proposed: different strains of the same
microbial species may exert markedly different, even opposing,
physiological effects. For example, A. muciniphila strains vary
significantly in membrane protein expression, immune
modulation capacity, and metabolite production. Some strains
may induce protective immune responses, while others could be
pathogenic (Zhang and Zhao, 2016). Therefore, future microbiota-
based therapies should shift from a species-level to a strain-level
precision design, in order to enhance therapeutic efficacy and avoid
potential risks.

4 “Microbiota-metabolism-immunity”
tri-dimensional regulatory network

According to what have been above, “microbiota-metabolism-
immunity” tri-dimensional regulatory network was constructed to
describe how the dysbiosis of oral and gut microbiota, along with
their metabolic and immunological cross-talk, contributes to CVD
pathogenesis. “Microbiota” referring to microbial translocation
means that oral bacteria can cross the compromised barrier and
colonize the gut lumen. “Metabolism” referring to metabolic
exchange means that there may be a metabolic cross-feeding
relationship between the oral and gut microbiota. “Immunity”
refers to immune activation of pro-inflammatory cytokines and
immune signaling pathway to cultivate pro-inflammatory
environment. Microbial translocation can disrupt oral-gut
microbial homeostasis, triggering systemic inflammation and
promoting CVD. Microbial metabolites may mediate immune
activation and dysbacteria, leading to CVD. They are interrelated
and interact on each other, contributing to CVD together
(Figure 1, Table 1).

5 Oral-gut axis therapeutic strategies
5.1 Precision microbiome modulation
5.1.1 Phage therapy

Bacteriophages are viruses that specifically infect and lyse
certain bacteria and have been increasingly studied as a targeted
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antimicrobial therapy alternative to antibiotics. In studies on the
oral-gut axis, phages have been designed to eliminate oral
pathogens that promote cardiovascular diseases (CVD), such as
Fusobacterium nucleatum (Kowalski et al., 2022) and
Porphyromonas gingivalis (Brodala et al., 2005; Matrishin
et al, 2023).

Research has found that P. gingivalis harbors prophages,
suggesting that its ecological system may be regulated by phages
(Matrishin et al., 2024). A 2019 study discussed the CRISPR-Cas
system in P. gingivalis, focusing on how it protects against phage
infection through adaptive immune mechanisms within
periodontal pockets (Chen and Olsen, 2019). A 2023 study
analyzed the CRISPR-Cas systems of “red complex” bacteria
associated with periodontitis (including P. gingivalis) and found
that these systems may help bacteria resist phage infection by
identifying and neutralizing phage DNA (Yadalam et al.,, 2023).
Therefore, engineering phages using CRISPR-Cas systems to
enhance their specificity and effectiveness against P. gingivalis is
becoming a cutting-edge direction in precision microbial
intervention research.

Since phages can kill bacteria within minutes, phage therapy
may lead to endotoxin release rapidly and cause adverse reaction
including hypersensitivity and cytokine release syndromes (Liu
et al, 2021). An case report in German Heart Center Berlin
showing 3 of 4 patients with cardiovascular implant infections
were infection free after bacteriophage therapy, indicated phage
therapy could be applied as an alternative strategy for patients with
chronic relapsing cardiovascular implant infections (Tkhilaishvili
et al., 2022). No adverse events related to phage application were
reported in the first safety trial in England about bioavailability of
oral phage in humans (Bruttin and Briissow, 2005). Besides, a
retrospective observational study including 100 cases of
bacteriophage therapy in Belgium reported that more that 70%
patients with clinical improvement but there were 15 adverse events
including seven non-serious adverse drug reactions suspected to be
linked to bacteriophage therapy (Pirnay et al., 2024). Further
clinical trials are needed to assess the safety of phage
therapy application.

5.1.2 Combined intervention therapy

In recent years, combined intervention strategies have also
emerged. In the 2019 review article Phage Therapy: A Renewed
Approach to Combat Bacterial Infections published in Cell Host &
Microbe, Kortright et al. highlighted the mechanistic differences
between phages and traditional antibiotics and proposed that their
combination might yield synergistic effects (Kortright et al., 2019).
They also suggested that prebiotics and probiotics could enhance
the efficacy of phage therapy by modulating the host microbiota.
Although this review was largely theoretical, it provided direction
for future studies and emphasized the potential of combination
therapies in antimicrobial treatment. A 2022 study demonstrated
that combining phages with the probiotic Lactobacillus reuteri
significantly alleviated colitis symptoms caused by Salmonella in a
mouse model and promoted short-chain fatty acid (SCFA)
production, suggesting the potential of combined strategies in
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Mechanisms of the oral-gut axis in cardiovascular diseases (CVDs). Oral dysbacteriosis affects the gut microbiota and triggers systemic inflammation
through microbial translocation, metabolic cross-feeding and immune activation, leading to cardiovascular diseases such as atherosclerosis,
hypertension and heart failure. Created in BioRender. Su, S. (2025) https://BioRender.com/sbc50mx.

modulating the microbiota (Wang et al., 2022). In 2024, a study
found that in a mouse model of colitis, the use of
fructooligosaccharides (FOS), Saccharomyces boulardii, and their
combination yielded more significant anti-inflammatory effects and
improved modulation of the gut microbiota (Wu et al.,, 2024a).

Additionally, host genetics also significantly influence the
microbiome. For example, polymorphisms in the FMO3 gene
affect the metabolism of TMAO, suggesting the potential for
personalized microbial interventions based on genetic profiling
(Moradzad et al., 2022).

5.1.3 Metabolite-based intervention

Metabolites serve as key mediators in the crosstalk between the
oral-gut axis and cardiovascular disease. Among them,
trimethylamine N-oxide (TMAO), a metabolite produced by the
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gut microbiota through the metabolism of dietary choline and L-
carnitine, has been shown to promote atherosclerosis (Zhu et al.,
2020). Currently, researchers are developing inhibitors targeting key
enzymes involved in TMAO production. For example, 3-
nitrooxypropanol (3-NOP) inhibits FMO3, thereby blocking the
conversion of TMA to TMAO. Early studies have demonstrated its
significant TMAO-suppressing effects. Meanwhile, several small-
molecule compounds have been developed to target choline-TMA
lyase, reducing TMA production by up to 60% in vitro (Bollenbach
et al,, 2020). Another direction focuses on promoting the synthesis
of beneficial metabolites, particularly SCFAs such as butyrate and
propionate. Studies have shown that the intake of prebiotics such as
inulin can enhance the abundance of Bifidobacteria and
Lactobacilli, thereby boosting SCFA levels and reducing
inflammation (van der Beek et al,, 2018). In a clinical study, a 12-
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TABLE 1 Mechanisms of action of CVD-associated oral-gut bacterial

species.

Organism

Porphyromonas
gingivalis

Fusobacterium
nucleatum

Prevotella

Effect in CVD

Atherosclerosis:
Plaque Instability and
Thrombosis

Hypertension:
Intestinal Barrier
Dysfunction and
Endotoxemia

Hypertension:
Activation of the RAS

Heart failure:
Myocardial fibrosis,
reduced cardiac
contractility, and
decreased cardiac output

Atherosclerosis:
Plaque Formation and
Immune Activation

Atherosclerosis:
Cholesterol Metabolism
Disorders

Plaque Instability and
Thrombosis

Hypertension:
Intestinal Barrier
Dysfunction and
Endotoxemia

Mechanism

Increase pro-inflammatory
bacteria

Decrease barrier-protective and
butyrate-producing bacteria
Increase intestinal permeability
to systemic inflammation and
metabolic disruption

Activate TLR4/NF-kB pathway
to promote platelet adhesion,
aggregation, and inflammation
Activate PAR-1 and PAR-4 to
induce aggregation and pro-
inflammatory cytokine release

LPS activate TLR4 pathway:
Increase ROS to reduce NO

Release of ACE to RAS
activation

Elevate hs-CRP and pro-
inflammatory cytokines

Decrease anti-inflammatory
cytokines (e.g., IL-10)

Increasd pro-inflammatory
cytokines (e.g., IL-17, TNF-ar)
Upregulate VCAM-1 and
ICAM-1

Promote immune cell adhesion
and migration to the vessel

Produce TMA:

Inhibit ABCAI and ABCGI
Cholesterol accumulation and
foam cell formation

Activate the TLR4/NF-xB
pathway

Promote inflammatory
responses

LPS activate TLR4 pathway:
Increase ROS to reduce NO

Hypertension:
Activation of the RAS

Atherosclerosis:
Cholesterol Metabolism
Disorders

Produce SCFAs:

Olfr78 activation to increase
renin release

Release of ACE to RAS
activation

Produce TMA:

