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ABSTRACT
The gut ecosystem, termed microbiota, is composed of bacteria, archaea, viruses, protozoa, and
fungi and is estimated to outnumber human cells. Microbiota can affect the host by multiple mech-
anisms, including the synthesis of metabolites and toxins, modulating inflammation and interaction
with other organisms. Advances in understanding commensal organisms’ effect on human condi-
tions have also elucidated the importance of this community for cardiovascular disease (CVD).
This effect is driven by both direct CV effects and conditions known to increase CV risk, such as
obesity, diabetes mellitus (DM), hypertension, and renal and liver diseases. Cardioactive metabo-
lites, such as trimethylamine N-oxide (TMAO), short-chain fatty acids (SCFA), lipopolysaccharides,
bile acids, and uremic toxins, can affect atherosclerosis, platelet activation, and inflammation,
resulting in increased CV incidence. Interestingly, this interaction is bidirectional with microbiota
affected by multiple host conditions including diet, bile acid secretion, and multiple diseases affect-
ing the gut barrier. This interdependence makes manipulating microbiota an attractive option to
reduce CV risk. Indeed, evolving data suggest that the benefits observed from low red meat and
Mediterranean diet consumption can be explained, at least partially, by the changes that these
diets may have on the gut microbiota. In this article, we depict the current epidemiological and
mechanistic understanding of the role of microbiota and CVD. Finally, we discuss the potential
therapeutic approaches aimed at manipulating gut microbiota to improve CV outcomes. © 2024
American Physiological Society. Compr Physiol 14:5449-5490, 2024.

Didactic Synopsis
Major teaching points
• Multiple lines of evidence suggest that the bidirectional

interactions between microbiota and the human host are
important for both direct and indirect processes affecting
cardiovascular health.

• Loss of balanced microbiota composition (dysbiosis) is
seen in CVD and conditions with increased CVD risk such
as DM, hypertension, obesity, and NAFLD. Dysbiosis is
not limited to the colon but can also occur in the small
intestine and oral cavity.

• Microbiota effect CVD in multiple ways, including
production of cardioactive metabolites (such as TMAO,
SCFA, and UT), inducing local and systemic inflamma-
tion (directly or by LPS production), and competition
with beneficiary microorganisms.

• Altering the gut microbiota to improve CV health is a
compelling approach, backed by evidence of reduced
risk seen with Mediterranean and low red meat diets.
Specific treatments with dietary supplements and spe-
cific inhibitors may allow more feasible ways to restore
beneficiary microbiota and reduce CVD risk.

Introduction
The importance of the bacterial populations in the gastroin-
testinal (GI) tract for bile acid and vitamin K metabolism has
been understood for many years. However, the human gut
microbiota is an extremely complex ecosystem containing
bacteria, archaea, viruses, protozoa, and fungi (49), with
a total number of organisms estimated at approximately
1013 to 1015 (104, 402, 458). This staggering number and
diversity of the gut microbiota suggest that multiple addi-
tional interactions may affect other processes in health and
disease. The immense number of colonizing organisms
together with evidence of multiple interactions between the
host and microbial communities inspired the coining of the
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Figure 1 Microbiome-host interactions. Reciprocal interactions between organisms populating the
human gut and the host.

term meta-organism. To date, most studies have focused
on bacteria, partly due to historical methods relaying on
cultures for strain identification as well as due to limited
data on virus/phage diversity. Based on these methods, gut
bacteria seem to be composed mostly by Bacteroidetes,
Firmicutes (especially Clostridia species), Actinobacteria,
Proteobacteria, and Verrucomicrobia (59) families. However,
this initial model is oversimplistic as the number and diversity
of microbiota make it difficult to isolate specific interacting
pathways. The task is further complicated by the fact the GI
tract contains significantly different environments, ranging
from the open oral cavity to the acidic stomach followed by
aerobic conditions in the small intestine and the anaerobic
colon. These differences result in each environment contain-
ing significantly different microorganism populations (262).
Other factors, including the possibility that a rare population
of microorganisms may be responsible for major effects,
long-term temporal population changes, and changes due
to interaction with host comorbidities (66, 320), make the
task even more daunting. Additionally, recent sequencing
data showed that even within the same species, differences
in transcription and protein expression can correlate with
various disease states (66, 473, 591).

In spite of the abovementioned difficulties, substantial
advances in the field have revealed interactions between gut
bacteria and multiple conditions, including DM, obesity,
hypertension, dyslipidemia, Parkinson’s disease, and various
inflammatory diseases (65, 428, 533, 604). Observations
that diet is a major component affecting many CV risk
factors make gut microbiota’s integral role in cardiovascu-
lar disease (CVD) unsurprising. Indeed, correlative studies

have discovered direct and independent interactions between
microbiota and CVD, including heart failure (HF), atheroscle-
rosis, and atrial fibrillation. Mechanistical studies in model
animals and clinical trials have elucidated several pathways
in which microbiota influence the CV system, including
toxic metabolites, inflammatory modulation, and platelet
activation. Therefore, gut microbiota may interact with the
host through several mechanisms, including (Figure 1):

• Production of absorbable metabolites/toxins

• Modification/removal of metabolites from the GI tract

• Interaction with gut barrier to change permeability
properties

• Modulation of systemic inflammatory state by direct
translocation

• Modulation of local inflammatory response

• Intramicrobiota interaction can change composition/
diversity.

In this article, we present the recent advances in our under-
standing of the interactions between gut microbiota and CV
disease.

Dysbiosis Clinical Correlation
Changes in diet, host disease, and other conditions can result
in significant changes in microbiota composition. These
changes may cause beneficiary species to diminish, while
unwanted species may thrive, prompting the introduction
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of the term dysbiosis. This imbalance between microbial
communities prompted the search for bacterial changes in
specific diseases to better understand the role of microbiota
in each condition.

Gut microbiota
Difficulties in obtaining small-intestine samples require that
most gut microbiota analysis is performed by collecting
data from fecal matter. The staggering mass of fecal bac-
teria resulted in initial attempts to find changes in whole
populations. Analyzing diversity indexes, such as alpha
(microbiome diversity applicable to a single sample), beta
(differences between populations), and the Shannon–Wiener
index (diversity of species in a community), gave mixed
results in CVD patients (236). Being the most abundant,
Firmicutes (F) and Bacteroidetes (B) species, their ratio (F/B
ratio) was found as a general indicator of the gut microbiota
state. Changes in F/B ratio were found to correlate with
CVD; however, there seem to be mixed results, probably due
to the inherent generalization of this ratio (377, 546). Mul-
tiple species-level studies have found association between
bacterial families and CVD risk factors, such as glucose and
lipid abnormalities (134, 323, 446, 515, 604), hypertension
(107), chronic kidney disease (CKD) (185), and inflammation
(537). Case-control studies comparing CVD patients found
differences in species, such as Lactobacillales, Bacteroidetes,
and Enterobacteriaceae (117, 205, 226). Recently, sequencing
results of 1023 samples from standardized diet participants
in the Personalized Responses to Dietary Composition Trial
(PREDICT 1) study (30) demonstrated concordance between
specific microbial patterns and biomarkers known to corre-
late with cardiometabolic risk and even a composite of the
atherosclerotic CVD score (21). As changes in dietary intake
are known to result in a shift in microbiota population (172,
252, 592), the increased CVD risk associated with consuming
certain foods (243, 256, 381, 515) may be partially linked to
changes in microbiota.

Indeed, Francesco Asnicar et al. classified foods using
several indexes assessing plant, animal, and Mediterranean
diet sources to better understand the effect of dietary sources
on microbiota (21). Unprocessed plant-based diets and
animal diets based on eggs and fish were correlated to
butyrate-producing species Roseburia hominis, Agathobac-
ulum butyriciproducens, Faecalibacterium prausnitzii, and
Anaerostipes hadrus as well as uncultivated species, predicted
to have similar metabolic capability, Roseburia bacterium
CAG:182 and Firmicutes bacterium CAG:95 (21). While
Clostridium species (Clostridium innocuum, Clostridium
symbiosum, Clostridium spiroforme, Clostridium leptum, and
Clostridium saccharolyticum) were correlated with animal
diets based on red meat, dairy desserts, and processed foods
(21), Mediterranean diet, known for its cardioprotective
properties, was negatively correlated with the abundance of
Ruminococcus torques, Clostridium leptum, and Collinsella
aerofaciens species (546), all of which are known to be

associated with western diets (11, 150). In contrast to these
results, a recent prospective population-based study involving
7211 adults demonstrated that increased Enterobacteriaceae
abundance was significantly associated with all-cause mortal-
ity [adjusted hazard ratio (HR) 1.16, 95% confidence interval
(CI): 1.09–1.25; falso discovery rate (FDR) <0.0001] but
not significantly with CVD risk (adjusted HR 1.03, 95% CI:
0.91–1.16; FDR= 0.63) (435).

Taken together, it seems that certain bacterial populations
are associated with increased CVD risk either directly or
by influencing known CVD risk factors, and that this could
be mediated in part by dietary consumption patterns. How-
ever, further studies are needed to establish the long-term
effect of this interaction.

Oral microbiota
Differences in oral bacterial populations have been detected
in several conditions, including IBD (495) and hyperten-
sion (88). Several observational studies have reported that
patients suffering from CVD tend to have worse oral hygiene
compared to healthy individuals (83), and that chronic
periodontitis is associated with an increased risk of CVD (24,
26, 31, 82, 140, 205, 334, 415, 444, 453). Specifically, the
findings of Porphyromonas gingivalis and Aggregatibacter
actinomycetemcomitans were shown to correlate with CVD
(44, 125). Recently, a prospective observational study of 102
CV patients undergoing coronary artery bypass graft (CABG)
demonstrated the presence of Saccharibacteria phylum in sub-
gingival samples it was associated with (452). The increased
risk may be mediated by increased inflammatory modu-
lation or secondary bacteremia (324, 401). Surprisingly,
Chryseomonas, Veillonella, and Streptococcus, both present
in the oral cavity, were identified in atherosclerotic plaque
samples (248), providing another possible link between
periodontitis and increased risk of CVD (555). However,
given the existence of multiple shared risk factors between
periodontitis and CVD, these studies are only associative and
do not yet prove causality.

Another means by which oral bacteria can influence CVD is
through the enterosalivary nitrate-nitrite-nitric oxide pathway.
In this pathway, dietary nitrate (NO3−) is converted to nitrite
(NO2−) by oral bacteria and is absorbed to serve as a pool
for NO generation (304). Multiple studies have demonstrated
that reduced oral nitrite production results in increased BP
and insulin resistance (148, 240, 304, 522), known CVD risk
factors. The identification of specific species has proven more
difficult, with Neisseria flavescens, Haemophilus parain-
fluenzae, and Rothia dentocariosa showing association with
reduced CVD risk (147, 148, 169). Recently, new analysis
of the prospective cohort Oral Infections, Glucose Intoler-
ance, and Insulin Resistance Study (ORIGINS) showed the
importance of the balance between nitrite-producing and
-reducing oral populations in affecting cardiometabolic risk
score including BP and glucose response (147). Furthermore,
this may be affected by vegan diet (169).

Volume 14, July 2024 5451

 20404603, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/j.2040-4603.2024.tb00298.x by C

ardiff M
etropolitan, W

iley O
nline L

ibrary on [07/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Human Microbiota and Cardiovascular Disease Comprehensive Physiology

Given the current state of knowledge, mechanistic studies
in animal models and humans are warranted to unravel the
complex relationship between periodontitis, alterations in
oral microbiota, and CVD and to elucidate specific pathways
underlying this interaction.

Atherosclerotic plaque microbiota
Previous reports have identified DNA from Staphylococ-
cus species, Proteus vulgaris, Klebsiella pneumoniae, and
Streptococcus species in atherosclerotic plaques (248, 293),
and Proteobacteria and Actinobacteria were recognized in a
larger cohort of endarterectomy samples (212). However, no
difference in the abundance of these pathogens was detected
between symptomatic and asymptomatic patients (212). It is
possible that these findings represent bystander findings or
DNA fragments from bacteria consumed by immune cells
and not viable bacteria (248). In contrast, recent work demon-
strated that Staphylococcus and Streptococcus were enriched
in plaque samples from acute coronary syndrome patients,
while Paracoccus was enriched in samples from patients
with chronic coronary syndrome (389). In addition to these
populations, certain pathogenic bacteria, such as Chlamydia
pneumoniae, Helicobacter pylori, and P. gingivalis, can affect
vascular cells and thus contribute to CVD development (555).
In spite of all these findings, trials examining the effect of
antibiotics did not show any clinical benefits in reducing CV
morbidity or mortality (15). Therefore, the direct contribution
of bacterial invasion into atherosclerotic plaques is yet to
been established.

Cardioactive Gut Biomarkers
An important aspect of host/microbiota interaction is medi-
ated by microbiota-produced metabolites. Indeed, recent data
suggest that multiple bacterial metabolites are absorbed into
the blood stream and even the CNS, affecting glucose and
lipid metabolism (95). However, the gut environment also
contains numerous pathogens and unwanted/toxic substances
that require multiple lines of defense to ensure that these
do not crossover to the systemic circulation. These include
mucus lining (42, 209), epithelial barrier, and tight junction
integrity (4), followed by vascular endothelial and extensive
immune cell populations (338, 481). Indeed, gut barrier
integrity is affected by resident lymphocyte and macrophage
(94) populations producing IL-22, IL-18, IL-21, and CCL-3,
tissue inhibitor of metalloproteinase 2 (73, 206). Importantly,
microbiota composition is also a significant aspect of the
gut barrier health as conditions favoring certain populations
or microbiota-microbiota interactions can reduce unwanted
toxins and bacterial populations. This is well demonstrated by
observations of impaired barrier function and endotoxemia
seen following high fructose (457), high fat (338), and dietary
emulsifier intake (present in processed foods) (62, 63). Recent
data provided evidence that these interactions extend beyond

the bacterial populations as mucosal fungi were shown to
increase the production of IL-22 and strengthen the gut barrier
(267). In addition, local inflammatory response and reduced
blood prefusion seen in several pathological conditions,
such as HF and ischemic heart disease, can compromise the
epithelial cell barrier and tight junction integrity (95, 374).

This complex barrier-microbiota interaction results in
reciprocal dynamic changes effecting health as demonstrated
in type 2 DM and nonalcoholic fatty liver disease (NAFLD)
(7, 513, 517). In this section, we review the main gut-related
cardioactive biomarkers and their involvement in CVD
as well as the recent advances in metabolome screening,
identifying additional substances (352) (Figure 2).

Trimethylamine N-oxide (TMAO)
Western diets rich in animal products such as red meat (594)
have high content of choline (550), phosphatidylcholine
(503), and carnitine (242). These precursors are converted
into betaine (550), γ-butyrobetaine (242), and trimethyllysine
(288), which is later converted to trimethylamine (TMA) gas
by multiple gut bacteria (503, 550). TMA in turn is absorbed
into the portal circulation where it is converted into TMAO
by hepatic enzyme flavin monooxygenases (FMO—mainly
FMO3) (553). TMAO is then extracted by the kidneys (10);
hence, reduced renal function results in increased TMAO
levels (502). TMAO has been shown to be significantly and
independently associated with CVD, atherosclerosis, and all-
cause mortality in multiple cohort studies (128, 179, 406, 425,
445, 473). These findings were supported by similar results
in animal models (8, 108, 425, 473, 552, 564, 570). In the
recent European Prospective Investigation into Cancer and
Nutrition-Norfolk (EPIC) trail, a prospective study of 25,663
healthy participants with 8-year follow-up, case-control
analysis of 908 individuals who developed CVD and 1273
controls with elevated TMAO levels conferred an increased
risk for incident CVD development and remained predictive
following adjustment for traditional risk factors [odds ratio
(OR) 1.58, 95% CI: 1.21–2.06; P < 0.01] (501). A recent
umbrella meta-analysis of 39,314 participants demonstrated a
significant correlation to major adverse cardiovascular events
(MACE) even after adjustment for potential confounding
factors (HR 1.65, 95% CI: 1.56–1.95; P= 1.13× 10−22)
(274). This correlation was dose dependent (HR 1.11 for each
1 μmol/liter TMAO, 95% CI: 1.07–1.114; P= 1.04× 10−4 in
three studies). Another meta-analysis, including 12 studies
and overall 22,945 participants, showed that elevated TMAO
levels had significant association with CVD events (OR:
1.50, 95% CI: 1.26–1.79; P = 8.0× 10−6) (277). This latest
meta-analysis is consistent with previous studies showing
significant association of TMAO with CVD (139, 179, 274,
406, 445, 449, 578), MACE (159, 179, 274, 445, 580), and
all-cause mortality (128, 445) as well as inflammation (129),
hypertension (139), and DM (614). Although the correlation
between TMAO and CVD risk remains significant after
adjusting for renal function (274), care must to be taken
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Figure 2 Conditions and metabolites affecting cardiovascular disease. Effect overlaps of bioactive metabolites in both cardiovas-
cular risk factors and processes directly implicated in CVD.
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ing CVD.

in this population as the effect of TMAO on CVD risk is
impaired in patients with reduced renal function (223, 485).

TMAO seems to exert its CV effects through multiple
pathways (Figure 3). Experiments in mouse models have
shown that increased TMAO production due to choline- or

carnitine-rich diet resulted in increased atherosclerotic bur-
den (153), which was mediated by increased cholesterol
content in macrophages and foam cell formation (243,
550). TMAO also enhances thrombosis in germ-free mice
transplanted with microbial communities possessing high
TMA-producing capabilities (611). Furthermore, FMO3
knockout mouse models showed that TMA and TMAO
levels augmented thrombotic potential by changing platelet
responsiveness and clot formation rates (467, 610, 611).
Increased TMAO levels also result in activation of inflamma-
tory processes (456), and the pro-inflammatory mechanism
of TMAO (67, 456) may play a crucial role in the acute phase
of heart injury. Recent data have shown that in 985 patients
hospitalized for acute myocardial infarction (MI) and HF,
the TMAO levels correlated with MACE (median follow-
up of 716 days) only if high-sensitivity C-reactive protein
(hsCRP) levels were above the median level (6.68 mg/liter)
(568). This is supported by data showing increased cardiac
endothelial inflammation in response to high TMAO levels
(489). In addition to these indirect CVD risk accentuation
effects, TMAO appears to have direct myocardial effects
via inducing hypertrophy and fibrosis (290). TMAO exerts
its cardiotoxic effects by activating the Nucleotide-Binding
Oligomerization Domain, Leucine-Rich Repeat, and Pyrin
Domain Containing 3 (NLRP3) inflammasome pathways (38,
67), resulting in changes in cardiomyocyte mitochondrial
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function (307) and actomyosin activity (253). Indeed, mice
infused with TMAO showed signs of vascular inflammation
with activation of NF-κB (456). TMA on the other hand
can specifically bind olfactory receptor TAAR5 (trace amine
associated receptor 5) (543); however, the role of TAAR5
in CVD is not well understood. Metabolically, TMAO may
also affect CV health by affecting bile acid metabolism and
transport (243) as discussed later.

