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Abstract: Despite considerable advances in the field, heart failure (HF) still poses a significant disease
burden among affected individuals since it continues to cause high morbidity and mortality rates.
Inflammation is considered to play a key role in disease progression, but the exact underlying patho-
physiological mechanisms involved have not yet been fully elucidated. The gut, as a potential source
of inflammation, could feasibly explain the state of low-grade inflammation seen in patients with
chronic HF. Several derangements in the composition of the microbiota population, coupled with an
imbalance between favorable and harmful metabolites and followed by gut barrier disruption and
eventually bacterial translocation, could contribute to cardiac dysfunction and aggravate HF. On the
other hand, HF-associated congestion and hypoperfusion alters intestinal function, thereby creating a
vicious cycle. Based on this evidence, novel pharmaceutical agents have been developed and their po-
tential therapeutic use has been tested in both animal and human subjects. The ultimate goal in these
efforts is to reverse the aforementioned intestinal derangements and block the inflammation cascade.
This review summarizes the gut-related causative pathways implicated in HF pathophysiology, as
well as the associated therapeutic interventions described in the literature.

Keywords: heart failure; gut; inflammation; intestinal barrier integrity; TMAO; SCFA; microbiota;
therapeutic potential

1. Introduction

Heart failure (HF) constitutes a global healthcare burden which affects approximately
64,300,000 people worldwide [1]. Despite the significant progress that has been achieved in
the fields of prevention, diagnosis and treatment, HF remains a leading cause of cardio-
vascular morbidity and mortality. It represents a major causative factor of hospitalization
among patients over 65 years old and it is associated with a poor prognosis. This is attested
by the fact that HF hospitalization per se carries a high risk of poor outcomes, with an
estimated 5-year mortality rate of approximately 50% [2,3]. HF is a clinical syndrome,
caused by a structural or functional disease, which clinically manifests as lung and/or
peripheral congestion and results in decreased cardiac output and inadequate peripheral
tissue perfusion [4]. Modern pharmacotherapy targets the neurohormonal axis which en-
compasses the renin angiotensin aldosterone system and the sympathetic nervous system.
However, even in studies characterized by high levels of compliance with optimal medical
therapy, it has been shown that mortality remains high, especially after hospitalization [5,6].
Therefore, ongoing research is being performed in pursuit of alternative pathophysiological
mechanisms in HF that would expand our understanding of the complexity of the disease
and allow us to identify and target new pathways with a view to further improving and
individualizing the treatment of patients with HF. As a matter of fact, the presence of
low-grade inflammation in patients with chronic HF and the initial hypothesis of a possible
disruption of the intestinal barrier [7,8] have drawn researchers’ attention to the gut–heart
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axis, leading to investigations focusing on the deleterious effects of HF on intestinal physiol-
ogy/microbiota and vice versa. The present review will attempt to provide a plausible link
between gut and heart dysfunction and discuss current evidence regarding the gut-related
pathophysiological mechanisms that come into effect in the HF setting. Finally, potential
therapeutic interventions will be proposed which target the underlying elements of the
complex gut–heart axis and have the potential substantially improve HF management in
the future (Figure 1).
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2. Microbiota

The human gastrointestinal tract (GIT) is colonized by a huge constellation of bac-
teria, archaea, eukaryotes and viruses. Initial colonization occurs during the processes
of delivery and breastfeeding, and involves microorganisms present in the vagina and
milk, respectively [9]. The formation process of the microbiota population shows both
static and dynamic elements. According to several studies, a variety of factors, other than
genetics, can produce prominent variations, such as comorbidities, age, dietary habits,
alcohol, smoking, medication, and the environment [10–14]. New technologies have al-
lowed researchers to identify and phylogenetically classify the diverse bacterial population.
Among different phyla, Firmicutes and Bacteroides account for more than 90% of the total
intestinal microflora; each is composed of hundreds of species, most of which reside in
the large intestine [10]. The microbiota and the host co-evolve in parallel and establish a
synergistic relationship via a process known as symbiosis. The host provides nutrients and
an anaerobic environment for the microbiota to grow and flourish in, while at the same
time the microbiota exerts favorable metabolic and immunomodulatory effects on the host,
which are evident at both intestinal and systemic levels. Specifically, microbiota expand the
host’s digestive capacity and synthesize metabolites and nutrients, which the host would
otherwise be unable to produce. Furthermore, they maintain the intestinal mucosal barrier
integrity, prevent the overgrowth of pathogenic species and interact with the innate and
adaptive immunity by actively regulating its maturation and function [11]. Notably, their
effects are not only confined to the local intestinal environment, but also extend remotely
to other organs through the regulation of many systemic activities.

Indigestible carbohydrates, present in high-fiber diets, are fermented by species of
the phylum Firmicutes, such as Roseburia, Eubacterium and Faecalibacterium prausnitzi, to
form short-chain fatty acids (SCFAs), namely acetate, propionate, and butyrate [15]. SCFAs
serve as energy fuel for several cells since they comprise about 10% of the total daily energy
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obtained via dietary intake [16]. In particular, butyrate is the main source of energy for
the intestinal epithelial cells, while the other SCFAs are absorbed into the portal circula-
tion and are mainly used as energy substrates for the hepatocytes. The remaining SCFAs,
mostly acetate, enter the systemic circulation and can actually modify cardiovascular (CV)
risk factors by exerting regulatory effects on blood pressure, glucose and lipid homeosta-
sis [17,18]. Moreover, SCFAs may modulate immunological responses by downregulating
proinflammatory cytokines and upregulating anti-inflammatory cytokines and T regulator
cells (Tregs) [19–21] and may also prevent the growth of adhesive pathogenic species [22].

With regard to the potential contribution of gut dysfunction to HF, the gut–HF hy-
pothesis has been described in the literature [23]. Scientific research has identified possible
pathophysiological mechanisms, which are implicated in this untoward interaction and can
be classified into categories based on the dysfunctional compartment. According to this
classification, the underlying mechanisms may include changes occurring in the intestinal
lumen, alterations affecting the intestinal barrier integrity, and inflammatory perturbations
involving the systemic circulation (Figure 2).
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Figure 2. Simplified illustration of the gut-related causative pathways implicated in the pathophysiol-
ogy of Heart Failure (HF). The underlying pathophysiological mechanisms can be roughly divided
into 3 compartments. Within the colonic lumen, altered microbial diversity is characterized by an
increase in Trimethylamine (TMA)-producing species and a concurrent reduction in Short-chain fatty
acid (SCFA)-producing species, which collectively favor the preponderance of harmful metabolites.
Regarding the second compartment, the proper functioning of intestinal enterocytes (IEC) is crucial
for maintaining intestinal barrier integrity. IECs receive both luminal and capillary nutritional supply
and are physiologically covered by a mucous layer, which restricts their contact with the colonic
bacteria. Thus, under normal conditions, they can regulate proper transcellular absorption while at
the same time they seal the paracellular pathway via the apical junctional complex (AJC). However,
in HF, erosions of the mucous layer and overgrowth of adhesive pathogenic bacteria create the ideal
environment for bacteria to impinge on IECs. Moreover, SCFA depletion, in combination with hemo-
dynamic changes (hypoperfusion and congestion) and mechanical bowel wall derangements (collagen
deposition), results in decreased trophic status of IECs. These changes disrupt the barrier and lead to
an increase in paracellular permeability due to malfunctional AJCs, as well as a concomitant reduction
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in the transcellular nutrient absorption. In the third stage, bacterial translocation leads to high
endotoxin levels in the systemic circulation and recruitment of immune cells with subsequent cy-
tokine release. Successively, cytokines further compromise the already dysfunctional barrier, thus
promoting an ongoing bacterial translocation. Cumulatively, systemic inflammation, combined with
high Trimethylamine-N-oxide (TMAO) levels and decreased SCFA levels, aggravate myocardial dys-
function. This in turn causes hemodynamic and mechanical changes within the bowel wall, thereby
generating a relentless vicious cycle between the dysfunctional compartments of the gut–heart axis.
AJC = Apical junctional complex; B.M. = Basement membrane; HF = Heart failure; IEC = Intestinal
enterocyte; LPS = Lipopolysaccharide; SCFA = Short-chain fatty acids; TMA = Trimethylamine;
TMAO = Trimethylamine-N-oxide.

3. Pathophysiological Derangements in the Gut–Heart Axis
3.1. Intraluminal Derangements of the Microbiota Composition
3.1.1. Altered Microbiota Composition and SCFA Levels

Studies into the gut microbiota of patients with HF reveal an altered microbiota
composition, characterized by two major population changes: an increase in pathogenic
species and a decrease in SCFA-producing species. By applying fecal culture techniques,
Pasini et al. reported that patients with chronic heart failure (CHF) had higher levels of
Candida, Campylobacter and Shigella species in their stools compared to healthy subjects.
This observed increase in pathogenic gut flora was further associated with disease severity,
as expressed by New York Heart Association (NYHA) functional classes [24]. Sun et al.
applied 16S rRNA gene sequencing to fecal samples of patients with severe CHF and
demonstrated that Proteobacteria phylum had substituted the second most physiologically
abundant Bacteroides phylum [25]. Additionally, several studies on patients with CHF
identified a decreased relative abundance of Ruminococcaceae, Lachnospiraceae [26,27]
and Faecalibacterium [28], while another study on patients with acute heart failure (AHF)
revealed depletion of Faecalibacterium and reduced abundance of Eubacterium rectale
and Dorea Longicatena [29]. Since the latter are known to be organisms which produce
butyrate, it becomes evident that the study results are consistent with the presence of a low
SCFA-producing capacity in HF states. A loss of species with SCFA-producing capacity
occurs regardless of the type of HF, since patients with HF with both preserved ejection
fraction (HFpEF) and reduced ejection fraction (HFrEF) develop similar levels of genera
depletion [26].

Under normal conditions, the energy requirements of the human heart are mostly
covered by the long-chain fatty acids (LCFAs). However, in HF states, the heart generates
energy by using SCFAs, ketone and lactate in order to fulfill its metabolic needs. This shift
in fuel consumption was observed in a trial comparing nutrient uptake between non-failing
and failing hearts, which showed that acetate extraction was increased by 20% in patients
with HFrEF [30]. In a similar concept study, it was shown that the SCFA butyrate not only
serves as an alternative energy fuel in the failing heart, but also that butyrate oxidation is
favored over ketone oxidation for ATP production in both normal and failing hearts [31].
The latter finding actually strengthens the hypothesis that low circulating SCFAs in HF
might further exacerbate the disease due to decreased myocyte fuel availability. Metabolic
changes are thought to result from a downregulation in the expression of proteins involved
in the uptake of LCFA, which is accompanied by an upregulation in the activity of enzymes
involved in the oxidation of butyrate [32]. Moreover, SCFA depletion is evident in patients
with hypertension, obesity and diabetes mellitus type 2, which collectively constitute risk
factors for the development of HF and other CV diseases. Interestingly, in patients with
these risk factors, it has been demonstrated that the oral administration of SCFA or a high
fiber diet (resulting in increased synthesis of SCFAs) leads to the attenuation of their disease
severity [33–35].
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3.1.2. TMAO

Several different taxa are involved in the production of trimethylamine-oxidase
(TMAO), which exerts deleterious effects on the host. Red meat and seafood (rich in choline,
phosphatidylcholine, betaine and L-carnitine) are metabolized by bacteria, via enzymes
called lyases, to trimethylamine (TMA). Thereafter, intestinal TMA is absorbed into the
portal circulation and reaches the liver, where the hepatic enzyme flavin monooxygenase-3
(FMO-3) catalyzes its conversion to TMAO [36]. TMAO possesses strong proatherogenic
and prothrombotic properties since it induces foam cell aggregation and platelet hyperreac-
tivity. It is associated with thrombotic events (acute myocardial infarction or stroke) [37],
vascular inflammation through the activation of the NLRP-3 (nucleotide-binding oligomer-
ization domain-like receptor family pyrin domain-containing 3) inflammasome [38], im-
paired purinergic-induced intracellular calcium release [39] and mitochondrial dysfunc-
tion [40]. Owing to its physiology, it is found in higher levels in omnivorous, westernized
diets rather than in vegetarian diets [41], and it is closely related to atherosclerotic risk,
coronary artery disease (CAD) and ischemic HF [42]. In patients with CHF, TMAO has
been shown to be a predictor of mortality, especially given that patients with higher TMAO
plasma levels have a poor 5-year prognosis [23]. The predictive value of TMAO on mortality
risk has also been confirmed by Trøseid et al., who further reported that TMAO levels were
associated with HF severity, as reflected by NYHA class, while higher levels were found
in patients with ischemic HF, followed by stable patients with CAD and non-ischemic
HF. In the same study, TMAO levels were also associated with indices of congestion, as
evidenced by increased levels of pulmonary capillary wedge pressure and mean pulmonary
arterial pressure during right-sided heart catheterization [43]. Concerning the different
classifications of HF, Schuett et al. reported that TMAO levels were able to predict mortality
in patients with HFrEF, but not in those with HFpEF [44].

