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Background: The gut microbiota in patients with chronic heart failure (HF) is characterized by low bacterial diversity and reduced ability to synthesize beneficial metabolites. These changes may facilitate leakage of whole bacteria or bacterial products from the gut into the bloodstream, which may activate the innate immune system and contribute to the low-grade inflammation seen in HF. In this exploratory cross-sectional study, we aimed to investigate relationships between gut microbiota diversity, markers of gut barrier dysfunction, inflammatory markers, and cardiac function in chronic HF patients.



Methods: In total, 151 adult patients with stable HF and left ventricular ejection fraction (LVEF) < 40% were enrolled. We measured lipopolysaccharide (LPS), LPS-binding protein (LBP), intestinal fatty acid binding protein (I-FABP), and soluble cluster of differentiation 14 (sCD14) as markers of gut barrier dysfunction. N-terminal pro-B-type natriuretic peptide (NT-proBNP) level above median was used as a marker of severe HF. LVEF was measured by 2D-echocardiography. Stool samples were sequenced using 16S ribosomal RNA gene amplification. Shannon diversity index was used as a measure of microbiota diversity.



Results: Patients with severe HF (NT-proBNP > 895 pg/ml) had increased I-FABP (p < 0.001) and LBP (p = 0.03) levels. ROC analysis for I-FABP yielded an AUC of 0.70 (95% CI 0.61–0.79, p < 0.001) for predicting severe HF. A multivariate logistic regression model showed increasing I-FABP levels across quartiles of NT-proBNP (OR 2.09, 95% CI 1.28−3.41, p = 0.003). I-FABP was negatively correlated with Shannon diversity index (rho = −0.30, p = <0.001), and the bacterial genera Ruminococcus gauvreauii group, Bifidobacterium, Clostridium sensu stricto, and Parasutterella, which were depleted in patients with severe HF.



Conclusions: In patients with HF, I-FABP, a marker of enterocyte damage, is associated with HF severity and low microbial diversity as part of an altered gut microbiota composition. I-FABP may reflect dysbiosis and may be a marker of gut involvement in patients with HF.
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1. Introduction

Heart failure (HF) is a progressive condition affecting millions of people globally. There are several known etiological factors, but the underlying pathophysiological mechanisms behind the progression of the disease are not fully understood. Epidemiological studies have lately suggested a decline in its incidence due to better treatment, but with an aging population, the overall burden is expected to increase. It is therefore imperative to elucidate the mechanisms in HF development and progression, discover possible mediators involved, and identify potential targets for treatment (1).

Accumulating evidence indicates that the gut microbiota may play an important role in cardiovascular disease (CVD), including HF (2). Several studies have observed differences in the gut microbiota composition in patients with HF compared with healthy controls. Reduced diversity, differences in the distributions of the main bacterial phyla, and overgrowth of pathogenic bacteria have been reported in these patients (3–5).

One of the consistent findings in clinical trials is that the gut microbiota in subjects with HF appears to have a reduced capacity to produce butyrate (6). Butyrate is a short chained fatty acid (SCFA) and a product of bacterial fermentation of indigestible fibers and resistant starch in the gut. It is an important energy source for colonocytes and is believed to be crucial for the mucosal barrier function of the gut (7). With a dysfunctional mucosal barrier, whole microbes, or their components such as lipopolysaccharide (LPS), might leak into the circulation. This could elicit an immune response and contribute to the low-grade systemic inflammation seen in HF. The immune response to LPS is mediated primarily by Toll-like receptor 4 (TLR4). Both LPS-binding protein (LBP) and cluster of differentiation 14 (CD14) are essential for LPS presentation to TLR4 (8). Circulating LPS, in addition to inducing down-stream inflammation, stimulates the production of LBP and soluble CD14 (sCD14), and elevated levels of LPS, LBP, and sCD14 have been observed in different CVD states (9, 10).

Intestinal fatty acid binding protein (I-FABP) is a cytoplasmic protein most prevalent in the villi of enterocytes in the small intestine (11). It leaks from the intestinal epithelial cells when the gut mucosa is damaged and can be measured in blood as a marker of intestinal epithelial cell injury (12).

The microbial metabolite trimethylamine N-oxide (TMAO) has received attention as a prognostic marker in acute as well as chronic HF. Furthermore, preclinical studies have suggested that it may participate in the progression of HF (13), through induction of mitochondrial dysfunction, endothelial inflammation, myocardial hypertrophy, and fibrosis (14).

In this exploratory cross-sectional study, our aim was to investigate the influence of HF severity on markers of gut leakage (LPS, LBP, sCD14 and I-FABP), the microbial metabolites TMAO and butyrate, and gut related systemic inflammation. Furthermore, we aimed to explore differences in the gut microbiota diversity and in individual taxa according to cardiac function.