Increased red meat intake led to increased plasma TMAO
levels in feeding experiments (549). However, both meat-
and plant-based diets contain an abundance of choline,
resulting in similar TMAO production capacities (549).
Converting choline or l-carnitine to TMA may be performed
by microbiota utilizing three main gene clusters: (i) cutC/D,
a glycyl radical enzyme and a glycyl radical activating
protein (473). (ii) cutA/B, a two-component Rieske-type
oxygenase/reductase complex (613). (iii) Betaine reductase
(116, 499). Studies evaluating TMA production capabilities
indicate that the majority of TMA is produced in the more
distal gut segments and under anaerobic conditions (241).
Indeed, choline conversion is mainly performed by cutC/D
(424, 425) gene cluster under anaerobic conditions (48). In
contrast, conversion of l-carnitine, which is more abundant
in red meat, to γBB and then to TMA may be performed by
CutA/B but requires oxygen (241, 613). Surprisingly, recent
cross-sectional genetic analysis of consecutive fecal and
blood samples found only low transcription levels of CutC/D
or CutA/B genes (277). Therefore, the question of the origin
of TMA production from l-carnitine in anaerobic conditions
has emerged (549). Recent data from a cross-sectional study
of 925 metagenomes from 307 healthy men indicate that
this conversion may be facilitated by recently identified
rare bacteria that were associated with higher TMAO con-
centrations. These include Firmicutes species, Clostridium
citroniae, Clostridium nexile, Clostridium clostridioforme,
Clostridiales bacterium 1 7 47FAA, Eubacterium hallii,
Eubacterium biforme, Erysipelotrichaceae bacterium 21–3,
and R. hominis, one Bacteroidetes species (Alistipes shahii),
and one Actinobacteria species (Eggerthella unclassified)
(277). It should be noted that previous studies have also iden-
tified Clostridium species to be associated with higher TMAO
levels after carnitine challenge (567), and that Eggerthella
lenta can convert l-carnitine to TMA (277).

TMAO precursors, betaine, γ-butyrobetaine, and trimethyl-
lysine, were also shown to be associated with CVD in a
TMAO-dependent manner (288). Prospective 12.5-year
follow-up of a 3932 community-based cohort Cardiovas-
cular Health Study (CHS) (133, 511) showed that meat
consumption was associated with increased incidence
of atherosclerotic CVD (HR 1.15, 95% CI: 1.01–1.30;
P= 0.031, for unprocessed red) and (HR 1.22, 95% CI:
1.07–1.39; P= 0.004, for total meat), and that this was medi-
ated in part by TMAO and its metabolites, including γBB
(548). These results were further corroborated by another
recent prospective study showing that γBB is associated with
MACE after adjusting for known CVD (43). Interestingly, the

authors of this study identified a rare community of E. timo-
nensis and its gene cluster, GbuA, as an important converter
of γBB to TMA. This finding is supported by the Animal
and Plant PROtein and Cardiovascular Health (APPROACH)
study (Clinicaltrials.gov, accession no. NCT01427855) (549),
a prospective randomized dietary controlled trail showing an
increase in GbuA gene in samples from subjects consuming
red meat as a protein source (43).

Interestingly, recent data showed that red meat consump-
tion is only correlated to increased TMAO levels in the
presence of specific bacteria (277). Given the similar choline
intake of vegan- and meat-based diets, these findings may
explain the difference observed in TMAO levels and CVD
risk between studies and between vegans and omnivores (red
meat consumers) (43, 241).

Despite the extensive supporting data, recent reports fol-
lowing two cohorts in Norway [WECAC; 4132 patients with
suspected coronary artery disease (CAD) of which 74.9%
had angiographically significant CAD] and the Hordaland
Health Study (HUSK; 6393 community-based subjects)
found no significant increase in all-cause mortality (HR 1.04
CI: 0.97–1.12) or CV death (HR 1.03 CI: 0.93–1.13) per
one standard deviation increase in log-transformed plasma
TMAO levels (WECAC suspected CAD data) with similar
results observed in the HUSK community-based data (34)
during approximately 10 years of follow-up. These results
may be due to the relatively homogeneous study population
and heterogeneity in fasting conditions. In addition to these
cohort studies, small studies have reported similar results
(35, 340, 593), indicating that the lack of association found
between red meat consumption and gene transcription levels
in high TMAO individuals (277) merits further investigation.

A recent study of 356 healthy participants (aged 18–66)
found no significant association between TMAO levels and
glucose, insulin, or lipid levels. Furthermore, no correlation
was found to inflammatory markers, including CRP, IL1,
or IL6 (199). The lack of correlation in this study may be
explained by the relatively low TMAO levels in this cohort
(199) and the low incidence of CVD in healthy young indi-
viduals, thereby making detection highly challenging. The
lack of significant association between TMAO and CV risk
in healthy subjects has also been observed in other studies
(14, 179, 277, 294, 308, 326, 406). Mechanistically, this
may be explained by the protein-stabilizing effects of TMAO
as suggested by its role in deep sea fish (521). Therefore, the
role of TMAO in healthy individuals requires more studies
to further understand its importance as a marker or/and a
driver of CVD and other diseases.

Lipopolysaccharides
Lipopolysaccharides (LPS), a membrane component of
Gram-negative bacteria, are composed of polysaccharides
bound to a lipid A portion and are a potent bacterial toxin.
LPS can enter systemic circulation by incorporation into gut
chylomicron particles and translocation of the gut barrier
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(146, 309). Following their entrance to the blood circulation,
LPS bind LPS-binding protein and are finally cleared by
transfer to hepatic degradation in lipoproteins, primarily
LDL (270).

LPS levels have been associated with CKD, DM, obesity,
and dyslipidemia (Figure 3) (2, 286). CV manifestations,
including AF (378, 602) and atherosclerotic CVD (56, 238,
269), are also associated with increased LPS endotoxemia
(Figure 3) (19, 269). High LPS levels were shown to result
in increased incidence of MACE in AF patients during a
3-year follow-up period (378, 379). A recent assessment
of 1152 plasma samples showed that LPS levels increase
with age (602), possibly explaining in part the increased
prevalence of AF seen in elderly. Elevated LPS levels are
also detected in patients with acute MI compared to patients
with stable disease (56), and high LPS levels are even asso-
ciated with increased CV events after 3 years of follow-up
(607). However, further investigation is needed to assess
whether the increased levels were a contributing factor for
the development of acute MI or a consequence of gut barrier
breakdown resulting from impaired cardiac function.

LPS are recognized by toll-like receptor (TLR) on various
immune cells, with binding resulting in NF-κB pathway (297)
and inflammatory response activation (20). LPS endotox-
emia contribution to atherosclerosis is mediated by multiple
pathways, including activation of nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase 2 (NOX2) (360, 538),
resulting in increased oxidized LDL levels, platelet activation
through binding to TLR4, TLR2, and TLR9 (249, 250), and
activation of plaque macrophages (54). TLR activation plays
an important role in NLRP3 inflammasome priming and
activation in cardiomyocytes (110). NLRP3 inflammasome
activation is seen in both paroxysmal and chronic AF (579)
and occurs during MI (469, 518) and HF (563). Interestingly,
LPS from different bacteria have altered TLR binding and
immune response capacity (531), indicating that different
bacteria may elicit diverse responses. Further experimenta-
tion is needed to link specific gut bacteria with subtypes of
LPS and their specific effect on the CV system.

Short-chain fatty acids
Short-chain fatty acids (SCFA), including acetate, propi-
onate, and butyrate, are mostly produced by gut microbiota
in anaerobic fermentation from plant-based fibers (96, 337);
however, a small amount can be produced by the human
host (384). SCFA are an important energy source, mainly
for the large intestine epithelial cells and thus crucial for
gut barrier integrity (112). In contrast, healthy cardiac
metabolism is largely dependent on energy-rich long-chain
fatty acids (LCFA) (433), which are actively transported
to mitochondria by carnitine palmitoyltransferase I (CPT1)
(272). However, in the setting of HF, there is a significant
reduction in LCFA oxidation (344) with a shift toward ketone
bodies as an alternative cardiomyocyte energy source (22).
Interestingly, emerging data indicates that SCFA are also

an important energy source for the failing heart (52). This
may be attributed to the energy-free transfer of SCFA to the
mitochondria (60). Indeed, inducing hypoxia by coronary
stenosis in porcine hearts resulted in preferential SCFA uti-
lization compared to LCFA (273). This is further supported
by observations of reduced CPT1 activity in HF (272).

In addition to providing energy, SCFA have been shown to
have positive systemic effects on lipid metabolism, glucose
homeostasis, and gut inflammation, thus exerting CV benefits
(Figure 3) (244). SCFA-driven anti-inflammatory properties
in the gut can be attributed in part to T regulatory (Treg) cell
activation (310). In support of this, SCFA supplementation to
elastase-induced abdominal aortic aneurysm (AAA) in mice
resulted in reduced AAA diameter, which was mediated by
colonic Treg recruitment to the affected aorta and reduced
inflammation (575). SCFA also play an important role in
immune response and cardiac repair following induction of
MI in mice (204, 500). Moreover, SCFA have been impli-
cated directly in CVD through improving cardiac stunning in
postischemic rabbit models (271) and contractility in murine
models (281).

SCFA bind free fatty acid receptors 2 and 3 (FFAR2/3)
(585) expressed by multiple organs, including the heart,
adipose tissues, and sympathetic neurons (234). In rat mod-
els, activation of FFAR2 induces glucagon-like peptide 1
(GLP-1) secretion (77), and FFAR3 knockout results in
reduced sympathetic tone and reduced heart rate (235).
Collectively, SCFA binding to FFAR2/3 confers a combined
cardioprotective effect. In humans, FFAR2 expression on
leukocytes has been shown to be reduced in acute ischemic
patients (429); however, the direct effect of FFAR2/3 activa-
tion in humans still needs further examination. In addition,
at least part of SCFA-mediated CV benefit is mediated by
affecting the blood pressure (BP) via binding of SCFA to
G-protein-coupled receptors, such as olfactory receptor 78
(Olfr78) and G-protein receptor 41 (Gpr41) (350, 363).
Indeed, Olfr78 knockout mice are hypotensive (390), while
Gpr41 knockout mice are hypertensive (350). Furthermore,
binding of SCFA to Olfr78 expressed on vascular smooth
muscle cells results in increased vascular resistance, and
binding to Olfr78 on renal juxtaglomerular cells results in
increased renin release leading to hypertension (390). Bind-
ing of SCFA to Gpr41, which is also expressed on vascular
endothelial cells, results in BP reduction (350, 391).

The contradicting effect of SCFA on BP demonstrated
by FFAR2 and FFAR3 activation indicates that the entire
molecular effects of SCFA on the CV system are not yet
fully understood. Indeed, as overwhelming clinical data are
supportive of a cardioprotective role of SCFA, more studies
are required to further elucidate the underlying mechanisms,
especially in human systems.

Bile acids
Primary bile acids (BA) are produced by the liver and
secreted into the duodenum where they are modified by gut
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microbiota into a wide variety of secondary bile acids before
reabsorption (227). Secondary bile acids can bind to various
host receptors, including farnesoid X receptor (FXR), liver
X receptor (LXR), pregnane X receptor (PXR), and takeda
G-protein-coupled receptor 5 (TGR5) (64, 224, 545). These
interactions have been shown to modulate immune responses
(193) and lipid and glucose metabolism (75, 157, 163, 224)
with potential implications on the CV system (Figure 3).
Specifically, fecal BA levels are lower in CAD patients
(61), and a recent cohort study demonstrated that among
7438 patients admitted for coronary angiography, the total
blood BA levels were lower in confirmed CAD patients and
inversely correlated with severity (285). Similar results were
reported in another study using stringent enrolment criteria
including statin use (355).

FXR is extensively expressed in the heart (33) and may
be involved in cardiac fatty acid metabolism (164). Addi-
tionally, evidence suggests that FXR activation inhibits
IL1β-induced rat aortic inflammation in an NF-κB-dependent
manner (142). This is supported by data showing reduced
atherosclerosis following administration of chenodeoxy-
cholic acid (CDCA) derivatives to apolipoprotein E-deficient
(ApoE−/−) mice (168, 175) and the fact that plaque size was
increased in compound FXR−/− mice compared to LDL−/− or
ApoE−/− alone (168, 175). Furthermore, TGR5 activation in
LDL−/− mice resulted in reduced atheroma formation (396).
In addition to the effects on the host, bile acid composition
impacts microbiota population through its antimicrobial
properties (193), creating a feedback loop. Other studies,
however, have reported a detrimental effect of BA on CVD
(168, 525), which may be due to differential receptor activa-
tion by different types of BA. Further studies are warranted
to elucidate the role of BA in CVD progression.

Uremic toxins
CVD is a major cause of morbidity and mortality in patients
with CKD (207, 414). Multiple studies have found significant
correlation between gut microbiota and CKD (519). One of
the hallmarks of reduced kidney function is the increased
levels of uremic toxins (UT). UT are classified as water
soluble, such as phosphor, urea, creatinine, and TMAO;
intermediate molecules, such as fibroblast growth factor
23 (FGF23); or protein bound, such as indoxyl moieties,
kynurenine, kynurenic acid, p-cresyl sulfate, and indole-3
acetic acid (414).

As renal failure progresses, UT levels are increased, result-
ing in enhanced transfer of urea to the gut (185, 519) and
concomitant favoring of gut bacteria expressing urease and
tryptophanase (559). Increased urea levels combined with
altered microbial composition result in increased levels of
indole, ammonia, and ammonium hydroxide. These UT cause
gut epithelial barrier disruption (151), which further increases
the absorbance of UT and other toxins. Furthermore, dietary
intake is important in CKD patients as protein-bound UT
and TMAO originate from dietary protein metabolism (414).

Increased phosphate levels are common in renal failure and
were shown to increase vascular smooth muscle proliferation
and calcification (183), thereby resulting in increased suscep-
tibility to thrombosis (462). This is further highlighted by a
positive correlation between high FGF23 and CV mortality
among patients undergoing hemodialysis (565). Furthermore,
indoxyl sulfate and kynurenine can bind to aryl hydrocar-
bon receptor (AHR), leading to increased transcription and
reduced degradation of tissue factor in endothelial cells (462),
thus increasing the risk of thrombosis. UT are also involved in
immune modulation (423). Specifically, indoxyl sulfate can
induce macrophage activation (348) and increase TNF-α and
interleukin-6 (IL-6) secretion (348). p-Cresyl sulfate inhibits
Th1 lymphocytes and interferon-γ (IFN- γ) production (466)
and seems to have a direct cardiotoxic effect (166). Klotho,
an antisenescence protein mainly expressed on renal tubular
cells and also secreted in a soluble form (257), is reduced
in CKD, possibly due to interactions with indoxyl sulfate
(576). The role of Klotho in CVD has been demonstrated in
mice showing reduced cardiac fibrosis and improved function
following recombinant α-Klotho administration (188, 576).
Additionally, renal fibrosis secondary to long-standing UT
(487) results in activation of renin-angiotensin system (156)
and increased oxidative stress both of which contribute to
increased CV damage (432). Clinically, a Cohort study of
dialysis patients reported that patients with increased indoxyl
sulfate, kynurenine, AHR activity and tissue factor had a
greater risk of developing arteriovenous fistula thrombosis
(246). Interestingly, demonstrating a direct connection of
indoxyl sulfate and p-cresyl sulfate levels with CV outcomes
in human cohort studies has been challenging (283, 461, 572).
Further data is thus needed to confirm that the observations
seen in animal models can be translated to humans.

Phenylacetate
A remarkable example of the power of unbiased metabolomic
research was the confirmation of phenylacetylglutamine
(PAG) as an important effector of CVD. PAG, a product of
phenylalanine metabolism produced by gut microbiota and
the liver (352), was initially shown to be associated with CVD
(Figure 3) (392). This was further substantiated by Nemet
et al. (352) and Ottosson et al. (369) using larger cohorts. A
recent cross-sectional analysis of 956 participants found PAG
to be significantly higher in HF patients (3.322 μM± 8.2 vs.
1.24 μM± 1.16; P < 0.001), and that the risk for HF increased
significantly with increase in PAG even after adjustment for
renal dysfunction (HR 1.8 95% CI: 1.53–2.16; P < 0.001)
(615). The authors further showed increased risk of a com-
posite of CV death or rehospitalization for each SD PAG
(HR 1.48) in a prospective study including 471 patients with
chronic HF with reduced ejection fraction (HFrEF) with
mean follow-up of 2 years (615). These results confirm data
from previous HF studies (498).

Once produced, PAG interacts with α2A-, α2B-, and
β2-adrenergic receptors (352), and this interaction results in
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increased platelet aggregation (352) elegantly explaining the
correlation seen between PAG and atherosclerosis (298). It is
worth noting that PAG was associated with multiple disease
states, including CKD, and elucidating the mechanism of its
involvement is of great interest.

Risk Factors and Comorbidities
Atherosclerosis
Atherosclerosis is a multistep process driven by accumulation
of cholesterol under the arterial subendothelial layer followed
by oxygenation and inflammatory responses. The continued
cholesterol accumulation together with endothelial damage
and chronic inflammation result in unstable plaque with
increased risk of rupture (342, 561). Association studies have
shown an increase in Lactobacillales, Collinsella, Entero-
bacteriaceae, and oral bacteria species with a concomitant
decrease in Bacteroides and Prevotella in patients with CAD
(342, 561). In addition, multiple pathogenic microorgan-
isms, including Cytomegalovirus, Chlamydia pneumoniae,
and Helicobacter pylori (89, 120, 380, 434), have also
been associated with increased plaque formation; however,
their implication in chronic CAD is unclear. The role of
gut microbiota in atherosclerosis was further supported by
multiple murine studies (20, 153, 237, 514). Recent data
from 55 patients admitted for coronary intervention under-
going coronary optical coherence tomography (OCT) or
intravascular ultrasound imaging (IVUS) showed association
of Bacillus, Paraprevotella, and Succinatimonas with higher
plaque burden and thin fibrous cap, while Anaerostipes and
Lachnospiraceae UCG-003 had significant association with
favorable plaque features (387).

As inflammation plays a crucial role in atherosclerosis
progression (46, 336), early studies have focused on the role
of LPS in atherosclerosis. In one study analyzing 2568
CAD-free participants with 10 years of follow-up, high
LPS-binding protein levels were found to be significantly
associated with CVD (19). Infusion of LPS resulted in
accelerated aortic atherosclerosis in rabbits and mice, and
this was accompanied by increased inflammatory markers,
such as IL-8 and TNF-α, and increased local inflamma-
tion (266, 368). Similarly, LPS infusion in ApoE−/− mice
accelerated the progression from stable to unstable aortic
arch atherosclerotic plaques (201). This effect was mediated
by TRL4 because Tlr4−/− ApoE−/− mice had reduced aor-
tic plaque area compared to control ApoE−/− mice (109).
Furthermore, LPS injection to ApoE−/− mice resulted in
increased TLR4 expression in atherosclerotic plaques with
increased leukocyte infiltration and characteristics of unstable
plaques, such as increased necrotic cores, collagen diges-
tion, and reduced cap thickness (317). This is supported
by data showing that inhibition of TLR4 resulted in better
gut mucosal integrity with reduced LPS levels and reduced
atherosclerotic size (144). Direct observations by immuno-
histochemistry of human samples found that TLR4 was

overexpressed in atherosclerotic coronary arteries (535), and
that LPS from Escherichia coli (E. coli) localized in human
plaques and may contribute to atherosclerosis progression via
TLR4-mediated mechanisms (54).