Inhibit ABCAI and ABCG1
Cholesterol accumulation and
foam cell formation

Activate the TLR4/NF-kB
pathway

Promote inflammatory
responses

Hypertension:
Intestinal Barrier

LPS activate TLR4 pathway:
Increase ROS to reduce NO

(Continued)
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TABLE 1 Continued

Organism Effect in CVD Mechanism
Dysfunction and
Endotoxemia
Hypertension: Produce SCFAs:
Activation of the RAS Olfr78 activation to increase
renin release
Release of ACE to RAS
activation
Akkermansia Heart failure: Strengthen the intestinal mucus
muciniphila Strain-specific function layer, modulate immune

hypothesis responses

Mucin-degrading activity
Increase gut permeability
Trigger systemic inflammation

CVD, cardiovascular diseases; TLR4, Toll-like receptor 4; NF-kB, nuclear factor-kappa B;
PAR-1, Protease-activated receptor-1; PAR-4, Protease-activated receptor-4; VCAM-1,
Vascular cell adhesion molecule 1; ICAM-1, Intercellular adhesion molecule 1; ABCAI,
ATP-binding cassette transporter A1l; ABCG1, ATP Binding Cassette Subfamily G Member 1;
Olfr78, Olfactory receptor 78; ROS, reactive oxygen species; NO, nitric oxide; RAS, renin-
angiotensin system; ACE, Angiotensin converting enzyme; hs-CRP, hypersensitive C-reactive
protein; IL-10, interleukin-10; IL-17, interleukin-17; TNF-0, tumor necrosis factor-0; TMA,
trimethylamine; LPS, Lipopolysaccharide; SCFAs, short-chain fatty acids.

week high-inulin diet intervention significantly increased SCFA
levels and improved systemic inflammation and blood pressure in
patients with metabolic syndrome (Neyrinck et al., 2021).

Furthermore, postbiotics are being explored as a novel therapy,
involving the direct use of microbial metabolic products such as
purified butyrate or bacterial cell wall components to exert anti-
inflammatory effects and protect vascular endothelium. For
instance, a 2023 study found that butyrate, by activating GPR43
receptors, reduced atherosclerotic plaque formation (Ma
et al., 2023).

5.2 Non-invasive diagnostic biomarkers

New biomarkers are continuously emerging, including microbe-
derived peptides and small RNAs. A 2022 study comparing the
salivary microbiomes of patients with atherosclerotic cardiovascular
disease (ACVD) and healthy individuals found significant differences
in microbial composition (Kato-Kogoe et al., 2022). Another 2024
study analyzed the salivary microbiome and metabolome of carotid
atherosclerosis patients in rural northeastern China and found that,
compared to healthy controls, certain bacteria in the patients saliva
were more abundant and associated with elevated levels of
inflammatory markers (Wu et al., 2024b). The findings mentioned
above highlight the potential diagnostic value of the salivary
microbiome in cardiovascular diseases.

CVD is still the leading cause of morbidity and mortality
worldwide. Framingham Risk Score (FRS) (Xu et al, 2025) and
QResearch Risk Calculator (QRISK), as traditional CVD risk scores
with certain limitations (Damen et al, 2016), easily neglect
subclinical target organ damage and cannot accurately assess
populations that can improve their health through lifestyle
changes. Recent studies have explored new non-invasive risk
markers involving serum biomarkers, cardiac imaging, and omics

frontiersin.org


https://doi.org/10.3389/fcimb.2025.1658502
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Su et al.

techniques to validate CVD risk stratification (Wu et al., 2024). Ina
Nemet reported levels of gut microbiota-derived aromatic amino
acid metabolites and their relationship with cardiovascular disease
risk in two independent cohorts including 4000 samples from
GeneBank in United States and 833 samples from LipidCardio in
European in European Heart Journal (Nemet et al., 2023), showing
that aromatic amino acid metabolites derived from gut microbiome
can be used as alternative markers for risk assessment in patients
with coronary artery disease (CAD) or suspected CAD (Stihli
et al., 2023).

In terms of model construction, the integration of multi-omics
data and artificial intelligence (AI) is advancing early prediction of
cardiovascular diseases. Researchers have integrated gut microbiota,
metabolites, and traditional clinical indicators to construct Al
models predicting heart failure, achieving an area under the curve
(AUC) exceeding 0.80 (Yang et al., 2025). SHapley Additive
explanation (SHAP) value is used for analysis to interpret key
features in oral-gut microbial prediction model (Vega Garcia and
Aznarte, 2020). Features with high positive SHAP values are helpful
for disease prediction, while features with high negative SHAP
values are helpful for health prediction. Gagandeep Marken
developed a machine learning-based model for predicting CVD
risk by integrating gut microbiome and clinical features, identifying
key microbial taxa such as Faecalibacterium prausnitzii and
Bacteroides fragilis as significant predictors of CVD (Marken and
Naik, 2025).

Additionally, deep learning algorithms (e.g., neural networks)
can analyze complex relationships among the microbiome,
metabolites, and clinical variables. A 2024 study developed a
system combining a nanobiosensor with a long short-term
memory (LSTM) deep learning model to analyze circulating 16S
rRNA microbial data in blood for CVD risk assessment. This model
identified specific bacterial taxa associated with CVD, offering a
novel approach for non-invasive early screening (Nazeer et al,
2024). Another 2025 study used the advanced LightGBM ensemble
model to analyze gut microbiome data and accurately predict the
presence of CVD (Marken and Naik, 2025). Moreover, models
integrating biosensors and machine learning are also under
development. For instance, a 2025 study found that combining
non-invasive hyperspectral imaging of the oral microbiome with
machine learning effectively predicted and diagnosed coronary
artery disease (Li et al, 2025). These studies offer promising
avenues for real-time screening of cardiovascular disease in
clinical settings (Figure 2).

6 Challenges and future directions

6.1 Establishing causality and standardizing
research methods

Although significant findings have emerged regarding the
association between the oral-gut microbiota axis and cardiovascular
diseases (CVDs), clarifying their causal mechanisms remains a major
challenge. Currently, most studies are observational, drawing inferences
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based solely on associations between microbiota composition or
microbial metabolites and cardiovascular risk factors. For example,
oral pathogens including Porphyromonas gingivalis and Fusobacterium
nucleatum have been consistently associated with the progression of
atherosclerosis, but it remains unclear whether these microbial changes
are causal contributors or merely consequences of disease pathology
(Koren et al, 2011). Confounding factors like diet, smoking, and
systemic inflammation further complicate interpretations.

To advance mechanistic understanding, well-designed
randomized controlled trials (RCTs) should be prioritized. For
instance, investigating the impact of targeted oral probiotics or
phage therapies on cardiovascular outcomes in high-risk
populations could provide more direct causal evidence. However,
such trials face considerable challenges in recruiting suitable
participants, defining clinical endpoints (e.g., changes in arterial
plaque volume), and ensuring long-term compliance.

In addition, the standardization of technical methodologies is
essential to improve research quality. Variations in sample types
(saliva vs. subgingival plaque; feces vs. mucosal biopsies),
sequencing techniques (16S rRNA vs. metagenomics), and data
analysis pipelines have led to poor comparability across studies.
There is an urgent need for standardized guidelines for microbiome
research, akin to CONSORT or MIAME, to enhance reproducibility
and cross-cohort integration.

Recently, humanized organoid systems have provided new
models for validating causality. In 2025, researchers developed a
vascular organoid co-culture system with microbes and found that
Klebsiella pneumoniae could impair endothelial vasodilation
function by disrupting the eNOS signaling pathway in endothelial
cells, partially supporting the “marker hypothesis” that microbes
may directly mediate vascular injury (Rehman et al., 2025).

6.2 Translational barriers and personalized
medicine

Translating findings from oral-gut microbiome research into
clinical interventions remains a major hurdle. Current therapies
such as phage therapy and microbiota-targeted metabolic regulators
are mostly in preclinical or early clinical stages and have not yet
been widely integrated into CVD management. Personalized
therapies, in particular, face challenges in scaling up production,
controlling costs, and navigating regulatory approval.

To date, the U.S. Food and Drug Administration (FDA) has not
approved any personalized phage preparations for routine human
treatment. These are only accessible under specific circumstances
via “compassionate use” or “single-use Investigational New Drug
(IND)” pathways. For instance, the Center for Innovative Phage
Applications and Therapeutics (IPATH) at the University of
California, San Diego, provides personalized phage therapy under
these pathways (https://time.com/5316516/phage-therapy-virus-
san-diego/?utm_source=chatgpt.com), with patients typically
covering the treatment costs themselves, which range from
$10,000 to $75,000 (Is phage therapy FDA-approved for use in

treating chronic infections).
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Translational pathway of targeted therapeutic strategies
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Translational pathway of targeted therapeutic strategies. From the discovery of phage therapy, metabolite intervention and Diagnostic biomarkers in
basic research to preclinical research, clinical trials, regulatory approval, and ultimately clinical application to improve prognosis. Created in

BioRender. Su, S. (2025) https://BioRender.com/1rcjibb.

