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Abstract

Gut microbiome (GMB) has been increasingly recognized as a contributor to development and
progression of heart failure (HF), immune-mediated subtypes of cardiomyopathy (myocarditis and
anthracycline-induced cardiotoxicity), response to certain cardiovascular drugs, and HF-related
comorbidities, such as chronic kidney disease, cardiorenal syndrome, insulin resistance,
malnutrition, and cardiac cachexia. Gut microbiome is also responsible for the “gut hypothesis” of
HF, which explains the adverse effects of gut barrier dysfunction and translocation of GMB on the
progression of HF. Furthermore, accumulating evidence has suggested that gut microbial
metabolites, including short chain fatty acids, trimethylamine N-oxide (TMAQ), amino acid
metabolites, and bile acids, are mechanistically linked to pathogenesis of HF, and could, therefore,
serve as potential therapeutic targets for HF. Even though there are a variety of proposed
therapeutic approaches, such as dietary modifications, prebiotics, probiotics, TMAO synthesis
inhibitors, and fecal microbial transplant, targeting GMB in HF is still in its infancy and, indeed,
requires further preclinical and clinical evidence. In this review, we aim to highlight the role gut
microbiome plays in HF pathophysiology and its potential as a novel therapeutic target in HF.
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Introduction

Every year nearly 1 million adults in the United States are diagnosed with heart failure (HF),
which is generally a result from cardiac injuries causing impairment of ventricular structure
and function [1]. While we have made strides in treatment, this disease continues to have
significant morbidity and mortality on par with many malignancies.

Novel preventative and therapeutic HF targets are greatly needed, and gut microbiota
(GMB), a community of symbiotic bacteria, fungi and viruses residing in our
gastrointestinal (Gl) tract, may be a source of such targets. Growing data suggests that GMB
plays an important role in a myriad of important biological processes, many of which are
implicated in pathogenesis and pathophysiology of cardiomyopathy (CM) and HF and its
comorbidities. In this state-of-the-art review we summarize current knowledge on HF-
associated GMB dysregulation and evidence supporting the role of the GMB in pathogenesis
and progression of HF and its comorbidities. We close by reviewing prospects of targeting
the GMB to prevent and treat HF.

Interplay Between the Gut and the Heart - the “Gut Hypothesis” of Heart

Failure

Cardiac dysfunction induces acutely adaptive, but chronically maladaptive hemodynamic,
neurohumoral and pro-inflammatory responses, which both affect the gut and are propagated
by it [Figure 1]. Gut ischemia develops in HF both due to elevated gut venous pressures and
decreased blood flow in the splanchnic arteries [2]. The sequelae of chronic gut
hypoperfusion and venous congestion include progressive interstitial edema and fibrosis of
the gut wall, which correlate with HF severity, being most pronounced in patients with
cardiac cachexia [3,4]. Over time these structural changes lead to functional changes,
including decreased nutrient absorption and increased gut mucosal permeability [3-5]. The
latter allows gut microbes and their products (such as endotoxin or lipopolysaccharide
(LPS)) to more easily enter the circulation, leading to chronic low-grade inflammation
characteristic of HF. The hypothesis that “leaky” gut is the main driver of systemic
inflammation seen in HF is known as the “gut hypothesis” of HF. Indeed, patients with
chronic decompensated HF have elevated blood levels of LPS and anti-LPS IgA antibodies,
which decrease with aggressive diuretic therapy [6], and LPS levels are much higher in the
portal venous system than in the left ventricle (LV) [7], supporting the hypothesis of the gut
being the primary source of systemic endotoxin. Endotoxin not only triggers systemic
production of pro-inflammatory cytokines, which negatively impact cardiomyocyte
processes (e.g. calcium handling, mitochondrial function, etc.), cause endothelial
dysfunction and impair peripheral blood flow, but it also directly impairs cardiac function by
inducing intracardiac inflammatory response which damages the cardiomyocytes and
decreases cardiac contractility [8]. While this mechanism is clearly pronounced in
decompensated HF, intestinal permeability is also increased in patients with mild,
compensated HF [5] and it is likely that there is a degree of “leaky” gut contributing to
systemic inflammation at this earlier stage of disease. However, the effects of GMB in
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earlier stages of HF could also be mediated by mechanisms other than “leaky” gut, such as
alterations in the composition of GMB community and the production of certain metabolites.

Hypoperfusion-caused gut dysfunction also manifests through abnormal gut sodium and
fluid handling, which is most pronounced in the setting of venous congestion and right-sided
HF. Sodium-hydrogen exchanger 3 (NHE3) is the most closely regulated electrolyte channel
in the gut, helping maintain balance between gut fluid and sodium secretion and absorption
[9]. This channel is upregulated by epithelial intracellular hypoxia and acidosis, aldosterone
and adrenal stress hormones [10-12], all of which are elevated in HF. These factors also
contribute to altering the gut microbiota milieu, and it is likely that some of the subsequent
alterations in the GMB community further contribute to abnormal fluid and electrolyte
handling and their systemic sequelae.