In addition to immune system activation, LPS can promote
oxidation. LPS administration to isolated human saphenous
vein preparations resulted in increased ROS production and
increased IL-8 and CCL2 expression in a TLR4-dependent
manner (417). Indeed, LPS endotoxemia has been associated
with increased LDL oxidation via NOX2 activation (538).
Besides TLR4, other mechanisms have been suggested for
LPS-mediated effects on atherosclerosis. Indeed, a meta-
analysis of patients with impaired TLR4 signaling due to
Asp299Gly mutation showed no reduction in atheroscle-
rotic risk (595), indicating that other mechanisms could be
implicated.

A growing amount of evidence also supports the role of
TMAO in atherosclerosis (287, 460, 611). Plasma concen-
trations of TMAO, p-cresyl sulfate, p-cresyl glucuronide,
and phenylacetylglutamine were increased in patients with
high plaque burden attending vascular prevention clinic (36).
Experiments using ApoE−/− mice models demonstrated that
adding choline to diet resulted in increased plaque burden
and increased foam cell formation (243).

Coagulation modulation
Following the identification of TMAO as a risk factor of
CVD, studies involving mouse models showed proathero-
genic properties of dietary supplementation of TMAO and
its precursors (153, 243, 550). One prospective cohort study
involving 4007 patients undergoing elective coronary angio-
graphy showed that high TMAO levels were associated with
increased risk of incident major adverse cardiothrombotic
events (MI, stroke, or death) after adjustment for traditional
risk factors and in a dose-dependent manner (503). Fur-
thermore, intraperitoneal TMAO administration resulted
in increased thrombosis following carotid injury in mice,
and platelets from healthy low TMAO donors subjected to
exogenous TMAO (100 μM) showed increased activation and
collagen binding following ADP or thrombin exposure (611).
This was mediated by TMAO potentiation of Ca2+ release
following ADP stimulation (611).

The prothrombotic effects of TMAO are dependent on
gut microbiome as administering choline to germ-free mice
eliminated TMA production and decreased thrombosis fol-
lowing carotid injury. Moreover, transfer of cecal matter to
low TMAO mice resulted in increased thrombosis (611),
and suppression of FMO3 expression by antisense oligonu-
cleotides in mice resulted in reduced platelet activation (610).
Similar results were subsequently reported by transfer of
human commensal colonies to mice (473) and by administer-
ing choline to healthy subjects in a small human prospective
study (612). TMAO may also be implicated in inducing
tissue factor (TF) expression as observed in in vitro cultured
endothelial cells (72). Additionally, germ-free mice showed
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reduced plasma levels of von Willebrand factor (VWF) and
reduced thrombus growth after carotid artery injury (196).

LPS is another important modulator of thrombosis (537),
and endotoxemia is associated with increased CV risk (213,
238, 269). Infusion of LPS into mice resulted in increased
thrombus formation and platelet activation (56). Higher
LPS and soluble P-selectin levels were found in plasma
of patients with ST elevation MI (STEMI) compared to
patients with stable angina or healthy controls (56). This was
further demonstrated by directly detecting LPS in thrombotic
lesion samples from MI patients (56, 346, 437). Interestingly,
a genome-wide association study (GWAS) performed by
Leskelä et al. found that endotoxemia was associated with
significant genetic variants [single-nucleotide polymorphism
(SNPs) in five independent loci], which were mainly located
at genes affecting the contact activation of coagulation
cascade and lipoprotein metabolism (269). LPS-induced acti-
vation of thrombosis is mediated by binding to TLR (TLR2,
TLR9, and TLR4) on multiple target cells. Exposure of
platelets to LPS resulted in increased potentiation of platelet
activity in vitro (360), while endothelial cell exposure to LPS
resulted in increased expression of TF, thrombin-activatable
fibrinolysis inhibitor, plasminogen activator inhibitor 1, von
Willebrand factor, and factor VIII (55, 430, 598), all in a
TLR4-dependent manner (55, 416). TLR4 is also expressed
on leukocytes, and exposure of leukocytes to LPS results in
overexpression of cathepsin G, which is an important pro-
tein for leukocyte platelet activation (346, 437). In addition
to lymphocytes, neutrophiles are also important in plaque
inflammation and instability (454). Interestingly, LPS can
stimulate neutrophiles to release reactive oxygen species
(ROS) and extrude neutrophil extracellular traps (NETs) in a
TLR4-dependent manner (231).

Hypertension
BP regulation has been demonstrated to be affected by gut
microbiota (5, 198, 315, 343, 407). Fecal transfer experiments
from hypertensive mice resulted in increased BP in nonhy-
pertensive mice recipients (114, 222, 280, 322), and this was
also demonstrated when using human fecal microbiota trans-
plantation (FMT) (280). Recently, changes in the gut micro-
biota resulting from intermittent fasting were shown to reduce
BP in hypertensive metabolic syndrome patients (306).

Association studies found that Clostridium spp., Prevotella
spp., and Lachnospiraceae were linked to hypertension (107,
280). Additionally, high salt intake was shown to reduce the
population of Lactobacillus murinus, and addition of this
species prevented hypertension in mice models (280). These
species were also associated with systolic BP variability,
nighttime dipping, and morning BP surge, suggesting a
dynamic role of the gut microbiota and metabolites in the
regulation of BP variability (107).

Investigating dietary effects on BP revealed that fiber
content was essential for BP reduction (123). Further studies
revealed that morning BP surge was negatively correlated

with plasma levels of SCFA (r =−0.31, P = 0.02) (107),
and that butyrate reduced diastolic BP (427). These effects
were found to be mediated by Gpr41 and Olfr78 receptors.
As mentioned before, binding of the SCFA propionate to
Gpr41 results in BP drop in Olfr78−/− mice, while propionate
binding to Olfr78 results in increased BP in Gpr41−/− mice
(390). The overall reduction in BP following SCFA adminis-
tration is thus suggested to result from reduced cardiac output
coupled with reduced vascular resistance (394, 395).

TMAO also plays a role in BP modulation as increased
TMAO levels were found to be associated with increased BP
(202, 296). Indeed, a meta-analysis comprising 10,293 cases
and 18,854 total participants found significant association
between TMAO levels and hypertension risk (HR 1.39; 95%
CI: 1.22–1.57; P= 3.47× 10−7) with a dose response of 7%
increased risk of hypertension per 1 μmol/liter increase in
TMAO levels (HR 1.07; 95% CI: 1.03–1.11; P= 6.49× 10−4)
(275). TMAO may act on BP by inducing protein kinase r-like
endoplasmic reticulum kinase (PERK), resulting in phospho-
lipase cβ3 (PLCβ3) activation and angiotensin-II-mediated
vasoconstriction (139, 202).

Additional factors such as increasing plasma bile acid
levels by cholic acid, oleanolic acid supplementation, or
even intermittent fasting resulted in reduced systolic BP in
hypertensive rats (306), indicating the existence of a complex
interaction between multiple factors.

Inflammation and immune activation
The link between increased immune activation and CVD is
well established (2, 141, 263) and is mediated by multiple
cell types, cytokines, and other factors (119). CVD is asso-
ciated with increased CRP levels, and inhibition of IL1β by
canakinumab (418) or administration of colchicine (356, 506)
resulted in reduced CVD risk. Gut microbiota can affect host
inflammatory state either directly by activating gut resident
immune cells or indirectly by systemic activation through
absorbable soluble metabolites.

The gut barrier is the first line of defense against invading
pathogens and their metabolites. It is composed of a mucus
layer containing multiple antimicrobial proteins (190, 208)
and gut epithelial cells connected by tight junctions. The
gut innate immune system may be considered as the next
line of defense and is composed of resident dendritic cells,
neutrophils, and macrophages. The gut adaptive immune
cells include mainly γδ-T, CD4, CD8, TH17, and Treg cells
(47). Gut microbiota intricately affects gut barrier integrity
and both the innate and adaptive immune response. Indeed,
the mucus layer can be altered by western diet (484) and
probiotics consumption. Furthermore, epithelial cells utilize
SCFA both as nutrients and for proper tight junction function
(382, 603). SCFA effects the innate immune response by
binding to FFAR2 (GPR43) on neutrophils and macrophages
(264, 358), facilitating chemotaxis (488, 510, 536). Addi-
tionally, butyrate was shown to inhibit histone deacetylase 3
(HDAC3), resulting in increased monocyte to macrophage
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differentiation (451). SCFA effects the adaptive immune
response by reducing Th1 and Th17 levels, while upregulat-
ing Treg levels resulting in overall inflammation reduction
(310). Indeed, butyrate can induce Foxp3+ Treg cell differ-
entiation by binding to FFAR2 and HDAC inhibition (171,
475). The pTreg population seems to have bidirectional
relationship with the gut microbiota as recent studies in
mice showed that IL10+/IL17+ gut pTreg were upregulated
by Methylococcus capsulatus lysate. In turn, this increase
in pTreg population resulted in microbiome compositional
shifts similar to changes seen in low-fat diet fed mice (546).
SCFA can also induce B-cell activation and differentiation
(439). However, the overall effect of SCFA seems to help
uphold the gut barrier and reduce inflammation.

In addition to its pro-atherosclerotic and -thrombotic
activity, TMAO also promotes immune activation by induc-
ing TNF-α and IL-1β, while reducing IL-10 levels (456).
Furthermore, TMAO can activate NLRP3 inflammasome
(38, 67, 489), resulting in NF-κB activation and vascular
inflammation (67, 456, 599). Secondary bile acid binding
to FXR and TGR5 receptors can dampen innate immunity
activation by inhibiting monocyte-derived dendritic cell
activation and NF-κB signaling (187). Furthermore, sec-
ondary bile acids were shown to increase IL10-dependent
M2 macrophage polarization (32). The adaptive immune
response is also modulated by secondary bile acids modulat-
ing RORγ+Treg cells (479) and suppressing TH1 and Th17
cells (167, 372).

Conditions resulting in endotoxemia accelerate an inflam-
matory response (297, 558). LPS activates the innate response
by binding TLR4 on neutrophils and macrophages (332).
In addition, LPS can prime and activate NLRP3 inflamma-
some in immune cells, blood vessel endothelial cells, and
cardiomyocytes (110). LPS activates NLRP3 in one of two
pathways, the canonical pathway through TLR binding and
NF-κB activation, and the noncanonical pathway utilizing
Caspase 4/5, both pathways culminating in cleavage and
activation of IL1β and IL18 (110, 225). Taken together,
it seems that immune modulation by microbiota and their
metabolites plays an important role in CVD development.

Heart-liver axis
Nonalcoholic fatty liver disease (NAFLD)

NAFLD and CVD share multiple risk factors. Understanding
the link between these two conditions is important to allow
efficient screening and primary prevention strategies. CV
mortality was shown to increase in NAFLD (9, 45, 483), and
a meta-analysis of 25,837 patients has shown that NAFLD
confers an increased risk for CV events (RR 1.77, 95% CI:
1.26–2.48; P < 0.001) (162), and consistent results were
reported by other studies (312, 471, 507, 566). NAFLD
patients are at higher risk of atherosclerosis and CAD (118,
228) and arrhythmias (16, 45, 508), especially AF (216, 371,
509), but also prolonged QT (191) and increased prevalence

of premature ventricular complexes (PVCs) and nonsustained
ventricular arrhythmia (VT) (314) as well as HF (311, 313,
329, 371) with greater prevalence of HF with preserved
ejection fraction (HFpEF) compared to HFrEF (329, 386).
However, contradicting data exist with some meta-analyses
not detecting a significantly increased CV risk associated
with NAFLD (566), and a prospective follow-up study of
NAFLD patients did not detect a significant association
between liver fibrosis severity and the risk of MACE (443).
Animal model studies have shown the importance of gut
microbiota in NAFLD. FMT from NAFLD predisposed mice
to wild-type mice resulted in worsening steatosis (182).
FMT from mice with steatosis to germ-free mice resulted in
increased expression of genes involved in lipid metabolism
(265), and FMT from vegan mice resulted in lower hep-
atic inflammation (557). Assessing bacterial populations in
weight-matched mice showed an increase in Lachnospiraceae
bacterium 609 and Barnesiella intestinihominis (265). FMT
experiments were also instrumental in showing the role of
human microbiota in NASH as transfer of fecal matter to
mice resulted in increased steatosis and inflammation (74,
186). Further experiments were able to detect specific bac-
terial fingerprints of the various degrees of hepatic damage.
NAFLD patients demonstrated increased Enterobacteriaceae
(463) and decreased Rikenellaceae (98) and Ruminococ-
caceae (463, 544), specifically, an increase in Escherichia
(186), Dorea (98), and Peptoniphilus (98) and a decrease in
Anaerosporobacter (544), Coprococcus (544), Eubacterium
(186), Faecalibacterium (608), and Prevotella (40, 463) in
fecal matter were reported. Progression of hepatic fibrosis
was associated with decreased Bacteroides, Ruminococcus,
and Shigella genera (40, 463) as well as with increased Pre-
votella genus (301). Interestingly, oral microbiota has been
found to be associated with liver damage, including changes
in the abundance of Prevotella (70), Veillonella (544), and
Streptococcus (58).

The bidirectional relationship between the gut and its
metabolites and the liver is termed the “gut-liver axis,”
which results from the transport of gut-derived metabo-
lites from the portal vein to the liver and the ability of the
liver to modify metabolites and influence the gut micro-
biota by bile and antibody secretion to the intestine (516).
An important aspect of this axis is the balance between
the ability of the liver to neutralize toxic metabolites and
the amount of toxins passing through the intestinal barrier
(516). Interestingly, microbial biomarkers shown to affect
CVD are also of importance in NAFLD (18, 516). TMAO
levels are correlated to hepatic damage in NAFLD (71, 268,
302, 478) and are proposed to affect the liver metabolically
by modulating glucose metabolism and promoting local
inflammation through NLRP3 and NF-κB activation (599).
Mice models have demonstrated that the addition of SCFA
to mice fed with reduced choline diets improved steatosis
and inflammation (102). Similarly, endotoxin levels are
elevated in NAFLD (50), and inhibition of TLR4 resulted
in improved steatosis (124). Modulation of the gut barrier
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by bile acids combined with their effect on glucose and
lipid metabolism also plays an important role in NAFLD
progression (516).

Alcoholic liver injury

Excessive alcohol use and its deleterious effects on liver
function may result in changes to gut microbiota and gut
barrier integrity (78, 375, 474). Interestingly, these changes
result in increased levels of metabolites also seen in NAFLD,
such as LPS (404) and TMA (181). Indeed, alcohol-induced
liver damage has been, at least partly, attributed to acti-
vation of TLR4, NLRP3, and NF-κB pathways, similar
to other conditions resulting in dysbiosis and gut barrier
damage (239).

Given these similarities, it is tempting to consider that at
least part of the cardiac damage resulting from chronic alco-
hol consumption is mediated by gut dysbiosis. However, this
notion needs further investigation as a recent study showed
that in spite of increased TMA levels detected during alcohol
use, TMAO levels were not significantly increased presum-
ably due to reduced FMO3 levels in the liver (181).

The fact that several metabolites are involved in both CVD
and liver injury combined with the presence of shared comor-
bidities indicates that gut microbiota play an important role
in these two conditions and may represent a pivotal axis in
the metabolic syndrome state.

Diabetes mellitus (DM)
The role of the gut microbiota in both type 1 and 2 DM has
been extensively studied (99, 477) and is beyond the scope
of this review. Briefly, FMT experiments demonstrated that
insulin resistance could be transmitted in mice models (527,
596), and that dietary intake affected the gut microbiota
composition and postprandial glucose levels (592). Improved
insulin sensitivity was associated with increased abundance
of E. hallii (299, 526), and type 2 DM was associated with
reduced butyrate-producing bacteria, including Roseburia
intestinalis and F. prausnitzii, and increased populations of
Lactobacillus gasseri, Streptococcus mutans, Clostridiales,
Desulfovibrio, and Proteobacteria (220, 261, 547). In type 1
DM, patients had increased A. shahii and R. hominis (468).

Mechanistically, the microbiota-driven effect on DM may
be mediated in part by TMAO as increased levels of TMAO
have been associated with increased risk of DM (504). TMAO
can directly bind to protein kinase R-like endoplasmic retic-
ulum kinase (PERK) and induce the transcription factor
FoxO1, a key driver of metabolic disease (68). Additional
evidence suggests that the gut microbiota-mediated effect on
bile acids may also play an important role in the pathogenesis
of DM (75, 157).

Chronic kidney disease (CKD)
CKD is a major independent risk factor for CVD (414),
and CV events are the leading cause of death in end-stage

renal disease (ESRD) patients (207). It is associated with
sudden cardiac death, atherosclerotic CVD, arrythmias,
HF, ventricular hypertrophy, and aortic stenosis (207). The
increased risk of CVD seen in CKD patients independently
of other risk factors triggered the quest to identify cardiotoxic
metabolites that are normally eliminated by the kidneys.
Impaired renal function results in increased levels of uremic
toxins, including TMAO (333). This is supported by the
lack of CVD risk reduction seen in patients undergoing
hemodialysis, which does not remove most uremic toxins,
and the reduced CVD risk seen following renal transplan-
tation (39, 412), which regains the capability of removing
uremic toxins (291, 292, 393). CKD was associated with
decreased Lactobacillaceae, Prevotellaceae (532), Clostridia,
and Bacillus population (13) and increased Enterobacte-
ria, Lachnospiraceae, Ruminococcaceae, and Enterococci
populations (438) as well as an overall increase in species
demonstrating urease activity (559). These changes result
in increased translocation of bacteria and bacterial toxins
across the gut barrier (13). FMT from CKD patients to
antibiotically treated rats resulted in increased TMAO pro-
duction (569). In addition, CKD patients demonstrated lower
levels of SCFA (321). Interestingly, recent large-scale trails
have demonstrated that part of the CV beneficial effects of
SGLT2 inhibitors among non-DM patients is mediated by the
ability of SGLT2 inhibitors to increase carbohydrate levels in
the colon, allowing saccharolytic fermentation and reduced
p-cresol sulfate levels (331).

Obesity
Obesity is an independent risk factor for multiple CVD
conditions, including CAD, HF, and arrhythmias (399).
Furthermore, obesity adversely affects other metabolic CV
risk factors, such as dyslipidemia, hypertension, and DM
(399), collectively termed the cardiometabolic syndrome.
Gut microbiota have been extensively implicated in obe-
sity (409), but the full breadth of evidence is beyond the
scope of this review. Multiple animal studies have demon-
strated transmissibility of adiposity (524), and in human
studies, infusing intestinal microbiota from lean donors
to human recipients with metabolic syndrome improved
insulin resistance and increased levels of butyrate-producing
intestinal microbiota (541). Furthermore, specific strains,
such as Akkermansia, Faecalibacterium, Oscillibacter, and
Alistipes, were implicated in increased weight, while other
species, such as A. shahii, were found to be depleted in
obesity (515). The interaction between obesity and CVD is
well demonstrated by CVD risk reduction seen in patients
following bariatric surgery (131), which may be, at least
partially, mediated by alterations in the composition of the
gut microbiota (496). Interestingly, studies involving only
lifestyle changes have demonstrated that CVD benefits only
when weight loss was greater than 10% of the baseline body
weight (The Look AHEAD Research Group (154)). Conse-
quently, studies investigating the changes in gut microbiota
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among obese individuals after partial weight reduction are of
interest.

