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Abstract

Microbes play an important role in human health and disease. In the setting of heart failure (HF), 

substantial hemodynamic changes such as hypoperfusion and congestion in the intestines can alter 

gut morphology, permeability, function, and possibly the growth and composition of gut 

microbiota. These changes can disrupt the barrier function of the intestines, and exacerbate 

systemic inflammation through microbial or endotoxin translocation into systemic circulation. 

Furthermore, cardio-renal alterations via metabolites derived from gut microbiota can potentially 

mediate or modulate HF pathophysiology. Recently, trimethylamine N-oxide (TMAO) has 

emerged as a key mediator which provides mechanistic link between gut microbiota and multiple 

cardiovascular diseases, including HF. Potential intervention strategies which may target this 

microbiota-driven pathology include dietary modification, prebiotics or probiotics, and selective 

binders of microbial enzymes or molecules – yet further investigations into their safety and 

efficacy are warranted.
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Introduction

There is a growing literature to support a role of the gut in the pathogenesis of heart failure 

(HF) in what is often referred to as the “gut hypothesis of heart failure.” The gut hypothesis 

implies that decreased cardiac output and redistribution of systemic circulation can lead to a 

decrease in intestinal perfusion, muscoal ischemia, and ultimately a disrupted intestinal 

mucosa. This disruption in intestinal barrier function in turn can lead to increased gut 
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permeability, increased bacterial translocation and increased circulating endotoxins that can 

contribute to the underlying inflammation seen in patients with HF. With new insights into 

the role of gut microbiota in health and disease, the contribution of gut microbiota and its 

metabolites have broadened the scope of the gut hypothesis. Herein, we will summarize the 

evidence regarding the intricate interaction between intestine and heart in the setting of HF, 

as well as the association of gut microbiota with HF. We will further discuss some key 

molecules derived from gut microbiota and potential pathogenic mechanisms that may be 

relevant to HF. Although approaches to modulating gut microbiota to treat HF are not yet 

established, possible intervention strategies aimed at these novel potential therapeutic targets 

are currently under active investigation.

Gut Microbiota in Health and Disease

There are approximately 1014 bacterial organisms belonging to more than 2,000 species 

within our bodies, the vast majority being in the gut [1]. These are commensal 

microorganisms that colonize in the human gut and play a crucial role in protection from 

environmental exposure, digestion and absorption of nutrients [2–4]. The phylogenetic 

composition of the bacterial communities evolves towards an adult-like configuration during 

the first few years of life. The shaping of gut microbiota is largely influenced by lifestyle 

factors and/or environmental exposure rather than by inherited genetic factors [5].

There is increasing evidence that the nature of the microbiome plays an important role in 

human health and disease. Recent development of high-throughput assays such as next-

generation sequencing analysis of bacterial 16S ribosomal DNA has made it possible to 

explore the composition of huge numbers of diverse microbiota in the gut in animals and 

humans [5–8]. Numerous studies have shown alterations of gut microbiota in a variety of 

conditions or diseases such as obesity [7, 9], fatty liver, insulin resistance [10], diabetes 

mellitus [8], and hypertension [11]. Experiments in fecal transplantation from 

conventionally-raised animals to germ-free or microbiota-ablated ones have shown that 

these lifestyle alterations contribute, at least in part, to the pathogenesis of these diseases [7–

11].

Gut Microbiota and Heart Failure

Alteration of Gut and Gut Microbiota in Heart Failure

The gut is a blood-demanding organ, and villi (and microvilli) are prone to functional 

ischemia due to reduced blood flow [12]. The arteries form dense capillary networks close to 

the top of the villi. This anatomical arrangement allows countercurrent exchange of oxygen 

from the arteries to the veins along their course within the villus. This results in a 

descending gradient of tissue oxygen concentration from the base to the tip of the villus. 

This gradient is inversely related to blood flow [12], hence it is directly influenced by 

alterations in perfusion in the context of HF. In patients with HF, intestinal ischemia can be 

demonstrated by a decrease in intestinal mucosal pH [13] or diminished passive carrier-

mediated transport of D-xylose [14]. Possibly as a result of intestinal ischemia [12, 15] and 

congestion [16], the morphology, permeability, and function of the intestines are 

substantially altered in HF, especially in advanced stages with cardiac cachexia [14, 17, 18]. 
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In fact, the increase in bowel wall thickness due to edema can be directly visualized in 

patients with HF [17].

