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ABSTRACT

Patients with heart failure (HF) have structural and functional changes of the gut as a result
of microcirculatory disturbances. A disrupted gut epithelial barrier may lead to translocation
of microbial products into systemic circulation, possibly aggravating HF by inducing
inflammatory responses. Gut microbiota play an essential role in the maintenance of host
homeostasis because large quantities of their gene products complement host physiological
processes. Emerging evidence has suggested the potential clinical significance of gut
microbiota in the pathophysiology of HF. Imbalances of gut microbe-derived metabolites
can contribute to cardiac dysfunction and other morbidities in patients with HF. Therapeutic
research for HF through targeting microbiota is under way. Thus, the novel concept of a
heart-gut axis may lead to breakthroughs in the development of innovative diagnostics and
therapeutic approaches for HF.

Keywords: Gut epithelial barrier; Gastrointestinal microbiome; Dysbiosis; Microbe-derived
metabolites

INTRODUCTION

The potential role of the gut in the pathophysiology of heart failure (HF) has recently begun
to attract increased attention. Patients with HF develop reduced cardiac output, increased
tissue congestion, and develop peripheral vasoconstriction. These disturbances may impair
gut epithelial function, contributing to malnutrition and cachexia complicating advanced HF,
and may also lead to translocation of bacteria-derived endotoxins across the gut epithelial
barrier, thereby inducing systemic inflammatory responses.* There are more microbial

cells residing in the human gut than human cells in the body, and their combined genomes
contain millions of genes, at least one hundred-fold that of the number of human genes.

There is growing evidence that imbalances in the composition and function of gut
microbiota, known as dysbiosis, are associated with a wide spectrum of host disorders
ranging from gastrointestinal diseases to inflammatory, metabolic, and neurologic diseases.
For example, we recently used 16S ribosomal RNA gene sequencing of fecal samples from
HF patients to determine that gut microbial dysbiosis is associated with HF.” Importantly,
this result is suggestive of the potential impact that the gut microbiota may have on the
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pathophysiological processes involved in HF. In addition, a wide variety of metabolites
derived from gut microbes may also influence HF. In this review, we present the novel
concept of a heart-gut axis, and discuss how gut microbiota and microbe-derived metabolites
may contribute to the pathophysiology of HF.

GUT EPITHELIAL DYSFUNCTION IN HF

The structure and function of the gut are fundamentally altered in patients with HF.
Specifically, patients with HF have diminished intestinal blood flow, which correlates with the
severity of HF. Cachectic patients in particular have notably decreased blood flow in the celiac
trunk and the superior and inferior mesenteric arteries as measured by ultrasonography.®

HF patients also have a thickened bowel wall of terminal ileum and colon, suggesting bowel
edema,” and increased collagen accumulation in mucosal biopsies of the small intestine.®

In the intestinal villi, arterioles and venules form a countercurrent microcirculatory system.
Therefore, arteriolar oxygen shunts to venules before reaching the villus tip, resulting in
the lowest oxygen concentration occurring at the villus tip. In patients with HF, there are
microcirculatory disturbances in the gut due to reduced perfusion, increased congestion,
and sympathetically mediated vasoconstriction. These hemodynamic alterations lead to
exaggerated hypoxia, especially at the villus tip."” Indeed, the intestinal epithelial cells can
become functionally damaged as a result of bowel ischemia in HF.

Epithelial dysfunction impairs absorption of sugars, protein, and fat, which may have an
adverse effect on nutritional status and contribute to cachexia, further complicating cases of
advanced HF.”® In addition, impaired barrier function of gut epithelial cells also allows the
translocation of bacteria residing in the gut along with their products into the circulatory
system. In particular, lipopolysaccharide and endotoxin produced by gram-negative bacteria
can, upon entering the systemic circulation, trigger inflammatory responses that further
exacerbate HE."¥ Consistently, circulating levels of inflammatory cytokines such as tumor
necrosis factor-a (TNF-o) and interleukin-6 (IL-6) have been reported to increase in patients
with acute decompensated HF and remain unchanged even after clinical improvement.”"")
The increase in circulating levels of these cytokines is associated with an increased risk of
mortality in patients with HF.!V2 However, TNF-a antagonists offer no benefit on the risk

of death or hospitalization in patients with HF according to 2 large randomized placebo-
controlled trials.””*¥ On the other hand, plasma endotoxin levels are elevated during acute
decompensation in patients with HF, but normalize after treatment of HF."" Endotoxin
levels are also significantly higher in hepatic venous blood than in the left ventricle during
acute decompensation, suggesting that endotoxin can indeed enter systemic circulation from
the gut.”