Sex differences
Sex-dependent differences in CVD risk are well documented
(482). These differences were initially attributed to divergent
CV risk factors, such as smoking and sex hormone expo-
sure (12, 87). However, in the past few years, differences
in microbiota populations have emerged as a possible con-
tributor to sex-specific CVD patterns. Animal models have
demonstrated that female mice have lower Bacteroidetes
population (590), and that removing the ovaries (oophorec-
tomy) from rats resulted in increased gut microbial diversity
(84). Reports in humans have shown that females have
higher Firmicutes/Bacteroidetes (F/B) ratio (111, 282, 341,
442). However, overweight males have lower Bacteroidetes
levels compared to overweight females, suggesting a more
complex interaction (173). Specifically, women were found
to have increased Proteobacteria, Veillonella, and Blautia
species (173, 282, 448), and further changes in gut micro-
biota were detected during pregnancy (149). The differences
in microbial populations may partly result from differ-
ences in dietary habits as increased yogurt consumption by
women resulted in increased Lactobacillus casei, while men
showed reduced Lactobacillus sakei, Enterobacteriaceae, and
Staphylococcus (493).

The use of animal models has allowed the identification of
sex dimorphic differences in specific pathways. For instance,
TMAO levels were shown to be higher in female rates (319),
which may be due to higher expression levels of FMO3 than
their male counterparts (28). Indeed, castration results in
increased FMO3 expression with a concomitant elevation
in TMAO levels (28), and this effect could be reversed by
administration of testosterone. Similarly, oophorectomy
resulted in reduced FMO3 expression in female mice, and
this was reversed by administration of estrogen (28). Hypo-
thetically, increased TMAO levels may result in increased
platelet activation, which could be beneficial in reducing
bleeding risk during pregnancy and delivery (539). Studies
in humans have also demonstrated that female liver samples
have higher expression levels of FMO1/3 (28), and that
female platelets contain more TLR mRNA when compared
to males (251). However, genome-wide association stud-
ies (GWAS) did not detect sex-specific variants in FMO3
gene (174, 553), and regression analysis did not detect any
difference in all-cause mortality between male and female
subjects in a large TMAO meta-analysis (445). It is worth
noting that the lack of sex-dependent differences in TMAO
levels may be a result of studies having relatively low female
representation and increased postmenopausal female rep-
resentation (555). As microbiota-based interventions are
developed to mitigate CVD risk, a better understanding of
sex dimorphic traits is needed to provide tailored solutions
for women.

Specific Cardiovascular Effects
As delineated above, gut microbiota are implicated in
multiple processes known to promote cardiac disease. In
this section, we describe the evidence supporting a direct
involvement of the gut microbiota and their associated
metabolites in cardiac-specific disorders. Table 1 summarizes
the main clinical studies demonstrating the implication of gut
microbiota in CVD.

Coronary artery disease
Cohort studies of CAD patients showed lower levels of
Bacteroidetes, Roseburia, Eubacterium, and A. shahii pop-
ulations with increased Firmicutes populations (85, 130,
205, 440, 583, 609). Antibiotic-treated mice undergoing MI
showed significantly higher mortality and reduced myeloid
cell infiltration in the infarcted zone (555). Additionally,
there was reduced presence of CX3CR1-positive monocytes
in the peri-infarct zone, suggesting impaired repair capacity.
These changes were associated with reduced Lactobacillus
population and mediated by reduced SCFA levels. Supple-
menting antibiotic-treated mice with lactobacillus probiotics
before MI or administration of SCFA negated the effects
of antibiotics (555). Similarly, MI size was increased when
cecal microbiota were transferred from obese leptin-deficient
mice to control C57Bl/6j mice, and this was associated with
reduced SCFA (25). Interestingly, treatment of rats with
oral vancomycin resulted in reduced infarct size, which was
also seen by addition of either Lactobacillus plantarum 299v
(259) or aromatic amino acids, suggesting potential beneficial
as well as harmful interactions with gut microbiota.

TMAO has also been shown to be associated with CVD
progression, MACE, and thrombotic events (165, 287, 397,
445, 459, 497, 549). In one study involving 4007 patients
admitted for elective coronary angiography, TMAO levels
were a significant predictor of nonfatal MI or stroke after
3 years of follow-up (HR 2.13; CI 1.48–3.05; P < 0.001)
(503, 552). This was further confirmed with inpatients pre-
senting with STEMI (287, 464, 497), non-ST elevation MI
(NSTEMI), and acute coronary syndrome (ACS) (542).
When examining coronary atherosclerosis, TMAO was found
to be associated with increased atherosclerotic burden as
determined by angiography, Synergy between PCI with
Taxus and Cardiac Surgery (SYNTAX) score (459), and OCT
analysis and showed that it was also associated with increased
coronary artery calcification (279).

LPS endotoxemia is another avenue by which the gut
microbiota influences coronary disease. Large cohort studies
(n = 7927, with a 10-year follow-up) showed significant
correlation between LPS and risk of CV events (405). Similar
data were obtained by studying 3781 patients with type 1
DM patients and over a 15-year follow-up (472). LPS is also
increased in patients with ACS (143, 607), and LPS levels
were shown to be higher in ACS compared to chronic CAD
patients (56). Data from early-phase MI patients showed
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that increased LPS levels were associated with an increased
incidence of MACE after a 3-year follow-up (607). Interest-
ingly, these patients also showed increased gut permeability
as detected by d-lactate levels. Furthermore, small intestinal
bacterial overgrowth (SIBO) was more pronounced among
patients with established CAD (177). Collectively, these
findings demonstrate an important interaction between the
gut microbiota and myocardial ischemia (144, 607).

Heart failure
HF is a complex and multifactorial syndrome affecting mul-
tiple organs with gradual functional decline resulting from
reduced effective perfusion and edema. These processes do
not skip the intestinal wall (135), thereby resulting in physi-
cal, ischemic, and bacterial composition disturbances (141,
398, 499). These changes allow unwanted bacterial species
to thrive, thus increasing toxic metabolites production, which
are easily absorbed through the permeable intestinal barrier.
Hence, a vicious cycle, also termed “gut-heart axis,” is
created in which alterations in the composition and function
of the gut microbiota (dysbiosis) and increased intestinal
wall permeability result in increased toxin and metabolite
absorbance by the host leading to HF propagation (491, 492,
523, 601). It was suggested that part of the mechanisms
driving this “gut-heart axis” is gut hypoperfusion in combina-
tion with increased renin/aldosterone levels and subsequent
increased epithelial sodium/hydrogen exchanger 3 activity,
resulting in intestinal pH changes and bacterial population
variations.

Cohort studies have demonstrated that HF patients have
reduced populations of Coriobacteriaceae, Erysipelotric-
haceae, Ruminococcaceae (family level), Blautia (genus
level), Eubacterium rectale, Dorea longicatena, Eubac-
terium hallii, Faecalibacterium, and Bifidobacteriaceae and
increased populations of Ruminococcus gnavus, Prevotella,
Hungatella, and Succinclasticum (86, 176, 214, 254, 303,
318, 376). In addition to these changes in bacterial com-
position, an increase in the overall growth and mucosal
biofilm formation was also observed in HF (441). Indeed,
a recent study found that SIBO was detected in 45% of HF
patients, and that SIBO was associated with higher New
York Heart Association (NYHA) class. Additionally, SIBO
was an independent risk factor for hospitalization for HF
or CV death (HR 2.13, 95% CI: 1.26–3.58; P < 0.001)
(480). HF patients also demonstrated increased populations
of pathogenic microbiota such as Campylobacter, Shigella,
Yersinia, and Candida spp. (376). However, the effect of
these pathogenic gut microbiota on chronic HF progression
besides the acute HF decompensation setting is unclear and
needs further evaluation.

Mechanistically, it is hypothesized that gut microbiota’s
effect on HF could be mediated by increased inflammatory
state (422), endotoxemia (357), or/and toxic metabolites.
Evidence suggests that LPS plays a role in HF as higher
levels of LPS were detected in decompensated HF patients

compared to stable controls (385). This may result from
increased edema and reduced barrier integrity seen in decom-
pensated HF patients (195, 436, 491), thus enhancing LPS
leakage into the circulation and driving inflammation (441).
Indeed, studies have shown that the levels of trefoil factor-3
(TFF-3), a biomarker of gut dysfunction (1), were elevated
in HF and are an independent predictive factor for the
occurrence of CV events in HFpEF patients (115).

The effect of TMAO on HF pathogenesis was demonstrated
in animal models following transverse aortic constriction
(TAC). Mice fed with TMAO- or choline-rich diet showed
a significant increase in fibrosis area, BNP levels, and heart
mass and reduced systolic function compared to chow-fed
mice (366). Plasma TMAO was significantly higher in rats
following TAC compared to sham-operated rats when both
were fed the same diet, and TMAO was directly involved in
cardiac hypertrophy and fibrosis through Smad3 signaling
(290). In humans, multiple studies reported that elevated
TMAO levels were associated with worse outcome in HFrEF
(57, 284, 491, 505, 523, 601). Even among patients admitted
for coronary angiography, TMAO levels were found to be
significantly higher in HF patients (449). Reanalysis of 1783
HF patients from the BIOlogy Study to TAilored Treatment
in Chronic HF (BIOSTAT-CHF) (540) found that metabo-
lites of the carnitine-TMAO pathway (acetyl-l-carnitine,
γ-butyrobetaine, l-carnitine, and TMAO) were associated
with an increased risk of the composite outcome of HF hos-
pitalization, or all-cause mortality after 3 years of follow-up
with greater number of elevated markers was associated with
higher NYHA class, higher levels of natriuretic peptides,
and worse outcomes. Interestingly, choline per se was not
associated with HF outcomes in this study, indicating that the
carnitine-TMAO metabolites (acetyl-carnitine, trimethylly-
sine, octanoyl-carnitine, and palmitoyl-carnitine) but not the
choline pathway metabolites are more clinically important
and contribute to HF severity (195).

The role of TMAO in HF was further investigated in the
context of HFpEF with mixed results. Initial data comparing
428 HFrEF and 395 HFpEF patients showed no association
between TMAO levels and the overall or CV death in HFpEF
patients (449). However, recent data from a cohort study
of 146 patients with HF and left ventricular ejection frac-
tion (LVEF) >50% showed that higher TMAO levels were
associated with an increased risk of hospitalization and a
higher risk of the composite outcome of cardiac death or HF
hospitalization (236). It should be noted that TMAO levels
were very high in this study (average of 20.4). However,
similar results were obtained in other two small studies
(161, 194) with median TMAO levels of 12.65 μg/liter and
6.6 μmol/liter, respectively.

While the significance of TMAO in chronic compensated
HF was extensively studied in large populations, little is
known about its significance in the setting of acute HF. One
study has reported that higher levels of TMAO at the time
of hospitalization were associated with increased in-hospital
mortality and a composite of death or HF rehospitalization
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among patients admitted to the hospital due to decompen-
sated HF (491). Further data is needed to determine whether
this observation reflects direct implication of TMAO in HF
progression, or whether TMAO is a marker of poor prognosis.
Elevated TMAO levels at discharge were also associated with
an increased risk of postdischarge cardiac events (including
CV death and hospitalization for HF) in patients with HFpEF,
and the prognostic significance of TMAO was more enhanced
in patients with malnutrition (236). Interestingly, TMAO lev-
els differ substantially according to the country of origin,
with highest levels seen in Japanese HF patients (median:
9.9 μmol/liter) followed by Caucasian (5.9 μmol/liter) and
South Asian patients (4.5 μmol/liter) (581). However, these
differences do not reflect the local prevalence of HF as Japan
has only 0.8% HF compared to 1.4% to 4% in Europe and
2.4% to 3.6% in northern America (155). This discrepancy
may reflect more complex dietary and genetic differences, as
a polymorphism in the FMO3 gene, for example, was shown
to confer increased risk of CKD (356, 421, 554).

Atrial fibrillation
Atrial fibrillation affects millions, with prevalence increasing
by age reaching up to 17% at the age of 80 (602). Inter-
estingly, gut microbiota also shows age-related changes,
specifically a decrease in Bacteroides, Bifidobacteria, and
Lactobacilli and an increase in Enterobacteriaceae, Clostri-
dium perfringens, and Clostridium difficile (362). Zhang et al.
showed differences in β diversity and reduced age-related
Firmicutes-to-Bacteroidetes ratio (F/B ratio) in an animal
model comparing young versus old rats. Specifically, they
detected an increase in Spirochaete and a decrease in Verru-
comicrobia in aging rats (184, 602). In addition, FMT from
AF-prone old rats resulted in increased susceptibility to burst
pacing-induced AF in young rats (602).

Multiple studies showed that increased inflammatory state
enhances AF development (197). This may be partly medi-
ated by LPS as higher levels of LPS have been associated
with adverse effects in AF patients (378). Moreover, age-
related alterations in the composition of gut microbiota have
been shown to affect LPS levels by increasing endothelial
permeability. Using an FMT rat model from old to young
rats resulted in shorter colonic villi and increased oral fluo-
rescein isothiocyanate (FITC)-dextran uptake, indicating
that aged microbiota transplantation induced gut barrier
dysfunction (602).

As mentioned above, LPS may contribute to AF develop-
ment by promoting atrial inflammation (602). Indeed, old to
young FMT resulted in elevated levels of toll-like receptor
4 (TLR4), NOD-like receptor protein (NLRP)-3 inflamma-
some, pro-saspase-1, activated caspase-1, NF-κB, and IL-1β
in rat atrial samples. This was followed by increased atrial
fibrosis and overexpression of TGF-β1 and α-SMA (602).
Furthermore, LPS infusion in animal models resulted in
reduced duration of both atrial action potential and effective
refractional period. This is likely due to reduced L-type

Ca2+ current accompanied by increased Ikr and Iks currents
(127, 490). These effects, together with the evidence of
increased Ca2+ release from the sarcoplasmic reticulum (due
to increased Ca2+/calmodulin-dependent protein kinase II
(CaMKII) and Na+/Ca2+-exchanger activity) (127), were
hypothesized to be responsible for delay after polarization
and reentry mechanisms (180, 260, 295, 351, 455, 579). LPS-
mediated effects on rat atria were mitigated by concomitant
administration of LPS from Rhodobacter sphaeroides (LPS-
RS) (a TLR4 antagonist) and MCC950 (an inflammasome
inhibitor) (602).

Furthermore, NLRP-3 inflammasome signaling has been
shown to be activated in cardiomyocytes obtained from
patients with AF compared to cardiomyocytes from non-AF
individuals (579). This study has established a patho-
physiological role of NLRP-3 inflammasome signaling in
cardiomyocytes and provided a mechanistic link medi-
ated by apoptosis-associated speck-like protein (ASC),
pro-caspase-1, and activated caspase-1, thereby raising the
potential of NLRP-3 inhibition as a novel target for AF ther-
apy. Bile acids may also be implicated in AF pathogenesis.
Chenodeoxycholic acid activates NLRP-3 and includes atrial
fibrosis (152, 403). Bile acids have been shown to increase
Na+/Ca2+ exchanger (NCX) currents resulting in faster after
depolarizations and induced arrhythmias in human atrial
preparations (410). However, other studies reported that FXR
activation inhibits IL1β in rat aortic specimens (142), hence
indicating that further data is needed to elucidate the role of
bile acids in AF development.

Analysis of 6940 patients from the Western Norway
Coronary Angiography Cohort (WECAC) and Hordaland
Health Study (HUSK) community-based Norwegian cohorts
identified a significantly increased risk for developing AF
in association with increased TMAO levels (HR 1.16, 95%
CI: 1.05–1.28 and HR 1.10, 95% CI: 1.004–1.19 per 1 SD
increase in log-transformed plasma TMAO levels, respec-
tively) (494). Furthermore, TMAO levels were increased
in persistent AF patients compared to paroxysmal AF in
a small study (354). The PRMID (PREvencion con DIeta
MEDiterranea) trail involving 509 AF incidents and 618
matched controls showed that although baseline choline
and betaine levels were significantly associated with AF
risk (OR 1.85, 95% CI: 1.30–2.63 and OR 1.57, 95% CI:
1.09–2.24, respectively), the TMAO and l-carnitine levels
were not significantly associated with AF (373). TMAO may
exert its proarrhythmic effects by enhancing inflammation
and fibrosis. Increased TMAO levels in DM rats have been
associated with elevated atrial levels of IL-1β, IL-6, and
TNF-α in addition to the downregulation of connexin 40
and maldistribution of connexin 43. These changes may, at
least partially, explain the higher AF inducibility seen in DM
rats (203).

Uremic toxins can increase oxidative stress (17), and
increased indoxyl sulfate results in increased pulmonary
vein and atrial arrythmias while depressing sinoatrial node
activity (69). Furthermore, indoxyl sulfate was independently
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associated with increased risk of AF recurrence (571). A more
recent study of 138 AF patients undergoing catheter ablation
demonstrated that ablation resulted in reduced indoxyl sulfate
only in non-CKD patients despite improvement in estimated
glomerular filtration rate in the CKD group, suggesting a
more complex relationship (245).

Microbiota Interventions Affecting
Cardiovascular Risk
Diet
Several studies have provided evidence that different diets
confer different CV risks. This could be linked to the impor-
tant interplay between the effect of dietary changes on gut
microbiota and the implication of gut microbiota in CVD
pathogenesis and progression (122). The relative ease and
safety of changing diet make this an attractive option for both
primary and secondary prevention approaches (3).

According to the data from the National Institutes of Health
(NIH)-American Association of Retired Persons (AARP)
Diet and Health Study including 237,036 men and 179,068
women with nearly 78,000 deaths (22,228 due to CVD) after
16 years of follow-up, increased dietary plant protein intake
was significantly associated with reduced overall mortality in
both sexes (HR 0.95, 95% CI: 0.94–0.97 per 1 SD for men and
HR 0.95, 95% CI: 0.93–0.96 for women). The reduction in
mortality was mainly due to CVD (189). This observation was
confirmed by a large meta-analysis of 715,128 participants
with 3.5 to 32 years of follow-up showing that plant-based
protein intake conferred a significantly lower risk of CVD
mortality (pooled HR 0.88; CI: 0.80–0.96, P = 0.001) (347)
and other large prospective studies (29, 400). An increased
risk was observed in animal-based protein intake mainly
attributed to red and processed meat (3). Consumption of
fish, poultry, and eggs was not found to be associated with
increased CVD risk (113, 229, 408, 548, 605, 606).

Mediterranean diet (based on vegetables, nuts, fruits, and
olive oil with reduced consumption of red meats and refined
grains) (556) reduced CVD in the PREDIMED trail (530) and
a recent large meta-analysis encompassing 35,548 individu-
als (217), and it is the basis for the dietary recommendation
for prevention of CVD (529). Not surprisingly, adhering
to Mediterranean diet results in differences in gut micro-
biota composition compared to the western diets (145, 172,
325). Recently, Wang et al. (546) performed deep shotgun
metagenomic sequencing of fecal samples from 307 male
participants in the Health Professionals Follow-up Study
(HPFS) demonstrating that the protective associations of the
Mediterranean diet with CVD risk vary depending on the
microbial composition, and these associations were signifi-
cantly stronger in participants with decreased abundance of
Prevotella copri. The importance of P. copri as a favorable
microbial signature of CV health was further confirmed in
the PREDICT 1 study (21). Interestingly, intestinal P. copri

strains were shown to be variable in the western population,
and the diversity of P. copri strains in gut microbiome was
found to be affected by diet (92, 512). Western, animal-based,
diet was found to be associated with increased populations
of bile-tolerant microbiota, including Alistipes, Bilophila,
and Bacteroides and reduced numbers of Roseburia, Eubac-
terium rectale, and Ruminococcus bromii (90). Roseburia
intestinalis was demonstrated to confer protection from
atherosclerosis in ApoE−/− mice by producing butyrate from
plant polysaccharides (211).