In patients with AHF, TMAO is a predictor of in-hospital and 1-year mortality, espe-
cially when combined with clinical risk algorithms and N-terminal pro-B-type natriuretic
peptide (NT-proBNP) [23,45]. Israr et al. expanded the panel of the measured gut metabo-
lites and concluded that L-carnitine and acetyl-L-carnitine were superior in predicting
short-term outcomes in patients with AHF, whereas TMAO outperformed carnitine-related
metabolites in the prediction of long-term outcomes [46]. However, the correlation between
TMAO and adverse outcomes was found to be strongly influenced by ethnicity, with such
an association being actually present only in Caucasian populations [47]. It is important to
emphasize that TMAO levels are highly linked to westernized diets, even in the absence of
established CV disease, as evidenced by a study of healthy subjects in whom red meat diet
was associated with higher TMAO levels in comparison to those generated by a white or
no meat diet [41].

3.1.3. Amino Acids

Amino acids originating from a high protein diet represent another class of biological
molecules involved in the gut–heart axis. Tryptophan, by undergoing complex intestinal
and hepatic metabolic degradation, gives rise to various metabolites of the kynurenine
and the indole pathways [48], which have been evaluated for their contributing role and
prognostic value in HF. Regarding the kynurenine pathway, which is the main metabolic
pathway of tryptophan and is associated with inflammation [49], it has been demonstrated
that healthy subjects with higher plasma kynurenine-to-tryptophan ratios were more prone
to developing HF [50]. In patients with HF, higher plasma levels of metabolites of the
kynurenine pathway were correlated with decreased functional capacity [51] and worse
prognosis in terms of mortality [51,52]. Imazu et al. demonstrated that plasma levels of
indoxyl sulfate (IS), a potent uremic toxin of the indole pathway, were elevated in patients
with CHF, with mild increases mainly affecting cardiac systolic function and higher IS
levels causing both systolic and diastolic dysfunction [53]. Moreover, a positive association
between higher IS levels and CV death or HF-associated rehospitalizations was noted in
patients with CHF [54]. The results of the latter study were reproduced by Shimazu et al. in
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a study of 76 patients with dilated cardiomyopathy and mild-to-moderate chronic kidney
disease [55].

3.2. Intestinal Barrier Dysfunction

In view of the fact that the pathophysiology behind the gut–HF hypothesis suggests the
presence of multiple interactions between its different components, the intestinal barrier (IB)
could be perceived as the connecting interface between the intraluminal and the systemic
changes. The intestinal enterocytes (IECs), together with the apical junction complex
(AJC), represent the mechanical barrier that strictly controls molecular absorption. This
mechanical barrier is additionally supported by an outer mucus layer rich in mucin and
IgA, as well as by the inner lamina propria where cells of the immune system reside [56].

3.2.1. Bacterial Derangements

Derangements in the composition of the microbiota population, in conjunction with
impaired microcirculation, may compromise IEC function and cause increased permeability,
altered absorption and bacterial translocation. Microbiota play important roles in maintain-
ing barrier integrity through the promotion of goblet cell differentiation, mucus synthesis,
immune system modulation and SCFA production [57]. The decreased abundancy of
SCFA-producing bacteria in patients with HF [26–29] may alter the luminal nutritional
supply and lead to IEC energy depletion. In addition, SCFAs are thought to inhibit the
growth of adhesive pathogenic bacteria; hence, their reduction may also contribute to
bacterial penetrability [22]. In animal studies, manipulation of the microbiota population
and metabolism, induced by dietary fiber deficiency, led to overgrowth of mucin-degrading
bacteria, eventually resulting in colonic mucus erosions and increased bacterial penetrabil-
ity [58]. Similar results have been observed in studies assessing bacterial disequilibrium
in human subjects. Mollar et al. noted a negative association between butyrate levels and
small intestinal bacterial overgrowth in patients with AHF [59]. Likewise, in another study
which included patients with different types of HF, bacterial overgrowth in the small intes-
tine was highly prevalent and could independently predict poor outcomes in all patients
with HF across all ranges of ejection fraction (EF). Specifically, small intestinal bacterial
overgrowth was linked to increased risk of CV mortality in patients with HFpEF, whereas
in patients with HFrEF it was associated with increased risk of HF rehospitalisation [60].
In parallel, large intestinal bacterial overgrowth was confirmed in specimens of patients
with CHF who underwent sigmoidoscopy. Mean bacterial density within the mucus and
bacterial adherence to the mucosa and bacterial biofilm were all increased in patients with
CHF compared to control subjects [61].

3.2.2. Permeability and Absorption Derangements

By using orally administered sugar-probe tests and measuring their urinary excretion,
Sandek et al. reported the presence of altered intestinal absorption and permeability in
patients with CHF [61]. In particular, passive carrier-mediated transport in the small
intestine was assessed by D-xylose, with the results demonstrating decreased transcellular
absorption across the IEC. On the contrary, increased paracellular permeability in both the
small and large intestine was observed, as evidenced by an increase in the permeability
index (expressed as the urinary lactulose/mannitol ratio) and in the sucralose excretion,
respectively. This finding was consistent with the presence of a compromised AJC function
in patients with HF [61]. AJC refers to three distinct intercellular junctions: the tight junction
(also called zonula occludens, mainly consisting of occludin and claudin), the adherens
junction (known as zonula adherens) and the desmosome, all of which regulate molecular
transport through the paracellular route [56]. SCFAs within the intestinal lumen promote
AJC integrity by enhancing the mRNA levels of the tight junction proteins [62]. In addition,
cytokines, as discussed later, impinge on the AJC structure and function by promoting
occludin endocytosis and blocking its normal transport to the lateral IEC membrane [63].
Secondary bile acids (BAs) have also gained attention for being potentially harmful to
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the IB. The majority of the primary BAs are reabsorbed in the terminal ileum as part of
enterohepatic circulation, and approximately 5% enter the colon, where colonic microbes
metabolize them into secondary BAs [64]. When present in high concentrations within
the colonic lumen, secondary BAs can damage cell membranes and lead to increased
paracellular permeability [65]. In the only prospective observational study related to
the concentration of BA in patients with CHF, Mayerhofer et al. reported an increased
secondary-to-primary BA ratio, a change driven by a reduction in primary BAs. Although
an association between increased secondary to primary BA ratio and reduced overall
survival was initially detected upon univariate analysis, upon subsequent multivariate
analysis this BA pattern was no longer found to be associated with disease severity and
mortality [66].

3.2.3. Trophic Changes

IEC status is mainly dependent on its blood supply. The bowel not only requires a
rich blood supply, which normally approximates 25% of the cardiac output under resting
conditions [67], but also possesses a unique villous capillary structure which renders it
susceptible to hypoxic and trophic changes [68]. In order to evaluate these changes, Krack
et al. performed intragastric tonometry tests in patients with CHF who underwent low-
intensity exercise and reported increased intragastric carbon dioxide pressure, a marker of
intestinal mucosal hypoperfusion [69]. In HF states, trophic changes are likely attributed to
increased sympathetic vasoconstriction, increased venous congestion or decreased arterial
perfusion, and they may deprive IECs from systemic circulation-derived nutrients. Sympa-
thetic hyperactivity, a deleterious feature present in HF pathophysiology, has been shown
to lead to vasoconstriction of both precapillary resistance and postcapillary capacitance
vessels, ultimately resulting in bowel hypoperfusion [70]. Regarding arterial perfusion,
abdominal ultrasonography in patients with HFrEF demonstrated a 30–43% reduction in
mean systolic blood flow of the major splanchnic arteries, namely the superior and inferior
mesenteric artery as well as the celiac trunk [71]. Likewise, ultrasonography in patients
with CHF revealed increased bowel wall thickness, indicative of splanchnic congestion.
Interestingly, the grade of the ascending colon thickness correlated with the degree of colon
permeability [61]. The role of congestion was also underscored in a clinical study including
patients with decompensated HF, in whom the degree of congestion was associated with
IB permeability, as denoted by increased systemic endotoxin levels [8]. Moreover, patients
with CHF experience morphological changes in the small intestine. These changes are
characterized by collagen depositionand compromise enterocytic nutrition and nutritional
absorptiond are. Indeed, biopsies collected from the small intestine of 45 patients with
ischemic CHF demonstrated high relative collagen content compared to healthy subjects,
as well as an increased distance between the IEC basal membrane and the capillary wall,
which indicates the presence of a mechanical barrier within the intestinal wall that acts as an
impediment and negatively affects absorption. These changes were even more pronounced
in patients with advanced HF and cardiac cachexia [72].

3.3. Systemic Inflammation

The deleterious consequence of altered gut permeability culminates in the phenomenon
of bacterial translocation in the bloodstream. This triggers the release of various endotoxins,
which may activate several systemic inflammatory pathways. The hypothesis that inflam-
mation plays a key role in the pathogenesis of HF was first supported by Levine et al., who
identified elevated circulating levels of tumor necrosis factor alpha (TNF-a) in patients with
CHF [7]. Although various factors have been presumed to generate cytokine production in
HF, such as volume overload, endothelial dysfunction and hypoxia, lipopolysaccharide
(LPS) has been proposed as the initiating stimulus of the inflammation cascade according
to the gut–HF hypothesis [73].

LPS or endotoxin is a recognized pathogen-associated molecular pattern on the surface
of Gram-negative bacteria and which may be identified by the CD14 domain of monocytes
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and macrophages of the innate immune system [74]. Upon intestinal barrier disruption, LPS
enters portal and lymphatic circulation and recruits the immune cells through binding to the
Toll-like receptor-4 (TLR-4), which subsequently induces the expression of cytokines and
cell adhesion proteins via the NF-κB pathway [75,76]. Both in vitro [77,78] and in vivo [79]
experimental studies have identified LPS as a potent inducer involved in the release of
various proinflammatory cytokines, mainly TNF-a and interleukin-6 (IL-6). TNF may
contribute to myocardial dysfunction and HF progression, which is due to the fact that it
is implicated in ventricular remodelling, the depression of cardiac contractility, the induc-
tion of apoptosis in endothelial cells and myocytes, and the modulation of the enzymes
involved in nitric oxide production and cardiac cachexia [80,81]. TNF levels correlate with
disease severity [82] and are higher in patients with cardiac cachexia [83]. Notably, the
failing myocardium expresses an abundancy of TLR-4, through which TNF-a may exert its
action [84]. In addition, LPS may target platelets [85], as well as vascular endothelial cells,
and can activate various coagulation system mechanisms [86], subsequently promoting
inflammatory pathways. The role of LPS is not restricted to its immunologic effects, as it
also seems to influence cardiac performance by causing ventricular depression [87] and
electrophysiological dysfunction [88,89].

The role of endotoxin was further examined in an experimental study assessing gut
permeability in healthy individuals after the intravenous administration of endotoxin. The
authors noticed increased gut permeability along with elevated levels of IL-6, IL-10, TNF-a
and interferon gamma (INF-γ) [90]. This finding suggested that the main stimulus for
the disruption of IB integrity was systemic inflammation induced by LPS [90,91], which
essentially triggered a vicious cycle of ongoing inflammation. TNF-a is known to induce
AJC dysregulation by causing the internalization of occludin and increased claudin-2
expression, both of which are functional components of a tight junction. Other cytokines
involved in the modulation of claudin-2 expression are IL-4, IL-6, IL-9 and IL-13 [63].