The mechanistic links between gut microbiota and HF are becoming better and established. 

While evidence is still accruing, higher concentrations of adherent bacteria have been 

identified in the intestinal mucosal biofilm of patients with HF compared with control 

subjects [17]. As gut luminal hypoxia, hypercapnia, changes in local pH, redox state, and 

norepinephrine are all known to be potent activators of bacterial virulence in microbiota 

[19], the composition of intestinal microbiota may shift rapidly during intestinal ischemia 

and reperfusion [20] or following an increase in portal vein pressure [21]. Hypoperfusion 

and congestion in intestine due to reduced cardiac output can further disrupt the barrier 

function of the intestine and can promote systemic inflammation through bacterial 

translocation, potentially leading to further HF exacerbations (Figure). However, major 

changes in the gut microbial composition have not been observed in animal models of HF, 

such as one induced by coronary artery ligation in the rat [22]. In this regard, there is a 

paucity of data regarding altered gut microbial composition that is unique to human HF.

Systemic Inflammation Caused by Bacterial Translocation

Even though the levels of circulating pro-inflammatory cytokines such as tumor necrosis 

factor alpha (TNF-α), interleukin-6 (IL-6), and C-reactive protein are elevated in HF [23–

28], trials that targeted these cytokines in patients with HF failed to show benefit on cardiac 

function or prognosis [29]. Alternatively, it has been proposed that endotoxins may be an 

important stimulus for cytokine production in patients with HF through their action on 

mononuclear cells [24]. Bacteria or bacterial endotoxins such as lipopolysaccharide (LPS) 

can enter the mesenteric lymph nodes or the systemic circulation through the intestine if its 

barrier function is impaired, as it is the case in various diseases such as multiple organ 

failure, sepsis, liver cirrhosis, ischemia reperfusion, or burn injury [30–33]. The mechanism 

which leads to bacterial translocation from the gut to systemic circulation in the setting of 

HF can be explained by impaired host defense [34] as well as alterations in gut microbiota 

and intestinal barrier function that can be induced by hemodynamic changes in the intestines 

[15, 20, 21, 35].

There is evidence that bacteria or endotoxins are translocated into systemic circulation in 

humans in the absence of systemic or local infections. Indeed, bacterial DNA can be 

commonly detected in systemic circulation in the general population [36, 37], although the 

origins of these bacterial DNA remain unknown. Higher concentrations of bacterial DNA 

have been quantified in patients with heart disease when compared to healthy subjects, and 

even the compositions of the bacteria were different between these groups [38]. It has 

therefore been proposed that the concentration of bacterial DNA and its composition had a 

considerable impact on the onset of cardiovascular events [37]. In fact, levels of endotoxin 

and inflammatory markers (IL-6 and TNF-α, and sTNF-R1) increased during acute cardiac 

decompensation while endotoxin levels decreased after stabilization [14, 39, 40]. 

Furthermore, endotoxin levels were higher in the hepatic veins compared to those measured 

in the left ventricle (LV) or pulmonary artery, suggesting possible endotoxin translocation 

from the gut into the circulation [40]. Moreover, selective eradication of intestinal aerobic 
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gram-negative bacilli with enteral non-absorbable polymyxin B has resulted in a decrease in 

fecal endotoxin concentrations, monocyte production of some pro-inflammatory cytokines 

in patients with HF, and improved flow-mediated dilation, a marker of endothelial function 

[41]. These findings provide proof of concept that the gut microbiota can affect the systemic 

inflammatory response in patients with HF, even though this may not translate into 

substantial changes in circulating endotoxin or pro-inflammatory cytokine levels [41].