The negative CV consequences of increased red meat
consumption could be mediated by an increase in TMAO
production (243). A crossover randomized control trail
(RCT) involving 113 healthy volunteers showed that dietary
red meat consumption increased plasma and urine TMAO
levels through increased microbial TMA/TMAO production
from carnitine but not choline. Discontinuation of dietary
meat resulted in reduced plasma TMAO within 4 weeks
(549). This is consistent with small differences seen in
choline content between dietary red and white meat and a
high endogenous choline pool (558). Supplementation of
l-carnitine to mice resulted in increased TMAO levels (242),
and consistent results were obtained in humans (136, 330).
The ability to transform carnitine to TMAO was found to be
greater in omnivores, which may be attributed to differences
in the composition of gut microbiota. Direct oral carnitine
challenge resulted in higher levels of TMAO in omnivores
compared to vegetarians after 24 h of consumption (567).
Inversely, reducing red meat consumption or high intake of
phosphatidylcholine and carnitine (precursors of TMAO)
resulted in reduced TMAO levels (93, 549). Thus, achieving
lower TMAO levels by adhering to healthy diet may be
beneficial in reducing CVD risk (178). Interestingly, Jun
et al. recently identified microbial taxa that modify associ-
ations of dietary precursors with TMAO concentrations and
cardiometabolic risk markers. Specifically, the authors found
that TMAO levels were elevated after red meat consumption
mainly in individuals harboring A. shahii and E. biforme
(277). Therefore, it is tempting to hypothesize that in addition
to Mediterranean diet and reduced red meat consumption,
manipulation of specific bacterial populations may modulate
cardiometabolic health and contribute to further reduction
in CVD.

TMAO is also present at high concentrations in fish with
concentrations increasing in deep sea fish (573). High TMAO
concentrations seem to act as a protein stabilizer and were
even suggested to act as antifreeze (521), allowing continued
function in the cold and high pressure and osmolarity con-
ditions of the deep sea (574). Consumption of fish directly
increases TMAO levels without the need for intermediate
metabolites (76, 447). Despite higher TMAO levels, extensive
data showed that increased fish consumption actually lowered
CVD risk (258, 339). However, when controlling for identical
protein intake from milk or soy, mice fed with fish-based
protein had greater levels of atherosclerosis (582), suggesting
that consumption of deep-sea fish may be less beneficial.
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In spite of these encouraging results, the efficacy of diet
in reducing TMAO levels is still controversial. The Preven-
tion with Mediterranean Diet trial (PREDIMED), a prospec-
tive cohort study, showed that levels of choline metabolites
(including TMAO) were associated with increased CVD risk.
However, after 1 year of Mediterranean diet, no significant
reduction of CVD risk was detected in this study (158). Sim-
ilar results were reported in smaller studies (121, 388, 470).
There may be several explanations for the lack of major effects
seen in these studies, including adherence to diet, which could
be challenging and affected by many cultural and noncultural
factors, need for validation studies, and difficulties in adjust-
ing for important interventions, such as antibiotic use (560).
This may be the reason why significant dietary changes are
needed to achieve significant effects (126).

TMAO is not the only mediator of dietary changes affecting
the risk of CVD. High-fat diet resulted in increased plasma
LPS levels in mice (345). In participants with metabolic
syndrome, LPS was reduced by a 75-day fiber-rich diet (160),
with similar results reported by consuming Mediterranean
diet (378). Besides specific diets, recent data show that fasting
reduces Clostridial Firmicutes, F. prausnitzii, Eubacterium
rectale, and Coprococcus comes population (105, 306).
These changes affect the ability to maintain a controlled BP
using the DASH diet, which may be mediated by changes in
the immune system (306). This data is supported by observa-
tional studies showing increased SCFA-producing bacteria in
healthy individuals fasting for Ramadan (370). Additionally,
physical activity may favorably affect gut microbiota as
interventional studies have shown a decreased abundance of
A. shahii in physically active pre-DM men (299).

Probiotics
The notion of manipulating gut microbiota to affect the host
has been extensively studied (426, 486) with conflicting
results. However, as certain bacteria are associated with
increased CVD risk, attempts were made to manipulate
specific bacterial populations. Studies in animal models
showed that the addition of Akkermansia muciniphila to
ApoE−/− mice was associated with reduced atherosclerotic
burden (278), and introducing Lactobacillus rhamnosus
GR-1 resulted in improved left ventricular function in an
MI rodent model (137). Manipulation of LPS-producing
bacteria, such as administration of live A. muciniphila to
ApoE−/− mice, resulted in reduced gut permeability, lower
LPS, and attenuated atherosclerosis (278). Interestingly, not
all LPS are identical as gavage of Bacteroides (vulgatus and
dorei), which produce penta- and tetraacylated lipid A of
LPS, resulting in reduced endotoxemia and atherosclerosis in
mice, while gavage of E. coli, which produces hexa-acylated
lipid A, did not (586).

Initial small human RCT trials showed that addition of
L. plantarum (DSM 9843) to atherosclerotic patients resulted
in increased microbial diversity with concomitant changes
in SCFA levels (218). Similarly, addition of Saccharomyces

boulardii resulted in improved LVEF in HF patients (80), and
addition of pasteurized A. muciniphila for 3 months resulted
in reduced LPS levels (103).

Despite these encouraging results, real-life advantages have
been elusive. A recent meta-analysis of 10 small RCT studies
encompassing 342 patients (168 intervention and 174 con-
trol) showed no effect of probiotics (varied bacteria, single
or mixed preparations) on TMAO levels (327). This is further
supported by lack of improvement in LVEF in a recent RCT of
151 HFrEF patients treated with rifaximin or Saccharomyces
boulardii for 3 months (23).

This disappointing effect may be a result of limited bac-
terial survivability and colonization capabilities (90, 230)
or difficulty in recognizing the most effective microbial
population for manipulation. Additionally, safety needs to be
addressed before widespread recommendations can be made
due to reports of adverse effects in immunocompromised
persons (132, 381).

Prebiotics
A more indirect approach to changing microbiota popula-
tions is by manipulating specific nutrient intake to favor
production of beneficiary metabolites or promote specific
populations (335, 587). One strategy tested the possibility
of reducing BP by enhancing SCFA production utilizing
increasing dietary fibers (315, 343). This effect seems to
depend on microbiota as minocycline-treated rats showed
reduced BP with a concomitant increase in acetate- and
butyrate-producing species (577). Furthermore, addition of
fibers or acetate to mice diet could negate BP increase after
mineralocorticoid administration (316). Similarly, lack of
dietary fibers resulted in increased BP after Angiotensin
II stimulation, which was negated by addition of acetate,
butyrate, and propionate in mice (222). In both studies, BP
reduction by SCFA resulted in reduced cardiac fibrosis and
left ventricular hypertrophy, indicating that the effect might
be of clinical significance (222, 316). Indeed, dietary manip-
ulation of SCFA levels seems to be reflected in human trails
where increased intake of fruits, vegetables, or high-fiber diet
has been demonstrated to be an effective means for reducing
BP (315).

As mentioned above, dietary restriction of red meat
and processed food resulted in reduced TMAO levels and
improved cardiometabolic outcome. However, carnitine is a
popular dietary supplement used to increase muscle mass. An
interesting recent Phase 2 prospective double-blind RCT of
157 participants evaluated the effect of carnitine supplemen-
tation over 6 months. Surprisingly, no difference in carotid
total plaque volume between groups was found. However, the
carnitine arm did show significantly increased carotid stenosis
(9.3% difference P= 0.02) with increased total cholesterol
and LDL-C levels (210). Longer surveillance, greater number
of participants, and more diverse age groups may be needed
to reveal the deleterious CV effects of increased carnitine
consumption.
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In conclusion, manipulating specific dietary components is
easier to adhere to than overhaling complete diets. As more
metabolites involved in cardiometabolic damage are discov-
ered, manipulating dietary intake will be a more feasible
option to try to mitigate CVD progression.

Antibiotics
Antibiotics have acute widespread effects on gut micro-
biota, which result in alteration in the composition of the
bacterial communities such as those seen in Clostridioides
difficile infection. However, this effect is not merely limited
to acute use but can also have profound long-standing effects.
There is growing evidence suggesting that antibiotic use in
early life can increase the risk for DM (300, 600), obesity
(520), and various immune responses (431), presumably
through changing the microbial diversity (359). Experi-
ments in mice showed that antibiotic use resulted in reduced
endothelial dysfunction and decreased plasma TMAO lev-
els (41). However, this beneficial effect was not translated
into a noticeable clinical benefit as large prospective RCTs
examining azithromycin, roxithromycin, clarithromycin, and
gatifloxacin for secondary prevention following ACS did not
show significant benefits (15). Thus, besides a potential harm
from creating bacterial resistance, there is a lack of apparent
CV effects, thereby making antibiotics a poor therapeutic
choice.

Interestingly, antibiotic resistance was recently shown
to be associated with meat consumption due to increasing
veterinary use of antibiotics (66). Further studies are needed
to examine whether changes in the microbial composition
observed with high meat consumption are due to antibiotic
resistance acquisition by specific bacterial populations.

Specific inhibitors
Bacterial-directed inhibitors

In contrast to antibiotics and food supplementation, which
affect multiple species, the identification of TMAO synthesis
pathways allowed the development and testing of specific
inhibitors. Initial studies with 1,3 dimethylbutanol (DMB),
a nonlethal choline analog that inhibits the transformation
of choline to TMA, showed promising results with reduced
foam cell formation and reduced aortic atherosclerosis devel-
opment in ApoE−/− mice (551). Importantly, DMB was
found to be present in extra virgin olive oil and may be part of
the link between Mediterranean diet and reduced CVD risk
(551). Next, targeted design and screening enabled Roberts
and colleagues to develop the highly potent irreversible and
noncompetitive cutC/D inhibitors, fluoromethylcholine and
iodomethylcholine. Administering these inhibitors to mice
resulted in marked reduction in TMAO levels and reduc-
tion in platelet activation and carotid thrombus propagation
(420). Iodomethylcholine was also demonstrated to improve
ventricular remodeling and cardiac function in a transverse

aortic constriction HF model (365). In addition, recent data
showed that these inhibitors positively affect obesity and
glucose utilization, suggesting broader metabolic effects
(450). The overall cardiometabolic improvement is suggested
to result not only from reducing TMA levels but also from
Iodomethylcholine-induced increase in bacterial choline
uptake, leading to choline sequestration from TMA-mediated
pathways (420). Betaine aldehyde is another cutC inhibitor
capable of inhibiting choline-dependent bacterial growth in
anaerobic conditions (367). Despite these promising findings,
to date, there are no clinical trials utilizing these drugs, and
the ability of other bacterial pathways to produce TMA such
as cutA/b and gbuA may require a broader approach. Indeed,
a recent report in which shotgun metagenomic sequencing
was used to analyze 22 HF patients found cutA/B rather
than cutC/D to be positively correlated with plasma TMAO
levels (116).

Host-directed inhibitors

As we unveil the molecular pathways involved in microbiota-
mediated cardiac damage, it may be possible to target
host-driven process for therapeutic purposes. FMO3 inhi-
bition may result in reduced TMAO levels; however, better
understanding is needed as higher levels of FMO3 seen in
woman did not correlate with differences in all-cause mor-
tality (445). It will also be interesting to further investigate
whether FMO3 inhibition in both males and females has any
cardiac specific effects. SCFA acts on multiple molecular
targets; SCFA induced FFAR2/3 activation, resulting in
increased GLP-1 levels. The cardioprotective roles of GLP-1
have been demonstrated in coronary artery disease and AF
(37, 528). It is tempting to consider that direct FFAR 2/3
activation could induce the same cardioprotective effect as
direct GLP-1 agonists with fewer side effects. Additionally,
animal model studies have demonstrated that SCFA receptor
Gpr41 knockout results in hypertension (350). Inhibition
of Gpr41 may present as a novel antihypertensive strategy;
however, the complex interplay with Olfr78 needs further
study.

TLR inhibition may represent another possible intervention
avenue. TLR inhibition was shown to improve CV damage
in multiple animal models of hypertrophy (221), HF (364),
and diabetes (589). To date, the only clinically relevant drugs
with some TLR inhibitory effect are chloroquine (and its
derivatives), statins, and angiotensin II receptor blockers
(ARBs) (138). While statins and ARBs are cardioprotective,
chloroquine has cardiotoxic effects, suggesting that there is
more than one pathway involved in its activity. TLR signal
transduction inhibition is another possible therapeutic option
with multiple drugs targeting multiple steps converging on
NF-κB inhibition (411). PI3K inhibitors, such as copanlisib,
duvelisib, idelalisib, and alpelisib, are in clinical use but are
known to have multiple CV adverse effects ranging from
prolonged QT to pro-arrhythmogenic effects and HF. Other
targets in this pathway include CRM1 inhibition of p65
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NF-κB subunit-facilitated nuclear export such as Selinexor.
Inhibitors of histone acetylation and DNA methylation, both
important for NF-κB transcription activation, may also be of
potential use. However, drugs such as azacitidine, decitabine,
vorinostat, and romidepsin have multiple cardiotoxic side
effects, while others such as belinostat, panobinostat, and
tucidinostat seem safer. NLRP3 inflammasome inhibition
poses intriguing possibilities with early studies being per-
formed on models of diabetes, NASH (79), and cardiac
damage (349, 465); however, no drug has yet matured for
clinical use.

Cardiac FXR activation by secondary bile acids may
inhibit IL1β secretion (142, 289), making treatment with
chenodeoxycholic acid (CDCA). Several reports have demon-
strated favorable clinical effects of SGLT2 inhibitors on gut
microbiota in diabetes and diabetic kidney disease (101, 562).
Since SGLT2 inhibitors are now a well-established beneficial
therapy for HF, it is of great interest to further investigate how
changes to microbiota exerted by SGLT2 inhibition contribute
to the overall cardioprotective effects. Furthermore, it is of
interest to investigate whether microbiota alterations may
play a role in the magnitude of response to SGLT2 inhibitors
and the resultant impact on clinical outcomes in patients with
HFrEF or HFpEF.

Fecal transplantation
FMT efficacy in the treatment of recurrent Clostridioides
difficile infection has been demonstrated in multiple studies
(100, 215), and it is currently a valid treatment option for
refractory cases. Furthermore, FMT has shown promising
results in the treatment of other conditions, including IBD
(81) and even cancer (91). FMT was demonstrated to modify
CVD risk factors, such as weight gain (6), insulin sensitivity,
DM (541), and lipid metabolism (353). Autologous FMT
from banked samples obtained during Mediterranean diet
consumption was shown to prevent weight gain after diet
discontinuation (419).

Patient-acceptable delivery along with organism survivabil-
ity of FMT samples (413) makes preparations and delivery
methods (freeze-dried, colonic enema, and nasogastric tube)
of great importance. Indeed, evidence suggests that approx-
imately half of the fecal microbiota is not viable, and some
species do not survive when using current collection methods
(27). In addition to these technical issues, multiple factors may
also influence FMT efficacy, including recipient/donor base-
line microbiota (247), concomitant medication use, diet, and
even blood group compatibility between the donor and the
recipient (170).

These inherent and technical problems have resulted in
variable results when testing the effect of FMT on modifying
CV risk. For example, FMT from lean donors showed no
effect on glucose metabolism in obese participants despite
evident engraftment (588). Similarly, no effect on TMAO lev-
els was detected following FMT from vegan subjects (476).
The lack of effect is further compounded by safety issues,

such as infection (53) and transfer of antibiotic resistant
strains (97), which need to be resolved before considering
FMT as a reasonable treatment option.

Drug metabolism
CVD prevalence increases with age and the appearance
of other comorbidities and risk factors, such as hyperlipi-
demia, hypertension, and DM, requiring the use of multiple
medications. Recent studies have demonstrated that there are
multiple interactions between oral medications and the micro-
biome (200, 534). These interactions can change the effective
drug levels and the microbiome populations and metabolism.
Indeed, large-scale in vitro screening of common drugs
showed that several compounds had antibiotic-like properties
affecting at least one microbial population (305). However,
recent data using deep shotgun metagenomic sequencing of
fecal samples found that only a small portion of the drugs
tested (∼1%) had a significant effect on bacterial variability
(546), warranting further investigation.

Statins are a major drug for primary and secondary CVD
prevention. The importance of statin-microbiota interactions
was demonstrated by showing that statin-driven effects vary
among individuals based on the composition of the gut
microbiota (604). Furthermore, statins were shown to reduce
TMAO levels (51, 232, 233, 255, 276, 361, 604) in an inde-
pendent manner (328) and improved gut barrier function by
upregulating several intestinal adhesion molecules (533, 597)
and reducing the risk of endotoxemia (417).

Recently, a retrospective analysis of 1196 patient pairs
(propensity matched) undergoing coronary intervention
demonstrated that statins were associated with reduced
TMAO levels, and that statin discontinuation resulted in
return to baseline TMAO levels (275). This was prospec-
tively tested in two small studies showing similar effects
(275). It is tempting to hypothesize that at least part of the
reduction in CV risk attributed to statins may be mediated
by modulation of gut microbiota and reduced TMAO levels.
However, further research is needed to unravel the complexity
of the statin-microbiota interaction and its effect on the CV
system.

There is evidence of an interaction between the gut micro-
biota and other commonly used drugs for the treatment and
prevention of CVD. Increased levels of amlodipine were
detected in ampicillin-treated rats (584), and enalapril was
shown to increase intestinal barrier properties by increasing
gut perfusion (383). Furthermore, metformin was shown
to have antibiotic-like properties affecting the gut bacte-
rial populations in FMT to germ-free mice experiments
(561). Deeper understanding of drug-microbiota interactions
may provide more insights into the interpatient variations
seen in clinical practice and allow a tailored administra-
tion of specific drugs based on the composition of gut
microbiota of each individual in a personalized medicine
approach.
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Conclusions
Human commensal microbiota is essential for multiple host
processes ranging from metabolite processing to neurolog-
ical well-being. As perturbation of host conditions results
in substantial changes in microbiota, the realization of
codependence resulted in the meta-organism concept. The
complex bidirectional interaction between the CV system
and microbiota seems to play an important role in almost
all aspects of cardiac pathology. However, as gut microbiota
is also intimately related to many CV risk factors, such as
DM, hypertension, CKD, and NAFLD, great care has been
given to isolate the direct effect of microbiota on CV system.
Multiple large studies have demonstrated that adjusted CV
risk increases in association with alterations in the com-
position of unique gut bacterial communities, and animal
models are complementing our knowledge with controlled
mechanistic pathways. Several metabolites have been impli-
cated in CVD pathogenesis and disease progression as well
as in several cardiometabolic risk factors. Since advances
in sequencing metagenomics and proteomics are utilized to
enrich our knowledge of host-microbiota interactions, it will
be exciting to reveal novel metabolites and further elucidate
the role of different microbial species colonizing the intestine
in the development of CVD. There is a hope that broader
understanding of gut microbiota and its derived metabolites
will allow for tailored interventions to mitigate the residual
CVD burden.
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87. Čulić V, Eterović D, Mirić D. Meta-analysis of possible external trig-
gers of acute myocardial infarction. Int J Cardiol 99 (1): 1-8, 2005.