2. Materials and methods


2.1. Study design

In the current study we analyzed baseline data from the Targeting Gut Microbiota to Treat Heart Failure (GutHeart) trial (NCT02637167). The design of this randomized trial has been published before (15). The study was approved by the Regional Committees for Medical Research Ethics South East Norway (reference No. 2015/120/REK sør-øst) and all subjects gave written informed consent to participate.

In short, 151 adults with stable symptomatic HF in New York Heart Association (NYHA) functional classes II and III and left ventricular ejection fraction (LVEF) <40%, were enrolled in the trial. They were recruited from outpatient clinics at Oslo University Hospital Rikshospitalet (Oslo, Norway), Oslo University Hospital Ullevål (Oslo, Norway), Nordlandssykehuset (Bodø, Norway), and Instituto Nacional de Cardiologia (Rio de Janeiro, Brazil).

At least three months of optimal pharmacological treatment for HF prior to inclusion were required to be eligible. Patients with comorbidities that were assumed to significantly affect gut microbiota composition, and those treated with antibiotics or probiotics within the last 12 weeks prior to inclusion were excluded. A comprehensive list of inclusion and exclusion criteria are available in the original manuscript (15).

Severe HF was defined as having N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels above median (895 pg/ml).



2.2. Blood sampling

Venous blood sampling was performed after an overnight fast. Blood without additives and blood containing EDTA were separated within 1 h of sampling by centrifugation at room temperature and at 4°C, respectively, by using 2500 × G for 10 and 20 min respectively. The samples were then stored at −80°C until they were analyzed. NT-proBNP levels were determined using an electrochemiluminescence immunoassay (Roche Diagnostics, Mannheim, Germany). LPS levels were analyzed using the Kinetic Chromogenic LAL Assay (Lonza BioScience, Basel, Switzerland). Commercially available ELISAs were used for sCD14, IL (interleukin)-6 (R&D Systems Europe, Abingdon, Oxon, UK), IL-10 (Invitogen, Bender MedSystems GmbH, Vienna, Austria), LBP and I-FABP (Hycult Biotech, Uden, the Netherlands). Inter-assay coefficients of variation were: NT-proBNP 5%, LPS 2.8%, sCD14 7.8%, IL-6 6.6%, IL-10 9.3%, LBP 9.6%, and I-FABP 14.4%. Methods for the analysis of TMAO and CRP have been described previously (13, 16).



2.3. Fecal sampling and microbiota analysis

Methods for feces collection and storage have previously been described (16). Because of likely global differences in microbiota composition between Brazilian and Norwegian participants related to geography (17), Brazilian participants were excluded from the analysis.

We extracted microbial DNA from stool samples using the PSP Spin Stool DNA Plus extraction kit (Stratec Molecular GmbH, Berlin, Germany). The V3-V4 regions of the 16S rRNA gene were amplified and libraries were sequenced on the Illumina MiSeq platform (San Diego, California, USA). This was performed at the Norwegian Sequencing Centre (Oslo, Norway) (3).

Paired-end reads were filtered for Illumina Universal Adapters and PhiX, demultiplexed, quality trimmed, and merged using BBDuk 38.86, Cutadapt 2.1, and BBMerge 38.86 (16). Denoising to amplicon sequence variants, taxonomic classification and filtering of contaminants and rare amplicon sequence variants (ASVs) were done with QIIME2 version 2020.8 (16).

Negative controls showed no detectable levels of bacteria; therefore, we removed no contaminants from the data before performing additional analyses. All samples were rarefied to a common level of 7952 reads to lessen the effect of heterogeneous sequencing depths, and alpha diversity was calculated using this rarefied dataset.

To determine the butyrate producing capacity of the microbiota, we examined the abundance of the butyrate-acetoacetate CoA transferase gene, which encodes the rate-liming step in the process. PICRUST2 with default settings was used on all included samples (16).

A microbial diversity index (Shannon index) was generated to describe diversities between the samples. Bray-Curtis dissimilarity indices were generated to assess differences in the microbial composition between the samples. The relative abundance of ASVs were tested at phylum and genus taxonomic levels. Differentially abundant ASVs were identified at the genus taxonomic level using the linear discriminant analysis effect size (LEfSe) method, implemented in the microbiomeMarker R package version 1.2.2.