Heart Failure-Associated Gut Dysbiosis - Insights from Association Studies

Marked alterations in the structure and physiology of the Gl tract in HF affect resident GMB
communities. Methods used in the study of the GMB are reviewed extensively elsewhere
[13-15], but in Table 1 we offer a brief primer on different approaches to study of GMB. A
number of studies have examined GMB differences in HF compared to healthy individuals
(Table 2 provides a summary of individual study findings) [2,3,5,16-22]. While
heterogeneity in findings in these studies is readily apparent, there are also shared GMB
patterns more commonly seen in patients with HF compared to healthy individuals. For
example, HF is associated with increased gut microbial density and invasion of the epithelial
mucus layer [2,3]. The latter plays an important defensive role, preventing extensive
interactions between the resident GMB and the host immune system. Relative abundance of
certain strict anaerobes within the mucus biofilm in patients with HF is inversely correlated
with blood flow in the inferior mesenteric artery providing blood supply to the
corresponding colon segment [2]. Additionally, GMB in patients with chronic HF is
characterized by overall diminished community diversity (a gross measure of community’s
resilience to negative extrinsic perturbations) and depletion of microbes that have anti-
inflammatory properties (mostly those belonging to the phylum Firmicutes) [16,17,19-21].
Anti-inflammatory properties of many of these bacterial taxa relate to their capacity to
produce short chain fatty acids, which are byproducts of fermentation of fiber and other
complex carbohydrates, and which modulate energy homeostasis, glucose metabolism, and
local and systemic inflammatory responses. While the anti-inflammatory bacteria are
diminished, there is an expansion of potentially pathogenic microbes (e.g. Shigella,
Salmonella, Candida, etc.) in chronic HF [5,16,20]. These microbes colonize chronic HF
patients more frequently than healthy individuals and at a higher abundance, and the extent
of colonization correlates with HF severity [5]. Pathogen overgrowth puts HF patients at
increased risk of invasive gastrointestinal infections. Indeed, a U.S. nationwide study of
hospitalized, antibiotic-treated patients showed that HF was associated with significantly
higher rates of concurrent Clostridioides difficile (C.difficile) infection and significantly
worse in-hospital outcomes, compared to no HF [23].

There are important caveats to note when critically appraising these observed patterns of gut
microbial dysbiosis in HF. Firstly, the majority of studies of GMB in patient with HF
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included only patients with HF with reduced ejection fraction (HFrEF). The evidence on gut
dysbiosis in HF with preserved ejection fraction (HFpEF) is limited - preliminary data from
Hummel et al. [24] showed that patients with HFpEF also had altered gut microbial
composition compared to healthy controls, though it is not clear from that study whether
GMB features that distinguished individuals with HFpEF from healthy controls mirrored
those identified in studies of patients with HFrEF. Future studies would need to specifically
target this group in order to better understand patterns of GMB dysregulation associated
with different HF phenotypes. Secondly, certain HF-associated patterns of gut dysbiosis
have been observed not only in other cardiovascular (CV) diseases (such as coronary artery
disease [25,26]), but also in other chronic diseases such as metabolic syndrome and type 2
diabetes [27] and inflammatory bowel disease [28]. What these diseases have in common is
a chronic, low degree, systemic inflammatory state, which has been causally tied to gut
microbiome [29]. This in no way takes away from the relevance of the dysregulation patterns
identified in HF, but rather implies that at least some GMB-focused therapies that will be
developed in the future, targeting some of these shared GMB patterns, may find use in more
than one disease.

Gut Microbiome Alterations in Heart Failure - More Than Just an
Association?

While these cross-sectional studies support an association between dysregulated GMB and
HF pathophysiology, they do not in themselves offer a proof of the causal link between the
two. Nonetheless, while the longitudinal clinical studies are still needed, in vitro, in vivo
animal studies and small translational human studies have helped elucidate the active role
GMB plays in the development of CM, HF, and HF-related co-morbidities.

Gut Microbial Metabolites as Active Mediators in Heart Failure Pathophysiology

Estimated 10% of the circulating small molecules (metabolites) in mammalian blood are
associated with the gut microbiota [30]. These metabolites are one of the main channels
through which GMB communicates and interacts with the host. Some of these metabolites
bind directly to target host receptors, while others belong to meta-organismal pathways,
where a metabolite is produced by the gut microbes but is chemically modified by the host
to become metabolically active. Here we review microbial metabolites with established role
in HF pathophysiology. However, we also acknowledge that previously defined host-microbe
interactions in the pathophysiology of HF may be just the tip of the iceberg, and a variety of
gut microbial metabolites are yet to be discovered. For instance, recently, Nemet et al.
demonstrated that phenylacetylglutamine, a gut microbiome-derived metabolite from
phenylalanine, promoted thrombosis by activating adrenergic receptors on platelets,
resulting in an increase in the risk of atherosclerotic CV disease [31].

Short Chain Fatty Acids—Fermentation of fiber, which is indigestible by the host, is one
of the main functions of the gut microbiota. This process yields acetate, butyrate and
propionate, known as short chain fatty acids (SCFASs). These metabolites serve as ubiquitous
signaling molecules. For example, some SCFASs function as histone deacetylase inhibitors,
exerting broad epigenetic effects [32]. Butyrate and propionate both help regulate vascular
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tone and blood pressure through receptors on smooth muscle cells [33,34]. Butyrate exerts
anti-inflammatory effects through colonocyte PPAR-y activation and regulatory T-cell
proliferation [35], and, through direct modulation of colonocyte metabolism, helps prevent
uncontrolled expansion of the potential pathogens [35]. Similarly, propionate was also
shown to mitigate pressure-induced cardiac hypertrophy and fibrosis by maintaining
immune homeostasis through regulatory T-cell activation [36].

Depletion in SCFA biosynthetic pathways and known SCFA producers (e.g. microbes from
the genera Faecalibaterium, Dorea, Eubacterium, and Blautid) are cardinal features of HF-
associated GMB [16,17,20]. The depletion of this group can in part explain the concomitant
overgrowth of gut pathogens, development of HF-associated gastrointestinal symptoms, and
possibly even HF-associated insulin resistance. Additionally, given SCFA effect on vascular
smooth muscle tone, decreased SCFA production capacity within the GMB may contribute
to increased cardiac afterload. Many SCFAs have a cardioprotective effect - mice fed diet
lacking in fiber developed hypertension (HTN), cardiac hypertrophy and fibrosis, a
phenotype that was rescued by dietary supplementation with SCFAs [37]. The SCFA
mechanism of action included several G protein-coupled receptors (GPCRs), including those
on T-cells localized to the gut, which mediate T-cell differentiation into anti-inflammatory
regulatory T-cells [37]. In a different mice model, where high-fiber diet and SCFA acetate
supplementation also led to attenuation of HTN, cardiac hypertrophy and fibrosis, the
mechanisms involved downregulation of cardiac and renal early growth response 1 (Egrl),
an important regulator of cardiac hypertrophy, cardiorenal fibrosis, and inflammation, and
downregulation of the renin-angiotensin system in the kidney and mitogen-activated protein
kinase signaling in the heart [38]. Modulation of the host immune composition and post-
myocardial infarction (MI) cardiac repair capacity in mice were also mediated via SCFAs
[39].