Furthermore, the high complexity and interaction among host
genetic background, microbial metabolic capabilities, and
environmental factors limit the efficacy of one-size-fits-all
approaches. For example, individual differences in FMO3 gene
expression influence the production of the gut-derived metabolite
TMAO, thereby affecting CVD risk prediction and intervention
outcomes, ultimately contributing to heterogeneity in treatment
response (Robinson-Cohen et al., 2016; Wei et al., 2022). Liu et al.
demonstrate that integrating polygenic risk scores (PTS) and gut
microbiome can improve predictive value for heart disease in a
longitudinal population-based cohort (C-statistics: 0.794, 95% ClIs:
0.772-0.817) (Liu et al, 2024). Therefore, the future may lie in
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developing personalized medical strategies using multi-omics
integration and artificial intelligence algorithms. For instance, by
integrating metagenomic, metabolomic, and proteomic profiles to
train predictive models, researchers could pre-identify individuals
who are likely to benefit from specific microbiome interventions.
It is also worth noting that challenges remain regarding the
delivery efficiency of microbiota-based therapeutics. Studies show
that traditional orally administered probiotics have low survival
rates before reaching the gut, significantly reducing their efficacy
(Naissinger da Silva et al., 2021; Yang et al., 2023). Although gold
nanomaterials have been widely used for targeted delivery, recent
findings have confirmed their potential toxicity due to liver
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accumulation (Jakic et al., 2024; Zhang et al., 2024). Future research
should shift toward safer, biodegradable alternatives. For example,
mesoporous silica nanoparticles (MSNs) have been shown in a 2021
study to enhance probiotic stability and functionality under gastric
acid conditions by serving as a protective layer (Centurion et al,
2021). Another 2024 study developed a hybrid microcapsule system
based on natural biosilica and chitosan/shellac polymers, which
demonstrated high probiotic survival rates in simulated
gastrointestinal environments (Vona et al., 2024). These findings
suggest that silica-based nanocarriers hold great promise in
probiotic delivery systems, especially novel encapsulation
technologies, although their in vivo biodegradability and long-
term safety still require further investigation. Future studies
should focus on the in vivo behavior of these materials to ensure
their safety and efficacy in clinical applications.

6.3 Revealing complex mechanisms and
crosstalk

Current understanding of the mechanisms by which the oral-gut
axis contributes to cardiovascular disease remains preliminary. While
key pathways such as inflammatory cascades and microbial metabolites
(e.g, TMAO, short-chain fatty acids) have been identified, many
questions remain. How do specific oral microbes cross systemic
barriers to regulate gut immunity? How do gut microbial metabolites
like secondary bile acids and indole derivatives affect endothelial
function and myocardial metabolism? Functional mechanisms of
these “non-mainstream” metabolites are still poorly understood.

Moreover, the bidirectional interactions between the oral and
gut microbiota, along with their interplay with other systems such
as the gut-brain axis and adipose tissue immune networks, add
further complexity. Future studies should employ advanced
technologies such as spatial transcriptomics and single-cell
sequencing to accurately map the localization and functions of
microbe-derived factors within the cardiovascular system.
Longitudinal studies tracking microbiome changes over time and
their relationship with disease progression will help elucidate
dynamic mechanisms. Additionally, investigating the role of the
oral-gut-cardiovascular axis in specific populations—such as the
elderly, pregnant women, and individuals with comorbidities—may
uncover unique mechanisms and therapeutic opportunities. For
example, research has suggested that shifts in oral microbiota in
elderly individuals may significantly alter gut inflammation,
indicating that regulatory mechanisms of this axis may vary
under different physiological conditions (Iwauchi et al., 2019).

6.4 Technical limitations and innovation

Existing technologies face several limitations in elucidating
microbiome functions. 16S rRNA sequencing primarily enables
microbial taxonomic identification but lacks the resolution to
characterize functional activity; meanwhile, metabolomics often
lacks the sensitivity to detect low-abundance or small signaling
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molecules. Cutting-edge tools such as next-generation multi-omics
sequencing and single-cell multi-omics are helping to bridge these
gaps. Microfluidic platforms like “oral-gut-on-a-chip” systems
(Xiang et al., 2020; Makkar et al, 2023) can simulate local
microbiota-immune interactions, supporting the forward-looking
testing of therapeutic interventions.

Additionally, wearable and non-invasive monitoring devices are
showing great promise in tracking the oral-gut axis in real time. For
instance, smart toothbrushes equipped with sensors can analyze the
composition of the oral microbiome (Oral microbiome research:
Startup Spotlight: Innovations in Oral Health Using Microbiome
Insights), while ingestible sensors have been developed to monitor
gut metabolites (University of Maryland, 2025). These technologies
enable continuous health monitoring and, when integrated with
digital health platforms, can provide personalized feedback and
intervention recommendations, helping individuals manage
cardiovascular health by modulating their microbiota.

7 Conclusion

Research on the oral-gut microbiota axis has unveiled a
previously underestimated yet critically important aspect of
cardiovascular disease (CVD) pathogenesis. As highlighted in this
comprehensive review, the intricate interplay between oral and gut
microbiota—through microbial translocation, metabolic exchange,
and immune signaling—substantially contributes to the
pathogenesis and progression of atherosclerosis, hypertension,
and heart failure.

Mounting evidence demonstrates that oral pathogens such as
Porphyromonas gingivalis and Fusobacterium nucleatum can
translocate and disrupt gut microbial homeostasis, triggering
systemic inflammation and promoting atherogenesis (Koren et al,
2011; Hajishengallis, 2015). Microbial metabolites produced in the
gut, particularly trimethylamine N-oxide (TMAO), play a pivotal role
in cholesterol metabolism and plaque instability, further
underscoring the impact of this axis on cardiovascular risk (Wang
et al, 2011; Koeth et al,, 2013; Tang and Hazen, 2014). In
hypertension, the oral-gut axis has been implicated in mechanisms
involving gut barrier dysfunction, endotoxemia, and renin-
angiotensin system activation (Marques et al., 2017; Santisteban
et al, 2017). Even in the complex pathology of heart failure,
bidirectional interactions between microbial signals and cardiac
function—mediated through inflammation or compensatory
responses—underscore the axis’s broad pathophysiological
relevance (Chen et al., 2023).

These mechanistic insights pave the way for novel therapeutic
avenues. Precision microbiota modulation—through bacteriophage
therapy, metabolite-targeting interventions, and the use of
probiotics or prebiotics—offers a promising strategy for restoring
microbial balance and attenuating disease progression (Wu et al.,
2011). The emergence of non-invasive biomarkers, integrating oral
microbiota profiles, serum metabolites, and clinical phenotypes,
represents a significant advancement in early diagnosis and risk
stratification of CVDs (Zhu et al., 2025). These developments not
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only expand the clinical toolbox for CVD management but also
challenge conventional paradigms by emphasizing the integral role
of microbiota in systemic health.

Nevertheless, translating current knowledge into widespread
clinical practice remains fraught with challenges. Establishing
causality through large-scale randomized controlled trials (RCTs),
overcoming translational barriers to develop personalized
interventions, and deciphering the complex molecular underpinnings
of axis function remain formidable tasks. Moreover, technical
limitations continue to hinder a full understanding of the
microbiota’s dynamic and functional interactions, underscoring the
need for continued methodological innovation.

Looking forward, research on the oral-gut microbiota axis in
cardiovascular diseases holds immense promise. Future advances will
rely on interdisciplinary collaborations among microbiologists,
cardiologists, immunologists, and bioengineers to bridge existing
knowledge gaps and transform prevention and treatment paradigms.
With the aid of cutting-edge technologies and innovative
methodologies, it may become possible to identify novel therapeutic
targets and optimize personalized strategies—ultimately improving the
quality of life for millions of patients worldwide. Once a relatively
obscure field, the oral-gut microbiota axis is now emerging as a focal
point of cardiovascular medicine, bringing hope for more effective
management and prevention of CVDs.