GUT MICROBIOTA IN HF

Humans and gut microbiota have co-evolved for millions of years, developing a close
and interactive relationship, and gut microbiota play a critical role in maintaining host
homeostasis. There are more than 10* microbial cells in the human gut, more than the
number of human cells in the body. Until recently, our view of the microbial world has
depended largely on culture-based approaches; however, recent advances in culture-
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independent approaches have provided a comprehensive view of the human gut microbiota.
Next-generation metagenomic sequencing of 1,267 fecal samples was used to construct an
integrated catalog of human gut microbiome, which comprises a collection of approximately
10 million microbial genes, at least 100-fold greater than the number of human genes."”

A large quantity and wide variety of these gene products complement host physiological
processes. For example, gut microbiota facilitate maturation of the host immune system,
metabolize dietary components to provide the host with energy sources, and biosynthesize
multiple compounds that influence host cell function.’®" Metagenomic analysis technology
has also revealed that an altered composition of gut microbiota, known as dysbiosis, is
associated with a wide spectrum of host illnesses ranging from gastrointestinal diseases

to inflammatory, metabolic, hepatic, neurologic, and cardiovascular diseases (CVDs).?")
Experimental studies with fecal microbiota transplantation from human donors to germ-free
animals have suggested that dysbiotic gut microbiota may reproduce disease phenotypes in
recipients.?)

Only a few studies have addressed the issue of gut microbiota in HF. The colonic microbiota
profile was shown to be altered early after intestinal ischemia-reperfusion in rats as assessed
by denaturing gradient gel electrophoresis.?? The composition of gut microbiota is also
altered in guinea pigs with HF induced by aortic constriction, as determined by 16S ribosomal
RNA gene sequencing.” In patients with HF, higher levels of adherent bacteria are detected
in the sigmoid colon mucus as evaluated by fluorescence in situ hybridization.” Likewise,
larger quantities of pathogenic bacteria are present in the feces of patients with HF, including
Campylobacter, Shigella, and Salmonella, as assessed by microbial culture methods.? In addition,
we recently showed that HF is associated with gut microbial dysbiosis through 16S ribosomal
RNA gene sequencing of fecal samples from HF patients.” Furthermore, gut microbiota
profiles of HF patients vary substantially between individuals, especially according to age.

GUT MICROBE-DERIVED METABOLITES IN HF

The blood metabolite profiles of germ-free and conventionally-raised mice differ
significantly,? and it is well recognized that gut microbiota have a substantial effect on the
composition of blood metabolites in the host. Gut microbe-derived metabolites have also
been shown to contribute to disease processes.?® For example, indoxyl sulfate and p-cresyl
sulfate, known as uremic toxins, are derived from gut microbiotic fermentation products
of dietary tryptophan and tyrosine, respectively. Indoxyl sulfate has prohypertrophic and
profibrotic effects on the heart and kidney, and administration of indoxyl sulfate induces
cardiac hypertrophy and renal injury in rodents.?”?

Recent studies have revealed a role of trimethylamine N-oxide (TMAO) as a promising
biomarker for predicting the risk of CVD.?*® Gut microbiota, but not mammals,