Trimethylamine N-oxide—Trimethylamine A~oxide (TMAO) is a metabolite synthesized
through a well-characterized meta-organismal pathway. Choline, phosphatidylcholine, and
carnitine, dietary compounds highly concentrated in foods of animal origin (such as meat,
liver and eggs), are metabolized by the gut microbes into trimethylamine (TMA), and
converted into TMAO in the host liver by flavin monooxygenases. Trimethylamine oxide,
levels of which are virtually undetectable in vegetarians and vegans compared to omnivores
[40,41], exerts pleiotropic negative cardiovascular (CV) effects. While the exact TMAO host
receptor has not yet been identified, /n vitroand /n vivo animal and human studies have
shown that TMAO modulates the cholesterol, sterol and bile acid metabolism in the liver,
suppresses reverse cholesterol transport, induces platelet responsiveness, and causes vascular
dysfunction, resulting in a net proatherogenic effect [40,42-46]. Ventricular remodeling is
also negatively affected by TMAQO [47,48]. Mice treated with supplemental TMAO or
dietary TMAO precursor choline prior to development of HF experienced worsening
pulmonary edema, cardiac enlargement, systolic dysfunction, and myocardial fibrosis,
compared to mice receiving placebo [47].

In large human studies, TMAO levels have been independently associated with
atherosclerotic heart disease and have shown to predict major adverse cardiac events
[42,43,49-52]. Levels of TMAQO are elevated in patients with chronic HF [53-56], correlating
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with functional class and diastolic, but not systolic, dysfunction [53], suggesting that
increased venous congestion associated with “backward failure” might play a more
significant role in altering GMB in a way that promotes TMAQO production. Positive
correlation between TMAQO and markers of inflammation and endothelial dysfunction in HF
[53] supports the notion that, in addition to the traditional “gut hypothesis” of HF, there are
additional mechanisms by which GMB alterations may affect cardiac function and
prognosis. Indeed, TMAQO levels in patients with chronic HF are independently predictive of
short- and long-term mortality [54-57].

Amino Acid Metabolites—In addition to breaking down complex carbohydrates, colonic
bacteria also metabolize dietary amino acids. Indoles (including indole-3-propionate (IPA)),
which are produced from dietary tryptophan by some specific gut microbes (such as
Clostridium sporogenes in case of IPA [58]), fortify the intestinal barrier decreasing the gut
wall permeability and circulating inflammatory cytokines [59-63]. Similar to some SCFAs,
indole modulates secretion of GLP-1 to improve insulin sensitivity [64]. Patients with
chronic HF, compared to healthy controls, have significantly lower levels of circulating IPA
[65]. Because only certain gut bacteria carry the IPA production machinery, it is possible
that specific shifts in the HF-associated GMB result in decreased capacity to produce IPA,
which could then directly contribute to increased intestinal permeability and development of
insulin resistance.

Microbial metabolism of dietary amino acids can lead to production of deleterious
metabolites as well. For example, instead of being metabolized into IPA, tryptophan can be
metabolized into indoxy! sulfate (IS). Phenylalanine and tyrosine can be metabolized into p-
cresyl sulfate (pCS). These two metabolites are among best studied uremic toxins. In
addition to having negative renal remodeling effects [66], these metabolites contribute to
adverse cardiac remodeling through their direct pro-fibrotic, pro-hypertrophic and pro-
inflammatory effects [67-69]. In dilated cardiomyopathy, high IS level has been associated
with worsening of diastolic dysfunction and CV events [70]. Proposed mechanism of action
of IS involves renin and angiotensin receptor activation [71,72] and induction of oxidative
stress in endothelial and vascular smooth muscle cells [73-75]. Adsorption and removal of
IS from the GI tract was associated with slowed progression of chronic kidney disease
(CKD) [76], and lower rates of HF hospitalizations in a cohort of patients with chronic HF
and comorbid CKD [77].

Bile Acids—Bile acids (BAs) are another set of metabolites relevant to CV and HF
physiology that are synthesized through a set of meta-organismal pathways. Primary BAs
are synthesized from cholesterol and conjugated in the host liver, before being secreted into
the gut lumen where they are metabolized by the gut bacteria into secondary BAs and then
largely recycled through the enterohepatic cycle. In addition to their role in fat absorption,
cholesterol, lipid and glucose metabolism, BAs have a direct effect on cardiac function and
vascular tone. Several BA receptors, including farnesoid X receptor, GPCR TGRS5, and
muscarinic M2 receptor, are expressed on cardiomyocytes, through which BAs exert
differential chronotropic, inotropic and lusitropic effects [78-84]. In the vascular smooth
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muscle, BAs can directly stimulate calcium-activated potassium channels to regulate
vascular tone and blood pressure [85].

Bile acid pool counts >50 different BAs, all with unique set of signaling roles. The
composition of the GMB shapes the BA pool, modulating the potential downstream
signaling effects. Bile acid pool in patients with chronic HF is distinct from that in healthy
individuals. For example, a study found that chronic HF was characterized by higher ratio of
secondary to primary BAs overall, driven both by lower levels of several primary BAs and
higher levels of secondary BAs [86]. This study also found a modest positive correlation
between plasma secondary BAs and LPS levels, suggestive of potentially increased
microbial activity contributing to some of these findings [86]. A different study found that
HF patients treated with ursodeoxycholate, a secondary BA thought to detoxify LPS by
trapping it inside micelles, improved peripheral blood flow [87].

The Role of the Gut Microbiome in Pathogenesis of Immune-Mediated Cardiomyopathy

Not only does gut microbiome play an important role in pathogenesis of HF and
cardiomyopathy through changes in its composition and metabolism, it is also implicated in
the initial development of certain types of immune-mediated cardiomyopathy through
interactions with the host immune system. Two such examples include myocarditis and
chemotherapy-induced cardiomyopathy.