88. Czesnikiewicz-Guzik M, Osmenda G, Siedlinski M, Nosalski R, Pelka
P, Nowakowski D, Wilk G, Mikolajczyk TP, Schramm-Luc A, Furtak
A, Matusik P, Koziol J, Drozdz M, Munoz-Aguilera E, Tomaszewski
M, Evangelou E, Caulfield M, Grodzicki T, D’Aiuto F, Guzik TJ.
Causal association between periodontitis and hypertension: Evidence
from Mendelian randomization and a randomized controlled trial of
non-surgical periodontal therapy. Eur Heart J 40: 3459-3470, 2019.
[PubMed:31504461].

89. Danesh J, Collins R, Peto R. Chronic infections and coronary heart dis-
ease: Is there a link? Lancet 350 (9075): 430-436, 1997.

90. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE,
Wolfe BE, Ling AV, Devlin AS, Varma Y, Fischbach MA, Biddinger

SB, Dutton RJ, Turnbaugh PJ. Diet rapidly and reproducibly alters the
human gut microbiome. Nature 505 (7484): 559-563, 2014.

91. de Clercq NC, van den Ende T, Prodan A, Hemke R, Davids M, Peder-
sen HK, Nielsen HB, Groen AK, de Vos WM, van Laarhoven HWM,
Nieuwdorp M. Fecal microbiota transplantation from overweight or
obese donors in cachectic patients with advanced gastroesophageal can-
cer: A randomized, double-blind, placebo-controlled Phase II study.
Clin Cancer Res 27 (13): 3784-3792, 2021.

92. De Filippis F, Pasolli E, Tett A, Tarallo S, Naccarati A, De Angelis
M, Neviani E, Cocolin L, Gobbetti M, Segata N, Ercolini D. Distinct
genetic and functional traits of human intestinal Prevotella copri strains
are associated with different habitual diets. Cell Host Microbe 25 (3):
444-453, 2019.

93. De Filippis F, Pellegrini N, Vannini L, Jeffery IB, La Storia A, Laghi L,
Serrazanetti DI, Di Cagno R, Ferrocino I, Lazzi C, Turroni S, Cocolin
L, Brigidi P, Neviani E, Gobbetti M, O’Toole PW, Ercolini D. High-
level adherence to a Mediterranean diet beneficially impacts the gut
microbiota and associated metabolome. Gut 65 (11): 1812-1821, 2016.

94. De Schepper S, Verheijden S, Aguilera-Lizarraga J, Viola MF, Boes-
mans W, Stakenborg N, Voytyuk I, Smidt I, Boeckx B, de Casterlé ID,
Baekelandt V, Dominguez EG, Mack M, Depoortere I, De Strooper
B, Sprangers B, Himmelreich U, Soenen S, Guilliams M, Vanden
Berghe P, Jones E, Lambrechts D, Boeckxstaens G. Self-maintaining
gut macrophages are essential for intestinal homeostasis. Cell 175 (2):
400-415, 2018.

95. de Vos WM, Tilg H, Van Hul M, Cani PD. Gut microbiome and health:
Mechanistic insights. Gut 71 (5): 1020-1032, 2022.

96. Deehan EC, Yang C, Perez-Muñoz ME, Nguyen NK, Cheng CC, Tri-
ador L, Zhang Z, Bakal JA, Walter J. Precision microbiome modulation
with discrete dietary fiber structures directs short-chain fatty acid pro-
duction. Cell Host Microbe 27 (3): 389-404, 2020.

97. DeFilipp Z, Bloom PP, Soto MT, Mansour MK, Sater MRA, Huntley
MH, Turbett S, Chung RT, Chen Y-B, Hohmann EL, Drug-resistant
E. coli bacteremia transmitted by fecal microbiota transplant. N Engl J
Med 381 (21): 2043-2050, 2019.

98. Del Chierico F, Nobili V, Vernocchi P, Russo A, De Stefanis C, Gnani
D, Furlanello C, Zandonà A, Paci P, Capuani G, Dallapiccola B, Mic-
cheli A, Alisi A, Putignani L. Gut microbiota profiling of pediatric
nonalcoholic fatty liver disease and obese patients unveiled by an inte-
grated meta-omics-based approach. Hepatology 65 (2): 451-464, 2017.

99. Del Chierico F, Rapini N, Deodati A, Matteoli MC, Cianfarani S, Putig-
nani L. Pathophysiology of type 1 diabetes and gut microbiota role. Int
J Mol Sci 23: 14650, 2022. [PubMed:36498975].

100. Dembrovszky F, Gede N, Szakács Z, Hegyi P, Kiss S, Farkas N, Molnár
Z, Imrei M, Dohos D, Péterfi Z. Fecal microbiota transplantation may
be the best option in treating multiple clostridioides difficile infection:
A network meta-analysis. Infect Dis Ther 10: 201-211, 2021.

101. Deng L, Yang Y, Xu G. Empagliflozin ameliorates type 2 diabetes
mellitus-related diabetic nephropathy via altering the gut microbiota.
Biochim Biophys Acta Mol Cell Biol Lipids 1867 (12): 159234, 2022.
[PubMed:36185030].

102. Deng M, Qu F, Chen L, Liu C, Zhang M, Ren F, Guo H, Zhang H, Ge
S, Wu C, Zhao L. SCFAs alleviated steatosis and inflammation in mice
with NASH induced by MCD. J Endocrinol 245 (3): 425-437, 2020.

103. Depommier C, Everard A, Druart C, Plovier H, Van Hul M, Vieira-Silva
S, Falony G, Raes J, Maiter D, Delzenne NM, de Barsy M, Loumaye
A, Hermans MP, Thissen JP, de Vos WM, Cani PD. Supplementation
with Akkermansia muciniphila in overweight and obese human volun-
teers: A proof-of-concept exploratory study. Nat Med 25 (7): 1096-
1103, 2019.

104. Dethlefsen L, Eckburg PB, Bik EM, Relman DA. Assembly of the
human intestinal microbiota. Trends Ecol Evol 21 (9): 517-523, 2006.

105. Di Francesco A, Di Germanio C, Bernier M, De Cabo R. A time to fast.
Science (1979) 362 (6416): 770-775, 2018.

106. Dinakaran V, Rathinavel A, Pushpanathan M, Sivakumar R,
Gunasekaran P, Rajendhran J. Elevated levels of circulating
DNA in cardiovascular disease patients: Metagenomic profiling
of microbiome in the circulation. PLoS One 9 (8): e105221, 2014.
[PubMed:25133738].

107. Dinakis E, Nakai M, Gill P, Ribeiro R, Yiallourou S, Sata Y, Muir J,
Carrington M, Head GA, Kaye DM, Marques FZ. Association between
the gut microbiome and their metabolites with human blood pressure
variability. Hypertension 79: 1690-1701, 2022. [PubMed:35674054].

108. Ding L, Chang M, Guo Y, Zhang L, Xue C, Yanagita T, Zhang T, Wang
Y. Trimethylamine-N-oxide (TMAO)-induced atherosclerosis is asso-
ciated with bile acid metabolism. Lipids Health Dis 17: 1-8, 2018.

109. Ding Y, Subramanian S, Montes VN, Goodspeed L, Wang S, Han CY,
Teresa AS, Kim J, O’Brien KD, Chait A. Toll-like receptor 4 deficiency
decreases atherosclerosis but does not protect against inflammation
in obese low-density lipoprotein receptor-deficient mice. Arterioscler
Thromb Vasc Biol 32 (7): 1596-1604, 2012.

110. Dobrev D, Heijman J, Hiram R, Li N, Nattel S. Inflammatory signalling
in atrial cardiomyocytes: A novel unifying principle in atrial fibrillation
pathophysiology. Nat Rev Cardiol 20 (3): 145-167, 2023.

5476 Volume 14, July 2024

 20404603, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/j.2040-4603.2024.tb00298.x by C

ardiff M
etropolitan, W

iley O
nline L

ibrary on [07/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Comprehensive Physiology Human Microbiota and Cardiovascular Disease

111. Dominianni C, Sinha R, Goedert JJ, Pei Z, Yang L, Hayes RB, Ahn J.
Sex, body mass index, and dietary fiber intake influence the human gut
microbiome. PLoS One 10 (4): e0124599, 2015.

112. Donohoe DR, Wali A, Brylawski BP, Bultman SJ. Microbial regula-
tion of glucose metabolism and cell-cycle progression in mammalian
colonocytes. PLoS One 7: e46589, 2012.

113. Drouin-Chartier JP, Chen S, Li Y, Schwab AL, Stampfer MJ, Sacks
FM, Rosner B, Willett WC, Hu FB, Bhupathiraju SN. Egg consumption
and risk of cardiovascular disease: Three large prospective US cohort
studies, systematic review, and updated meta-analysis. The. BMJ 368,
2020.

114. Durgan DJ, Ganesh BP, Cope JL, Ajami NJ, Phillips SC, Petrosino
JF, Hollister EB, Bryan RM. Role of the gut microbiome in obstruc-
tive sleep apnea-induced hypertension. Hypertension 67 (2): 469-474,
2016.

115. Eidizadeh A, Schnelle M, Leha A, Edelmann F, Nolte K, Werhahn SM,
Binder L, Wachter R. Biomarker profiles in heart failure with preserved
vs. reduced ejection fraction: Results from the DIAST-CHF study. ESC
Heart Fail 10 (1): 200-210, 2023.

116. Emoto T, Hayashi T, Tabata T, Yamashita T, Watanabe H, Takahashi
T, Gotoh Y, Kami K, Yoshida N, Saito Y, Tanaka H, Matsumoto
K, Hayashi T, Yamada T, ichi Hirata K. Metagenomic analysis of
gut microbiota reveals its role in trimethylamine metabolism in heart
failure. Int J Cardiol 338: 138-142, 2021.

117. Emoto T, Yamashita T, Sasaki N, Hirota Y, Hayashi T, So A, Kasahara
K, Yodoi K, Matsumoto T, Mizoguchi T, Ogawa W, Hirata KI. Anal-
ysis of gut microbiota in coronary artery disease patients: A possible
link between gut microbiota and coronary artery disease. J Atheroscler
Thromb 23 (8): 908-921, 2016.

118. Emre A, Terzi S, Celiker E, Sahin S, Yazici S, Erdem A, Ceylan US,
Asik M, Yesilcimen K. Impact of nonalcoholic fatty liver disease on
myocardial perfusion in nondiabetic patients undergoing primary per-
cutaneous coronary intervention for ST-segment elevation myocardial
infarction. Am J Cardiol 116 (12): 1810-1814, 2015.

119. Engelen SE, Robinson AJB, Zurke YX, Monaco C. Therapeutic strate-
gies targeting inflammation and immunity in atherosclerosis: How to
proceed? Nat Rev Cardiol 19 (8): 522-542, 2022.

120. Epstein SE, Speir E, Zhou YF, Guetta E, Leon M, Finkel T. The role of
infection in restenosis and atherosclerosis: Focus on cytomegalovirus.
Lancet 348: S13-S17, 1996.

121. Erickson ML, Malin SK, Wang Z, Brown JM, Hazen SL, Kirwan JP.
Effects of lifestyle intervention on plasma trimethylamine N-oxide in
obese adults. Nutrients 11 (1): 179, 2019.

122. Estruch R, Ros E, Salas-Salvadó J, Covas M-I, Corella D, Arós F,
Gómez-Gracia E, Ruiz-Gutiérrez V, Fiol M, Lapetra J, Lamuela-
Raventos RM, Serra-Majem L, Pintó X, Basora J, Muñoz MA, Sorlí
JV, Martínez JA, Fitó M, Gea A, Hernán MA, Martínez-González MA.
Primary prevention of cardiovascular disease with a mediterranean
diet supplemented with extra-virgin olive oil or nuts. N Engl J Med
378 (25): e34, 2018.

123. Evans CEL, Greenwood DC, Threapleton DE, Cleghorn CL, Nykjaer
C, Woodhead CE, Gale CP, Burley VJ. Effects of dietary fibre type on
blood pressure: A systematic review and meta-analysis of randomized
controlled trials of healthy individuals. J Hypertens 33 (5): 897-911,
2015.

124. Fabbiano S, Suárez-Zamorano N, Chevalier C, Lazarević V, Kieser
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Krzyściak P, Krawczyk A, Mach T, Karczewska E, Krzyściak W.
Relative homogeneity of oral bacterial fl ora in Crohn’s disease
compared to ulcerative colitis and its connections with antioxidant
defense-preliminary report. Folia Med Cracov LIX: 15-35, 2019.

496. Tan C, Zheng Z, Wan X, Cao J, Wei R, Duan J. The role of gut micro-
biota and amino metabolism in the effects of improvement of islet β-cell
function after modified jejunoileal bypass. Sci Rep 11 (1): 4809, 2021.

497. Tan Y, Sheng Z, Zhou P, Liu C, Zhao H, Song L, Li J, Zhou J, Chen Y,
Wang L, Qian H, Sun Z, Qiao S, Xu B, Gao R, Yan H. Plasma trimethy-
lamine N-oxide as a novel biomarker for plaque rupture in patients with
ST-segment-elevation myocardial infarction. Circ Cardiovasc Interv
12 (1): e007281, 2019.

498. Tang HY, Wang CH, Ho HY, Lin JF, Lo CJ, Huang CY, Cheng ML.
Characteristic of metabolic status in heart failure and its impact in out-
come perspective. Metabolites 10 (11): 437, 2020.

499. Tang TWH, Chen HC, Chen CY, Yen CYT, Lin CJ, Prajnamitra RP,
Chen LL, Ruan SC, Lin JH, Lin PJ, Lu HH, Kuo CW, Chang CM,
Hall AD, Vivas EI, Shui JW, Chen P, Hacker TA, Rey FE, Kamp TJ,
Hsieh PCH. Loss of gut microbiota alters immune system composition
and cripples postinfarction cardiac repair. Circulation 139 (5): 647-659,
2019.

500. Tang WHW, Bäckhed F, Landmesser U, Hazen SL. Intestinal micro-
biota in cardiovascular health and disease. J Am Coll Cardiol 73 (16):
2089-2105, 2019.

501. Tang WHW, Li DY, Hazen SL. Dietary metabolism, the gut micro-
biome, and heart failure. Nat Rev Cardiol 16: 137-154, 2018.
[PubMed:30410105].

502. Tang WHW, Li XS, Wu Y, Wang Z, Khaw KT, Wareham NJ, Nieuw-
dorp M, Boekholdt SM, Hazen SL. Plasma trimethylamine N-oxide
(TMAO) levels predict future risk of coronary artery disease in appar-
ently healthy individuals in the EPIC-Norfolk prospective population
study. Am Heart J 236: 80-86, 2021.

503. Tang WHW, Wang Z, Fan Y, Levison B, Hazen JE, Donahue LM,
Wu Y, Hazen SL. Prognostic value of elevated levels of intestinal
microbe-generated metabolite trimethylamine-N-oxide in patients with

heart failure: Refining the gut hypothesis. J Am Coll Cardiol 64 (18):
1908-1914, 2014.

504. Tang WHW, Wang Z, Levison BS, Koeth RA, Britt EB, Fu X, Wu Y,
Hazen SL. Intestinal microbial metabolism of phosphatidylcholine and
cardiovascular risk. N Engl J Med 368 (17): 1575-1584, 2013.

505. Tang WHW, Wang Z, Li XS, Fan Y, Li DS, Wu Y, Hazen SL. Increased
trimethylamine N-oxide portends high mortality risk independent of
glycemic control in patients with type 2 diabetes mellitus. Clin Chem
63 (1): 297-306, 2017.

506. Tang WHW, Wang Z, Shrestha K, Borowski AG, Wu Y, Troughton
RW, Klein AL, Hazen SL. Intestinal microbiota-dependent phos-
phatidylcholine metabolites, diastolic dysfunction, and adverse
clinical outcomes in chronic systolic heart failure. J Card Fail 21 (2):
91-96, 2015.

507. Tardif J-C, Kouz S, Waters DD, Bertrand OF, Diaz R, Maggioni AP,
Pinto FJ, Ibrahim R, Gamra H, Kiwan GS, Berry C, López-Sendón J,
Ostadal P, Koenig W, Angoulvant D, Grégoire JC, Lavoie M-A, Dubé
M-P, Rhainds D, Provencher M, Blondeau L, Orfanos A, L’Allier PL,
Guertin M-C, Roubille F. Efficacy and safety of low-dose colchicine
after myocardial infarction. N Engl J Med 381 (26): 2497-2505, 2019.

508. Targher G, Byrne CD, Lonardo A, Zoppini G, Barbui C. Non-alcoholic
fatty liver disease and risk of incident cardiovascular disease: A meta-
analysis. J Hepatol 65 (3): 589-600, 2016.

509. Targher G, Tilg H, Byrne CD. Non-alcoholic fatty liver disease: A mul-
tisystem disease requiring a multidisciplinary and holistic approach.
Lancet Gastroenterol Hepatol 6 (7): 578-588, 2021.

510. Targher G, Valbusa F, Bonapace S, Bertolini L, Zenari L, Rodella S,
Zoppini G, Mantovani W, Barbieri E, Byrne CD. Non-alcoholic fatty
liver disease is associated with an increased incidence of atrial fibril-
lation in patients with type 2 diabetes. PLoS One 8 (2): e57183, 2013.
[PubMed:23451184].

511. Tedelind S, Westberg F, Kjerrulf M, Vidal A. Anti-inflammatory prop-
erties of the short-chain fatty acids acetate and propionate: A study with
relevance to inflammatory bowel disease. World J Gastroenterol 13:
2826-2832, 2007. [PubMed:17569118].

512. Tell GS, Fried LP, Hermanson B, Manolio TA, Newman AB, Borhani
NO. Recruitment of adults 65 years and older as participants in the car-
diovascular health study. Ann Epidemiol 3 (4): 358-366, 1993.

513. Tett A, Huang KD, Asnicar F, Fehlner-Peach H, Pasolli E, Karcher
N, Armanini F, Manghi P, Bonham K, Zolfo M, De Filippis F,
Magnabosco C, Bonneau R, Lusingu J, Amuasi J, Reinhard K, Rattei
T, Boulund F, Engstrand L, Zink A, Collado MC, Littman DR,
Eibach D, Ercolini D, Rota-Stabelli O, Huttenhower C, Maixner F,
Segata N. The Prevotella copri complex comprises four distinct clades
underrepresented in westernized populations. Cell Host Microbe 26:
666-679.e7, 2019. [PubMed:31607556].

514. Thaiss CA, Levy M, Grosheva I, Zheng D, Soffer E, Blacher E, Braver-
man S, Tengeler AC, Barak O, Elazar M, Ben-Zeev R, Lehavi-Regev
D, Katz MN, Pevsner-Fischer M, Gertler A, Halpern Z, Harmelin A,
Aamar S, Serradas P, Grosfeld A, Shapiro H, Geiger B, Elinav E.
Hyperglycemia drives intestinal barrier dysfunction and risk for enteric
infection. Science (1979) 359: 1376-1383, 2018. [PubMed:29519916].

515. Thevaranjan N, Puchta A, Schulz C, Naidoo A, Szamosi JC, Verschoor
CP, Loukov D, Schenck LP, Jury J, Foley KP, Schertzer JD, Larché MJ,
Davidson DJ, Verdú EF, Surette MG, Bowdish DME. Age-associated
microbial dysbiosis promotes intestinal permeability, systemic inflam-
mation, and macrophage dysfunction. Cell Host Microbe 21 (4): 455-
466, 2017.