have trimethylamine (TMA) lyase enzymes, which can produce TMA from dietary
phosphatidylcholine, choline, and carnitine. TMA is subsequently transported via portal
circulation to the liver, where it is oxidized via hepatic flavin monooxygenases to form
TMAO.?Y According to a large cohort study, elevated plasma TMAO levels are associated with
an increased risk of death, myocardial infarction, and stroke in patients undergoing elective
coronary angiography.>® Moreover, recent studies have demonstrated that patients with HF
have significantly higher plasma levels of TMAO than healthy control subjects, and elevated
plasma TMAQO levels are predictive of higher mortality risk in patients with HF.3>* Increased
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TMAO levels are also associated with more advanced stages of left ventricular diastolic
dysfunction, but not systolic dysfunction.?® In patients admitted to the hospital with acute
decompensated HF, elevated plasma TMAO levels correlate with decreased renal function
and can predict an increased risk of death or rehospitalization due to HF.> Furthermore,
increased dietary intake of choline or TMAO aggravates adverse cardiac remodeling following
transverse aortic constriction in mice.>® Taken together, these observations suggest potential
contributions of gut microbe-derived metabolites in the development of HF.

THERAPEUTIC PERSPECTIVES FOR HF

Fecal microbiota transplantation from healthy donors has proven to be quite effective

for severe cases of Clostridium difficile infection.? This finding has opened a new field of

gut microbiota-targeting therapeutic strategies aimed against a broad range of diseases.
However, fecal microbiota transplantation carries the potential risk of transferring subclinical
disease phenotypes from apparently healthy donors. Therefore, other strategies based on gut
microbiota are under investigation, including the administration of single species, cocktails
of defined microbial species, or agents that target specific microbiota-derived molecules.

For example, 3,3-dimethyl-l-butanol, a structural analog of choline, inhibits microbial TMA
lyase activity, thus lowering plasma TMAO levels and preventing atherosclerotic lesion
development in Apoe-deficient mice fed a high choline diet.>

Therapeutic management of HF through targeting gut microbiota is under investigation.
Germ-free mice have attenuated blood pressure elevation and cardiac fibrosis induced by
angiotensin II as compared to conventionally-raised mice.> Oral administration of probiotics
or vancomycin to rats reduces myocardial infarct size in ischemia-reperfusion injuries and
attenuates cardiac remodeling following myocardial infarction.*”*V Further, a high intake of
dietary fiber modifies the composition of gut microbiota and ameliorates cardiac hypertrophy
as well as hypertension in mineralocorticoid-excess mice. Oral supplementation of acetate,
one of the short-chain fatty acids produced by gut microbiota fermentation from dietary
fiber, has similar protective effects.*” In addition, oral treatment with charcoal adsorbents
that lower circulating levels of indoxyl sulfate decreases cardiac fibrosis in addition to
improving markers of renal injury in subtotal-nephrectomized rats.” There have also been a
few reports describing clinical improvement by gut microbiota-mediated therapy in patients
with HF. A pilot study of 3-month probiotic therapy with Saccharomyces boulardii for 7 chronic
HF patients demonstrated a significant improvement in left ventricular ejection fraction from
39.0% to 45.6% and a significant decrease in left atrial diameter from 4.49 to 4.20 cm.*¥
However, further investigation is required to determine whether gut microbiota-targeting
therapeutic strategies will be clinically feasible for patients with HF.

CONCLUSION

Emerging evidence supports a novel link between HF, gut epithelial dysfunction, and gut
microbiota dysbiosis. Disrupted gut barrier function and altered gut microbiota composition
may result in aberrant production and absorption of microbe-derived metabolites in HF
patients. This imbalance in gut microbe-derived metabolites together with gut epithelial
dysfunction may contribute to cardiac dysfunction, inflammation, malnutrition, and other
morbidities in patients with HF (Figure 1). A better understanding of the heart-gut axis
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Figure 1. Novel concept of a heart-gut axis. In patients with HF, microcirculatory disturbances result in gut epithelial dysfunction. HF is also associated with gut
microbiota dysbiosis and possibly aberrant production of gut microbe-derived metabolites. The imbalance in microbe-derived metabolites together with gut
epithelial dysfunction could contribute to cardiac dysfunction, inflammation, malnutrition, and other morbidities in HF patients.

HF = heart failure.
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will promote the development of innovative diagnostic and therapeutic approaches for HF.
Importantly, gut microbiota profiles can be determined noninvasively by the collection of

fecal samples and may serve as a potential promising biomarker. Furthermore, in the era of

precision medicine, personalized characterization of gut microbiome in HF patients may be

useful for individualized risk stratification and treatment decisions.®
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