2.4. Statistics

We used non-parametric statistics in the study as most variables were skewed. Bivariate Spearman's correlation was used for simple associations. For differences in gut leakage markers and microbial metabolites between the groups of NT-proBNP above and below median, Mann-Whitney U-test was used. To further examine the associations between gut leakage markers and NT-proBNP, binary logistic regression, receiver operating characteristics (ROC) curves and area under the curve (AUC) were used. In our logistic regression model, we used age, sex, CRP, creatinine, diabetes, and history of percutaneous coronary intervention (PCI) and/or coronary artery bypass graft (CABG) as covariates. Age and sex were included by convention. CRP was included as a marker of systemic inflammation to account for potential inflammatory causes of enterocyte injury. Creatinine was included as it correlated significantly with both I-FABP and NT-proBNP. Diabetes and history of PCI and/or CABG were included as I-FABP levels were significantly higher in both patients with diabetes and with a history of PCI and/or CABG. Mantel-Haenszel's test was used for trend analysis. p-values below 0.05 were considered statistically significant. STATA-SE versions 16.1 and 17.0 were used for the statistical analyses.


2.4.1. Statistical and bioinformatical analysis of microbiota data

Wilcoxon-signed rank tests were performed to assess the distribution of alpha diversity measures and relative abundances of genera and phyla according to HF severity, defined as NT-proBNP above and below median. Permutational analysis of variance (PERMANOVA) test with 999 permutations was performed on Bray-Curtis dissimilarity indices using the functions adonis and betadisper in the Phyloseq R package version 1.40.0 to test for differences in bacterial community structures related to the groups of NT-proBNP levels. Differentially abundant ASVs were identified using the LEfSe method with multiple testing corrections using the strict function. We used R version 4.1.2 and R packages microbiome version 1.18.0 and vegan version 2.6-2 for the statistical analysis of microbiome data.





3. Results


3.1. Inclusion and baseline characteristics

There were 151 patients included in the study, of which 124 were included in Norway and 27 in Brazil. The inclusion period lasted from March 11, 2016–May 16, 2019. There was a predominance of middle-aged men in NYHA class II in our sample. Table 1 presents the baseline characteristics of the study population. Supplementary Table S1 presents the baseline characteristics of the population divided into quartiles of I-FABP.


TABLE 1 Baseline characteristics of GutHeart study participants.
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3.2. Gut leakage markers, microbial metabolites, and cardiac function

We first examined any correlations between the gut leakage markers, microbial metabolites and selected markers of cardiac function (NT-proBNP and LVEF). I-FABP and TMAO were positively correlated to NT-proBNP, and TMAO was negatively correlated with LVEF. No other statistically significant correlations were found (Table 2).


TABLE 2 Associations of gut leakage markers and microbial metabolites with markers of cardiac function (n = 151).

[image: Table 2]

We further examined our markers in relation to the severity of heart failure, defined as NT-proBNP levels above median (895 pg/ml). LBP, I-FABP and TMAO were significantly elevated in patients with NT-proBNP above median (Figure 1A). LPS (median: 32 vs. 30.5 pg/ml, p = 0.52), sCD14 (median: 1339.5 vs. 1398.5 ng/ml, p = 0.18) and butyrate-producing capacity (median: 3826.5 vs. 4109.3, p = 0.62), were similar in patients with NT-proBNP below and above median (Figure 1B).


[image: Figure 1]
FIGURE 1
(A) Box plots of LBP (left), I-FABP (middle), and TMAO (right) and (B) box plots of LPS (left), sCD14 (middle) and butyrate (right) in relation to the groups of HF severity defined as NT-proBNP below and above median (n = 151). LBP, lipopolysaccharide binding protein; I-FABP, intestinal fatty acid binding protein; TMAO, trimethylamine N-oxide; LPS, lipopolysaccharide; sCD14, soluble cluster of differentiation 14; NT-proBNP, N-terminal pro-B-type natriuretic peptide.


ROC curve analysis for predicting NT-proBNP above median was significant for I-FABP (AUC 0.70, 95% CI 0.61–0.79; p < 0.001) (Figure 2), LBP (AUC 0.61, 95% CI 0.52– 0.71; p = 0.026), and TMAO (AUC 0.61, 95% CI 0.52–0.71; p = 0.029).
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FIGURE 2
ROC curve analysis of I-FABP for predicting NT-proBNP above median (n = 151). I-FABP, intestinal fatty acid binding protein; NT-proBNP, N-terminal pro-B-type natriuretic peptide.


We then divided I-FABP into quartiles and calculated median NT-proBNP in each of the quartiles. In the highest quartile of I-FABP, median NT-proBNP levels were significantly higher than in the three lower quartiles (Supplementary Figure S1). We therefore stratified the patients by I-FABP into two groups: those in the highest quartile and those in the three lower quartiles (cutoff value 2174.5 pg/ml). Figure 3 shows the number of patients with I-FABP in the highest quartile for each quartile of NT-proBNP (p-value for trend < 0.001). The unadjusted odds ratio (OR) of being in the highest quartile of I-FABP was 2.11 (95% CI 1.41-3.16) for each increase in quartile of NT-proBNP. When adjusting for age, sex, CRP, creatinine, diabetes and history of PCI and/or CABG, the association remained similar (Table 3). A model controlling for traditional cardiovascular risk factors as possible confounders is presented in Supplementary Table S2, and the results are still significant. TMAO, but not LBP, correlated with I-FABP (rho = 0.39, p < 0.001 and rho = 0.06, p = 0.49, respectively). TMAO was therefore added to the multivariate regression model to examine the interrelation between the two markers. However, adding TMAO to the model did not affect the results (Table 3).