516. Thingholm LB, Rühlemann MC, Koch M, Fuqua B, Laucke G, Boehm
R, Bang C, Franzosa EA, Hübenthal M, Rahnavard A, Frost F, Lloyd-
Price J, Schirmer M, Lusis AJ, Vulpe CD, Lerch MM, Homuth G,
Kacprowski T, Schmidt CO, Nöthlings U, Karlsen TH, Lieb W, Laudes
M, Franke A, Huttenhower C. Obese individuals with and without type
2 diabetes show different gut microbial functional capacity and com-
position. Cell Host Microbe 26 (2): 252-264, 2019.

517. Tilg H, Adolph TE, Trauner M. Gut-liver axis: Pathophysiological
concepts and clinical implications. Cell Metab 34: 1700-1718, 2022.
[PubMed:36208625].

518. Tilg H, Zmora N, Adolph TE, Elinav E. The intestinal microbiota
fuelling metabolic inflammation. Nat Rev Immunol 2019 20: 40-54,
2019. [PubMed:31388093].

519. Toldo S, Abbate A. The NLRP3 inflammasome in acute myocardial
infarction. Nat Rev Cardiol 15 (4): 203-214, 2018.

520. Tourountzis T, Lioulios G, Fylaktou A, Moysidou E, Papagianni A,
Stangou M. Microbiome in chronic kidney disease. Life (Basel) 12 (10):
1513, 2022. [PubMed:36294946].

521. Trasande L, Blustein J, Liu M, Corwin E, Cox LM, Blaser MJ. Infant
antibiotic exposures and early-life body mass. Int J Obes 37 (1): 16-23,
2013.

522. Treberg JR, Wilson CE, Richards RC, Ewart KV, Driedzic WR. The
freeze-avoidance response of smelt Osmerus mordax: Initiation and
subsequent suppression of glycerol, trimethylamine oxide and urea
accumulation. J Exp Biol 205: 1419-1427, 2002. [PubMed:11976353].

Volume 14, July 2024 5487

 20404603, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/j.2040-4603.2024.tb00298.x by C

ardiff M
etropolitan, W

iley O
nline L

ibrary on [07/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Human Microbiota and Cardiovascular Disease Comprehensive Physiology

523. Tribble GD, Angelov N, Weltman R, Wang BY, Eswaran SV, Gay IC,
Parthasarathy K, Dao DHV, Richardson KN, Ismail NM, Sharina IG,
Hyde ER, Ajami NJ, Petrosino JF, Bryan NS. Frequency of tongue
cleaning impacts the human tongue microbiome composition and
enterosalivary circulation of nitrate. Front Cell Infect Microbiol 9:
434270, 2019. [PubMed:30881924].

524. Trøseid M, Ueland T, Hov JR, Svardal A, Gregersen I, Dahl CP,
Aakhus S, Gude E, Bjørndal B, Halvorsen B, Karlsen TH, Aukrust P,
Gullestad L, Berge RK, Yndestad A. Microbiota-dependent metabolite
trimethylamine-N-oxide is associated with disease severity and sur-
vival of patients with chronic heart failure. J Intern Med 277: 717-726,
2015. [PubMed:25382824].

525. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley
RE, Sogin ML, Jones WJ, Roe BA, Affourtit JP, Egholm M, Henrissat
B, Heath AC, Knight R, Gordon JI. A core gut microbiome in obese
and lean twins. Nature 457 (7228): 480-484, 2009.

526. Uchida K, Satoh T, Takase H, Nomura Y, Takasu N, Kurihara H,
Takeuchi N. Altered bile acid metabolism related to atherosclerosis in
alloxan diabetic rats. J Atheroscler Thromb 3 (1): 52-58, 1996.

527. Udayappan S, Manneras-Holm L, Chaplin-Scott A, Belzer C, Herrema
H, Dallinga-Thie GM, Duncan SH, Stroes ESG, Groen AK, Flint HJ,
Backhed F, De Vos WM, Nieuwdorp M. Oral treatment with Eubac-
terium hallii improves insulin sensitivity in db/db mice. NPJ Biofilms
Microbiomes 2 (1): 1-10, 2016.

528. Ussar S, Griffin NW, Bezy O, Fujisaka S, Vienberg S, Softic S, Deng L,
Bry L, Gordon JI, Kahn CR. Interactions between gut microbiota, host
genetics and diet modulate the predisposition to obesity and metabolic
syndrome. Cell Metab 22: 516-530, 2015. [PubMed:26299453].

529. Ussher JR, Drucker DJ. Glucagon-like peptide 1 receptor agonists: Car-
diovascular benefits and mechanisms of action. Nat Rev Cardiol 20:
463-474, 2023. [PubMed:36977782].

530. Van Horn L, Carson JAS, Appel LJ, Burke LE, Economos C, Karmally
W, Lancaster K, Lichtenstein AH, Johnson RK, Thomas RJ, Vos
M, Wylie-Rosett J, Kris-Etherton P. Recommended dietary pattern
to achieve adherence to the American Heart Association/American
College of Cardiology (AHA/ACC) Guidelines: A scientific statement
from the American Heart Association. Circulation 134: e505-e529,
2016. [PubMed:27789558].

531. Vangay P, Johnson AJ, Ward TL, Al-Ghalith GA, Shields-Cutler RR,
Hillmann BM, Lucas SK, Beura LK, Thompson EA, Till LM, Batres R,
Paw B, Pergament SL, Saenyakul P, Xiong M, Kim AD, Kim G, Maso-
pust D, Martens EC, Angkurawaranon C, McGready R, Kashyap PC,
Culhane-Pera KA, Knights D. US immigration westernizes the human
gut microbiome. Cell 175 (4): 962-972, 2018.

532. Vatanen T, Kostic AD, D’Hennezel E, Siljander H, Franzosa EA, Yas-
sour M, Kolde R, Vlamakis H, Arthur TD, Hämäläinen AM, Peet A,
Tillmann V, Uibo R, Mokurov S, Dorshakova N, Ilonen J, Virtanen SM,
Szabo SJ, Porter JA, Lähdesmäki H, Huttenhower C, Gevers D, Cullen
TW, Knip M, Xavier RJ. Variation in microbiome LPS immunogenicity
contributes to autoimmunity in humans. Cell 165 (4): 842-853, 2016.

533. Vaziri ND, Wong J, Pahl M, Piceno YM, Yuan J, Desantis TZ, Ni Z,
Nguyen TH, Andersen GL. Chronic kidney disease alters intestinal
microbial flora. Kidney Int 83 (2): 308-315, 2013.

534. Vieira-Silva S, Falony G, Belda E, Nielsen T, Aron-Wisnewsky J,
Chakaroun R, Forslund SK, Assmann K, Valles-Colomer M, Nguyen
TTD, Proost S, Prifti E, Tremaroli V, Pons N, Le Chatelier E, Andreelli
F, Bastard JP, Coelho LP, Galleron N, Hansen TH, Hulot JS, Lewinter
C, Pedersen HK, Quinquis B, Rouault C, Roume H, Salem JE,
Søndertoft NB, Touch S, Alves R, Amouyal C, Galijatovic EAA,
Barthelemy O, Batisse JP, Berland M, Bittar R, Blottière H, Bosquet
F, Boubrit R, Bourron O, Camus M, Cassuto D, Ciangura C, Collet JP,
Dao MC, Debedat J, Djebbar M, Doré A, Engelbrechtsen L, Fellahi
S, Fromentin S, Giral P, Graine M, Hartemann A, Hartmann B, Helft
G, Hercberg S, Hornbak M, Isnard R, Jaqueminet S, Jørgensen NR,
Julienne H, Justesen J, Kammer J, Kerneis M, Khemis J, Krarup N,
Kuhn M, Lampuré A, Lejard V, Levenez F, Lucas-Martini L, Massey
R, Maziers N, Medina-Stamminger J, Moitinho-Silva L, Montalescot
G, Moutel S, Le Pavin LP, Poitou-Bernert C, Pousset F, Pouzoulet
L, Schmidt S, Silvain J, Svendstrup M, Swartz T, Vanduyvenboden
T, Vatier C, Verger E, Walther S, Dumas ME, Ehrlich SD, Galan P,
Gøtze JP, Hansen T, Holst JJ, Køber L, Letunic I, Nielsen J, Oppert
JM, Stumvoll M, Vestergaard H, Zucker JD, Bork P, Pedersen O,
Bäckhed F, Clément K, Raes J. Statin therapy is associated with lower
prevalence of gut microbiota dysbiosis. Nature 581 (7808): 310-315,
2020.

535. Vila AV, Collij V, Sanna S, Sinha T, Imhann F, Bourgonje AR, Mujagic
Z, Jonkers DMAE, Masclee AAM, Fu J, Kurilshikov A, Wijmenga C,
Zhernakova A, Weersma RK. Impact of commonly used drugs on the
composition and metabolic function of the gut microbiota. Nat Com-
mun 11 (1): 362, 2020.

536. Vink A, Schoneveld AH, van der Meer JJ, van Middelaar BJ, JPG S,
Smeets MB, Quax PHA, Lim SK, Borst C, Pasterkamp G, De DPV K.
In vivo evidence for a role of toll-like receptor 4 in the development of
intimal lesions. Circulation 106 (15): 1985-1990, 2002.

537. Vinolo MAR, Ferguson GJ, Kulkarni S, Damoulakis G, Anderson K,
Bohlooly-Y M, Stephens L, Hawkins PT, Curi R. SCFAs induce mouse
neutrophil chemotaxis through the GPR43 receptor. PLoS One 6 (6):
e21205, 2011. [PubMed:21698257].

538. Violi F, Cammisotto V, Bartimoccia S, Pignatelli P, Carnevale R,
Nocella C. Gut-derived low-grade endotoxaemia, atherothrombosis
and cardiovascular disease. Nat Rev Cardiol 20 (1): 24-37, 2023.

539. Violi F, Carnevale R, Loffredo L, Pignatelli P, Gallin JI. NADPH
oxidase-2 and atherothrombosis: Insight from chronic granulomatous
disease. Arterioscler Thromb Vasc Biol 37 (2): 218-225, 2017.

540. Visentin CE, Masih S, Plumptre L, Malysheva O, Nielsen DE, Sohn KJ,
Ly A, Lausman AY, Berger H, Croxford R, El-Sohemy A, Caudill MA,
O’Connor DL, Kim YI. Maternal choline status, but not fetal genotype,
influences cord plasma choline metabolite concentrations. J Nutr 145
(7): 1491-1497, 2015.

541. Voors AA, Anker SD, Cleland JG, Dickstein K, Filippatos G, van der
Harst P, Hillege HL, Lang CC, ter Maaten JM, Ng L, Ponikowski P,
Samani NJ, van Veldhuisen DJ, Zannad F, Zwinderman AH, Metra M.
A systems BIOlogy Study to TAilored Treatment in Chronic Heart Fail-
ure: Rationale, design, and baseline characteristics of BIOSTAT-CHF.
Eur J Heart Fail 18 (6): 716-726, 2016.

542. Vrieze A, Van Nood E, Holleman F, Salojärvi J, Kootte RS, Bartels-
man JFWM, Dallinga-Thie GM, Ackermans MT, Serlie MJ, Oozeer R,
Derrien M, Druesne A, Vlieg JETVH, Bloks VW, Groen AK, Heilig
HGHJ, Zoetendal EG, Stroes ES, De Vos WM, Hoekstra JBL, Nieuw-
dorp M. Transfer of intestinal microbiota from lean donors increases
insulin sensitivity in individuals with metabolic syndrome. Gastroen-
terology 143 (4): 913-916, 2012.

543. Waleed KB, Tse G, Lu YK, Peng CN, Tu H, Ding LG, Xia YL, Wu
SL, Li XT, Zhou HQ, Chen QY, Sun AM, Altaf A, Chang JL, Wang
LL. Trimethylamine N-oxide is associated with coronary atheroscle-
rotic burden in non-ST-segment myocardial infarction patients: SZ-
NSTEMI prospective cohort study. Rev Cardiovasc Med 22 (1): 231-
238, 2021.

544. Wallrabenstein I, Kuklan J, Weber L, Zborala S, Werner M, Altmüller J,
Becker C, Schmidt A, Hatt H, Hummel T, Gisselmann G. Human trace
amine-associated receptor TAAR5 can be activated by trimethylamine.
PLoS One 8 (2): e54950, 2013.

545. Wang B, Jiang X, Cao M, Ge J, Bao Q, Tang L, Chen Y, Li L. Altered
fecal microbiota correlates with liver biochemistry in nonobese
patients with non-alcoholic fatty liver disease. Sci Rep 6 (1): 32002,
2016. [PubMed:27550547].

546. Wang B, Tontonoz P. Liver X receptors in lipid signalling and mem-
brane homeostasis. Nat Rev Endocrinol 14 (8): 452-463, 2018.

547. Wang DD, Nguyen LH, Li Y, Yan Y, Ma W, Rinott E, Ivey KL, Shai I,
Willett WC, Hu FB, Rimm EB, Stampfer MJ, Chan AT, Huttenhower
C. The gut microbiome modulates the protective association between a
Mediterranean diet and cardiometabolic disease risk. Nat Med 27 (2):
333-343, 2021.

548. Wang J, Qin J, Li Y, Cai Z, Li S, Zhu J, Zhang F, Liang S, Zhang W,
Guan Y, Shen D, Peng Y, Zhang D, Jie Z, Wu W, Qin Y, Xue W, Li J,
Han L, Lu D, Wu P, Dai Y, Sun X, Li Z, Tang A, Zhong S, Li X, Chen
W, Xu R, Wang M, Feng Q, Gong M, Yu J, Zhang Y, Zhang M, Hansen
T, Sanchez G, Raes J, Falony G, Okuda S, Almeida M, Lechatelier E,
Renault P, Pons N, Batto JM, Zhang Z, Chen H, Yang R, Zheng W, Li
S, Yang H, Ehrlich SD, Nielsen R, Pedersen O, Kristiansen K, Wang
J. A metagenome-wide association study of gut microbiota in type 2
diabetes. Nature 490 (7418): 55-60, 2012.

549. Wang M, Wang Z, Lee Y, Lai HTM, Otto MCDO, Lemaitre RN,
Fretts A, Sotoodehnia N, Budoff M, Didonato JA, McKnight B,
Tang WHW, Psaty BM, Siscovick DS, Hazen SL, Mozaffarian D.
Dietary meat, trimethylamine N-oxide-related metabolites, and inci-
dent cardiovascular disease among older adults: The cardiovascular
health Study. Arterioscler Thromb Vasc Biol 42: E273-E288, 2022.
[PubMed:35912635].

550. Wang Z, Bergeron N, Levison BS, Li XS, Chiu S, Xun J, Koeth RA,
Lin L, Wu Y, Tang WHW, Krauss RM, Hazen SL. Impact of chronic
dietary red meat, white meat, or non-meat protein on trimethylamine
N-oxide metabolism and renal excretion in healthy men and women.
Eur Heart J 40 (7): 583-594, 2019.

551. Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, Feld-
stein AE, Britt EB, Fu X, Chung YM, Wu Y, Schauer P, Smith JD,
Allayee H, Tang WHW, Didonato JA, Lusis AJ, Hazen SL. Gut flora
metabolism of phosphatidylcholine promotes cardiovascular disease.
Nature 472: 57-63, 2011. [PubMed:21475195].

552. Wang Z, Roberts AB, Buffa JA, Levison BS, Zhu W, Org E, Gu X,
Huang Y, Zamanian-Daryoush M, Culley MK, Didonato AJ, Fu X,
Hazen JE, Krajcik D, Didonato JA, Lusis AJ, Hazen SL. Non-lethal
inhibition of gut microbial trimethylamine production for the treatment
of atherosclerosis. Cell 163 (7): 1585-1595, 2015.

553. Wang Z, Tang WHW, Buffa JA, Fu X, Britt EB, Koeth RA, Levison
BS, Fan Y, Wu Y, Hazen SL. Prognostic value of choline and betaine
depends on intestinal microbiota-generated metabolite trimethylamine-
N-oxide. Eur Heart J 35 (14): 904-910, 2014.

5488 Volume 14, July 2024

 20404603, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/j.2040-4603.2024.tb00298.x by C

ardiff M
etropolitan, W

iley O
nline L

ibrary on [07/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Comprehensive Physiology Human Microbiota and Cardiovascular Disease

554. Warrier M, Shih DM, Burrows AC, Ferguson D, Gromovsky AD,
Brown AL, Marshall S, McDaniel A, Schugar RC, Wang Z, Sacks
J, Rong X, Vallim TA, Chou J, Ivanova PT, Myers DS, Brown HA,
Lee RG, Crooke RM, Graham MJ, Liu X, Parini P, Tontonoz P, Lusis
AJ, Hazen SL, Temel RE, Brown JM. The TMAO-generating enzyme
flavin monooxygenase 3 is a central regulator of cholesterol balance.
Cell Rep 10 (3): 326-338, 2015.

555. Wei H, Zhao M, Huang M, Li C, Gao J, Yu T, Zhang Q, Shen X, Ji L, Ni
L, Zhao C, Wang Z, Dong E, Zheng L, Wang DW. FMO3-TMAO axis
modulates the clinical outcome in chronic heart-failure patients with
reduced ejection fraction: Evidence from an Asian population. Front
Med 16 (2): 295-305, 2022.

556. Willett WC, Sacks F, Trichopoulou A, Drescher G, Ferro-Luzzi A,
Helsing E, Trichopoulos D. Mediterranean diet pyramid: A cultural
model for healthy eating. Am J Clin Nutr 61 (6): 1402S-1406S, 1995.

557. Witjes JJ, Smits LP, Pekmez CT, Prodan A, Meijnikman AS, Troelstra
MA, Bouter KEC, Herrema H, Levin E, Holleboom AG, Winkelmeijer
M, Beuers UH, van Lienden K, Aron-Wisnewky J, Mannisto V,
Bergman JJ, Runge JH, Nederveen AJ, Dragsted LO, Konstanti P,
Zoetendal EG, de Vos W, Verheij J, Groen AK, Nieuwdorp M. Donor
fecal microbiota transplantation alters gut microbiota and metabolites
in obese individuals with steatohepatitis. Hepatol Commun 4 (11):
1578-1590, 2020.

558. Witkowski M, Weeks TL, Hazen SL. Gut microbiota and cardiovascular
disease. Circ Res 127: 553-570, 2020. [PubMed:32762536].

559. Wong J, Piceno YM, DeSantis TZ, Pahl M, Andersen GL, Vaziri
ND. Expansion of urease- and uricase-containing, indole- and p-
cresol-forming and contraction of short-chain fatty acid-producing
intestinal microbiota in ESRD. Am J Nephrol 39: 230-237, 2014.
[PubMed:24643131].

560. Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY, Keilbaugh SA,
Bewtra M, Knights D, Walters WA, Knight R, Sinha R, Gilroy E,
Gupta K, Baldassano R, Nessel L, Li H, Bushman FD, Lewis JD.
Linking long-term dietary patterns with gut microbial enterotypes.
Science (1979) 334 (6052): 105-108, 2011.

561. Wu H, Esteve E, Tremaroli V, Khan MT, Caesar R, Mannerås-Holm L,
Ståhlman M, Olsson LM, Serino M, Planas-Fèlix M, Xifra G, Mercader
JM, Torrents D, Burcelin R, Ricart W, Perkins R, Fernàndez-Real JM,
Bäckhed F. Metformin alters the gut microbiome of individuals with
treatment-naive type 2 diabetes, contributing to the therapeutic effects
of the drug. Nat Med 23: 850-858, 2017. [PubMed:28530702].