Author contributions

SS: Writing - review & editing, Visualization, Conceptualization.
XN: Conceptualization, Visualization, Project administration,
Writing - review & editing, Funding acquisition. YL:
Conceptualization, Project administration, Writing — original draft,
Funding acquisition.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This research was
supported by the project for Young Talents in the First Affiliated

References

Ahmad, A. F.,, Caparros-Martin, J. A., Gray, N., Lodge, S., Wist, J., Lee, S., et al.
(2023). Insights into the associations between the gut microbiome, its metabolites, and
heart failure. Am. J. Physiology-Heart Circulatory Physiol. 325, H1325-H1336.
doi: 10.1152/ajpheart.00436.2023

Akhtar, M., Chen, Y., Ma, Z., Zhang, X, Shi, D., Khan, J. A, et al. (2022). Gut
microbiota-derived short chain fatty acids are potential mediators in gut inflammation.
Anim. Nutr. 8, 350-360. doi: 10.1016/j.aninu.2021.11.005

Apoorva, S. R. (2020). From the mouth to gut: A microbial journey! JADE. 6, 16-22.
doi: 10.25259/JADE_6_2020

Bollenbach, M., Ortega, M., Orman, M., Drennan, C. L., and Balskus, E. P. (2020).
Discovery of a cyclic choline analog that inhibits anaerobic choline metabolism by
human gut bacteria. ACS Med. Chem. Lett. 11, 1980-1985. doi: 10.1021/
acsmedchemlett.0c00005

Frontiers in Cellular and Infection Microbiology

11

10.3389/fcimb.2025.1658502

Hospital of Shantou University Medical College ((2022)156),
Guangdong Basic and Applied Basic Research Foundation
(2022A1515220045) and Guangdong Province Science and
Technology Special Fund Project (210728166901860).

Acknowledgments

We thank the support from the First Affiliated Hospital of
Shantou University Medical College and Biorender (https://
app.biorender.com) for providing the graphical tools used in
the study.

Conflict 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.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

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.

Brodala, N., Merricks, E. P., Bellinger, D. A., Damrongsri, D., Offenbacher, S., Beck,
J., et al. (2005). Porphyromonas gingivalis bacteremia induces coronary and aortic
atherosclerosis in normocholesterolemic and hypercholesterolemic pigs. Arterioscler.
Thromb. Vasc. Biol. 25, 1446-1451. doi: 10.1161/01.ATV.0000167525.69400.9¢

Bruttin, A., and Briissow, H. (2005). Human volunteers receiving escherichia coli
phage T4 orally: a safety test of phage therapy. Antimicrob. Agents Chemother. 49,
2874-2878. doi: 10.1128/AAC.49.7.2874-2878.2005

Centurion, F., Basit, A. W., Liu, J., Gaisford, S., Rahim, M., and Kalantar-Zadeh, K.
(2021). Nanoencapsulation for probiotic delivery. ACS Nano. 15, 18653-18660.
doi: 10.1021/acsnano.1c09951

Chen, B. Y., Lin, W. Z,, Li, Y. L, et al. (2023). Roles of oral microbiota and oral-gut
microbial transmission in hypertension. J. Adv. Res. 43, 147-161. doi: 10.1016/
jjare.2022.03.007

frontiersin.org


https://app.biorender.com
https://app.biorender.com
https://doi.org/10.1152/ajpheart.00436.2023
https://doi.org/10.1016/j.aninu.2021.11.005
https://doi.org/10.25259/JADE_6_2020
https://doi.org/10.1021/acsmedchemlett.0c00005
https://doi.org/10.1021/acsmedchemlett.0c00005
https://doi.org/10.1161/01.ATV.0000167525.69400.9c
https://doi.org/10.1128/AAC.49.7.2874-2878.2005
https://doi.org/10.1021/acsnano.1c09951
https://doi.org/10.1016/j.jare.2022.03.007
https://doi.org/10.1016/j.jare.2022.03.007
https://doi.org/10.3389/fcimb.2025.1658502
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Su et al.

Chen, T., and Olsen, I. (2019). Porphyromonas gingivalis and its CRISPR-Cas
system. J. Oral. Microbiol. 11, 1638196. doi: 10.1080/20002297.2019.1638196

Chen, B. Y., Lin, W. Z,, Li, Y. L., Bi, C,, Du, L. ], Liu, Y., et al (2023). Gut microbiota
in heart failure and related interventions. Imeta. 2, e125. doi: 10.1002/imt2.125

Chen, L., Zou, Y., Peng, ], Lu, F, Yin, Y, Li, F, et al. (2015). Lactobacillus
acidophilus suppresses colitis-associated activation of the IL-23/Th17 axis. J.
Immunol. Res. 2015, 909514. doi: 10.1155/2015/909514

Cui, X, Zhang, T., Xie, T., Guo, F. X,, Zhang, Y. Y., Deng, Y. ]., et al. (2024). Research
progress on the correlation between hypertension and gut microbiota. J. Multidiscip
Healthc. 17, 2371-2387. doi: 10.2147/JMDH.S463880

Damen, J. A. A. G, Hooft, L., Schuit, E., Debray, T. P. A,, Collins, G. S., Tzoulaki, I,
et al. (2016). Prediction models for cardiovascular disease risk in the general
population: systematic review. BMJ. 353, i2416. doi: 10.1136/bmj.i2416

Damgaard, C., Danielsen, A. K., Enevold, C., Massarenti, L., Nielsen, C. H,,
Holmstrup, P., et al. (2019). Porphyromonas gingivalis in saliva associates with
chronic and aggressive periodontitis. J. Oral. Microbiol. 11, 1653123. doi: 10.1080/
20002297.2019.1653123

Dinakis, E., O’Donnell, J. A., and Marques, F. Z. (2024). The gut-immune axis during
hypertension and cardiovascular diseases. Acta Physiol. (Oxf). 240, e14193.
doi: 10.1111/apha.14193

Di Nubila, A., Dilella, G., Simone, R., and Barbieri, S. S. (2024). Vascular extracellular
matrix in atherosclerosis. IJMS. 25, 12017. doi: 10.3390/ijms252212017

Ellepola, K., Truong, T., Liu, Y., Lin, Q,, Lim, T. K,, Lee, Y. M., et al. (2019). Multi-
omics Analyses Reveal Synergistic Carbohydrate Metabolism in Streptococcus mutans-
Candida albicans Mixed-Species Biofilms. Infect. Immun. 87, ¢00339-e00319.
doi: 10.1128/IAL.00339-19

Everard, A., Belzer, C., Geurts, L., Ouwerkerk, J. P., Druart, C., Bindels, L. B., et al.
(2013). Cross-talk between Akkermansia muciniphila and intestinal epithelium
controls diet-induced obesity. Proc. Natl. Acad. Sci. U.S.A. 110, 9066-9071.
doi: 10.1073/pnas.1219451110

Falsetta, M. L., Klein, M. I, Colonne, P. M., Scott Anne, K., Gregoire, S., Pai, C. H,,
et al. (2014). Symbiotic relationship between Streptococcus mutans and Candida
albicans synergizes virulence of plaque biofilms. vivo. Infect. Immun. 82, 1968-1981.
doi: 10.1128/TA1.00087-14

Ge, X., Rodriguez, R., Trinh, M., Gunsolley, J., and Xu, P. (2013). Oral microbiome of
deep and shallow dental pockets in chronic periodontitis. PloS One 8, €65520.
doi: 10.1371/journal.pone.0065520

Gebremariam, H. G., Qazi, K. R, Somiah, T., Pathak, S. K., Sjolinder, H., Sverremark
Ekstrom, E., et al. (2019). Lactobacillus gasseri Suppresses the Production of
Proinflammatory Cytokines in Helicobacter pylori-Infected Macrophages by Inhibiting
the Expression of ADAM17. Front. Immunol. 10. doi: 10.3389/fimmu.2019.02326

Goraya, M. U,, Li, R,, Mannan, A., Gu, L., Deng, H., and Wang, G. (2022). Human
circulating bacteria and dysbiosis in non-infectious diseases. Front. Cell Infect.
Microbiol. 12. doi: 10.3389/fcimb.2022.932702

Gotoh, K., and Shibata, H. (2023). Association between the gut microbiome and the
renin-angiotensin-aldosterone system: a possible link via the activation of the immune
system. Hypertens. Res. 46, 2315-2317. doi: 10.1038/s41440-023-01384-x

Guo, Y., Kitamoto, S., Caballero Flores, G., Kim, Y., Watanabe, D., Sugihara, K., et al.
(2024). Oral pathobiont Klebsiella chaperon usher pili provide site-specific adaptation
for the inflamed gut mucosa. Gut Microbes 16, 2333463. doi: 10.1080/
19490976.2024.2333463

Hajishengallis, G. (2015). Periodontitis: from microbial immune subversion to
systemic inflammation. Nat. Rev. Immunol. 15, 30-44. doi: 10.1038/nri3785

Hakhamaneshi, M. S., Abdolahi, A., Vahabzadeh, Z., Abdi, M., and Andalibi, P.
(2021). Toll-like receptor 4: A macrophage cell surface receptor is activated by
trimethylamine-N-oxide. Cell J. 23, 516-522. doi: 10.22074/cellj.2021.7849

Hikima, T., Lee, C. R, Witkovsky, P., Chesler, J., Ichtchenko, K., and Rice, M. E. (2021).
Activity-dependent somatodendritic dopamine release in the substantia nigra autoinhibits
the releasing neuron. Cell Rep. 35, 108951. doi: 10.1016/j.celrep.2021.108951

Hodel, F., Xu, Z. M, Thorball, C. W., de La Harpe, R., Letang Mathieu, P., Brenner,
N,, et al. (2023). Associations of genetic and infectious risk factors with coronary heart
disease. Elife. 12, €79742. doi: 10.7554/eLife.79742

Available online at: https://time.com/5316516/phage-therapy-virus-san-diego/?utm_
source=chatgpt.com.