Myocarditis develops as a result of a heightened humoral or cellular immune response in the
heart, usually in response to infections or drugs, or within the context of systemic
autoimmune disorders. A recent study suggested that, in a mice model, particular gut
commensals were critical for development of myocarditis. In transgenic mice with cardiac
myosin heavy chain 6 (MYHG6)-specific T-cell receptor, Bacteroides thetaiotomicron
(B.theta), a common gut microbe was necessary to initiate the autoimmune process targeted
against the heart [88]. B.theta produces beta-galactosidase, an enzyme that metabolizes
lactose, that happens to be an MYH6 homologue. In this study beta-galactosidase induced
MY H6-specific CD4+ T-cell proliferation and differentiation into pro-inflammatory Th17
cells, which then circulated systemically and infiltrated the myocardium. Notably, this study
also found that patients with biopsy-proven myocarditis had higher relative abundance of
B.theta in their stool compared to healthy controls, and that higher level of B.theta-specific
antibodies positively correlated with disease progression and severity. However, this only
occurred in patients with an HLA variant known to recognize both MYH6 and beta-
galactosidase, suggesting disease development resulting from a combination of GMB and
host genetic predisposition [88].

The GMB has also been implicated in pathogenesis of anthracycline-induced
cardiomyopathy. These highly active chemotherapeutic agents cause intestinal epithelial
damage, increasing gut permeability to LPS, while at the same time upregulating Toll-like
receptor 4 (TLR4), a cellular sensor of LPS, on host macrophages and cardiomyocytes,
making these cells more sensitive to LPS presence. Depletion of the GMB had equivalent
effect as TLR4 signaling blockade on attenuating cardiotoxicity related to doxorubicin
(DOX), a prototype anthracycline. A different study demonstrated that GMB modulation by
glabridin (GLA), an isoflavone from licorice root, could prevent DOX cardiotoxicity in mice
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[89]. Glabridin-mediated GMB community shift was associated with increased fecal levels
of SCFA butyrate, colonic anti-inflammatory macrophage polarization, and a decrease in
circulating LPS levels [89]. Phenylalanine-butyrate (FBA), a synthetic derivative of SCFA
butyrate, also protected mice from DOX cardiotoxicity [90], attenuating DOX-induced
reactive oxygen species production. FBA exhibited similar cardioprotective properties when
human induced pluripotent stem cell-derived cardiomyocytes were treated with DOX.
Reassuringly, this synthetic butyrate derivative did not compromise, but in fact enhanced
tumor blocking effects of DOX in tested breast cancer cells [90]. These benefits of FBA may
be from the effects of butyrate on attenuating cardiac apoptosis and remodeling by inhibiting
histone deacetylases and reducing endoplasmic reticulum stress [91,92].

These examples demonstrate that GMB alterations play a pathogenic role in development of
cardiomyopathy in specific disease and animal models, that the mechanisms at least in part
involve interaction with the host immune system, that these interactions may be modified by
host genotype, and that active modulation of the GMB can have cardioprotective effects.

Heart Failure Comorbidities and the Role of the Gut Microbiota

Gut microbiome contributes not only to the development of cardiomyopathy and HF and to
progression of HF but is also an active mediator in the pathogenesis of several conditions
that develop as complications of HF, which increase the morbidity and mortality of patients
with HF. Understanding how GMB is linked to HF-associated comorbidities may provide
more insight into complex host-microbe relationships, which can serve as promising
therapeutic targets.

Chronic Kidney Disease and Cardiorenal Syndrome

More than half of all patients with chronic HF have co-morbid CKD [93]. Maladaptive
activation of the sympathetic and renin-angiotensin-aldosterone systems, systemic
inflammation, and ineffective fluid handling are aspects of pathophysiology of both
conditions, and each condition accelerates disease progression in the other, setting up a
vicious cycle [94]. Interestingly, the gut and the commensal GMB may play an important
role in signaling between the two organs. Firstly, similarly to HF, CKD can contribute to the
disruption of the intestinal mucosal barrier - ammonia and ammonium hydroxide, products
of the microbial metabolism of accumulated urea, are toxic to intestinal epithelial cells [95],
which promotes bacterial translocation and systemic inflammation. Secondly, TMAO has
been mechanistically linked to development of both HF and CKD. As detailed previously,
this gut microbial metabolite is pro-atherogenic and has negative effects on ventricular
remodeling and myocardial fibrosis. It also directly contributes to progressive renal fibrosis
and dysfunction in animal models [96] and has been associated with worse long-term
prognosis in patients with CKD [97]. Lastly, IS and pCS, products of the GMB metabolism
of dietary amino acids, have pro-fibrotic, pro-hypertrophic, and pro-inflammatory effects on
the heart, in addition to their general pro-thrombotic effects and role in endothelial
dysfunction [66].
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Insulin Resistance

Insulin resistance (IR) is both an independent risk factor for development of cardiomyopathy
[98,99] and a prevalent metabolic complication of chronic HF, affecting more than half of all
patients with HF [100]. It is a comorbidity that progresses in parallel to HF severity
[101,102] and independently portends worse overall long-term survival in HF [103,104].
Insulin resistance contributes to the progression of HF through direct toxic effects on the
cardiac muscle and indirectly through negative systemic effects [105]. For the individuals
who develop IR after onset of HF, the mechanism by which IR develops has not yet been
fully elucidated [106,107]. Given that the altered GMB has been implicated in the
development of IR, diabetes, and metabolic syndrome in animal and human non-HF models
[27,108-110], it is conceivable that specific patterns of GMB dysregulation might contribute
to development of IR within the context of HF and to the development of CM and HF in
individuals with pre-existing IR. Indeed, there are significant overlaps between the GMB
and the associated circulating metabolome signatures of HF and isolated IR. For example,
similar to patients with chronic HF, GMB of patients with IR and metabolic syndrome is
depleted of SCFA-producers such as Faecalibacterium prausnitzii and Eubacterium rectale
and enriched in potentially pathogenic bacteria such as Escherichia coli[27,109,110].
Similarly, HF and IR are associated with increased levels of branched chain amino acids
(BCAAS) (leucine, isoleucine, and valine) and their catabolites [111-115]. The capacity to
synthesize and handle these metabolites, which were found to directly contribute to
development of IR in multiple rodent studies [113,115], has been closely related to the GMB
[115]. Other gut microbial metabolites have also been shown to be associated with IR,
including SCFA [116,117], TMAO [118,119], and BAs [120-122]. Future research needs to
further explore the connections between HF and IR mediated by alterations in GMB
structure and function.