Anker et al. suggested that the gut could serve as a potential site for microbial
invasion, thus acting as a source of inflammation. They reported that patients with elevated
levels of soluble CD14 (which is a marker of endotoxin–cell interaction and shedding
from the cell membrane) also exhibited increased levels of TNF-a, soluble TNF receptor 1,
soluble TNF receptor 2 and intracellular adhesion molecule-1, which indicated pronounced
immune activation [92]. Indeed, in an ex vivo model, LPS was found to augment TNF-a
concentrations in a dose-dependent manner in patients with both mild and moderate
HF [93]. In another study by Niebauer et al., both the concentrations of endotoxin and
the levels of several cytokines were higher in edematous patients with CHF compared
to patients with stable CHF. More importantly, intensified diuretic treatment resulted
in a decrease in endotoxin levels, thus implying that decongestion can lower the grade
of inflammation. Paradoxically, cytokine concentrations remained high [8]. In order to
investigate the possible source of endotoxin in patients with AHF, Perschel et al. evaluated
the levels of endotoxin in the hepatic veins and compared them with measurements in the
pulmonary artery and the left ventricle. Endotoxin levels were significantly higher in the
hepatic veins compared to the left ventricle or the pulmonary artery, which is consistent
with the hypothesis of gut-derived endotoxin translocation into the circulation. Upon
discharge, endotoxin levels were significantly lower, while levels of soluble CD14, TNF-a
and IL-6 were reduced, although not in a statistically significant way [94]. In the latter
two studies, the differentiation between endotoxin and cytokine course was attributed to
increased monocyte or macrophage sensitivity to LPS, even after LPS levels had diminished.
The persistent hypersensitivity of activated immune cells led to the prolonged production
of cytokines and resulted in the lack of immediate cytokine reduction. This notion has
been previously supported by Vonhof et al., who observed increased TNF-a concentrations
following ex vivo LPS stimulation in patients with acute decompensated HF [95]. Cellular
hypersensitivity after LPS stimulation has also been demonstrated in stable patients with
CHF; patients in the cohort group had higher TNF-a concentrations both at rest and
after exercise compared to te controls [96]. However, the opposite phenomenon, namely
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endotoxin desensitization in patients with CHF, has also been reported [97,98], suggesting
that the mechanisms involved in LPS-induced immune system activation require further
elucidation. On these grounds, based on existing paradoxical evidence that lower serum
cholesterol correlates with worse prognosis in patients with CHF [99], the endotoxin–
lipoprotein hypothesis has been proposed. According to this, serum lipoproteins may
regulate LPS activity by serving as a detoxifying buffer that binds with LPS, impeding its
biological function consequently [100,101].

Furthermore, downregulation of SCFA production leads to the development of a
proinflammatory state in HF. As a matter of fact, butyrate is known to attenuate the TNF-a
production induced by the LPS through regulation of the NF-κB pathway [102]. At the same
time, acetate decreases the release of other proinflammatory cytokines such as IL-6 and
IL-17a through the activation of specific G-proteins located in the enterocyte membrane [62].
In addition, by inhibiting histone deacetylase (HDAC), butyrate promotes the production
of the anti-inflammatory mediator IL-22 (known for its protective effect on the intestinal
epithelium) and increases the levels of T regulatory cells [103].

Gut dysbiosis may also contribute to the inflammatory processes which are involved
in cardiac dysfunction and HF progression. Alterations in microbiota metabolites may
disrupt immune homeostasis of the gut and induce T-cell overactivation [104]. Immune
cell activation and infiltration have been described in the pathogenesis of HF of various
etiologies [105]. The phenomenon has been related to left ventricular remodelling and
cardiac fibrosis [106]. Moreover, the extent of CD4+ T-cell activation has been proportionally
correlated with HF severity [107], potentially through tumor necrosis factor receptor 1
(TNFR1) signalling. In an experimental study where mice were subjected to transverse
aortic constriction (TAC), it was demonstrated that cardiac pressure overload resulted in
altered composition of the gut microbiota, which was mediated by T-cell activation. In the
same study, gut sterilization attenuated T-cell activation and averted cardiac remodelling
and dysfunction [108].

Finally, primary local intestinal inflammation has also been put forward as a causative
agent leading to CV disease. A Danish nationwide cohort study recruiting more than
4.5 million Danish citizens examined the incidence of ischemic heart disease (IHD) in
patients diagnosed with inflammatory bowel disease, as compared with healthy subjects,
and reported an increased risk of IHD in the former group [109]. Using the same registries,
Kristensen et al. observed that patients with inflammatory bowel disease demonstrated an
increased risk of hospitalization due to HF, which correlated with disease severity [110].
Nevertheless, a firm association between inflammatory bowel disease and HF incidence
is yet to be proven since a recent study investigating HF incidence in various chronic
inflammatory diseases did not find an association with inflammatory bowel disease [111].

4. Therapeutic Potential

Since HF and gut dysfunction interact through various intricate mechanisms, interven-
tions should aim at a holistic and individualized approach. This needs to be based on the
etiology of the underlying cardiac and intestinal disorder and should incorporate various
therapeutic targets available for modulation.

CV comorbidities should consistently be recognized and treated as part of either pri-
mary or secondary prevention. Of particular importance are those linked to atherosclerosis,
such as dyslipidemia, diabetes mellitus, hypertension, obesity and metabolic syndrome.
These comorbidities can lead to cardiometabolic diseases and cause de novo HF or ex-
acerbate pre-existing HF, especially when combined with smoking, alcohol and physical
inactivity [5].

4.1. From the Standpoint of the Heart

Awareness should be raised among physicians regarding the established, yet often
under-recognized, association between gut dysfunction and HF. At all times, physicians
should provide optimal medical treatment in compliance with the existing HF guideline
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recommendations [5]. When available, they should utilize imaging methods, combined
with biomarker screening tests, to evaluate the presence of subclinical congestion. The use
of point-of care ultrasonography may aid in the determination of the hemodynamic status
and the optimization of loading conditions. Apart from focused echocardiography and
lung scanning [5,112], abdominal ultrasonography could also assist in HF management by
identifying increased bowel wall thickness or ascites, which could potentially point towards
the need for more intensified diuresis. Regarding the use of biomarkers, natriuretic peptides,
the recommended biomarkers for HF diagnosis [5], are known to be secreted in response
to increased cardiac filling pressures and volume overload; hence, their values reflect
intravascular, but not extravascular, tissue congestion [113,114]. Suzuki et al. conducted a
study on stable patients with CHF, investigating the impact of optimal medical treatment
on biomarker levels and adverse outcomes. Although B-type natriuretic peptide (BNP)
levels significantly decreased in response to optimal medical therapy, as expected, TMAO
levels increased. Even more so, patients with higher TMAO levels had worse prognosis
in terms of both mortality and rehospitalizations [115]. This fact underlines the need for
the investigation of novel biomarkers which closely and invariably correlate with adverse
outcomes and degree of congestion, even in the presence of normal BNP levels. To cover
this gap, recent evidence supports the use of biologically active adrenomedullin (Bio-ADM),
soluble CD146 (cluster of differentiation 146), and cancer antigen 125 (CA125) as markers
of extravascular congestion [113].

4.2. From the Standpoint of the Gut
4.2.1. Diet

Even though diet has a major impact on the microbiota population and gut-derived
metabolites, most studies on patients with CV disease lack dietary data. However, multiple
diets have demonstrated beneficial effects [116]. The use of a high-fiber diet in murine mod-
els of hypertension-induced HF led to the growth of acetate-producing bacteria, reduced
blood pressure and ameliorated cardiac hypertrophy and fibrosis [117]. Mayerhofer et al.
collected information from diet questionnaires distributed to patients with HF who fea-
tured changes in their gut microbiota and noted that several characteristics of the dysbiosis
observed in patients with HF, including the altered bacterial diversity and the reduction
in butyrate-producing bacteria, were associated with a low dietary fiber intake [118]. The
effect of specific diets has also been the subject of several human interventional studies. The
Mediterranean diet, characterized by the intake of food rich in dietary fiber and unsaturated
fatty acids [119], may be beneficial as an adjunctive non-pharmacological therapy in view of
the fact that it increases the number of SCFA-producing bacteria and decreases the levels of
TMAO and tryptophan–kynurenine pathway metabolites [50,120–122]. In healthy subjects,
adherence to the Mediterranean diet was associated with reduced incidence of HF [123,124],
while, in patients with CHF, it improved left ventricular systolic and diastolic function [125].
DASH (Dietary Approaches to Stop Hypertension) diet is another diet rich in vegetables,
fruits and low-fat dairy products, but limited in sugar, red meat, beverages and fat. DASH
has been shown to decrease HF incidence by almost 50% and reduce mortality in female
patients with HF [126]. Moreover, patients with HF, strictly abiding by DASH diet for
3 months, achieved better performance in 6 min walk tests and had better quality of life
when compared with patients with HF who received the standard of care therapy [127].

On the contrary, the Western dietary pattern is linked to high TMAO levels, even in
healthy populations [40]. Interestingly, an interventional study evaluated the dietary origins
of choline and concluded that egg-derived choline was the only supplement that did not
lead to increased TMAO levels [128]. Thus, in anticipation of newer evidence, and taking
into account that TMAO has an established deleterious role in HF pathophysiology [41],
the overconsumption of its precursors should be discouraged.
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4.2.2. Lyases Inhibition

It is known that various strains utilize bacterial enzymes called TMA-lyases, mainly
CutC, to regulate the anaerobic metabolism of choline [129]. Multiple in vitro and in vivo
animal interventional studies have shown that lyase inhibition led to reduced levels of
TMA [130] and subsequently TMAO, while it also resulted in decreased platelet respon-
siveness and thrombus formation, thereby attenuating atherosclerosis [131]. Roberts et al.
developed a potent inhibitor of the gut microbial TMAO pathway which specifically targets
genes of the choline utilization (Cut) cluster that encode CutC and CutD, namely the lyases
involved in the conversion of choline into TMA. This inhibitory agent of the CutC and
CutD bacterial enzymes was administered to mice and resulted in a reduction in plasma
TMAO levels for up to 3 days, eventually reversing diet-induced platelet responsiveness
and thrombus formation [131]. Additionally, experimental use of iodomethylcholine, a
TMA lyase inhibitor, in murine models of HF has also shown promising results. In fact, in a
model of pressure overload-induced HF, created by means of transverse aortic constriction
(TAC), the administration of iodomethylcholine to mice fed with choline resulted in the
improvement of their cardiac function, the attenuation of fibrosis and the abrogation of
adverse ventricular remodelling [132].

4.2.3. Microbiota Modification Techniques

Probiotics are defined as ‘alive microorganisms which when administered in ade-
quate amounts confer a health benefit on the host’ [133], whereas prebiotics are defined
as ‘non-digestible compounds that, through their metabolization by microorganisms in
the gut, modulate composition and/or activity of the gut microbiota, thus conferring a
beneficial physiological effect on the host’ [134]. Probiotics have been utilized in experi-
mental and clinical studies in an attempt to modify the human microbiota by upregulating
SCFA-producing species and downregulating those producing TMA. In animal models,
the administration of probiotics, such as Bifidobacterium breve, Bifidobacterium longum
and Lactobacillus plantarum, led to decreased levels of TMAO via gut microbiota re-
modelling [135,136]. Apart from TMAO level reduction, probiotic supplementation of
Lactobacillus Rhimniosus in rats with induced myocardial infarction was able to attenuate
the development of heart failure and ventricular wall hypertrophy [137]. Based on these re-
sults, two human interventional randomized controlled trials (RCTs) assessed the influence
of Saccharomyces boulardii supplementation on patients with HF. However, conflicting
results were reported. In the first trial, patients with either HFrEF or HFmEF (heart failure
with mildly reduced ejection fraction) were randomized to receive either Saccharomyces
boulardii (S. boulardii) or a placebo as a daily oral regimen. Results after 3 months of
intervention showed that patients in the S. boulardii arm exhibited improvement in their
LVEF and reduction in their left atrial diameter [138]. However, a larger-scale RCT, the Gut-
Heart trial, found that supplementation with S. boulardii had no effect on LVEF, microbiota
diversity or measured circulating biomarkers [139].