Cardiorenal Compromise Derived from Gut Microbiota

Besides endotoxins, metabolites derived from metabolism of dietary nutrients by gut 

microbiota have been proposed to exert endocrine effects and promote host disease 

processes. A broad mass-spectrometry based metabolomics study demonstrated a 

surprisingly large effect of the gut microbiome on blood metabolites, including indole 

derivatives such as indoxyl sulfate and phenyl derivatives such as p-cresol sulfate by 

comparing plasma extracts from germ-free and conventional mice [42]. These molecules, 

often referred to as “uremic toxins”, can originate from microbial metabolism and are 

retained in the bodies of patients with chronic kidney disease (CKD) [43]. Among them, 

indoxyl sulfate is a metabolite derived from dietary tryptophan [42] and is associated with 

the progression of renal dysfunction as well as vascular pathology by oxidative stress-

induced modification of pro-inflammatory mediators [44]. Elevated systemic levels of 

indoxyl sulfate have been associated with greater risk of cardiovascular events and mortality 

in patients with CKD [45]. In vitro studies have also demonstrated that indoxyl sulfate has a 

direct effect on cardiomyocytes (inducing hypertrophy) [46–48] and cardiac fibroblasts 

(inducing collagen synthesis) [46]. In mice, administration of indoxyl sulfate can induce the 

development of LV hypertrophy without affecting blood pressure or renal function [47], 

corresponding to the association between higher levels of indoxyl sulfate and LV mass index 

in patients with CKD [47].

Contributions of Gut Microbiota-derived Metabolites: Trimethylamine N-oxide (TMAO)

The concept that gut microbiota contribute to the pathogenesis and disease progression of 

cardiovascular diseases has been supported by the recent discovery of dietary-induced, gut 

microbiota-derived metabolites identified in high fasting plasma levels from patients 

experiencing incident major adverse cardiac events compared to those without – namely 

choline, betaine, and trimethylamine N-oxide (TMAO) [49]. Choline is a necessary nutrient 

to synthesize phospholipids in the cell membrane, methyl group metabolism and synthesis of 

the neurotransmitter acetylcholine. What has not been appreciated until now is that gut 

microbiota can convert the choline moiety of dietary phosphatidylcholine into 

trimethylamine as substrate for metabolism, which is subsequently absorbed into the human 

host and converted into TMAO by hepatic flavin-containing monooxygenases (FMO) [52]. 

Indeed, changes in bacterial composition have been shown to serve as a primary driver of 

TMAO levels [53]. Circulating TMAO levels are greatly influenced by dietary intake of 

foods that are high in substrates of TMAO production, such as phosphatidylcholine or L-

carnitine. In animal models, dietary supplementation with choline (as substrate) or TMAO 

promoted atherosclerosis in ApoE-null mice, a process that was ameliorated when gut 

microbiota were acutely suppressed by broad-spectrum antibiotics (i.e. no gut microbiota-

associated TMAO production) in animals [49], as well as in humans [54]. Furthermore, 

Nagatomo and Wilson Tang Page 4

J Card Fail. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



plasma TMAO levels were positively related to the number of coronary vessels with 

significant atherosclerotic stenosis [49]. Also, increased plasma TMAO levels were 

associated with an increased risk of major adverse cardiovascular events [54, 55]

TMAO also serves as a key driver of CKD progression. The Framingham Heart Study, 

which included 1,434 participants without CKD at baseline, revealed that choline and 

TMAO levels were independent predictors of future CKD [56]. Mechanistically, choline or 

TMAO fed mice showed increased fibrosis in the kidneys and elevation of renal injury 

markers such as kidney injury molecule-1 and cystatin-C [55]. In humans, TMAO levels 

were elevated in plasma from patients with CKD [55, 57] and end stage renal failure with 

hemodialysis [58]. Interestingly, in the HF population the TMAO level was also positively 

related to the severity of renal impairment [59, 60].

Recently, TMAO levels were found to be higher in subjects with HF compared to non-HF 

counterparts [59]. This has been replicated in other cohorts, whereby higher TMAO levels 

portend increased risk of HF hospitalization [61]. Choline, betaine and TMAO levels were 

correlated with B-type natriuretic peptide [59], echocardiographic indices of diastolic 

function (such as E/Ea and left atrial volume index) [60] but not systolic function [59, 60]. 

An increase in TMAO levels was associated with increased mortality risk after adjustment 

for traditional cardiac risk factors and cardiorenal indices [59]. Notably, whereas all 3 

measures (choline, betaine, and TMAO) were predictive of the composite endpoint of all-

cause mortality plus cardiac transplantation, only the prognostic value of TMAO remained 

statistically significant after adjustments for traditional cardiac risk factors and cardiorenal 

indices [60]. Elevated TMAO levels have also shown equivalent adverse prognostic value 

both in patients with ischemic and non-ischemic etiologies, notwithstanding that TMAO has 

an atherogenic effect [59]. Thus, it can be speculated that TMAO might have a direct 

deleterious effect on the heart independent of its atherogenic effect, although the detailed 

mechanism has not been elucidated.