Malnutrition and Cardiac Cachexia

Chronic HF is a catabolic state, which culminates in development of cardiac cachexia. The
gut and the GMB have been implicated in this process [2,123,124]. Abnormal intestinal
permeability, driven primarily by altered splanchnic blood flow, is the principal mechanism
by which cardiac cachexia develops. Increased intestinal epithelial permeability results in
translocation of the gut bacteria and their products, initiating and maintaining the pro-
inflammatory milieu of HF. Elevated cytokines such as IL-6 and TNF-a., which are highest
in HF patients with comorbid cardiac cachexia, have an anorectic effect [125]. Furthermore,
they also mediate skeletal myocyte apoptosis and endothelial dysfunction associated with
decreased blood supply to skeletal muscles, which results in skeletal muscle wasting and
sarcopenia [126].

The gut microbiome is capable of directly regulating the bowel wall permeability, thereby
potentially contributing to both HF and cachexia. For example, one study showed that
colonization with Escherichia coli, Klebsiella pneumoniae, and Streptococcus viridans
significantly increased bowel permeability in rats, whereas colonization with Lactobacillus
brevis had the opposite effect [127]. Additionally, higher degree of adherence of commensal
bacteria to the gut epithelium disrupts the gut epithelial barrier function and stimulates
mucosal cytokine production [128], which is pertinent in HF because gut microbes in
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patients with HF adhere to the epithelial layer more tightly and invade the mucus layer more
readily [3] than in healthy controls. In addition to increased epithelial barrier permeability,
gut dysfunction in patients with HF (especially those with cardiac cachexia) also causes
significant protein and fat malabsorption. While there is a lack of data showing that gut
microbes are directly involved in this process, it is known that pathogenic gut bacterial
overgrowth, characteristic of chronic HF, may impair metabolic efficiency by reducing
intestinal absorptions of vitamin B12, folate, and vitamin K, which are essential for protein
metabolism.

Although it is plausible that HF-related GMB dysbiosis and dysfunction play an important
role in developing cardiac cachexia, more preclinical and clinical studies are needed in order
to verify this hypothesis and elucidate mechanisms of host-microbiota interactions in these
processes before we can employ GMB-focused approaches for prevention and treatment of
cardiac cachexia.

Microbial-Drug Interactions and Implications for Heart Failure Therapeutics

While inter-individual variability in drug pharmacokinetics and pharmacodynamics caused
by host genetic make-up (pharmacogenomics) has been well recognized, there is growing
data to support resident GMB contributions to this phenomenon (pharmacomicrobiomics).
Resident GMB and its metabolites can alter drug absorption and (in)activation. They can
also compete for drug-metabolizing enzymes in the liver and alter their expression [129].
The drug-microbiome interactions are bidirectional - drugs also alter the composition and
activity of the GMB community [130].

Many of the drugs used for treatment of HF and CV disease interact with the GMB. One of
them is digoxin, a natural cardiac glycoside used in treatment of HF and atrial fibrillation
and a drug infamous for its variability in its effectiveness and toxicity. Digoxin is
metabolized into an inactive metabolite exclusively by the gut commensal Eggerthella lenta
(E./enta) [131]. In fact, only specific strains of £./enta, those carrying the cardiac glycoside
reductase (cgr) operon, are able to inactivate digoxin [132]. The expression of the cgroperon
in mice is downregulated by amino acid arginine and a protein-rich diet, leading to increased
serum and urine digoxin levels [132]. Some of the other CV drugs that interact with the
GMB include aspirin, beta blockers, angiotensin-converting enzyme and angiotensin
receptor inhibitors, and calcium channel blockers (CCB) [70,71,74]. A recent study
confirmed that several of these drug classes are metabolized by a number of common gut
bacteria. For example, deacetylation of diltiazem was found to be specifically dependent on
bt4096 gene-carrying gut commensal B.theta[129]. Amlodipine also undergoes GMB-
mediated biotransformation, and it has been shown that pre-treatment with ampicillin is
associated with significantly higher circulating drug levels in rats [133]. These studies
suggest that inter-individual variability in CV drug response observed in clinical practice
may, at least in part, be mediated by individual GMB composition and can be further
modified by individual GMB-dietary interactions.
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Targeting the Gut Microbiome to Prevent and Treat Heart Failure - Are We
There Yet?

Different approaches to GMB modulation - ranging from broad and non-specific dietary
interventions and fecal microbiota transplant (FMT) to ones involving specific and targeted
microbial enzyme inhibition - have been proposed in many diseases. Given the role that the
GMB plays in development and progression of cardiomyopathy and HF, development of its
comorbidities, and modulation of the effects of HF therapy, the prospect of GMB as a
preventative and therapeutic target in HF is being seriously considered. While larger and
more comprehensive clinical studies will be needed before any of these interventions are
adopted in clinical practice, early data demonstrating effects of GMB manipulation in
animal HF models and small human studies is promising and reviewed here. Here we review
some of the data supporting proposed approaches to GMB modulation in HF (also illustrated
in Figure 2).

Dietary and Prebiotic Interventions

Diet is one of the factors that most profoundly impacts the GMB - it is likely that GMB at
least partially mediates cardioprotective effects of certain dietary patterns. Mediterranean
diet, a diet typically rich in unprocessed or minimally processed vegetables, fruits, nuts,
legumes, fiber and complex carbohydrates, fish, and healthy fats, and low in meat (especially
red meat) and meat products, refined sugars and processed foods, has been shown to reduce
risk of development and progression of HF and atherosclerotic heart disease. Multicenter,
randomized PREDIMED study found that the traditional Mediterranean diet was associated
with approximately 30% relative reduction in Ml, stroke, or CV death after a nearly 5-year
follow-up [134]. Mediterranean diet has also been associated with decreased risk of incident
HF [135,136].