Prebiotics, such as resistant starch, inulin-type fructans and arabinoxylan-oligosaccharides,
serve as growth substrates [140] for various species and can be fermented into SCFAs.
Studies show that prebiotics stimulate the Roseburia species, which are among the most
abundant butyrate producers in the human gut, and Bifidobacteriae [141]. Even though
Bifidobacteria are not individually synthesized SCFAs, they ferment carbohydrates into
organic acids, which then serve as substrates for butyrate production by other intestinal
microbes [142]. In addition, resveratrol, a natural phytoalexin with prebiotic benefits and
poor bioavailability, can decrease the production of TMAO, and consequently attenuate its
untoward effects, through the reconstitution of intestinal microflora [143].

Additionally, antibiotics have also been used with the intention of modifying the
microbiota and its metabolites such as TMAO [144]. Conraads et al. conducted a study on
patients with HF with the aim of investigating the role of intestinal decontamination by
administering polymyxin B and tobramycin. Antibiotic intervention was able to reduce LPS
in the intestine and feces, as well as the intracellular monocyte concentrations of IL-1β, IL-6
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and TNF-α [145]. On the other hand, the GutHeart trial reported no benefit in the systolic
function of patients with CHF after therapy with rifaximin [139]. Regarding secondary
prevention in experimental models, the oral administration of broad-spectrum antibiotics
reduced infarct size in rats with induced myocardial infarction [146].

4.2.4. Hepatic Flavin Inhibition

As previously mentioned, FMO-3 is the principal hepatic flavin monooxygenase
(FMO) responsible for converting TMA into TMAO and represents a therapeutic target
aiming at the final step of TMAO synthesis. Its functional modulation has been achieved
in both in vitro and in vivo models by using methimazole [147] and dietary indoles from
Brussels sprouts [148]. Zhu et al. investigated the effects of FMO3 inhibition in a murine
model and found that FMO3 modulation had a direct impact on systemic TMAO levels
and its procoagulant effects, mirrored by platelet responsiveness and clot formation [149].
Similarly, in mice with TAC-induced HF, FMO inhibition ameliorated cardiac dysfunction
and fibrosis [150]. These findings imply that FMO inhibition could potentially have a
similar therapeutic role in humans. However, it should be noted that FMO3 inhibition is
accompanied by several side effects that could strongly affect patient compliance, such as
hepatic inflammation [151] and secondary trimethyluria, which causes body secretions to
have a fishy odour [152].

4.2.5. Inflammation Blockade

The inhibition of the inflammatory cascade has been tested in various levels. Although
the anti TNF-a agent known as etanercept has shown promising results in several small-
scale studies with patients with HF [153,154], large-scale studies have failed to reproduce
these results and have yielded neutral [155] or even negative results [156] with regard to
mortality and hospitalization incidence, thus dampening the enthusiasm for the treatment
of chronic inflammation in CHF. IL-1 blockade is a more appealing therapeutic target, con-
sidering that inhibition of its receptor by anakinra (an IL-1 receptor antagonist) improved
the exercise capacity of patients with HFpEF [157]. Anakinra administration in patients
with signs of AHF exerted the same effects after a 12-week regimen and additionally
showed a tendency towards reduction in death and HF rehospitalization rates at 24 weeks.
However, the positive effects on exercise capacity and reduction of morbidity and mortality
were not statistically significant in patients with AHF [158]. The impact of the duration of
anakinra therapy remains to be clarified in an ongoing study in which patients with HF
will receive an extended 24-week regimen [159].

Other agents with immunomodulatory properties have also been recruited in the
pursuit of an efficient inflammatory blockade. On these grounds, ursodeoxycholic acid
was tested in a double-blind, randomized, placebo-controlled, crossover trial due to its
anti-inflammatory properties. The authors reported improved peripheral blood flow and
liver function tests, although no benefit was observed in NYHA class, while TNF-a and IL-6
levels remained unchanged or even increased [160]. Recently, in an experimental study of an
HF-induced mouse model, estrogen receptor-β agonists were used as immunomodulatory
agents in order to antagonize estrogen receptor-α, whose sustained signaling is presumed
to be implicated in the pathological activation of CD4+ cells during CHF. This treatment
prevented left ventricular dilatation and adverse cardiac remodelling without affecting
other immune cells [161]. Last but not least, anti-LPS immunotherapy, achieved by the
immunization of patients with various elements of LPS, seems to be a promising therapeutic
technique. Until now, studies have either been conducted only in animals or in humans
with sepsis; hence, further research into patients with HF is needed in order to investigate
the potential benefits of the treatment method [76]. Although there is ongoing research
regarding the blockade of various cytokines, mediocre evidence from anti-inflammatory
pathway interventions points towards the need for an alternative approach, possibly
focused one on targeting earlier stages in the inflammatory cascade or on sealing the IB
and restricting endotoxin translocation into systemic circulation.
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Table 1 summarizes the therapeutic interventions employed in experimental and
clinical trials which have the targeted specific pathways along the gut–heart axis that are
implicated in the pathophysiology of HF.

Table 1. Promising therapeutic targets aiming at gut–heart axis modulation in HF.

Target Intervention Effect Study Type

Diet

MD
Reduced the incidence of HF Human interventional

[120,121]
Improved LV diastolic filling in CHF Human interventional [122]

DASH

Reduced the incidence of HF
Reduced mortality in female patients
with HF
Better quality of life

Human interventional [123]

Microbiota modulation

Probiotics

Attenuated HF development Animal interventional [133]
Conflicting results reported regarding
LVEF in patients with HF (either
improved LVEF or had no effect on
LVEF)

Human interventional
[134,135]

Prebiotics
Stimulated SCFA-producing bacteria Animal interventional [137]
Decreased TMAO levels Animal interventional [139]

Antibiotics
Decreased intestinal concentrations of
LPS and cytokines Human interventional [141]

No effect on LVEF Human interventional [135]

TMAO synthesis
inhibition

Lyases inhibition
Decreased TMAO levels Animal interventional [127]
Improved cardiac function in murine
HF models Animal interventional [128]

FMO-3 inhibition
Decreased TMAO levels Animal interventional [145]
Ameliorated cardiac fibrosis in induced
HF models Animal interventional [146]

Inflammation
blockade Anti-IL-1 Improved exercise capacity in AHF and

CHF
Human interventional
[153,154]

ER-β agonists Ameliorate LV remodelling in
HF-induced mouse model Animal interventional [161]

AHF = Acute heart failure; CHF = Chronic heart failure; DASH = Dietary approaches to stop hypertension;
ER = Estrogen receptor; FMO-3 = Flavin mono-oxygenase-3; HF = Heart failure; IL-1 = Interleukin-1; LA = Left
atrium; LPS = Lipopolysaccharide; LV = Left ventricle; LVEF = Left ventricular ejection fraction; MD = Mediter-
ranean diet; SCFA = Short-chain fatty acids; TMAO = Trimethylamine-N-oxide.

5. Conclusions

Although scientific research has partially unravelled aspects of the relationship be-
tween gut dysfunction and HF, the exact pathophysiological mechanisms and the relative
contribution of each culprit is yet to be discovered. Presumably, HF plays the predominant
role and can be considered responsible for initiating this interaction. Hemodynamic abnor-
malities observed in HF, in the form of both congestion and hypoperfusion, may lead to
end-organ injury. In this regard, it is intriguing to conceive of the intestinal manifestations
as part of a cardio-intestinal syndrome, along the lines of cardiorenal syndrome. However,
the notion that intestinal dysfunction may actually precede HF is also appealing. Within
this framework, there are sufficient data correlating certain types of diet, which result in
elevated TMAO levels with atherosclerosis. Additionally, inflammation, in the context
of inflammatory bowel disease, increases the risk of CAD, as well as the HF-associated
hospitalization rate. In order to fully comprehend the complex interplay between the gut
and the heart and determine the exact degree, level and direction of the interplay between
distinct dysfunctional elements of the gut–heart axis, more large-scale human studies are
needed. These studies will need to utilize the current knowledge and a combination of
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diagnostic tests so as to simultaneously assess the luminal, barrier integrity and inflamma-
tory derangements, thus allowing multiple correlations to be made and firmer conclusions
to be drawn. Once the exact sequence of the pathophysiological events has been revealed,
the relationship between gut dysfunction and HF can be firmly defined. This, in turn, will
allow scientists to establish a multifaceted, structured therapeutic approach, instead of
proceeding with single-mechanism-based interventions.
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O.; et al. 2021 ESC Guidelines for the Diagnosis and Treatment of Acute and Chronic Heart Failure. Eur. Heart J. 2021, 42,
3599–3726. [CrossRef] [PubMed]

6. Velavan, P.; Khan, N.K.; Goode, K.; Rigby, A.S.; Loh, P.H.; Komajda, M.; Follath, F.; Swedberg, K.; Madeira, H.; Cleland, J.G.F.
Predictors of Short Term Mortality in Heart Failure-Insights from the Euro Heart Failure Survey. Int. J. Cardiol. 2010, 138, 63–69.
[CrossRef] [PubMed]

7. Levine, B.; Kalman, J.; Mayer, L.; Fillit, H.M.; Packer, M. Elevated Circulating Levels of Tumor Necrosis Factor in Severe Chronic
Heart Failure. N. Engl. J. Med. 1990, 323, 236–241. [CrossRef]

8. Niebauer, J.; Volk, H.-D.; Kemp, M.; Dominguez, M.; Schumann, R.R.; Rauchhaus, M.; Poole-Wilson, P.A.; Coats, A.J.; Anker, S.D.
Endotoxin and Immune Activation in Chronic Heart Failure: A Prospective Cohort Study. Lancet 1999, 353, 1838–1842. [CrossRef]

9. Dominguez-Bello, M.G.; Costello, E.K.; Contreras, M.; Magris, M.; Hidalgo, G.; Fierer, N.; Knight, R. Delivery Mode Shapes the
Acquisition and Structure of the Initial Microbiota across Multiple Body Habitats in Newborns. Proc. Natl. Acad. Sci. USA 2010,
107, 11971–11975. [CrossRef]

10. Arumugam, M.; Raes, J.; Pelletier, E.; Le Paslier, D.; Yamada, T.; Mende, D.R.; Fernandes, G.R.; Tap, J.; Bruls, T.; Batto, J.-M.; et al.
Enterotypes of the Human Gut Microbiome. Nature 2011, 473, 174–180. [CrossRef] [PubMed]

11. Flint, H.J.; Scott, K.P.; Louis, P.; Duncan, S.H. The Role of the Gut Microbiota in Nutrition and Health. Nat. Rev. Gastroenterol.
Hepatol. 2012, 9, 577–589. [CrossRef]

12. Zhernakova, A.; Kurilshikov, A.; Bonder, M.J.; Tigchelaar, E.F.; Schirmer, M.; Vatanen, T.; Mujagic, Z.; Vila, A.V.; Falony, G.;
Vieira-Silva, S.; et al. Population-Based Metagenomics Analysis Reveals Markers for Gut Microbiome Composition and Diversity.
Science 2016, 352, 565–569. [CrossRef] [PubMed]