The mechanisms contributing to the rise in TMAO in the setting of HF are likely 

multifactorial. Clearly, renal impairment itself can lead to accumulation of TMAO via 

decrease in clearance (Figure), even though patients with preserved renal function may 

exhibit elevated TMAO levels. In animal studies involving choline-fed mice, there was a 

direct impact of elevated TMAO levels on myocardial fibrosis and activation of associated 

profibrotic pathways as a consequence of gut microbiota metabolism [55]. It is also 

conceivable that TMAO promotes microvascular disease in heart tissue in patients with HF 

even without clinically evident coronary disease. Alternatively, direct infusion of TMAO 

appears to augment angiotensin-II mediated hypertensive effects beyond the infusion period, 

suggesting a synergistic adverse effect on neurohormonal derangements [62]. Bacterial 

overgrowth or changes in the composition of gut microbiota in patients with HF due to 

changes in the microenvironment [19] or possibly intestinal ischemia [20] may explain this 

phenomenon, since TMAO levels can be altered with changes in bacterial composition [53]. 

Increased production (from increased dietary sources or microbial/host enzymes) or reduced 

clearance (because of renal insufficiency) may also contribute to these effects. Since 

stronger correlations were observed between all 3 metabolites and LV diastolic functional 
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indices rather than systolic function [59, 60], these metabolites may influence the steepness 

of the pressure-volume fitting curves.

In summary, TMAO, a gut-microbiota derived metabolite, is associated with HF disease 

severity and may play a crucial role in its pathogenesis through multifaceted effects on 

cardiovascular pathology and renal injury. Furthermore, TMAO may provide a previously 

under-recognized mechanistic link between the intestines and cardio-renal pathophysiology.

Potential Intervention Strategies

Therapeutic tools available to modulate the microbiota-driven pathogenesis of HF remain 

limited. However, based on evidence that mechanistically links gut microbiota and HF, 

potential intervention strategies include targeting the composition of the microbiota or the 

biochemical pathways (Table). The composition of the microbiota can be modulated by diet 

[63], antibiotics, prebiotics/probiotics, or fecal transplantation. The biochemical pathways 

involved in microbiota-driven pathology can be modulated through the binder of the culprit 

molecule or pharmacologic intervention targeting host/bacterial metabolism (e.g., inhibition 

of FMO to prevent TMAO production) [52]. A mucosal barrier protector which prevents gut 

microflora translocation restoring the functionality and physiological permeability of the 

intestinal barrier [64, 65] may also be a therapeutic option.

Antibiotic Therapy

Although an association between infectious organisms and atherosclerosis has previously 

been postulated, randomized controlled studies have failed to show a benefit of antibiotic 

therapy for secondary prevention of cardiovascular events [66, 67]. However, antibiotics can 

influence the microbiota-driven pathophysiology by changing the abundance or composition 

of the microbiota community in the gut. In patients with alcohol-related cirrhosis, treatment 

with rifaximin, a non-absorbable oral antibiotic, resulted in increases in glomerular filtration 

rate and natriuresis, while reducing plasma endotoxin, IL-6 and TNF-α levels [68]. Rats 

treated with vancomycin presented a reduction of myocardial infarct size in an ischemia 

reperfusion model [69]. Interestingly, direct administration of vancomycin into the coronary 

circulation had no effect on severity of myocardial infarction. Also, the oral antibiotic 

polymyxin B decreased monocyte production of some pro-inflammatory cytokines in 

patients with HF and improved flow-mediated dilation, a marker of endothelial function 

[41]. These findings provide a proof of concept that modulation of gut microbiota can 

remotely affect the pathophysiology of various diseases including HF. However, we also 

need to recognize the potential unfavorable effects of antibiotics, such as microbial 

substitution and generation of antibiotic-resistant bacteria, as commonly seen in clinical 

practice. Therefore, this strategy is still challenging, and careful consideration to its 

application will be required to minimize the side effects of the antibiotics agents. Further 

investigations are needed to determine if judicious administration of antibiotics in specific 

circumstances can favorably affect cardiac function or clinical outcomes in the HF 

population.
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Prebiotic and Probiotic Therapy