Is phage therapy FDA-approved for use in treating chronic infections? Available
online at: https://sb.feau.com/article/is-phage-therapy-fdaapproved-for-use-in-
treating-chronic-infections?utm_source=chatgpt.com.

Iwauchi, M., Horigome, A., Ishikawa, K., Mikuni, A., Nakano, M., Xiao, J. Z., et al.
(2019). Relationship between oral and gut microbiota in elderly people. Immun.
Inflammation Dis. 7, 229-236. doi: 10.1002/iid3.266

Jakic, K., Selc, M., Razga, F., Nemethova, V., Mazancova, P., Havel, F,, et al. (2024).
Long-term accumulation, biological effects and toxicity of BSA-coated gold
nanoparticles in the mouse liver, spleen, and kidneys. Int. J. Nanomedicine. 19,
4103-4120. doi: 10.2147/IJN.S443168

Jayaprakash, K., Khalaf, H., and Bengtsson, T. (2014). Gingipains from
Porphyromonas gingivalis play a significant role in induction and regulation of
CXCL8 in THP-1 cells. BMC Microbiol. 14, 193. doi: 10.1186/1471-2180-14-193

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2025.1658502

Joshi, C., Mezincescu, A., Gunasekara, M., Rudd, A., Botchorichvili, H., Sabir, S., et al.
(2022). Myocardial infarction risk is increased by periodontal pathobionts: a cross-
sectional study4 Sci. Rep. 12, 18608. doi: 10.1038/541598-022-19154-z

Kato-Kogoe, N., Sakaguchi, S., Kamiya, K., Omori, M., Gu, Y. H,, Ito, Y., et al. (2022).
Characterization of salivary microbiota in patients with atherosclerotic cardiovascular
disease: A case-control study. J. Atheroscler Thromb. 29, 403-421. doi: 10.5551/jat.60608

Khalaf, H., Palm, E., and Bengtsson, T. (2017). “Cellular response mechanisms in
porphyromonas gingivalis infection,” in Periodontitis - A Useful Reference. Ed. P.
Arjunan (InTech). doi: 10.5772/intechopen.69019

Kimura, L, Inoue, D., Maeda, T., Hara, T., Ichimura, A., Miyauchi, S., et al. (2011).
Short-chain fatty acids and ketones directly regulate sympathetic nervous system via G
protein-coupled receptor 41 (GPR41). Proc. Natl. Acad. Sci. U S A. 108, 8030-8035.
doi: 10.1073/pnas.1016088108

Koeth, R. A., Wang, Z., Levison, B. S, Buffa, J. A,, Org, E., Sheehy, B. T., et al. (2013).
Intestinal microbiota metabolism of L-carnitine, a nutrient in red meat, promotes
atherosclerosis. Nat. Med. 19, 576-585. doi: 10.1038/nm.3145

Koren, O., Spor, A, Felin, J., Fik, F., Stombaugh, J., Tremaroli, V., et al. (2011).
Human oral, gut, and plaque microbiota in patients with atherosclerosis. Proc. Natl.
Acad. Sci. U S A. 108 Suppl 1, 4592-4598. doi: 10.1073/pnas.1011383107

Kortright, K. E., Chan, B. K, Koff, J. L., and Turner, P. E. (2019). Phage therapy: A
renewed approach to combat antibiotic-resistant bacteria. Cell Host Microbe 25, 219—
232. doi: 10.1016/j.chom.2019.01.014

Kowalski, J., Gorska, R., Cieslik, M., Gorski, A., and Jonczyk-Matysiak, E. (2022).
What are the potential benefits of using bacteriophages in periodontal therapy?
Antibiotics (Basel). 11, 446. doi: 10.3390/antibiotics11040446

Ley, R. E., Turnbaugh, P. J., Klein, S., and Gordon, J. I. (2006). Microbial ecology:
human gut microbes associated with obesity. Nature. 444, 1022-1023. doi: 10.1038/
4441022a

Li, N, Niu, L., Liu, Y., Wang, Y., Su, X, Xu, C,, et al. (2024). Taking SCFAs produced
by Lactobacillus reuteri orally reshapes gut microbiota and elicits antitumor responses.
J. Nanobiotechnology. 22, 241. doi: 10.1186/s12951-024-02506-4

Li, Z., Yang, X., Zhang, D., Shi, X,, Lei, L., Zhou, F,, et al. (2025). Exploration of oral
microbiota alteration and AlI-driven non-invasive hyperspectral imaging for CAD
prediction. BMC Cardiovasc. Disord. 25, 102. doi: 10.1186/s12872-025-04555-5

Liu, Y., Ritchie, S. C., Teo, S. M., Ruuskanen, M. O., Kambur, O., Zhu, Q., et al.
(2024). Integration of polygenic and gut metagenomic risk prediction for common
diseases. Nat. Aging. 4, 584-594. doi: 10.1038/543587-024-00590-7

Liu, D., Van Belleghem, J. D., de Vries, C. R., Burgener, E., Chen, Q., Manasherob, R.,
et al. (2021). The safety and toxicity of phage therapy: A review of animal and clinical
studies. Viruses. 13, 1268. doi: 10.3390/v13071268

Luo, Z,, Yu, X., Wang, C., Zhao, H., Wang, X,, and Guan, X. (2024). Trimethylamine
N-oxide promotes oxidative stress and lipid accumulation in macrophage foam cells via
the Nrf2/ABCA1 pathway. J. Physiol. Biochem. 80, 67-79. doi: 10.1007/s13105-023-
00984-y

Ma, H,, Yang, L, Liu, Y., Yan, R, Wang, R., Zhang, P,, et al. (2023). Butyrate
suppresses atherosclerotic inflammation by regulating macrophages and polarization
via GPR43/HDAC-miRNAs axis in ApoE-/- mice. PloS One 18, 0282685. doi: 10.1371/
journal.pone.0282685

Madani, M., Berardi, T., and Stoopler, E. T. (2014). Anatomic and examination
considerations of the oral cavity. Med. Clin. North Am. 98, 1225-1238. doi: 10.1016/
j.mcna.2014.08.001

Magne, F., Gotteland, M., Gauthier, L., Zazueta, A., Pesoa, S., Navarrete, P., et al.
(2020). The firmicutes/bacteroidetes ratio: A relevant marker of gut dysbiosis in obese
patients? Nutrients. 12, 1474. doi: 10.3390/nul12051474

Mai, J., Nanayakkara, G., Lopez-Pastrana, J., Li, X,, Li, Y. F., Wang, X,, et al. (2016).
Interleukin-17A Promotes Aortic Endothelial Cell Activation via Transcriptionally and
Post-translationally Activating p38 Mitogen-activated Protein Kinase (MAPK)
Pathway. J. Biol. Chem. 291, 4939-4954. doi: 10.1074/jbc.M115.690081

Makkar, H., Zhou, Y., Tan, K. S,, Lim, C. T, and Sriram, G. (2023). Modeling
crevicular fluid flow and host-oral microbiome interactions in a gingival crevice-on-
chip. Adv. Healthc Mater. 12, €2202376. doi: 10.1002/adhm.202202376

Marken, G., and Naik, P. (2025). “Machine learning-driven diagnostic screening of
cardiovascular disease via gut microbiome profiling,” in Proceedings of the
International Conference on Recent Advancement and Modernization in Sustainable
Intelligent Technologies & Applications (RAMSITA-2025), vol. 192 . Eds. S. Bhalerao, P.
Gupta and V. KateAdvances in Intelligent Systems Research (Atlantis Press
International BV), 305-322. doi: 10.2991/978-94-6463-716-8_25

Marques, F. Z., Nelson, E., Chu, P. Y., Horlock, D., Fiedler, A., Ziemann, M., et al.
(2017). High-fiber diet and acetate supplementation change the gut microbiota and
prevent the development of hypertension and heart failure in hypertensive mice.
Circulation. 135, 964-977. doi: 10.1161/CIRCULATIONAHA.116.024545