13. Hu, X.; Fan, Y.; Li, H.; Zhou, R.; Zhao, X.; Sun, Y.; Zhang, S. Impacts of Cigarette Smoking Status on Metabolomic and Gut
Microbiota Profile in Male Patients With Coronary Artery Disease: A Multi-Omics Study. Front. Cardiovasc. Med. 2021, 8, 766739.
[CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(18)32279-7
http://doi.org/10.1161/CIR.0000000000000152
http://doi.org/10.1016/j.jchf.2015.03.004
http://doi.org/10.1093/eurheartj/ehab368
http://www.ncbi.nlm.nih.gov/pubmed/34447992
http://doi.org/10.1016/j.ijcard.2008.08.004
http://www.ncbi.nlm.nih.gov/pubmed/18789548
http://doi.org/10.1056/NEJM199007263230405
http://doi.org/10.1016/S0140-6736(98)09286-1
http://doi.org/10.1073/pnas.1002601107
http://doi.org/10.1038/nature09944
http://www.ncbi.nlm.nih.gov/pubmed/21508958
http://doi.org/10.1038/nrgastro.2012.156
http://doi.org/10.1126/science.aad3369
http://www.ncbi.nlm.nih.gov/pubmed/27126040
http://doi.org/10.3389/fcvm.2021.766739
http://www.ncbi.nlm.nih.gov/pubmed/34778417


J. Clin. Med. 2023, 12, 2567 15 of 21

14. Maier, L.; Pruteanu, M.; Kuhn, M.; Zeller, G.; Telzerow, A.; Anderson, E.E.; Brochado, A.R.; Fernandez, K.C.; Dose, H.; Mori,
H.; et al. Extensive Impact of Non-Antibiotic Drugs on Human Gut Bacteria. Nature 2018, 555, 623–628. [CrossRef] [PubMed]

15. Vital, M.; Howe, A.C.; Tiedje, J.M. Revealing the Bacterial Butyrate Synthesis Pathways by Analyzing (Meta)Genomic Data. mBio
2014, 5, e00889–e00914. [CrossRef]

16. McNeil, N.I. The Contribution of the Large Intestine to Energy Supplies in Man. Am. J. Clin. Nutr. 1984, 39, 338–342. [CrossRef]
17. Schönfeld, P.; Wojtczak, L. Short- and Medium-Chain Fatty Acids in Energy Metabolism: The Cellular Perspective. J. Lipid. Res.

2016, 57, 943–954. [CrossRef]
18. Miyamoto, J.; Kasubuchi, M.; Nakajima, A.; Irie, J.; Itoh, H.; Kimura, I. The Role of Short-Chain Fatty Acid on Blood Pressure

Regulation. Curr. Opin. Nephrol. Hypertens 2016, 25, 379–383. [CrossRef]
19. Säemann, M.D.; Böhmig, G.A.; Österreicher, C.H.; Burtscher, H.; Parolini, O.; Diakos, C.; Stöckl, J.; Hörl, W.H.; Zlabinger, G.J.

Anti-inflammatory Effects of Sodium Butyrate on Human Monocytes: Potent Inhibition of IL-12 and Up-regulation of IL-10
Production. FASEB J. 2000, 14, 2380–2382. [CrossRef]

20. Smith, P.M.; Howitt, M.R.; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly-Y, M.; Glickman, J.N.; Garrett, W.S. The Microbial
Metabolites, Short-Chain Fatty Acids, Regulate Colonic Treg Cell Homeostasis. Science 2013, 341, 569–573. [CrossRef]

21. Arpaia, N.; Campbell, C.; Fan, X.; Dikiy, S.; van der Veeken, J.; deRoos, P.; Liu, H.; Cross, J.R.; Pfeffer, K.; Coffer, P.J.; et al.
Metabolites Produced by Commensal Bacteria Promote Peripheral Regulatory T-Cell Generation. Nature 2013, 504, 451–455.
[CrossRef]

22. Duncan, S.H.; Flint, H.J.; Stewart, C.S. Inhibitory Activity of Gut Bacteria against Escherichia Coli O157 Mediated by Dietary Plant
Metabolites. FEMS Microbiol. Lett. 1998, 164, 283–288. [CrossRef] [PubMed]

23. Tang, W.H.W.; Wang, Z.; Fan, Y.; Levison, B.; Hazen, J.E.; Donahue, L.M.; Wu, Y.; Hazen, S.L. 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. 2014, 64, 1908–1914. [CrossRef] [PubMed]

24. Pasini, E.; Aquilani, R.; Testa, C.; Baiardi, P.; Angioletti, S.; Boschi, F.; Verri, M.; Dioguardi, F. Pathogenic Gut Flora in Patients
With Chronic Heart Failure. JACC Heart Fail. 2016, 4, 220–227. [CrossRef]

25. Sun, W.; Du, D.; Fu, T.; Han, Y.; Li, P.; Ju, H. Alterations of the Gut Microbiota in Patients With Severe Chronic Heart Failure.
Front. Microbiol. 2022, 12, 813289. [CrossRef]

26. Kummen, M.; Mayerhofer, C.C.K.; Vestad, B.; Broch, K.; Awoyemi, A.; Storm-Larsen, C.; Ueland, T.; Yndestad, A.; Hov, J.R.;
Trøseid, M. Gut Microbiota Signature in Heart Failure Defined From Profiling of 2 Independent Cohorts. J. Am. Coll. Cardiol. 2018,
71, 1184–1186. [CrossRef]

27. Beale, A.L.; O’Donnell, J.A.; Nakai, M.E.; Nanayakkara, S.; Vizi, D.; Carter, K.; Dean, E.; Ribeiro, R.V.; Yiallourou, S.; Carrington,
M.J.; et al. The Gut Microbiome of Heart Failure With Preserved Ejection Fraction. J. Am. Heart Assoc. 2021, 10, e020654. [CrossRef]
[PubMed]

28. Cui, X.; Ye, L.; Li, J.; Jin, L.; Wang, W.; Li, S.; Bao, M.; Wu, S.; Li, L.; Geng, B.; et al. Metagenomic and Metabolomic Analyses
Unveil Dysbiosis of Gut Microbiota in Chronic Heart Failure Patients. Sci. Rep. 2018, 8, 635. [CrossRef]

29. Kamo, T.; Akazawa, H.; Suda, W.; Saga-Kamo, A.; Shimizu, Y.; Yagi, H.; Liu, Q.; Nomura, S.; Naito, A.T.; Takeda, N.; et al.
Dysbiosis and Compositional Alterations with Aging in the Gut Microbiota of Patients with Heart Failure. PLoS ONE 2017, 12,
e0174099. [CrossRef]

30. Murashige, D.; Jang, C.; Neinast, M.; Edwards, J.J.; Cowan, A.; Hyman, M.C.; Rabinowitz, J.D.; Frankel, D.S.; Arany, Z.
Comprehensive Quantification of Fuel Use by the Failing and Nonfailing Human Heart. Science 2020, 370, 364–368. [CrossRef]

31. Carley, A.N.; Maurya, S.K.; Fasano, M.; Wang, Y.; Selzman, C.H.; Drakos, S.G.; Lewandowski, E.D. Short-Chain, Fatty Acids
Outpace Ketone Oxidation in the Failing Heart. Circulation 2021, 143, 1797–1808. [CrossRef]

32. Palm, C.L.; Nijholt, K.T.; Bakker, B.M.; Westenbrink, B.D. Short-Chain Fatty Acids in the Metabolism of Heart Failure—Rethinking
the Fat Stigma. Front. Cardiovasc. Med. 2022, 9, 915102. [CrossRef] [PubMed]

33. Streppel, M.T. Dietary Fiber and Blood Pressure: A Meta-Analysis of Randomized Placebo-Controlled Trials. Arch. Int. Med. 2005,
165, 150–156. [CrossRef] [PubMed]

34. Chambers, E.S.; Viardot, A.; Psichas, A.; Morrison, D.J.; Murphy, K.G.; Zac-Varghese, S.E.K.; MacDougall, K.; Preston, T.; Tedford,
C.; Finlayson, G.S.; et al. Effects of Targeted Delivery of Propionate to the Human Colon on Appetite Regulation, Body Weight
Maintenance and Adiposity in Overweight Adults. Gut 2015, 64, 1744–1754. [CrossRef]

35. Zhao, L.; Zhang, F.; Ding, X.; Wu, G.; Lam, Y.Y.; Wang, X.; Fu, H.; Xue, X.; Lu, C.; Ma, J.; et al. Gut Bacteria Selectively Promoted
by Dietary Fibers Alleviate Type 2 Diabetes. Science 2018, 359, 1151–1156. [CrossRef]

36. Salzano, A.; Cassambai, S.; Yazaki, Y.; Israr, M.Z.; Bernieh, D.; Wong, M.; Suzuki, T. The Gut Axis Involvement in Heart Failure.
Heart Fail. Clin. 2020, 16, 23–31. [CrossRef]

37. Zhu, W.; Gregory, J.C.; Org, E.; Buffa, J.A.; Gupta, N.; Wang, Z.; Li, L.; Fu, X.; Wu, Y.; Mehrabian, M.; et al. Gut Microbial
Metabolite TMAO Enhances Platelet Hyperreactivity and Thrombosis Risk. Cell 2016, 165, 111–124. [CrossRef]

38. Chen, M.; Zhu, X.; Ran, L.; Lang, H.; Yi, L.; Mi, M. Trimethylamine-N-Oxide Induces Vascular Inflammation by Activating the
NLRP3 Inflammasome Through the SIRT3-SOD2-mtROS Signaling Pathway. J. Am. Heart Assoc. 2017, 6, e006347. [CrossRef]
[PubMed]

39. Querio, G.; Antoniotti, S.; Geddo, F.; Levi, R.; Gallo, M.P. Trimethylamine N-Oxide (TMAO) Impairs Purinergic Induced
Intracellular Calcium Increase and Nitric Oxide Release in Endothelial Cells. Int. J. Mol. Sci. 2022, 23, 3982. [CrossRef]

http://doi.org/10.1038/nature25979
http://www.ncbi.nlm.nih.gov/pubmed/29555994
http://doi.org/10.1128/mBio.00889-14
http://doi.org/10.1093/ajcn/39.2.338
http://doi.org/10.1194/jlr.R067629
http://doi.org/10.1097/MNH.0000000000000246
http://doi.org/10.1096/fj.00-0359fje
http://doi.org/10.1126/science.1241165
http://doi.org/10.1038/nature12726
http://doi.org/10.1111/j.1574-6968.1998.tb13099.x
http://www.ncbi.nlm.nih.gov/pubmed/9682478
http://doi.org/10.1016/j.jacc.2014.02.617
http://www.ncbi.nlm.nih.gov/pubmed/25444145
http://doi.org/10.1016/j.jchf.2015.10.009
http://doi.org/10.3389/fmicb.2021.813289
http://doi.org/10.1016/j.jacc.2017.12.057
http://doi.org/10.1161/JAHA.120.020654
http://www.ncbi.nlm.nih.gov/pubmed/34212778
http://doi.org/10.1038/s41598-017-18756-2
http://doi.org/10.1371/journal.pone.0174099
http://doi.org/10.1126/science.abc8861
http://doi.org/10.1161/CIRCULATIONAHA.120.052671
http://doi.org/10.3389/fcvm.2022.915102
http://www.ncbi.nlm.nih.gov/pubmed/35898266
http://doi.org/10.1001/archinte.165.2.150
http://www.ncbi.nlm.nih.gov/pubmed/15668359
http://doi.org/10.1136/gutjnl-2014-307913
http://doi.org/10.1126/science.aao5774
http://doi.org/10.1016/j.hfc.2019.08.001
http://doi.org/10.1016/j.cell.2016.02.011
http://doi.org/10.1161/JAHA.117.006347
http://www.ncbi.nlm.nih.gov/pubmed/28871042
http://doi.org/10.3390/ijms23073982


J. Clin. Med. 2023, 12, 2567 16 of 21

40. Zullo, A.; Guida, R.; Sciarrillo, R.; Mancini, F.P. Redox Homeostasis in Cardiovascular Disease: The Role of Mitochondrial Sirtuins.
Front. Endocrinol. (Lausanne) 2022, 13, 858330. [CrossRef]

41. Wang, Z.; Bergeron, N.; Levison, B.S.; Li, X.S.; Chiu, S.; Jia, X.; Koeth, R.A.; Li, L.; Wu, Y.; Tang, W.H.W.; et al. 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. 2019, 40, 583–594. [CrossRef]