Interestingly, it is possible that CV benefits from Mediterranean diet are from a non-lethal
TMA lyase inhibitor, 3,3-dimethyl-1-butanol (DMB), which is naturally found in extra
virgin olive oil widely used in Mediterranean diet [137,138]. Moreover, dietary Approaches
to Stop Hypertension (DASH) diet and other plant-based diets, which are in many ways
similar to the Mediterranean diet, were also associated with decreased risk of incident HF
[136,139-141]. Additionally, many of these healthy eating patterns have been associated
with HF severity and clinical outcomes [142-144].

These plant-based diets are rich in fiber and complex carbohydrates, which are known as
prebioatics. Prebiotics are food components and supplements that cannot be digested by the
host and are metabolized primarily by our GMB. Availability of fiber and other prebiotics in
diet is beneficial in several ways. In its presence, gut microbes will preferentially ferment
dietary fiber, instead of digesting through our protective gut mucus lining [145], which has
an overall anti-inflammatory effect for the host and helps preserve insulin sensitivity [146].
Additional, fermentation of fiber yields SCFAs, which then directly affect host energy
homeostasis, insulin sensitivity, blood pressure, and overall immune system balance, as
described above.
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The effects of diet, including Mediterranean and plant-based diets, on the GMB composition
have been studied in different populations. These studies have shown generally positive
effects on GMB diversity and abundance of microbes known for their fibrolytic activity,
SCFA production, and downstream anti-inflammatory host effects [147]. In one study of HF
patients, researchers found that fiber intake was associated with increased bacterial richness
and abundance of several genera from the Firmicutes phylum [21], postulating that the gut
dysregulation in HF may in part be related to low fiber intake, suggesting dietary
modifications as potential therapeutic interventions in HF. Beneficial effects of fiber
supplementation in HF have been demonstrated in mice studies. For example, one study
found that fiber-depleted diet in mice subjected to a mild hypertensive stimulus resulted in
development of HTN, cardiac hypertrophy and fibrosis. Fiber supplementation, but also
SCFA supplementation alone, rescued this phenotype [38]. Both interventions modified
GMB composition, increasing the abundance of SCFA acetate-producing bacteria and
decreasing the level of gut dysbiosis [38]. It is important to note that the cardiovascular
benefits of the Mediterranean and plant-based diets both in general population and on HF
patients were identified in population-level studies that did not include concomitant analysis
of GMB. Therefore, the proposition that some of the benefits of these diets are mediated by
the gut microbiome is at this point only a hypothesis, which should be evaluated in dedicated
interventional studies.

Diet-gut microbiome interactions may also result in generation of cardiotoxic metabolites.
For example, dietary L-carnitine- and choline-derived microbial metabolite TMAOQO is much
higher in omnivores than in individuals consuming vegetarian and vegan diets [40]. Red
meat is particularly high in TMAO precursors, but, reassuringly, dramatic reduction in
circulating TMAO levels can be achieved after only few weeks of cessation of red meat
intake [41]. It is possible that some of the CV benefits of Mediterranean and plant-based
diets may be related to low meat intake and decreased production of cardiotoxic metabolites.
Meat intake is positively associated with TMAQ in patients with HF as well [21].

Salt intake is another aspect of diet that affects GMB composition and its metabolic output.
Wilck et al. showed that high salt diet (HSD) in mice led to depletion of the gut microbe
Lactobacilllus murinus, and subsequent supplementation with this microbe increased GMB
output of indole (a metabolite of dietary tryptophan), suppressed pro-inflammatory Th17
cells proliferation, and attenuated development of HTN [148]. Similar findings were noted
in a small human pilot study, where a two-week course of HSD resulted in near complete
loss of Lactobacillus, expansion of circulating Th17 cells and elevated blood pressure [148].
Other studies have similarly demonstrated HSD-related alterations of the GMB composition
and change in SCFA output [149].

Restriction of salt intake is the cornerstone of HF management and endorsed by multiple
guidelines, and it is likely that some benefits of low sodium diet in HF may be mediated via
GMB, as suggested by the above studies. However, findings of other studies reviewed here
suggest that individuals at risk of HF or already diagnosed with this disease may potentially
benefit from more specific dietary guidelines. It is also likely that more comprehensive and
granular data will in the future enable us to provide our HF patients with truly personalized
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nutritional recommendations that will be derived from both their uniqgue GMB signature and
their genotype.

Probiotic Interventions

Probiotics are live microbes ingested by the host that can interact with the resident GMB
community, resulting in altered community balance and metabolic output. Potential benefit
of probiotics in HF has been demonstrated mostly in animal studies. Supplementation with
Lactobacillus rhamnosus GR-1 in rats suffering from induced ischemic HF resulted in
attenuation of LV hypertrophy, improvement in systolic and diastolic LV function and
hemodynamic parameters [150]. Notably, observed probiotic-related benefits persisted for
weeks following treatment cessation. In a different study, pre-treatment of rats with either
oral vancomycin or probiotic Lactobacillus plantarum 299v/Bifidobacterium lactis Bi-07
prior to induced Ml resulted in significantly smaller infarct area and overall improved
cardiac function [151]. Cardioprotective effects of Lactobacillus supplementation were also
seen in mice with induced MI and HF pre-treated with broad-spectrum antibiotics [39].

The only published human study of effects of probiotics in HF to date was a small
randomized study, where HF patients received either a 3-month course of probiotic
Saccharomyces boulardii (S.boulardii) or placebo [152]. Probiotic treatment was associated
with statistically significant, albeit modest, improvement in LV systolic function and left
atrial size. More data are coming - GutHeart in an ongoing randomized, open-label,
controlled trial of patients with stable HF receiving either S.boulardii; antibiotic rifaximin,
or no treatment [153,154]. Primary end-point of the study will be change in LV systolic
function, but the study will also evaluate changes in quality of life, functional capacity, and
biomarkers of gut permeability and systemic inflammation.