Martinez-Guryn, K., Leone, V., and Chang, E. B. (2019). Regional diversity of the
gastrointestinal microbiome. Cell Host Microbe 26, 314-324. doi: 10.1016/
j.chom.2019.08.011

Matrishin, C. B., Haase, E. M., Dewhirst, F. E., Mark Welch, J. L., Miranda-Sanchez,
F., Chen, T,, et al. (2023). Phages are unrecognized players in the ecology of the oral
pathogen Porphyromonas gingivalis. Microbiome. 11, 161. doi: 10.1186/s40168-023-
01607-w

frontiersin.org


https://doi.org/10.1080/20002297.2019.1638196
https://doi.org/10.1002/imt2.125
https://doi.org/10.1155/2015/909514
https://doi.org/10.2147/JMDH.S463880
https://doi.org/10.1136/bmj.i2416
https://doi.org/10.1080/20002297.2019.1653123
https://doi.org/10.1080/20002297.2019.1653123
https://doi.org/10.1111/apha.14193
https://doi.org/10.3390/ijms252212017
https://doi.org/10.1128/IAI.00339-19
https://doi.org/10.1073/pnas.1219451110
https://doi.org/10.1128/IAI.00087-14
https://doi.org/10.1371/journal.pone.0065520
https://doi.org/10.3389/fimmu.2019.02326
https://doi.org/10.3389/fcimb.2022.932702
https://doi.org/10.1038/s41440-023-01384-x
https://doi.org/10.1080/19490976.2024.2333463
https://doi.org/10.1080/19490976.2024.2333463
https://doi.org/10.1038/nri3785
https://doi.org/10.22074/cellj.2021.7849
https://doi.org/10.1016/j.celrep.2021.108951
https://doi.org/10.7554/eLife.79742
https://time.com/5316516/phage-therapy-virus-san-diego/?utm_source=chatgpt.com
https://time.com/5316516/phage-therapy-virus-san-diego/?utm_source=chatgpt.com
https://sb.feau.com/article/is-phage-therapy-fdaapproved-for-use-in-treating-chronic-infections?utm_source=chatgpt.com
https://sb.feau.com/article/is-phage-therapy-fdaapproved-for-use-in-treating-chronic-infections?utm_source=chatgpt.com
https://doi.org/10.1002/iid3.266
https://doi.org/10.2147/IJN.S443168
https://doi.org/10.1186/1471-2180-14-193
https://doi.org/10.1038/s41598-022-19154-z
https://doi.org/10.5551/jat.60608
https://doi.org/10.5772/intechopen.69019
https://doi.org/10.1073/pnas.1016088108
https://doi.org/10.1038/nm.3145
https://doi.org/10.1073/pnas.1011383107
https://doi.org/10.1016/j.chom.2019.01.014
https://doi.org/10.3390/antibiotics11040446
https://doi.org/10.1038/4441022a
https://doi.org/10.1038/4441022a
https://doi.org/10.1186/s12951-024-02506-4
https://doi.org/10.1186/s12872-025-04555-5
https://doi.org/10.1038/s43587-024-00590-7
https://doi.org/10.3390/v13071268
https://doi.org/10.1007/s13105-023-00984-y
https://doi.org/10.1007/s13105-023-00984-y
https://doi.org/10.1371/journal.pone.0282685
https://doi.org/10.1371/journal.pone.0282685
https://doi.org/10.1016/j.mcna.2014.08.001
https://doi.org/10.1016/j.mcna.2014.08.001
https://doi.org/10.3390/nu12051474
https://doi.org/10.1074/jbc.M115.690081
https://doi.org/10.1002/adhm.202202376
https://doi.org/10.2991/978-94-6463-716-8_25
https://doi.org/10.1161/CIRCULATIONAHA.116.024545
https://doi.org/10.1016/j.chom.2019.08.011
https://doi.org/10.1016/j.chom.2019.08.011
https://doi.org/10.1186/s40168-023-01607-w
https://doi.org/10.1186/s40168-023-01607-w
https://doi.org/10.3389/fcimb.2025.1658502
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Su et al.

Matrishin, C. B., Haase, E. M., Dewhirst, F. E., Welch, J. L. M., Miranda-Sanchez, F.,
Chen, T., et al. (2024). Correction: Phages are unrecognized players in the ecology of
the oral pathogen Porphyromonas gingivalis. Microbiome. 12, 144. doi: 10.1186/
540168-024-01880-3

Moradzad, M., Abdi, M., Sheikh Esmaeili, F., Ghaderi, D., Rahmani, K., Moloudi, M.
R, et al. (2022). Possible correlation between high circulatory levels of trimethylamine-
N-oxide and 2177G>C polymorphisms of hepatic flavin containing monooxygenase 3
in Kurdish Population with non-alcoholic fatty liver disease. Mol. Biol. Rep. 49, 5927~
5937. doi: 10.1007/s11033-022-07375-4

Mougeot, J. L. C,, Stevens, C. B., Paster, B. ], Brennan, M. T., Lockhart, P. B., and
Mougeot, F. K. B. (2017). Porphyromonas gingivalis is the most abundant species
detected in coronary and femoral arteries. J. Oral. Microbiol. 9, 1281562. doi: 10.1080/
20002297.2017.1281562

Murugesan, S., and Al Khodor, S. (2023). Salivary microbiome and hypertension in
the Qatari population. J. Transl. Med. 21, 454. doi: 10.1186/s12967-023-04247-8

Naissinger da Silva, M., Tagliapietra, B. L., Flores, V. D. A,, and Pereira Dos Santos
Richards, N. S. (2021). In vitro test to evaluate survival in the gastrointestinal tract of
commercial probiotics. Curr. Res. Food Sci. 4, 320-325. doi: 10.1016/j.crfs.2021.04.006

Nakajima, M., Arimatsu, K., Kato, T., Matsuda, Y., Minagawa, T., Takahashi, N.,
et al. (2015). Oral administration of P. gingivalis induces dysbiosis of gut microbiota
and impaired barrier function leading to dissemination of enterobacteria to the liver.
PloS One 10, €0134234. doi: 10.1371/journal.pone.0134234

Nazeer, N., Gurjar, V., Ratre, P., Dewangan, R., Zaidi, K., Tiwari, R,, et al. (2024).
Cardiovascular disease risk assessment through sensing the circulating microbiome
with perovskite quantum dots leveraging deep learning models for bacterial species
selection. Mikrochim Acta 191, 255. doi: 10.1007/s00604-024-06343-y

Nemet, L, Li, X. S., Haghikia, A., Li, L., Wilcox, J., Romano, K. A,, et al. (2023). Atlas
of gut microbe-derived products from aromatic amino acids and risk of cardiovascular
morbidity and mortality. Eur. Heart ]. 44, 3085-3096. doi: 10.1093/eurheartj/ehad333

Neyrinck, A. M., Rodriguez, J., Zhang, Z., Seethaler, B., Sanchez, C. R, Roumain, M.,
et al. (2021). Prebiotic dietary fibre intervention improves fecal markers related to
inflammation in obese patients: results from the Food4Gut randomized placebo-
controlled trial. Eur. J. Nutr. 60, 3159-3170. doi: 10.1007/s00394-021-02484-5

Nobbs, A. H., Lamont, R. J., and Jenkinson, H. F. (2009). Streptococcus adherence
and colonization. Microbiol. Mol. Biol. Rev. 73, 407-450. doi: 10.1128/ MMBR.00014-09

Oral microbiome research: Startup Spotlight: Innovations in Oral Health Using
Microbiome Insights. Available online at: https:/fastercapital.com/content/Oral-
microbiome-research-Startup-Spotlight-Innovations-in-Oral-Health-Using-
Microbiome-Insights.html?utm_source=chatgpt.com.