42. Koeth, R.A.; Wang, Z.; Levison, B.S.; Buffa, J.A.; Org, E.; Sheehy, B.T.; Britt, E.B.; Fu, X.; Wu, Y.; Li, L.; et al. Intestinal Microbiota
Metabolism of L-Carnitine, a Nutrient in Red Meat, Promotes Atherosclerosis. Nat. Med. 2013, 19, 576–585. [CrossRef] [PubMed]

43. Trøseid, M.; Ueland, T.; Hov, J.R.; Svardal, A.; Gregersen, I.; Dahl, C.P.; Aakhus, S.; Gude, E.; Bjørndal, B.; Halvorsen, B.; et al.
Microbiota-Dependent Metabolite Trimethylamine-N-Oxide Is Associated with Disease Severity and Survival of Patients with
Chronic Heart Failure. J. Intern. Med. 2015, 277, 717–726. [CrossRef]

44. Schuett, K.; Kleber, M.E.; Scharnagl, H.; Lorkowski, S.; März, W.; Niessner, A.; Marx, N.; Meinitzer, A. Trimethylamine-N-Oxide
and Heart Failure With Reduced Versus Preserved Ejection Fraction. J. Am. Coll. Cardiol. 2017, 70, 3202–3204. [CrossRef]

45. Suzuki, T.; Heaney, L.M.; Bhandari, S.S.; Jones, D.J.L.; Ng, L.L. Trimethylamine N -Oxide and Prognosis in Acute Heart Failure.
Heart 2016, 102, 841–848. [CrossRef]

46. Israr, M.Z.; Bernieh, D.; Salzano, A.; Cassambai, S.; Yazaki, Y.; Heaney, L.M.; Jones, D.J.L.; Ng, L.L.; Suzuki, T. Association of
Gut-Related Metabolites with Outcome in Acute Heart Failure. Am. Heart J. 2021, 234, 71–80. [CrossRef] [PubMed]

47. Yazaki, Y.; Aizawa, K.; Israr, M.Z.; Negishi, K.; Salzano, A.; Saitoh, Y.; Kimura, N.; Kono, K.; Heaney, L.; Cassambai, S.; et al.
Ethnic Differences in Association of Outcomes with Trimethylamine N-oxide in Acute Heart Failure Patients. ESC Heart Fail.
2020, 7, 2373–2378. [CrossRef] [PubMed]

48. Melhem, N.J.; Taleb, S. Tryptophan: From Diet to Cardiovascular Diseases. Int. J. Mol. Sci. 2021, 22, 9904. [CrossRef] [PubMed]
49. Baumgartner, R.; Forteza, M.J.; Ketelhuth, D.F.J. The Interplay Between Cytokines and the Kynurenine Pathway in Inflammation

and Atherosclerosis. Cytokine 2019, 122, 154148. [CrossRef] [PubMed]
50. Razquin, C.; Ruiz-Canela, M.; Toledo, E.; Hernández-Alonso, P.; Clish, C.B.; Guasch-Ferré, M.; Li, J.; Wittenbecher, C.; Dennis, C.;

Alonso-Gómez, A.; et al. Metabolomics of the Tryptophan-Kynurenine Degradation Pathway and Risk of Atrial Fibrillation and
Heart Failure: Potential Modification Effect of Mediterranean Diet. Am. J. Clin. Nutr. 2021, 114, 1646–1654. [CrossRef] [PubMed]

51. Konishi, M.; Ebner, N.; Springer, J.; Schefold, J.C.; Doehner, W.; Dschietzig, T.B.; Anker, S.D.; von Haehling, S. Impact of Plasma
Kynurenine Level on Functional Capacity and Outcome in Heart Failure—Results From Studies Investigating Co-morbidities
Aggravating Heart Failure (SICA-HF). Circ. J. 2016, 81, 52–61. [CrossRef]

52. Lund, A.; Nordrehaug, J.E.; Slettom, G.; Solvang, S.H.; Pedersen, E.K.; Midttun, Ø.; Ulvik, A.; Ueland, P.M.; Nygård, O.; Giil, L.M.
Plasma Kynurenines and Prognosis in Patients with Heart Failure. PLoS ONE 2020, 15, e0227365. [CrossRef]

53. Imazu, M.; Takahama, H.; Shindo, K.; Hasegawa, T.; Kanzaki, H.; Anzai, T.; Asanuma, H.; Morita, T.; Asakura, M.; Kitakaze, M. A
Pathophysiological Role of Plasma Indoxyl Sulfate in Patients with Heart Failure. Int. J. Gerontol. 2017, 11, 62–66. [CrossRef]

54. Imazu, M.; Fukuda, H.; Kanzaki, H.; Amaki, M.; Hasegawa, T.; Takahama, H.; Hitsumoto, T.; Tsukamoto, O.; Morita, T.; Ito, S.;
et al. Plasma Indoxyl Sulfate Levels Predict Cardiovascular Events in Patients with Mild Chronic Heart Failure. Sci. Rep. 2020, 10,
16528. [CrossRef]

55. Shimazu, S.; Hirashiki, A.; Okumura, T.; Yamada, T.; Okamoto, R.; Shinoda, N.; Takeshita, K.; Kondo, T.; Niwa, T.; Murohara, T.
Association Between Indoxyl Sulfate and Cardiac Dysfunction and Prognosis in Patients with Dilated Cardiomyopathy. Circ. J.
2013, 77, 390–396. [CrossRef]

56. Vancamelbeke, M.; Vermeire, S. The Intestinal Barrier: A Fundamental Role in Health and Disease. Expert Rev. Gastroenterol.
Hepatol. 2017, 11, 821–834. [CrossRef] [PubMed]

57. Wrzosek, L.; Miquel, S.; Noordine, M.L.; Bouet, S.; Chevalier-Curt, M.J.; Robert, V.; Philippe, C.; Bridonneau, C.; Cherbuy, C.;
Robbe-Masselot, C.; et al. Bacteroides Thetaiotaomicron and Faecalibacterium Prausnitziiinfluence the Production of Mucus
Glycans and the Development of Goblet Cells in the Colonic Epithelium of a Gnotobiotic Model Rodent. BMC Biol. 2013, 11, 61.
[CrossRef]

58. Desai, M.S.; Seekatz, A.M.; Koropatkin, N.M.; Kamada, N.; Hickey, C.A.; Wolter, M.; Pudlo, N.A.; Kitamoto, S.; Terrapon,
N.; Muller, A.; et al. A Dietary Fiber-Deprived Gut Microbiota Degrades the Colonic Mucus Barrier and Enhances Pathogen
Susceptibility. Cell 2016, 167, 1339–1353.e21. [CrossRef]

59. Mollar, A.; Marrachelli, V.G.; Núñez, E.; Monleon, D.; Bodí, V.; Sanchis, J.; Navarro, D.; Núñez, J. Bacterial Metabolites Trimethy-
lamine N-Oxide and Butyrate as Surrogates of Small Intestinal Bacterial Overgrowth in Patients with a Recent Decompensated
Heart Failure. Sci. Rep. 2021, 11, 6110. [CrossRef]

60. Song, Y.; Liu, Y.; Qi, B.; Cui, X.; Dong, X.; Wang, Y.; Han, X.; Li, F.; Shen, D.; Zhang, X.; et al. Association of Small Intestinal
Bacterial Overgrowth With Heart Failure and Its Prediction for Short-Term Outcomes. J. Am. Heart Assoc. 2021, 10, e015292.
[CrossRef]

61. Sandek, A.; Bauditz, J.; Swidsinski, A.; Buhner, S.; Weber-Eibel, J.; von Haehling, S.; Schroedl, W.; Karhausen, T.; Doehner, W.;
Rauchhaus, M.; et al. Altered Intestinal Function in Patients With Chronic Heart Failure. J. Am. Coll Cardiol. 2007, 50, 1561–1569.
[CrossRef]

62. Kaye, D.M.; Shihata, W.A.; Jama, H.A.; Tsyganov, K.; Ziemann, M.; Kiriazis, H.; Horlock, D.; Vijay, A.; Giam, B.; Vinh, A.; et al.
Deficiency of Prebiotic Fiber and Insufficient Signaling Through Gut Metabolite-Sensing Receptors Leads to Cardiovascular
Disease. Circulation 2020, 141, 1393–1403. [CrossRef] [PubMed]

http://doi.org/10.3389/fendo.2022.858330
http://doi.org/10.1093/eurheartj/ehy799
http://doi.org/10.1038/nm.3145
http://www.ncbi.nlm.nih.gov/pubmed/23563705
http://doi.org/10.1111/joim.12328
http://doi.org/10.1016/j.jacc.2017.10.064
http://doi.org/10.1136/heartjnl-2015-308826
http://doi.org/10.1016/j.ahj.2021.01.006
http://www.ncbi.nlm.nih.gov/pubmed/33454370
http://doi.org/10.1002/ehf2.12777
http://www.ncbi.nlm.nih.gov/pubmed/32598563
http://doi.org/10.3390/ijms22189904
http://www.ncbi.nlm.nih.gov/pubmed/34576067
http://doi.org/10.1016/j.cyto.2017.09.004
http://www.ncbi.nlm.nih.gov/pubmed/28899580
http://doi.org/10.1093/ajcn/nqab238
http://www.ncbi.nlm.nih.gov/pubmed/34291275
http://doi.org/10.1253/circj.CJ-16-0791
http://doi.org/10.1371/journal.pone.0227365
http://doi.org/10.1016/j.ijge.2016.05.010
http://doi.org/10.1038/s41598-020-73633-9
http://doi.org/10.1253/circj.CJ-12-0715
http://doi.org/10.1080/17474124.2017.1343143
http://www.ncbi.nlm.nih.gov/pubmed/28650209
http://doi.org/10.1186/1741-7007-11-61
http://doi.org/10.1016/j.cell.2016.10.043
http://doi.org/10.1038/s41598-021-85527-5
http://doi.org/10.1161/JAHA.119.015292
http://doi.org/10.1016/j.jacc.2007.07.016
http://doi.org/10.1161/CIRCULATIONAHA.119.043081
http://www.ncbi.nlm.nih.gov/pubmed/32093510


J. Clin. Med. 2023, 12, 2567 17 of 21

63. Odenwald, M.A.; Turner, J.R. The Intestinal Epithelial Barrier: A Therapeutic Target? Nat. Rev. Gastroenterol. Hepatol. 2017, 14,
9–21. [CrossRef] [PubMed]

64. Ridlon, J.M.; Kang, D.-J.; Hylemon, P.B. Bile Salt Biotransformations by Human Intestinal Bacteria. J. Lipid Res. 2006, 47, 241–259.
[CrossRef] [PubMed]

65. Stenman, L.K. High-Fat-Induced Intestinal Permeability Dysfunction Associated with Altered Fecal Bile Acids. World J. Gastroen-
terol. 2012, 18, 923–929. [CrossRef] [PubMed]

66. Mayerhofer, C.C.K.; Ueland, T.; Broch, K.; Vincent, R.P.; Cross, G.F.; Dahl, C.P.; Aukrust, P.; Gullestad, L.; Hov, J.R.; Trøseid, M.
Increased Secondary/Primary Bile Acid Ratio in Chronic Heart Failure. J. Card. Fail. 2017, 23, 666–671. [CrossRef]

67. Chou, C.C. Splanchnic and Overall Cardiovascular Hemodynamics during Eating and Digestion. Fed. Proc. 1983, 42, 1658–1661.
68. Takala, J. Determinants of Splanchnic Blood Flow. Br. J. Anaesth 1996, 77, 50–58. [CrossRef]
69. Krack, A.; Richartz, B.M.; Gastmann, A.; Greim, K.; Lotze, U.; Anker, S.D.; Figulla, H.R. Studies on Intragastric PCO 2 at Rest and

during Exercise as a Marker of Intestinal Perfusion in Patients with Chronic Heart Failure. Eur. J. Heart Fail. 2004, 6, 403–407.
[CrossRef]

70. Parks, D.A.; Jacobson, E.D. Physiology of the Splanchnic Circulation. Arch Intern Med. 1985, 145, 1278–1281. [CrossRef]
71. Sandek, A.; Swidsinski, A.; Schroedl, W.; Watson, A.; Valentova, M.; Herrmann, R.; Scherbakov, N.; Cramer, L.; Rauchhaus, M.;