Gut Microbial Enzyme Inhibition

The obvious limitation of several of the discussed therapeutic approaches is the lack of
specificity, which may result in unintended and potentially negative host effects. Many of the
gut microbial enzymes are not found in the host, so targeting these enzymes is a very elegant
way to overcome these challenges. Additionally, doing so in a non-lethal fashion may avoid
unintended negative effects on the remainder of the GMB community. So far, this approach
has been used in targeting the TMAQO meta-organismal pathway. 3,3-dimethy-1-Ibutanol is a
non-lethal inhibitor of TMA lyases, bacterial enzymes that help convert dietary choline to
TMA. Its administration in mice fed a high choline diet resulted in decreased circulating
TMAO levels, decreased foam cell formation and fewer atherosclerotic plagues [155].
Interestingly, DMB is naturally found in extra virgin olive oil, balsamic vinegar and red wine
[155], staples of the Mediterranean diet. Inhibition of other enzymes in the TMA/TMAO
synthetic pathway also resulted in complete suppression of choline diet-enhanced TMAQO
generation, as well as attenuated platelet aggregation and artery clot formation in mice
[156]. Targeted inhibition of microbial choline-TMAO conversion was also evaluated in
pressure overload mice model of HF, where it improved cardiac remodeling and cardiac
function [157]. While human studies evaluating the feasibility and efficacy of this elegant
approach are needed, studies reviewed here suggest that both pharmacologic modification of
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the TMAO biosynthetic pathway and targeted dietary interventions may be viable strategies
for modulating pathogenesis and progression of HF.

Fecal Microbiota Transplant

Fecal microbiota transplant involves transfer of stool from a healthy individual into diseased
recipient’s Gl tract. This approach has been tremendously successful in treatment of
recurrent, antibiotic-resistant C.difficile infection [158]. While FMT is presently approved
only for this indication, preliminary data suggests that this approach may be beneficial for
many other diseases and is currently being evaluated in hundreds of clinical trials, both in
gastrointestinal and systemic diseases. For example, FMT has shown promise in treating IR
and metabolic syndrome [110,159]. It is likely, however, that moving forward this approach
will be met with increased scrutiny given several recent cases where several
immunocompromised FMT recipients died after developing systemic infection caused by
organisms originating from the donor GMB which were not identified on initial donor
screening [160]. More comprehensive donor screening protocols will need to be developed
to avoid serious adverse effects. As of writing of this article, there have been no studies of
FMT in HF, but, provided that the above challenges are addressed, this may be a feasible
option in the future.

Conclusions

Accumulating evidence has suggested that GMB plays an important role in development and
progression of HF, its comorbidities, and immune-mediated subtypes of cardiomyopathy,
including myocarditis and anthracycline-induced cardiotoxicity. Microbial translocation, and
altered structure and function of GMB have been consistently shown to contribute to HF,
emphasizing the intense interaction between the gut and heart, known as the “gut
hypothesis” of HF. Over the past decade, metabolomics has become one of the most
commonly used methods for studying metabolic function and output of GMB. Discovery of
metabolites such as SCFA, TMAO, amino acid metabolites, and BAs has enabled elucidation
of complex host-microbe interactions in HF and other diseases, and these metabolites serve
as promising therapeutic targets for HF. Nevertheless, the evidence on the causal relationship
between altered GMB and HF is mostly from preclinical studies, and the proposed
mechanistic links still need to be confirmed in clinical studies. Moreover, there is still
limited evidence on efficacy and safety of direct modifications of the gut microbial
composition and metabolic function, especially in humans. Therefore, further investigations
need to focus on expanding insight into the role of GMB in the pathogenesis of HF, and
developing novel therapeutic interventions targeting GMB in HF.
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Figure 1. “Gut hypothesis” of heart failure and its comorbidities.
Figure 1 shows that hemodynamic features of heart failure (HF), decreased cardiac output

and elevated intracardiac filling pressure, cause gut epithelial hypoperfusion and
dysfunction, which causes increased intestinal permeability, intestinal malabsorption, altered
gut microbiota, and increased sodium and fluid reabsorption, thereby resulting in increased
inflammation, cardiac cachexia, insulin resistance, and HF decompensation, respectively.
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Figure 2. Proposed approaches to modulating gut microbiota in heart failure.
Figure 2 illustrates different approaches to modulation of the gut microbiota in heart failure.

These include dietary, prebiotic and probiotic interventions, targeted non-lethal inhibition of
enzymes within the gut microbiota, and fecal microbiota transplantation.
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Table 1.

Overview of different methods for gut microbiome characterization.

Page 28

in specific media and conditions

Laboratory Description Advantages Disadvantages
technique
Culturomics - Traditional method to grow organisms | - The most sensitive method to | - Unable to study unknown organisms

detect the presence of known
organisms

- Allows detailed study on each
strain

- Widely available

- Low cost

- Many known organisms simply
cannot be cultured

- Anaerobes require advanced culture
methods

- Results may vary by different
techniques, media, and conditions

Polymerase chain
reaction (PCR)

- Allows identification and
quantification of targeted microbial
taxa and gene expression

- Quantitative and reverse-transcription
PCR

- Provides absolute abundance
of each taxon

- Can be combined with other
methods

- Widely available

- Relatively low cost

- Limited to known microbes and gene
- Different primers, probes, and panels
can lead to different results

16S rRNA gene
sequencing

- Targets and amplifies hypervariable
regions on 16S rRNA using specific
primers followed by next-generation
sequencing

- Maps the sequences to a database

- The most commonly used method for
studying microbiome over the past
decade

- Can identify cultured and
uncultured microbes at genus
levels

- Relatively widely accessible

- Provides relative abundance of each
genus

- Lack of the detail at the species or
strain level

- Different primers yield significantly
different microbial profiles

Whole metagenomics
shotgun sequencing

- Sequences the entire DNA contained
in a sample

- Processed by advanced bioinformatics
software

- Displacing 16S rRNA sequencing

- Expands the microbiome
database at species- and strain-
level resolution

- Allows identification of
functional potential of the
microbial community

- Increasingly available

- Unable to provide absolute
abundance

- Host DNA can interfere with the
results

- Unknown reproducibility

- Relatively expensive

Metatransriptomics
and metaproteomics

- Sequences the complementary DNA
derived from mRNA
(metatranscriptomics)

- Identifies proteins by mass
spectrometry (metaproteomics)

- Identifies gene expression
and functional profiles of the
overall microbial community

- Unable to provide results specific to
each microbe

- mRNA does not last long in a sample
as bacterial translation takes only a few
minutes

- Lack of correlation between gene
expression and proteins

- Much more technically challenging
than sequencing-based methods

- Expensive

Metabolomics

- Identifies and quantifies non-protein
metabolites of the microbial
community usually using mass
spectrometry

- Targeted and untargeted
metabolomics

- Provides comprehensive data
on inter-microbe and host-
microbe interactions

- Relatively widely available

- Unable to identify genus, species, or
strain of the microbe producing the
metabolite

- May not be sensitive for some
molecules
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Summary of published studies of gut microbiome alterations in patients with heart failure.