Prebiotics are a fermented ingredient that induces the growth or activity of microorganisms, 

and probiotics are generally live microbial feed supplements that benefit the host animal by 

improving its intestinal microbial balance [70]. It has been shown that many kinds of 

metabolite production, including TMAO, can be altered by probiotic modulation in germ-

free mice colonized with human flora [53]. An accumulating body of evidence has 

demonstrated that intervention to microbiota by a probiotic product can favorably affect 

cardiac morphology and function in an animal model. Treatment with probiotics that contain 

the leptin-suppressing bacteria Lactobacillus plantarum led to the attenuation of ischemia-

reperfusion injury in rats [69]. In addition, in a rat myocardial infarction model, probiotic 

administration (Lactobacillus rhamnosus GR-1) attenuated LV hypertrophy and improved 

LV ejection fraction (LVEF) [22]. Interestingly, there were no major changes in gut 

microbial composition between the GR-1 and control treatment groups, suggesting that the 

GR-1 strain did not colonize and that this is not a prerequisite for its beneficial effect. 

Recently, a randomized controlled pilot study showed probiotic therapy with Saccharomyces 

boulardii was beneficial for patients with HF, as evidenced by improvement of cardiac 

systolic function (LVEF) and decreases in serum creatinine and C-reactive protein during 

short term follow-up [71]. Whether probiotic intervention strategies can yield long-term 

benefits remains to be determined.

Binders of Key Mediators

Agents that target the key mediators promoting the pathogenesis of disease are intriguing. 

The removal of such gut-microbiota derived metabolites (e.g., TMAO) or their precursors 

(e.g., TMA) from the gut by oral administration of specific oral non-absorbant binders could 

be a promising intervention targeting gut microbiota-driven pathogenesis. Oral charcoal 

adsorbent (AST-120) has been clinically used to remove uremic toxins such as indoxyl 

sulfate for patients with advanced renal failure. It has been shown that AST-120 also 

prevents progression of LV hypertrophy and cardiac fibrosis in rats with CKD [72] and in a 

combination model of CKD+HF [73] without affecting blood pressure. However, the 

efficacy of these intervention strategies has not yet been demonstrated in human HF.

Conclusion

Millions of years of co–evolution between humans and microorganisms have led to a 

mutualistic relationship, in which diverse ecosystems of gut microbiota contribute to the 

maintenance of our metabolic homeostasis. The interaction of heart and gut, or heart-

intestine axis, has emerged as a novel concept to provide new insights into the intricate 

mechanisms of HF. However, at present the role of gut microbiota-targeted interventions 

remains uncertain in the absence of solid, well-conducted clinical studies. Indeed, reliable 

and reproducible biomarkers may help to identify those who might benefit from such 

interventions. Further advances in this area have a huge potential for yielding significant 

breakthroughs in the development of novel therapeutic tools for metabolic modulation of 

HF.
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Highlights

• In the setting of heart failure, substantial hemodynamic changes such as 

hypoperfusion and congestion in the intestines can alter gut morphology, 

permeability, function, and possibly the growth and composition of gut 

microbiota.

• Cardio-renal alterations via metabolites derived from gut microbiota can 

potentially mediate or modulate HF pathophysiology.

• Trimethylamine N-oxide (TMAO) has emerged as a key mediator which 

provides mechanistic link between gut microbiota and multiple cardiovascular 

diseases, including HF.

• Potential intervention strategies may target this microbiota-driven pathology, 

including dietary modification, prebiotics or probiotics, and selective binders of 

microbial enzymes or molecules.
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Figure 1. Interactions between Heart Failure, Gut Microbiota, and Renal Failure
The hemodynamic changes due to heart failure range in microcirculation in intestinal villi. 

This results in the alterations in intestinal permeability and gut microbiota. Microbial and 

endotoxin translocation, trimethylamine N-oxide (TMAO), and cardiorenal compromises 

can mediate the pathology which leads to further exacerbation of heart failure and renal 

damage. Impaired clearance of these metabolites due to renal dysfunction further promotes 

this pathology and constitutes a vicious cycle.
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