Grosse-Herrenthey, A.; et al. Intestinal Blood Flow in Patients With Chronic Heart Failure. J. Am. Coll Cardiol. 2014, 64, 1092–1102.
[CrossRef]

72. Arutyunov, G.P.; Kostyukevich, O.I.; Serov, R.A.; Rylova, N.V.; Bylova, N.A. Collagen Accumulation and Dysfunctional Mucosal
Barrier of the Small Intestine in Patients with Chronic Heart Failure. Int. J. Cardiol. 2008, 125, 240–245. [CrossRef] [PubMed]

73. Yndestad, A.; Kristian Damås, J.; Øie, E.; Ueland, T.; Gullestad, L.; Aukrust, P. Systemic Inflammation in Heart Failure—The
Whys and Wherefores. Heart Fail. Rev. 2006, 11, 83–92. [CrossRef] [PubMed]

74. Park, B.S.; Lee, J.O. Recognition of Lipopolysaccharide Pattern by TLR4 Complexes. Exp. Mol. Med. 2013, 45, e66. [CrossRef]
[PubMed]

75. Yang, R.B.; Mark, M.R.; Gray, A.; Huang, A.; Xie, M.H.; Zhang, M.; Goddard, A.; Wood, W.I.; Gurney, A.L.; Godowski, P.J. Toll-like
Receptor-2 Mediates Lipopolysaccharide-Induced Cellular Signalling. Nature 1998, 395, 284–288. [CrossRef]

76. Charalambous, B.M.; Stephens, R.C.M.; Feavers, I.M.; Montgomery, H.E. Role of Bacterial Endotoxin in Chronic Heart Failure:
The Gut of the Matter. Shock 2007, 28, 15–23. [CrossRef] [PubMed]

77. Cicco, N.A.; Lindemann, A.; Content, J.; Vandenbussche, P.; Lübbert, M.; Gauss, J.; Mertelsmann, R.; Herrmann, F. Inducible
Production of Interleukin-6 by Human Polymorphonuclear Neutrophils: Role of Granulocyte-Macrophage Colony-Stimulating
Factor and Tumor Necrosis Factor-Alpha. Blood 1990, 75, 2049–2052. [CrossRef]

78. Bailly, S.; Ferrua, B.; Fay, M.; Gougerot-Pocidalo, M.A. Differential Regulation of IL 6, IL 1 A, IL 1β and TNFα Production in
LPS-Stimulated Human Monocytes: Role of Cyclic AMP. Cytokine 1990, 2, 205–210. [CrossRef]

79. van Deventer, S.J.; Büller, H.R.; ten Cate, J.W.; Aarden, L.A.; Hack, C.E.; Sturk, A. Experimental Endotoxemia in Humans: Analysis
of Cytokine Release and Coagulation, Fibrinolytic, and Complement Pathways. Blood 1990, 76, 2520–2526. [CrossRef]

80. Oral, H.; Kapadia, S.; Nakano, M.; Torre-Amione, G.; Lee, J.; Lee-Jackson, D.; Young, J.B.; Mann, D.L. Tumor Necrosis Factor-Alpha
and the Failing Human Heart. Clin. Cardiol. 1995, 18 (Suppl. S4), IV20–IV27. [CrossRef]

81. Ferrari, R. The Role of TNF in Cardiovascular Disease. Pharmacol. Res. 1999, 40, 97–105. [CrossRef]
82. Torre-Amione, G.; Kapadia, S.; Benedict, C.; Oral, H.; Young, J.B.; Mann, D.L. Proinflammatory Cytokine Levels in Patients with

Depressed Left Ventricular Ejection Fraction: A Report from the Studies of Left Ventricular Dysfunction (SOLVD). J. Am. Coll
Cardiol. 1996, 27, 1201–1206. [CrossRef]

83. Anker, S.D.; Sharma, R. The Syndrome of Cardiac Cachexia. Int. J. Cardiol. 2002, 85, 51–66. [CrossRef] [PubMed]
84. Frantz, S.; Kobzik, L.; Kim, Y.-D.; Fukazawa, R.; Medzhitov, R.; Lee, R.T.; Kelly, R.A. Toll4 (TLR4) Expression in Cardiac Myocytes

in Normal and Failing Myocardium. J. Clin. Investig. 1999, 104, 271–280. [CrossRef]
85. Kälsch, T.; Elmas, E.; Nguyen, X.D.; Suvajac, N.; Klüter, H.; Borggrefe, M.; Dempfle, C.-E. Endotoxin-Induced Effects on Platelets

and Monocytes in an in Vivo Model of Inflammation. Basic Res. Cardiol. 2007, 102, 460–466. [CrossRef]
86. Bierhaus, A.; Chen, J.; Liliensiek, B.; Nawroth, P.P. LPS and Cytokine-Activated Endothelium. Semin. Thromb. Hemost. 2000, 26,

571–588. [CrossRef] [PubMed]
87. Suffredini, A.F.; Fromm, R.E.; Parker, M.M.; Brenner, M.; Kovacs, J.A.; Wesley, R.A.; Parrillo, J.E. The Cardiovascular Response of

Normal Humans to the Administration of Endotoxin. N. Engl. J. Med. 1989, 321, 280–287. [CrossRef] [PubMed]
88. Yücel, G.; Zhao, Z.; El-Battrawy, I.; Lan, H.; Lang, S.; Li, X.; Buljubasic, F.; Zimmermann, W.-H.; Cyganek, L.; Utikal, J.; et al.

Lipopolysaccharides Induced Inflammatory Responses and Electrophysiological Dysfunctions in Human-Induced Pluripotent
Stem Cell Derived Cardiomyocytes. Sci. Rep. 2017, 7, 2935. [CrossRef]

89. Sattler, K.; El-Battrawy, I.; Cyganek, L.; Lang, S.; Lan, H.; Li, X.; Zhao, Z.; Utikal, J.; Wieland, T.; Borggrefe, M.; et al. TRPV1
Activation and Internalization Is Part of the LPS-Induced Inflammation in Human IPSC-Derived Cardiomyocytes. Sci. Rep. 2021,
11, 14689. [CrossRef]

90. Hietbrink, F.; Besselink, M.G.H.; Renooij, W.; de Smet, M.B.M.; Draisma, A.; van der Hoeven, H.; Pickkers, P. Systemic
Inflammation Increases Intestinal Permeability During Experimental Human Endotoxemia. Shock 2009, 32, 374–378. [CrossRef]

91. O’Dwyer, S.T. A Single Dose of Endotoxin Increases Intestinal Permeability in Healthy Humans. Arch. Surg. 1988, 123, 1459.
[CrossRef]

http://doi.org/10.1038/nrgastro.2016.169
http://www.ncbi.nlm.nih.gov/pubmed/27848962
http://doi.org/10.1194/jlr.R500013-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/16299351
http://doi.org/10.3748/wjg.v18.i9.923
http://www.ncbi.nlm.nih.gov/pubmed/22408351
http://doi.org/10.1016/j.cardfail.2017.06.007
http://doi.org/10.1093/bja/77.1.50
http://doi.org/10.1016/j.ejheart.2004.03.002
http://doi.org/10.1001/archinte.1985.00360070158027
http://doi.org/10.1016/j.jacc.2014.06.1179
http://doi.org/10.1016/j.ijcard.2007.11.103
http://www.ncbi.nlm.nih.gov/pubmed/18242735
http://doi.org/10.1007/s10741-006-9196-2
http://www.ncbi.nlm.nih.gov/pubmed/16819581
http://doi.org/10.1038/emm.2013.97
http://www.ncbi.nlm.nih.gov/pubmed/24310172
http://doi.org/10.1038/26239
http://doi.org/10.1097/shk.0b013e318033ebc5
http://www.ncbi.nlm.nih.gov/pubmed/17510602
http://doi.org/10.1182/blood.V75.10.2049.2049
http://doi.org/10.1016/1043-4666(90)90017-N
http://doi.org/10.1182/blood.V76.12.2520.2520
http://doi.org/10.1002/clc.4960181605
http://doi.org/10.1006/phrs.1998.0463
http://doi.org/10.1016/0735-1097(95)00589-7
http://doi.org/10.1016/S0167-5273(02)00233-4
http://www.ncbi.nlm.nih.gov/pubmed/12163209
http://doi.org/10.1172/JCI6709
http://doi.org/10.1007/s00395-007-0667-y
http://doi.org/10.1055/s-2000-13214
http://www.ncbi.nlm.nih.gov/pubmed/11129414
http://doi.org/10.1056/NEJM198908033210503
http://www.ncbi.nlm.nih.gov/pubmed/2664516
http://doi.org/10.1038/s41598-017-03147-4
http://doi.org/10.1038/s41598-021-93958-3
http://doi.org/10.1097/SHK.0b013e3181a2bcd6
http://doi.org/10.1001/archsurg.1988.01400360029003


J. Clin. Med. 2023, 12, 2567 18 of 21

92. Anker, S.D.; Egerer, K.R.; Volk, H.D.; Kox, W.J.; Poole-Wilson, P.A.; Coats, A.J.S. Elevated Soluble CD14 Receptors and Altered
Cytokines in Chronic Heart Failure. Am. J. Cardiol. 1997, 79, 1426–1430. [CrossRef]

93. Genth-Zotz, S.; von Haehling, S.; Bolger, A.P.; Kalra, P.R.; Wensel, R.; Coats, A.J.S.; Anker, S.D. Pathophysiologic Quantities
of Endotoxin-Induced Tumor Necrosis Factor-Alpha Release in Whole Blood from Patients with Chronic Heart Failure. Am. J.
Cardiol. 2002, 90, 1226–1230. [CrossRef]

94. Peschel, T.; Schönauer, M.; Thiele, H.; Anker, S.; Schuler, G.; Niebauer, J. Invasive Assessment of Bacterial Endotoxin and
Inflammatory Cytokines in Patients with Acute Heart Failure. Eur. J. Heart Fail. 2003, 5, 609–614. [CrossRef] [PubMed]

95. Vonhof, S.; Brost, B.; Stille-Siegener, M.; Grumbach, I.M.; Kreuzer, H.; Figulla, H.R. Monocyte Activation in Congestive Heart
Failure Due to Coronary Artery Disease and Idiopathic Dilated Cardiomyopathy. Int. J. Cardiol. 1998, 63, 237–244. [CrossRef]
[PubMed]

96. Krüger, S.; Kunz, D.; Graf, J.; Stickel, T.; Merx, M.W.; Hanrath, P.; Janssens, U. Endotoxin Sensitivity and Immune Competence in
Chronic Heart Failure. Clin. Chim. Acta 2004, 343, 135–139. [CrossRef] [PubMed]

97. Shimokawa, H.; Kuroiwa-Matsumoto, M.; Takeshita, A. Cytokine Generation Capacities of Monocytes Are Reduced in Patients
with Severe Heart Failure. Am. Heart J. 1998, 136, 991–1002. [CrossRef]

98. Sharma, R.; Bolger, A.P.; Rauchhaus, M.; von Haehling, S.; Doehner, W.; Adcock, I.M.; Barnes, P.J.; Poole-Wilson, P.A.; Volk, H.-D.;
Coats, A.J.S.; et al. Cellular Endotoxin Desensitization in Patients with Severe Chronic Heart Failure. Eur. J. Heart Fail. 2005, 7,
865–868. [CrossRef]

99. Velavan, P.; Huan Loh, P.; Clark, A.; Cleland, J.G.F. The Cholesterol. Paradox in Heart Failure. Congest. Heart Fail. 2007, 13,
336–341. [CrossRef]

100. Rauchhaus, M.; Coats, A.J.; Anker, S.D. The Endotoxin-Lipoprotein Hypothesis. Lancet 2000, 356, 930–933. [CrossRef]
101. Sandek, A.; Utchill, S.; Rauchhaus, M. The Endotoxin-Lipoprotein Hypothesis—An Update. Arch. Med. Sci. 2007, 3, S81–S90.
102. Yin, L.; Laevsky, G.; Giardina, C. Butyrate Suppression of Colonocyte NF-KB Activation and Cellular Proteasome Activity. J. Biol.