Pifion-Esteban, P., Nufiez, L., Moure, R., Marron-Linares, G. M., Flores-Rios, X.,
Aldama-Lopez, G., et al. (2020). Presence of bacterial DNA in thrombotic material of
patients with myocardial infarction. Sci. Rep. 10, 16299. doi: 10.1038/s41598-020-
73011-5

Pirnay, J. P., Djebara, S., Steurs, G., Griselain, J., Cochez, C., De Soir, S., et al. (2024).
Personalized bacteriophage therapy outcomes for 100 consecutive cases: a multicentre,
multinational, retrospective observational study. Nat. Microbiol. 9, 1434-1453.
doi: 10.1038/s41564-024-01705-x

Pluznick, J. L., Protzko, R. J., Gevorgyan, H., Peterlin, Z., Sipos, A., Han, J., et al.
(2013). 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. 110, 4410-
4415. doi: 10.1073/pnas.1215927110

Rehman, S., Sa Pessoa, J., Buckley, C., Lancaster, R, Ross, C., Zhang, X., et al. (2025).
Klebsiella pneumoniae disrupts vasodilation by targeting eNOS post translational
modifications via the type VI secretion system and the capsule polysaccharide.
bioRxiv 2025.02.05.636584. doi: 10.1101/2025.02.05.636584

Robinson-Cohen, C., Newitt, R., Shen, D. D., Rettie, A. E., Kestenbaum, B. R.,
Himmelfarb, J., et al. (2016). Association of FMO3 variants and trimethylamine N-
oxide concentration, disease progression, and mortality in CKD patients. PloS One 11,
€0161074. doi: 10.1371/journal.pone.0161074

Santisteban, M. M., Qi, Y., Zubcevic, J., Kim, S., Yang, T., Shenoy, V., et al. (2017).
Hypertension-linked pathophysiological alterations in the gut. Circ. Res. 120, 312-323.
doi: 10.1161/CIRCRESAHA.116.309006

Schamarek, I., Anders, L., Chakaroun, R. M., Kovacs, P., and Rohde-Zimmermann,
K. (2023). The role of the oral microbiome in obesity and metabolic disease: potential
systemic implications and effects on taste perception. Nutr. J. 22, 28. doi: 10.1186/
$12937-023-00856-7

Schenkein, H. A., and Loos, B. G. (2013). Inflammatory mechanisms linking
periodontal diseases to cardiovascular diseases. J. Clin. Periodontol. 40 Suppl 14,
S51-869. doi: 10.1111/jcpe.12060

Schiattarella, G. G., Sannino, A., Toscano, E., Giugliano, G., Gargiulo, G., Franzone,
A., et al. (2017). Gut microbe-generated metabolite trimethylamine-N-oxide as
cardiovascular risk biomarker: a systematic review and dose-response meta-analysis.
Eur. Heart J. 38, 2948-2956. doi: 10.1093/eurheartj/ehx342

Stahli, B. E., Scharl, M., and Matter, C. M. (2023). A roadmap for gut microbiome-
derived aromatic amino acids for improved cardiovascular risk stratification. Eur.
Heart J. 44, 3097-3099. doi: 10.1093/eurheartj/ehad367

Frontiers in Cellular and Infection Microbiology

13

10.3389/fcimb.2025.1658502

Sun, J., Wang, X,, Xiao, J., Yang, Q., Huang, X, Yang, Z, et al. (2024). Autophagy
mediates the impact of Porphyromonas gingivalis on short-chain fatty acids
metabolism in periodontitis-induced gut dysbiosis. Sci. Rep. 14, 26291. doi: 10.1038/
$41598-024-77909-2

Sze, M. A., and Schloss, P. D. (2016). Looking for a signal in the noise: revisiting
obesity and the microbiome. mBio. 7, €01018-¢01016. doi: 10.1128/mBi0.01018-16

Tang, W. H. W,, and Hazen, S. L. (2014). The contributory role of gut microbiota in
cardiovascular disease. J. Clin. Invest. 124, 4204-4211. doi: 10.1172/JCI172331

Tang, W. H. W., Wang, Z., Levison, B. S., Koeth, R. A, Britt, E. B, Fu, X, et al.
(2013). Intestinal microbial metabolism of phosphatidylcholine and cardiovascular
risk. N Engl. J. Med. 368, 1575-1584. doi: 10.1056/NEJMoa1109400

Tkhilaishvili, T., Potapov, E., Starck, C., Mulzer, J., Falk, V., Trampuz, A., et al.
(2022). Bacteriophage therapy as a treatment option for complex cardiovascular
implant infection: The German Heart Center Berlin experience. J. Heart Lung
Transplant. 41, 551-555. doi: 10.1016/j.healun.2022.01.018

Ullah Goraya, M., Li, R, Gu, L, Deng, H, and Wang, G. (2023). Blood stream
microbiota dysbiosis establishing new research standards in cardio-metabolic diseases, A
meta-analysis study. Microorganisms. 11, 777. doi: 10.3390/microorganisms11030777

University of Maryland. (2025) .Gut health monitoring gas sensors added to
ingestible capsule technology. Available online at: https://matrix.umd.edu/news/
story/gut-health-monitoring-gas-sensors-added-to-ingestible-capsule-technology?
utm_source=chatgpt.com. (Accessed June 03, 2025).

van der Beek, C. M., Canfora, E. E., Kip, A. M., Gorissen, S. H. M., Olde Damink, S.
W. M, van Eijk, H. M,, et al. (2018). The prebiotic inulin improves substrate
metabolism and promotes short-chain fatty acid production in overweight to obese
men. Metabolism. 87, 25-35. doi: 10.1016/j.metabol.2018.06.009

Vega Garcia, M., and Aznarte, J. L. (2020). Shapley additive explanations for NO2
forecasting. Ecol. Informatics. 56, 101039. doi: 10.1016/j.ecoinf.2019.101039

Vona, D,, Cicco, S. R., La Forgia, F. M., Vacca, M., Porrelli, A., Caggiano, G., et al.
(2024). All bio-based p-beads from microalgae for probiotics delivery. Advanced
Sustain. Systems. 8, 2400384. doi: 10.1002/adsu.202400384

World Health Organization (WHO). (2021). Cardiovascular diseases (CVDs)
(WHO). Available online at: https://www.who.int/news-room/fact-sheets/detail/
cardiovascular-diseases-(cvds). (Accessed June 03, 2025).

Wang, X, Ji, Y., Qiu, C., Zhang, H,, Bi, L., Xi, H,, et al. (2022). A phage cocktail
combined with the enteric probiotic Lactobacillus reuteri ameliorated mouse colitis
caused by S. typhimurium. Food Funct. 13, 8509-8523. doi: 10.1039/d2fo00699¢

Wang, Z., Klipfell, E., Bennett, B. J., Koeth, R, Levison, B. S., Dugar, B., et al. (2011).
Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease. Nature.
472, 57-63. doi: 10.1038/nature09922

Wei, H., Zhao, M., Huang, M., Li, C,, Gao, J., Yu, T., et al. (2022). FMO3-TMAO axis
modulates the clinical outcome in chronic heart-failure patients with reduced ejection
fraction: evidence from an Asian population. Front. Med. 16, 295-305. doi: 10.1007/
s11684-021-0857-2

Wu, G. D,, Chen, J., Hoffmann, C., Bittinger, K., Chen, Y. Y., Keilbaugh, S. A., et al.
(2011). Linking long-term dietary patterns with gut microbial enterotypes. Science. 334,
105-108. doi: 10.1126/science.1208344

Wu, Y., Fu, H,, Xu, X,, Jin, H., Kao, Q. ], Teng, W. L, et al. (2024a). Intervention with
fructooligosaccharides, Saccharomyces boulardii, and their combination in a colitis
mouse model. Front. Microbiol. 15. doi: 10.3389/fmicb.2024.1356365

Wu, J., Giles, C., Dakic, A., Beyene, H. B., Huynh, K., Wang, T., et al. (2024).
Lipidomic risk score to enhance cardiovascular risk stratification for primary
prevention. J. Am. Coll. Cardiol. 84, 434-446. doi: 10.1016/j.jacc.2024.04.060

Wu, Y, Xing, L., Lu, L,, Liu, S., Zhao, D., Lin, L., et al. (2024b). Alterations in the
salivary microbiome and metabolism in patients with carotid atherosclerosis from rural
northeast China. J. Am. Heart Assoc. 13, €034014. doi: 10.1161/JAHA.123.034014

Xiang, Y., Wen, H,, Yu, Y., Li, M,, Fu, X,, and Huang, S. (2020). Gut-on-chip:
Recreating human intestine in vitro. J. Tissue Eng. 11, 2041731420965318. doi: 10.1177/
2041731420965318

Xie, W., Zhong, Y. S,, Li, X. J., Kang, Y. K, Peng, Q. Y., and Ying, H. Z. (2024).
Postbiotics in colorectal cancer: intervention mechanisms and perspectives. Front.
Microbiol. 15. doi: 10.3389/fmicb.2024.1360225

Xu, Q, Wang, W,, Li, Y., Cui, J., Zhu, M., Liu, Y., et al. (2025). The oral-gut

microbiota axis: a link in cardiometabolic diseases. NPJ Biofilms Microbiomes. 11, 11.
doi: 10.1038/s41522-025-00646-5

Yadalam, P. K., Arumuganainar, D., Anegundi, R. V., Shrivastava, D., Alftaikhah, S.
A. A, Almutairi, H. A,, et al. (2023). CRISPR-cas-based adaptive immunity mediates
phage resistance in periodontal red complex pathogens. Microorganisms. 11, 2060.
doi: 10.3390/microorganisms11082060