(2020)

HFrEF (40 discovery,
44 validation cohort),
266 controls, Norway

sequencing

Study author Ref. | Patients, Analytical Key findings in HF patients
(year) controls, method
study
location
Sandek et al. [3] 22 patients with Fluorescent in situ - Thousand-fold higher density of bacteria within the mucosal
(2007) chronic heart failure hybridization (FISH) | layer
with reduced ejection of the sigmoid - Microbes more adherent to the mucosal biofilm
fraction (HFrEF), 22 mucosal tissue
controls, Germany biopsies
Sandek et al. [2] 65 patients with FISH of stool - Similar concentration and relative abundances of bacteria in
(2014) chronic HFrEF, 25 samples and sigmoid | the stool samples
controls, Germany mucosal tissue - Increased concentration of strictly anaerobic bacteria within
biopsies the mucus layer, including Eubacterium rectale, Prevotella,
Faecalibacterium prausnitzii
Pasini et al. [5] 60 patients with Culture growth - HF patients more frequently colonized with potential
(2016) chronic stable HF, 20 pathogens (Candida, Campylobacter, Shigella, Salmonella,
controls, Italy Yersinia enterocolitica) and with higher relative abundances
- Relative abundance of pathogens positively correlated with
HF severity
Kamo et al. [16] | 22 patients 16S rRNA gene - Relative depletion of species Eubacterium rectale and Dorea
(2017) hospitalized for acute sequencing longicatena (producers of SFCA)
exacerbated HF, 12 - Compared to younger HF patients, older HF patients had
controls, Japan relative depletion of Faecalibacterium prausnitzii and
Clostridium clostridioforme, and enrichment in Lactobacillus
genus and Proteobacteria phylum (parent phylum of
potentially pathogenic bacteria such as Escherichia, Shigella,
etc.)
Luedde et al. [17] | 20 patients with 16S rRNA gene - Lower alpha diversity
(2017) chronic HFrEF (70% sequencing - Relative depletion of families Coriobacteriaceae,
with acute HF), 20 Erysipelotrichaceae, Ruminococcaceae, genera Blautia and
controls, Germany Collinsella, as well as two unclassified genera belonging to
the Erysipelotrichaceae and Ruminococcaceae families
Kummen et al. [19] | 84 patients with stable | 16S rRNA gene - Lower GMB diversity/richness
(2018) HFrEF (40 discovery, sequencing (for - Relative depletion of genera Faecalibacterium and
44 validation cohort), taxonomic Bifidobacterium, family Lachnospiraceae (including genera
260 controls, Norway composition), Blautia, Coprococcus, and species Eubacterium hallii) and
Tax4Fun (for depletion of in genes for butyrate production
microbial gene - Several taxa from the Lachnospiraceae family inversely
prediction) correlated with soluble CD25, a marker of T-cell activation
- Decreased abundance in Eubacterium hallii associated with
worse outcomes (death or heart transplant listing)
Cui et al. (2018) [20] | 53 patients with Metagenomic - Faecalibacterium prausnitzii depleted, Ruminococcus
HFrEF, 41 controls, sequencing, fecal gnavus enriched
China and plasma - On the functional level, HF associated with decrease in the
metabolomics SCFA biosynthetic pathway, enrichment in TMA biosynthetic
pathway and genes for LPS biosynthesis
- Veillonellainversely correlated with CV protective
metabolites (e.g. niacin, cinnamic acid and orotic acid), and
positively correlated with sphingosine-1-phosphate (this
metabolite also positively correlated with Coprobacillus and
Streptococcus)
Katsimichas et al. [18] | 28 patients with non- 16S rRNA gene - Enrichment of Streptococcusand Veillonella genera
(2018) ischemic CM sequencing (for - Depletion of SMB53 genus
hospitalized with acute | taxonomic - Many differentially abundant amino acids, carbohydrate,
exacerbated HFrEF, 19 | composition) vitamin, and xenobiotic metabolic pathways between the two
controls, Japan PICRUst (for groups
microbial gene
prediction)
Mayerhofer et al. [21] | 84 patients with stable | 16S rRNA gene - Lower Firmicutes/Bacteroidetes (FIB) ratio in HF, and

lowest F/B ratio and alpha diversity at baseline in patients
who reached a clinical endpoint (heart transplant or death)
- Meat intake correlated with higher
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Study author Ref. | Patients, Analytical Key findings in HF patients
(year) controls, method
study
location
TMAO levels, and bacterial richness and abundance of several
genera in the Firmicutes phylum correlated with fiber intake
Yuzefpolskaya et [22] | 240 patients with 16S rRNA gene - GMB diversity correlated inversely with severity of HF

al. (2020)

HFrEF, chronic left
ventricular assist
device (LVAD) or
heart transplant, No
controls, United States

sequencing
Biomarkers of
inflammation,
endotoxemia and
oxidative stress

- Relative depletion of Bacteriodetes in all groups

- Increased abundance of some taxa with anti-inflammatory
properties, including Lachnospiraceae and Ruminococcaceae
families, and Methanobrevibacter genus in patients with mild
HF compared to patients with more severe HF

- LPS and sCD14 higher in HF patients with most severe HF,
LVAD, and heart transplant, compared to less severe HF
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