Chem. 2001, 276, 44641–44646. [CrossRef] [PubMed]
103. Yang, W.; Yu, T.; Huang, X.; Bilotta, A.J.; Xu, L.; Lu, Y.; Sun, J.; Pan, F.; Zhou, J.; Zhang, W.; et al. Intestinal Microbiota-Derived

Short-Chain Fatty Acids Regulation of Immune Cell IL-22 Production and Gut Immunity. Nat. Commun. 2020, 11, 4457. [CrossRef]
[PubMed]

104. Zhao, Q.; Elson, C.O. Adaptive Immune Education by Gut Microbiota Antigens. Immunology 2018, 154, 28–37. [CrossRef]
105. Carrillo-Salinas, F.J.; Ngwenyama, N.; Anastasiou, M.; Kaur, K.; Alcaide, P. Heart Inflammation: Immune Cell Roles and Roads to

the Heart. Am. J. Pathol. 2019, 189, 1482–1494. [CrossRef] [PubMed]
106. Kumar, V.; Prabhu, S.D.; Bansal, S.S. CD4+ T-Lymphocytes Exhibit Biphasic Kinetics Post-Myocardial Infarction. Front. Cardiovasc.

Med. 2022, 9, 992653. [CrossRef] [PubMed]
107. Fukunaga, T.; Soejima, H.; Irie, A.; Sugamura, K.; Oe, Y.; Tanaka, T.; Nagayoshi, Y.; Kaikita, K.; Sugiyama, S.; Yoshimura, M.; et al.

Relation Between CD4+ T-Cell Activation and Severity of Chronic Heart Failure Secondary to Ischemic or Idiopathic Dilated
Cardiomyopathy. Am. J. Cardiol. 2007, 100, 483–488. [CrossRef]

108. Carrillo-Salinas, F.J.; Anastasiou, M.; Ngwenyama, N.; Kaur, K.; Tai, A.; Smolgovsky, S.A.; Jetton, D.; Aronovitz, M.; Alcaide, P.
Gut Dysbiosis Induced by Cardiac Pressure Overload Enhances Adverse Cardiac Remodeling in a T Cell-Dependent Manner. Gut
Microbes 2020, 12, 1–20. [CrossRef]

109. Rungoe, C.; Basit, S.; Ranthe, M.F.; Wohlfahrt, J.; Langholz, E.; Jess, T. Risk of Ischaemic Heart Disease in Patients with
Inflammatory Bowel Disease: A Nationwide Danish Cohort Study. Gut 2013, 62, 689–694. [CrossRef]

110. Kristensen, S.L.; Ahlehoff, O.; Lindhardsen, J.; Erichsen, R.; Lamberts, M.; Khalid, U.; Nielsen, O.H.; Torp-Pedersen, C.; Gislason,
G.H.; Hansen, P.R. Inflammatory Bowel Disease Is Associated With an Increased Risk of Hospitalization for Heart Failure: A
Danish Nationwide Cohort Study. Circ. Heart Fail. 2014, 7, 717–722. [CrossRef]

111. Prasada, S.; Rivera, A.; Nishtala, A.; Pawlowski, A.E.; Sinha, A.; Bundy, J.D.; Chadha, S.A.; Ahmad, F.S.; Khan, S.S.; Achenbach,
C.; et al. Differential Associations of Chronic Inflammatory Diseases With Incident Heart Failure. JACC Heart Fail. 2020, 8,
489–498. [CrossRef]

112. Polyzogopoulou, E.; Boultadakis, A.; Ikonomidis, I.; Parissis, J. It’s Not All about Echocardiography. Open the Lung Window for
the Cardiac Emergencies. Medicina (Kaunas) 2021, 57, 69. [CrossRef] [PubMed]

113. Volpe, M.; Carnovali, M.; Mastromarino, V. The Natriuretic Peptides System in the Pathophysiology of Heart Failure: From
Molecular Basis to Treatment. Clin. Sci. (Lond) 2015, 130, 57–77. [CrossRef]

114. Boorsma, E.M.; ter Maaten, J.M.; Damman, K.; Dinh, W.; Gustafsson, F.; Goldsmith, S.; Burkhoff, D.; Zannad, F.; Udelson, J.E.;
Voors, A.A. Congestion in Heart Failure: A Contemporary Look at Physiology, Diagnosis and Treatment. Nat. Rev. Cardiol. 2020,
17, 641–655. [CrossRef] [PubMed]

115. Suzuki, T.; Yazaki, Y.; Voors, A.A.; Jones, D.J.L.; Chan, D.C.S.; Anker, S.D.; Cleland, J.G.; Dickstein, K.; Filippatos, G.; Hillege,
H.L.; et al. Association with Outcomes and Response to Treatment of Trimethylamine N-oxide in Heart Failure: Results from
BIOSTAT-CHF. Eur. J. Heart Fail. 2019, 21, 877–886. [CrossRef] [PubMed]

116. Kerley, C.P. Dietary Patterns and Components to Prevent and Treat Heart Failure: A Comprehensive Review of Human Studies.
Nutr. Res. Rev. 2019, 32, 1–27. [CrossRef] [PubMed]

http://doi.org/10.1016/S0002-9149(97)00159-8
http://doi.org/10.1016/S0002-9149(02)02839-4
http://doi.org/10.1016/S1388-9842(03)00104-1
http://www.ncbi.nlm.nih.gov/pubmed/14607199
http://doi.org/10.1016/S0167-5273(97)00332-X
http://www.ncbi.nlm.nih.gov/pubmed/9578350
http://doi.org/10.1016/j.cccn.2004.01.028
http://www.ncbi.nlm.nih.gov/pubmed/15115685
http://doi.org/10.1016/S0002-8703(98)70155-3
http://doi.org/10.1016/j.ejheart.2004.09.014
http://doi.org/10.1111/j.1527-5299.2007.07211.x
http://doi.org/10.1016/S0140-6736(00)02690-8
http://doi.org/10.1074/jbc.M105170200
http://www.ncbi.nlm.nih.gov/pubmed/11572859
http://doi.org/10.1038/s41467-020-18262-6
http://www.ncbi.nlm.nih.gov/pubmed/32901017
http://doi.org/10.1111/imm.12896
http://doi.org/10.1016/j.ajpath.2019.04.009
http://www.ncbi.nlm.nih.gov/pubmed/31108102
http://doi.org/10.3389/fcvm.2022.992653
http://www.ncbi.nlm.nih.gov/pubmed/36093172
http://doi.org/10.1016/j.amjcard.2007.03.052
http://doi.org/10.1080/19490976.2020.1823801
http://doi.org/10.1136/gutjnl-2012-303285
http://doi.org/10.1161/CIRCHEARTFAILURE.114.001152
http://doi.org/10.1016/j.jchf.2019.11.013
http://doi.org/10.3390/medicina57010069
http://www.ncbi.nlm.nih.gov/pubmed/33466680
http://doi.org/10.1042/CS20150469
http://doi.org/10.1038/s41569-020-0379-7
http://www.ncbi.nlm.nih.gov/pubmed/32415147
http://doi.org/10.1002/ejhf.1338
http://www.ncbi.nlm.nih.gov/pubmed/30370976
http://doi.org/10.1017/S0954422418000148
http://www.ncbi.nlm.nih.gov/pubmed/30113009


J. Clin. Med. 2023, 12, 2567 19 of 21

117. Marques, F.Z.; Nelson, E.; Chu, P.-Y.; Horlock, D.; Fiedler, A.; Ziemann, M.; Tan, J.K.; Kuruppu, S.; Rajapakse, N.W.; El-Osta,
A.; et al. High-Fiber Diet and Acetate Supplementation Change the Gut Microbiota and Prevent the Development of Hypertension
and Heart Failure in Hypertensive Mice. Circulation 2017, 135, 964–977. [CrossRef]

118. Mayerhofer, C.C.K.; Kummen, M.; Holm, K.; Broch, K.; Awoyemi, A.; Vestad, B.; Storm-Larsen, C.; Seljeflot, I.; Ueland, T.; Bohov,
P.; et al. Low Fibre Intake Is Associated with Gut Microbiota Alterations in Chronic Heart Failure. ESC Heart Fail. 2020, 7, 456–466.
[CrossRef]

119. Davis, C.; Bryan, J.; Hodgson, J.; Murphy, K. Definition of the Mediterranean Diet; A Literature Review. Nutrients 2015, 7,
9139–9153. [CrossRef]

120. De Filippis, F.; Pellegrini, N.; Vannini, L.; Jeffery, I.B.; La Storia, A.; Laghi, L.; Serrazanetti, D.I.; Di Cagno, R.; Ferrocino, I.; Lazzi,
C.; et al. High-Level Adherence to a Mediterranean Diet Beneficially Impacts the Gut Microbiota and Associated Metabolome.
Gut 2016, 65, 1812–1821. [CrossRef]

121. Ghosh, T.S.; Rampelli, S.; Jeffery, I.B.; Santoro, A.; Neto, M.; Capri, M.; Giampieri, E.; Jennings, A.; Candela, M.; Turroni, S.; et al.
Mediterranean Diet Intervention Alters the Gut Microbiome in Older People Reducing Frailty and Improving Health Status: The
NU-AGE 1-Year Dietary Intervention across Five European Countries. Gut 2020, 69, 1218–1228. [CrossRef]

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.;
et al. Primary Prevention of Cardiovascular Disease with a Mediterranean Diet Supplemented with Extra-Virgin Olive Oil or
Nuts. N. Engl. J. Med. 2018, 378, e34. [CrossRef] [PubMed]

123. Larsson, S.C.; Tektonidis, T.G.; Gigante, B.; Åkesson, A.; Wolk, A. Healthy Lifestyle and Risk of Heart Failure: Results From 2
Prospective Cohort Studies. Circ. Heart Fail. 2016, 9, e002855. [CrossRef]

124. Tektonidis, T.G.; Åkesson, A.; Gigante, B.; Wolk, A.; Larsson, S.C. Adherence to a Mediterranean Diet Is Associated with Reduced
Risk of Heart Failure in Men: Mediterranean Diet and HF Risk. Eur. J. Heart Fail. 2016, 18, 253–259. [CrossRef] [PubMed]

125. Chrysohoou, C.; Metallinos, G.; Aggelopoulos, P.; Kastorini, C.; Athanasopoulou, S.; Pitsavos, C.; Panagiotakos, D.B.; Stefanadis,
C. Abstract 810: Long-Term Adherence to the Traditional Mediterranean Diet Is Associated With Improved Biventricular Systolic
Function, in Chronic Heart Failure Patients. Circulation 2009, 120 (Suppl. S18), S395. [CrossRef]

126. Levitan, E.B.; Wolk, A.; Mittleman, M.A. Consistency With the DASH Diet and Incidence of Heart Failure. Arch. Intern. Med. 2009,
169, 851. [CrossRef]

127. Rifai, L.; Pisano, C.; Hayden, J.; Sulo, S.; Silver, M.A. Impact of the Dash Diet on Endothelial Function, Exercise Capacity, and
Quality of Life in Patients with Heart Failure. Proc. (Bayl. Univ. Med. Cent.) 2015, 28, 151–156. [CrossRef]

128. Wilcox, J.; Skye, S.M.; Graham, B.; Zabell, A.; Li, X.S.; Li, L.; Shelkay, S.; Fu, X.; Neale, S.; O’Laughlin, C.; et al. Dietary Choline
Supplements, but Not Eggs, Raise Fasting TMAO Levels in Participants with Normal Renal Function: A Randomized Clinical
Trial. Am. J. Med. 2021, 134, 1160–1169.e3. [CrossRef]

129. Rath, S.; Heidrich, B.; Pieper, D.H.; Vital, M. Uncovering the Trimethylamine-Producing Bacteria of the Human Gut Microbiota.
Microbiome 2017, 5, 54. [CrossRef] [PubMed]
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