562. Wu J, Chen Y, Yang H, Gu L, Ni Z, Mou S, Shen J, Che X. Sodium
glucose co-transporter 2 (SGLT2) inhibition via dapagliflozin improves
diabetic kidney disease (DKD) over time associated with increasing
effect on the gut microbiota in db/db mice. Front Endocrinol (Lau-
sanne) 14: 1026040, 2023. [PubMed:36777358].

563. Wu J, Dong E, Zhang Y, Xiao H. The role of the inflammasome in heart
failure. Front Physiol 12: 709703, 2021.

564. Wu P, Chen JN, Chen JJ, Tao J, Wu SY, Xu GS, Wang Z, Wei DH, Yin
WD. Trimethylamine N-oxide promotes apoE−/− mice atherosclerosis
by inducing vascular endothelial cell pyroptosis via the SDHB/ROS
pathway. J Cell Physiol 235 (10): 6582-6591, 2020.

565. Wu PH, Lin YT, Chiu YW, Baldanzi G, Huang JC, Liang SS, Lee
SC, Chen SC, Hsu YL, Kuo MC, Hwang SJ. The relationship of
indoxyl sulfate and p-cresyl sulfate with target cardiovascular proteins
in hemodialysis patients. Sci Rep 11 (1): 3786, 2021.

566. Wu S, Wu F, Ding Y, Hou J, Bi J, Zhang Z. Association of non-
alcoholic fatty liver disease with major adverse cardiovascular events:
A systematic review and meta-analysis. Sci Rep 6 (1): 33386, 2016.

567. Wu WK, Chen CC, Liu PY, Panyod S, Liao BY, Chen PC, Kao HL,
Kuo HC, Kuo CH, Chiu THT, Chen RA, Chuang HL, Te Huang Y, Zou
HB, Hsu CC, Chang TY, Lin CL, Ho CT, Yu HT, Sheen LY, Wu MS.
Identification of TMAO-producer phenotype and host-diet-gut dysbio-
sis by carnitine challenge test in human and germ-free mice. Gut 68 (8):
1439-1449, 2019.

568. Xu J, Zhao M, Wang A, Xue J, Cheng S, Cheng A, Gao J, Zhang Q,
Zhan R, Meng X, Xu M, Li H, Zheng L, Wang Y. Association between
plasma trimethyllysine and prognosis of patients with ischemic stroke.
J Am Heart Assoc 10 (23): e020979, 2021.

569. Xu KY, Xia GH, Lu JQ, Chen MX, Zhen X, Wang S, You C, Nie J,
Zhou HW, Yin J. Impaired renal function and dysbiosis of gut micro-
biota contribute to increased trimethylamine-N-oxide in chronic kidney
disease patients. Sci Rep 7 (1): 1445, 2017.

570. Xue J, Zhou D, Poulsen O, Imamura T, Hsiao YH, Smith TH,
Malhotra A, Dorrestein P, Knight R, Haddad GG. Intermittent
hypoxia and hypercapnia accelerate atherosclerosis, partially via
trimethylamine-oxide. Am J Respir Cell Mol Biol 57: 581-588, 2017.
[PubMed:28678519].

571. Yamagami F, Tajiri K, Doki K, Hattori M, Honda J, Aita S, Harunari
T, Yamasaki H, Murakoshi N, Sekiguchi Y, Homma M, Takahashi N,
Aonuma K, Nogami A, Ieda M. Indoxyl sulphate is associated with
atrial fibrillation recurrence after catheter ablation. Sci Rep 8 (1): 17276,
2018.

572. Yamamoto S, Fuller DS, Komaba H, Nomura T, Massy ZA, Bieber
B, Robinson B, Pisoni R, Fukagawa M. Serum total indoxyl sulfate
and clinical outcomes in hemodialysis patients: Results from the Japan
Dialysis Outcomes and Practice Patterns Study. Clin Kidney J 14 (4):
1236-1243, 2021.

573. Yancey PH, Gerringer ME, Drazen JC, Rowden AA, Jamieson A.
Marine fish may be biochemically constrained from inhabiting the
deepest ocean depths. Proc Natl Acad Sci USA 111 (12): 4461-4465,
2014.

574. Yancey PH, Rhea MD, Kemp KM, Bailey DM. Trimethylamine
oxide, betaine and other osmolytes in deep-sea animals: Depth trends
and effects on enzymes under hydrostatic pressure. Cell Mol Biol
(Noisy-le-Grand) 50 (4): 371-376, 2004.

575. Yang F, Xia N, Guo S, Zhang J, Liao Y, Tang T, Nie S, Zhang M, Lv
B, Lu Y, Jiao J, Li J, Wang W, Hu D, Cheng X. Propionate alleviates
abdominal aortic aneurysm by modulating colonic regulatory T-cell
expansion and recirculation. JACC Basic Transl Sci 7: 934-947, 2022.
[PubMed:36317128].

576. Yang K, Wang C, Nie L, Zhao X, Gu J, Guan X, Wang S, Xiao T,
Xu X, He T, Xia X, Wang J, Zhao J. Klotho protects against indoxyl
sulphate-induced myocardial hypertrophy. J Am Soc Nephrol 26 (10):
2434-2446, 2015.

577. Yang T, Santisteban MM, Rodriguez V, Li E, Ahmari N, Carvajal JM,
Zadeh M, Gong M, Qi Y, Zubcevic J, Sahay B, Pepine CJ, Raizada MK,
Mohamadzadeh M. Gut dysbiosis is linked to hypertension. Hyperten-
sion 65 (6): 1331-1340, 2015.

578. Yang WT, Yang R, Zhao Q, Li XD, Wang YT. A systematic review and
meta-analysis of the gut microbiota-dependent metabolite trimethy-
lamine N-oxide with the incidence of atrial fibrillation. Ann Palliat
Med 10 (11): 115111523-115121523, 2021.

579. Yao C, Veleva T, Scott L, Cao S, Li L, Chen G, Jeyabal P, Pan X, Alsina
KM, Abu-Taha I, Ghezelbash S, Reynolds CL, Shen YH, Lemaire SA,
Schmitz W, Müller FU, El-Armouche A, Eissa NT, Beeton C, Nattel
S, Wehrens XHT, Dobrev D, Li N. Enhanced cardiomyocyte NLRP3
inflammasome signaling promotes atrial fibrillation. Circulation 138:
2227-2242, 2018. [PubMed:29802206].

580. Yao ME, Da Liao P, Zhao XJ, Wang L. Trimethylamine-N-oxide has
prognostic value in coronary heart disease: A meta-analysis and dose-
response analysis. BMC Cardiovasc Disord 20: 1-9, 2020.

581. Yazaki Y, Aizawa K, Israr MZ, Negishi K, Salzano A, Saitoh Y, Kimura
N, Kono K, Heaney L, Cassambai S, Bernieh D, Lai F, Imai Y, Kario
K, Nagai R, Ng LL, Suzuki T. Ethnic differences in association of out-
comes with trimethylamine N-oxide in acute heart failure patients. ESC
Heart Fail 7 (5): 2373-2378, 2020.

582. Yazdekhasti N, Brandsch C, Schmidt N, Schloesser A, Huebbe P,
Rimbach G, Stangl GI. Fish protein increases circulating levels of
trimethylamine-N-oxide and accelerates aortic lesion formation in
apoE null mice. Mol Nutr Food Res 60 (2): 358-368, 2016.

583. Yin J, Liao SX, He Y, Wang S, Xia GH, Liu FT, Zhu JJ, You C, Chen
Q, Zhou L, Pan SY, Zhou HW. Dysbiosis of gut microbiota with
reduced trimethylamine-N-oxide level in patients with large-artery
atherosclerotic stroke or transient ischemic attack. J Am Heart Assoc
4 (11): e002699, 2015. [PubMed:26597155].

584. Yoo HH, Kim IS, Yoo DH, Kim DH. Effects of orally administered
antibiotics on the bioavailability of amlodipine: Gut microbiota-
mediated drug interaction. J Hypertens 34 (1): 156-162, 2016.

585. Yoshida H, Ishii M, Akagawa M. Propionate suppresses hepatic gluco-
neogenesis via GPR43/AMPK signaling pathway. Arch Biochem Bio-
phys 672: 108057, 2019.

586. Yoshida N, Emoto T, Yamashita T, Watanabe H, Hayashi T, Tabata
T, Hoshi N, Hatano N, Ozawa G, Sasaki N, Mizoguchi T, Amin HZ,
Hirota Y, Ogawa W, Yamada T, Hirata KI. Bacteroides vulgatus and
Bacteroides dorei reduce gut microbial lipopolysaccharide production
and inhibit atherosclerosis. Circulation 138 (22): 2486-2498, 2018.

587. You S, Ma Y, Yan B, Pei W, Wu Q, Ding C, Huang C. The promo-
tion mechanism of prebiotics for probiotics: A review. Front Nutr 9:
1000517, 2022. [PubMed:36276830].

588. Yu EW, Gao L, Stastka P, Cheney MC, Mahabamunuge J, Soto MT,
Ford CB, Bryant JA, Henn MR, Hohmann EL. Fecal microbiota
transplantation for the improvement of metabolism in obesity: The
fmt-trim double-blind placebo-controlled pilot trial. PLoS Med 17 (3):
e1003051, 2020.

589. Yuan J, Yin X, Jiang H. Inhibition of toll-like receptor-4 expression for
amelioration of myocardial injury in diabetes: A meta-analysis. Clinics
(Sao Paulo) 77: 100137, 2022. [PubMed:36434877].

590. Yurkovetskiy L, Burrows M, Khan AA, Graham L, Volchkov P,
Becker L, Antonopoulos D, Umesaki Y, Chervonsky AV. Gender
bias in autoimmunity is influenced by microbiota. Immunity 39 (2):
400-412, 2013.

591. Zeevi D, Korem T, Godneva A, Bar N, Kurilshikov A, Lotan-Pompan
M, Weinberger A, Fu J, Wijmenga C, Zhernakova A, Segal E. Structural
variation in the gut microbiome associates with host health. Nature 568:
43-48, 2019. [PubMed:30918406].

Volume 14, July 2024 5489

 20404603, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/j.2040-4603.2024.tb00298.x by C

ardiff M
etropolitan, W

iley O
nline L

ibrary on [07/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Human Microbiota and Cardiovascular Disease Comprehensive Physiology

592. Zeevi D, Korem T, Zmora N, Israeli D, Rothschild D, Weinberger A,
Ben-Yacov O, Lador D, Avnit-Sagi T, Lotan-Pompan M, Suez J, Mahdi
JA, Matot E, Malka G, Kosower N, Rein M, Zilberman-Schapira G,
Dohnalová L, Pevsner-Fischer M, Bikovsky R, Halpern Z, Elinav E,
Segal E. Personalized nutrition by prediction of glycemic responses.
Cell 163: 1079-1094, 2015. [PubMed:26590418].

593. Zeisel SH, Warrier M. Trimethylamine N-oxide, the microbiome, and
heart and kidney disease. Annu Rev Nutr 37: 157-181, 2017.

594. Zeng L, Ruan M, Liu J, Wilde P, Naumova EN, Mozaffarian D, Zhang
FF. Trends in processed meat, unprocessed red meat, poultry, and fish
consumption in the United States, 1999-2016. J Acad Nutr Diet 119 (7):
1085-1098, 2019.

595. Zhang K, Zhang L, Zhou B, Wang Y, Song Y, Rao L, Zhang L. Lack of
association between TLR4 Asp299Gly polymorphism and atheroscle-
rosis: Evidence from meta-analysis. Thromb Res 130 (4): e203-e208,
2012.

596. Zhang L, Bahl MI, Roager HM, Fonvig CE, Hellgren LI, Frandsen HL,
Pedersen O, Holm JC, Hansen T, Licht TR. Environmental spread of
microbes impacts the development of metabolic phenotypes in mice
transplanted with microbial communities from humans. ISME J 11 (3):
676-690, 2017.

597. Zhang S, Zhang Y, Ahsan MZ, Yuan Y, Liu G, Han X, Zhang J, Zhao
X, Bai B, Li Y. Atorvastatin attenuates cold-induced hypertension by
preventing gut barrier injury. J Cardiovasc Pharmacol 74 (2): 143-151,
2019.

598. Zhang WJ, Wojta J, Binder BR. Notoginsenoside R1 counter-
acts endotoxin-induced activation of endothelial cells in vitro and
endotoxin-induced lethality in mice in vivo. Arterioscler Thromb Vasc
Biol 17 (3): 465-474, 1997.

599. Zhang X, Li Y, Yang P, Liu X, Lu L, Chen Y, Zhong X, Li Z, Liu
H, Ou C, Yan J, Chen M. Trimethylamine-N-oxide promotes vascular
calcification through activation of NLRP3 (nucleotide-binding domain,
leucine-rich-containing family, pyrin domain-containing-3) inflamma-
some and NF-κB (nuclear factor κb) signals. Arterioscler Thromb Vasc
Biol 40 (3): 751-765, 2020.

600. Zhang XS, Li J, Krautkramer KA, Badri M, Battaglia T, Borbet TC,
Koh H, Ng S, Sibley RA, Li Y, Pathmasiri W, Jindal S, Shields-Cutler
RR, Hillmann B, Al-Ghalith GA, Ruiz VE, Livanos A, Wout ABV,
Nagalingam N, Rogers AB, Sumner SJ, Knights D, Denu JM, Li
H, Ruggles KV, Bonneau R, Williamson RA, Rauch M, Blaser MJ.
Antibiotic-induced acceleration of type 1 diabetes alters maturation of
innate intestinal immunity. elife 7: e37816, 2018.

601. Zhang Y, Wang Y, Ke B, Du J. TMAO: How gut microbiota contributes
to heart failure. Transl Res 228: 109-125, 2021.

602. Zhang Y, Zhang S, Li B, Luo Y, Gong Y, Jin X, Zhang J, Zhou Y,
Zhuo X, Wang Z, Zhao X, Han X, Gao Y, Yu H, Liang D, Zhao S, Sun
D, Wang D, Xu W, Qu G, Bo W, Li D, Wu Y, Li Y. Gut microbiota
dysbiosis promotes age-related atrial fibrillation by lipopolysaccharide
and glucose-induced activation of NLRP3-inflammasome. Cardiovasc
Res 118 (3): 785-797, 2022.

603. Zheng L, Kelly CJ, Battista KD, Schaefer R, Lanis JM, Alexeev EE,
Wang RX, Onyiah JC, Kominsky DJ, Colgan SP. Microbial-derived
butyrate promotes epithelial barrier function through IL-10 receptor-
dependent repression of claudin-2. J Immunol 199: 2976-2984, 2017.
[PubMed:28893958].

604. Zhernakova A, Kurilshikov A, Bonder MJ, Tigchelaar EF, Schirmer
M, Vatanen T, Mujagic Z, Vila AV, Falony G, Vieira-Silva S, Wang J,
Imhann F, Brandsma E, Jankipersadsing SA, Joossens M, Cenit MC,
Deelen P, Swertz MA, Weersma RK, Feskens EJM, Netea MG, Gevers
D, Jonkers D, Franke L, Aulchenko YS, Huttenhower C, Raes J, Hofker
MH, Xavier RJ, Wijmenga C, Fu J. Population-based metagenomics
analysis reveals markers for gut microbiome composition and diversity.
Science (1979) 352 (6285): 565-569, 2016.

605. Zhong VW, Van Horn L, Cornelis MC, Wilkins JT, Ning H, Carnethon
MR, Greenland P, Mentz RJ, Tucker KL, Zhao L, Norwood AF,
Lloyd-Jones DM, Allen NB. Associations of dietary cholesterol or egg
consumption with incident cardiovascular disease and mortality. JAMA
321 (11): 1081-1095, 2019.

606. Zhong VW, Van Horn L, Greenland P, Carnethon MR, Ning H,
Wilkins JT, Lloyd-Jones DM, Allen NB. Associations of processed
meat, unprocessed red meat, poultry, or fish intake with incident
cardiovascular disease and all-cause mortality. JAMA Intern Med
180 (4): 503-512, 2020.

607. Zhou X, Li J, Guo J, Geng B, Ji W, Zhao Q, Li J, Liu X, Liu J, Guo Z,
Cai W, Ma Y, Ren D, Miao J, Chen S, Zhang Z, Chen J, Zhong J, Liu
W, Zou M, Li Y, Cai J. Gut-dependent microbial translocation induces
inflammation and cardiovascular events after ST-elevation myocardial
infarction. Microbiome 6 (1): 66, 2018. [PubMed:29615110].

608. Zhu L, Baker SS, Gill C, Liu W, Alkhouri R, Baker RD, Gill SR.
Characterization of gut microbiomes in nonalcoholic steatohepatitis
(NASH) patients: A connection between endogenous alcohol and
NASH. Hepatology 57 (2): 601-609, 2013.

609. Zhu Q, Gao R, Zhang Y, Pan D, Zhu Y, Zhang X, Yang R, Jiang R,
Xu Y, Qin H. Dysbiosis signatures of gut microbiota in coronary artery
disease. Physiol Genomics 50: 893-903, 2018. [PubMed:30192713].

610. Zhu W, Buffa JA, Wang Z, Warrier M, Schugar R, Shih DM, Gupta
N, Gregory JC, Org E, Fu X, Li L, DiDonato JA, Lusis AJ, Brown
JM, Hazen SL. Flavin monooxygenase 3, the host hepatic enzyme in
the metaorganismal trimethylamine N-oxide-generating pathway, mod-
ulates platelet responsiveness and thrombosis risk. J Thromb Haemost
16 (9): 1857-1872, 2018.

611. Zhu W, Gregory JC, Org E, Buffa JA, Gupta N, Wang Z, Li L, Fu
X, Wu Y, Mehrabian M, Sartor RB, McIntyre TM, Silverstein RL,
Tang WHW, Didonato JA, Brown JM, Lusis AJ, Hazen SL. Gut micro-
bial metabolite TMAO enhances platelet hyperreactivity and thrombo-
sis risk. Cell 165 (1): 111-124, 2016.

612. Zhu W, Wang Z, Tang WHW, Hazen SL. Gut microbe-generated
trimethylamine N-oxide from dietary choline is prothrombotic in
subjects. Circulation 135 (17): 1671-1673, 2017.

613. Zhu Y, Jameson E, Crosatti M, Schäfer H, Rajakumar K, Bugg
TDH, Chen Y. Carnitine metabolism to trimethylamine by an unusual
Rieske-type oxygenase from human microbiota. Proc Natl Acad Sci
USA 111 (11): 4268-4273, 2014.

614. Zhuang R, Ge X, Han L, Yu P, Gong X, Meng Q, Zhang Y, Fan H,
Zheng L, Liu Z, Zhou X. Gut microbe-generated metabolite trimethyl-
amine N-oxide and the risk of diabetes: A systematic review and dose-
response meta-analysis. Obes Rev 20 (6): 883-894, 2019.

615. Zong X, Fan Q, Yang Q, Pan R, Zhuang L, Tao R. Phenylacetylglu-
tamine as a risk factor and prognostic indicator of heart failure. ESC
Heart Fail 9: 2645-2653, 2022. [PubMed:35624536].

5490 Volume 14, July 2024

 20404603, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/j.2040-4603.2024.tb00298.x by C

ardiff M
etropolitan, W

iley O
nline L

ibrary on [07/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