Yang, C., Camargo Tavares, L., Lee, H. C,, Steele, J. R,, Ribeiro, R. V., Beale, A. L.,
et al. (2025). Faecal metaproteomics analysis reveals a high cardiovascular risk profile
across healthy individuals and heart failure patients. Gut Microbes 17, 2441356.
doi: 10.1080/19490976.2024.2441356

Yang, X., Wang, C.,, Wang, Q., Zhang, Z., Nie, W., and Shang, L. (2023). Armored
probiotics for oral delivery. Smart Med. 2, €20230019. doi: 10.1002/SMMD.20230019

frontiersin.org


https://doi.org/10.1186/s40168-024-01880-3
https://doi.org/10.1186/s40168-024-01880-3
https://doi.org/10.1007/s11033-022-07375-4
https://doi.org/10.1080/20002297.2017.1281562
https://doi.org/10.1080/20002297.2017.1281562
https://doi.org/10.1186/s12967-023-04247-8
https://doi.org/10.1016/j.crfs.2021.04.006
https://doi.org/10.1371/journal.pone.0134234
https://doi.org/10.1007/s00604-024-06343-y
https://doi.org/10.1093/eurheartj/ehad333
https://doi.org/10.1007/s00394-021-02484-5
https://doi.org/10.1128/MMBR.00014-09
https://fastercapital.com/content/Oral-microbiome-research&ndash;Startup-Spotlight&ndash;Innovations-in-Oral-Health-Using-Microbiome-Insights.html?utm_source=chatgpt.com
https://fastercapital.com/content/Oral-microbiome-research&ndash;Startup-Spotlight&ndash;Innovations-in-Oral-Health-Using-Microbiome-Insights.html?utm_source=chatgpt.com
https://fastercapital.com/content/Oral-microbiome-research&ndash;Startup-Spotlight&ndash;Innovations-in-Oral-Health-Using-Microbiome-Insights.html?utm_source=chatgpt.com
https://doi.org/10.1038/s41598-020-73011-5
https://doi.org/10.1038/s41598-020-73011-5
https://doi.org/10.1038/s41564-024-01705-x
https://doi.org/10.1073/pnas.1215927110
https://doi.org/10.1101/2025.02.05.636584
https://doi.org/10.1371/journal.pone.0161074
https://doi.org/10.1161/CIRCRESAHA.116.309006
https://doi.org/10.1186/s12937-023-00856-7
https://doi.org/10.1186/s12937-023-00856-7
https://doi.org/10.1111/jcpe.12060
https://doi.org/10.1093/eurheartj/ehx342
https://doi.org/10.1093/eurheartj/ehad367
https://doi.org/10.1038/s41598-024-77909-2
https://doi.org/10.1038/s41598-024-77909-2
https://doi.org/10.1128/mBio.01018-16
https://doi.org/10.1172/JCI72331
https://doi.org/10.1056/NEJMoa1109400
https://doi.org/10.1016/j.healun.2022.01.018
https://doi.org/10.3390/microorganisms11030777
https://matrix.umd.edu/news/story/gut-health-monitoring-gas-sensors-added-to-ingestible-capsule-technology?utm_source=chatgpt.com
https://matrix.umd.edu/news/story/gut-health-monitoring-gas-sensors-added-to-ingestible-capsule-technology?utm_source=chatgpt.com
https://matrix.umd.edu/news/story/gut-health-monitoring-gas-sensors-added-to-ingestible-capsule-technology?utm_source=chatgpt.com
https://doi.org/10.1016/j.metabol.2018.06.009
https://doi.org/10.1016/j.ecoinf.2019.101039
https://doi.org/10.1002/adsu.202400384
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://doi.org/10.1039/d2fo00699e
https://doi.org/10.1038/nature09922
https://doi.org/10.1007/s11684-021-0857-2
https://doi.org/10.1007/s11684-021-0857-2
https://doi.org/10.1126/science.1208344
https://doi.org/10.3389/fmicb.2024.1356365
https://doi.org/10.1016/j.jacc.2024.04.060
https://doi.org/10.1161/JAHA.123.034014
https://doi.org/10.1177/2041731420965318
https://doi.org/10.1177/2041731420965318
https://doi.org/10.3389/fmicb.2024.1360225
https://doi.org/10.1038/s41522-025-00646-5
https://doi.org/10.3390/microorganisms11082060
https://doi.org/10.1080/19490976.2024.2441356
https://doi.org/10.1002/SMMD.20230019
https://doi.org/10.3389/fcimb.2025.1658502
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Su et al.

Zhang, Z., Geng, J., Tang, X,, Fan, H,, Xu, J, Wen, X,, et al. (2014). Spatial
heterogeneity and co-occurrence patterns of human mucosal-associated intestinal
microbiota. ISME J. 8, 881-893. doi: 10.1038/ismej.2013.185

Zhang, R, Li, D, Zhao, R,, Luo, D., Hu, Y., Wang, S., et al. (2024). Spike structure of
gold nanobranches induces hepatotoxicity in mouse hepatocyte organoid models.
J. Nanobiotechnology. 22, 92. doi: 10.1186/s12951-024-02363-1

Zhang, L., Wu, W,, Lee, Y. K,, Xie, J., and Zhang, H. (2018). Spatial heterogeneity and
co-occurrence of mucosal and luminal microbiome across swine intestinal tract. Front.
Microbiol. 9. doi: 10.3389/fmicb.2018.00048

Zhang, C,, and Zhao, L. (2016). Strain-level dissection of the contribution of the gut
microbiome to human metabolic disease. Genorme Med. 8, 41. doi: 10.1186/s13073-016-0304-1

Frontiers in Cellular and Infection Microbiology

14

10.3389/fcimb.2025.1658502

Zhao, Y., Hong, K., Zhao, ]., Zhang, H., Zhai, Q., and Chen, W. (2019). Lactobacillus
fermentum and its potential immunomodulatory properties. J. Funct. Foods. 56, 21-32.
doi: 10.1016/j.jf.2019.02.044

Zhu, M,, Li, Y., Wang, W, Liu, L., Liu, W,, Yu, J,, et al. (2025). Advancing early
detection of organ damage and cardiovascular risk prevention: the Suzhou
cardiometabolic health study protocol - exploring the role of oral microbiome and
metabolic profiling in risk stratification. Front. Endocrinol. (Lausanne). 16.
doi: 10.3389/fend0.2025.1522756

Zhu, Y., Shui, X,, Liang, Z., Huang, Z., Qi, Y., He, Y., et al. (2020). Gut microbiota
metabolites as integral mediators in cardiovascular diseases (Review). Int. J. Mol. Med.
46, 936-948. doi: 10.3892/ijmm.2020.4674

frontiersin.org


https://doi.org/10.1038/ismej.2013.185
https://doi.org/10.1186/s12951-024-02363-1
https://doi.org/10.3389/fmicb.2018.00048
https://doi.org/10.1186/s13073-016-0304-1
https://doi.org/10.1016/j.jff.2019.02.044
https://doi.org/10.3389/fendo.2025.1522756
https://doi.org/10.3892/ijmm.2020.4674
https://doi.org/10.3389/fcimb.2025.1658502
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	The oral-gut microbiota axis in cardiovascular diseases: mechanisms, therapeutic targets, and translational challenges
	1 Introduction
	2 The oral and gut microbiota: composition and functional crosstalk
	2.1 Oral microbiota landscape
	2.2 Gut microbiota architecture
	2.3 Cross-talk mechanisms between oral and gut microbiota
	2.3.1 Microbial translocation
	2.3.2 Metabolic cross-feeding


	3 The oral-gut axis in cardiovascular pathogenesis
	3.1 Atherosclerosis: from plaque initiation to instability
	3.1.1 Plaque formation and immune activation
	3.1.2 Cholesterol metabolism disorders
	3.1.3 Plaque instability and thrombosis

	3.2 Hypertension: the role of gut-derived metabolites
	3.2.1 Intestinal barrier dysfunction and endotoxemia
	3.2.2 Activation of the renin-angiotensin system
	3.2.3 The gut-brain axis and hypertension

	3.3 Heart failure: bidirectional regulation and controversies
	3.3.1 Microbial dysbiosis and the progression of heart failure
	3.3.2 Compensatory mechanisms and microbiota adaptation
	3.3.3 Strain-specific function hypothesis


	4 “Microbiota-metabolism-immunity” tri-dimensional regulatory network
	5 Oral-gut axis therapeutic strategies
	5.1 Precision microbiome modulation
	5.1.1 Phage therapy
	5.1.2 Combined intervention therapy
	5.1.3 Metabolite-based intervention

	5.2 Non-invasive diagnostic biomarkers

	6 Challenges and future directions
	6.1 Establishing causality and standardizing research methods
	6.2 Translational barriers and personalized medicine
	6.3 Revealing complex mechanisms and crosstalk
	6.4 Technical limitations and innovation

	7 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