[image: Figure 3]
FIGURE 3
Number of patients with I-FABP in the highest quartile for each quartile of NT-proBNP (n = 151). I-FABP, intestinal fatty acid binding protein; NT-proBNP, N-terminal pro-B-type natriuretic peptide.



TABLE 3 Logistic regression models predicting likelihood of I-FABP being in highest quartile across quartiles of NT-proBNP.
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3.3. Gut microbiota composition, gut leakage markers, and cardiac function

The Shannon index was used as a marker of microbial diversity. Of the measured markers, only I-FABP (inversely) and butyrate-producing capacity of the microbiota correlated significantly with the Shannon index (Table 4). There were no statistically significant correlations between either NT-proBNP and Shannon index or LVEF and Shannon index (Table 4).


TABLE 4 Associations of gut leakage markers, microbial metabolites and cardiac function with the microbiota Shannon diversity index (n = 124).
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Patients with NT-proBNP above median had compositional gut microbiota alterations with depletion of Prevotella, Bifidobacterium, Parasutterella, Coprobacter, Ruminococcus gauvreauii group, and Clostridium methylpentosum group and increased relative abundance of Clostridium sensu stricto and Veillonella (all QFDR < 0.05) (Figure 4). Of these, I-FABP was negatively correlated with Bifidobacterium (rho = −0.26, p = 0.01), Parasutterella (rho = −0.25, p = 0.01), Ruminococcus gauvreauii group (rho = −0.21, p = 0.02) and Clostridium sensu stricto (rho = −0.20, p = 0.03).
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FIGURE 4
Relative abundance plots for taxa enriched or depleted in fecal samples according to NT-proBNP levels. NT-proBNP below median on the left, NT-proBNP above median on the right (n = 124). NT-proBNP, N-terminal pro-B-type natriuretic peptide.





4. Discussion

In this study, we aimed to explore the association between HF severity and markers of gut barrier dysfunction, gut-related metabolites, and gut microbiota composition.

Levels of the leakage markers I-FABP and LBP, and the microbial metabolite TMAO, were higher in the group of patients with more severe HF. Patients in the highest quartile of NT-proBNP had an approximately 2-fold increased risk of being in the highest quartile of I-FABP. This association remained unchanged after adjusting for age, sex, systemic inflammation, renal function, diabetes and history of coronary artery disease.

I-FABP is considered an early marker of enterocyte injury, with significantly elevated blood levels being detected as early as after 30 min of acute mesenteric ischemia (18). In HF, the splanchnic microcirculation is disturbed due to increased congestion, reduced perfusion, and vasoconstriction. This leads to ischemia and dysfunction of epithelial cells in the gut (19). Circulating I-FABP has been suggested as a biomarker of intestinal permeability in different populations (20). Some studies have examined I-FABP in acute HF, however to our knowledge, there are no studies reporting on I-FABP in chronic HF (21, 22).

Interestingly, in a study on patients with acute decompensated HF, no correlation between I-FABP and NT-proBNP was found. I-FABP levels were however associated with adverse clinical events (21). A similar study on patients with acute HF and cardiogenic shock found that I-FABP levels at admission predicted all-cause mortality at 30 days, independent of NT-proBNP, lactate, and renal function (22). Taken together, these and our results suggest that enterocyte injury occurs both in acute and chronic HF, despite optimal medical treatment as in our study, and may have potential as a prognostic marker in both settings. Whether increased I-FABP levels in severe chronic HF merely reflect splanchnic hypoperfusion and enterocyte injury or if I-FABP plays a role in the pathogenesis of HF itself, is not possible to determine from our study. Given its involvement in lipid metabolism, it is possible that I-FABP may be involved in the disease process in some way, but further studies are required to determine a possible mechanistic role.

LPS was not associated with cardiac function in our study. LPS is believed to stimulate hepatic LBP production, thus LBP may be regarded as an indirect marker of circulating LPS. There is limited data on LBP in HF, but high levels seem to be associated with increased risk of other forms of CVD as well as with cardiovascular and all-cause mortality (23). Our results show that LBP increases with more severe HF. The lack of direct correlation to LPS may be because LPS is short-lived in the systemic circulation, while LBP has a longer half-life and reflects long-term LPS exposure (24). Elevated LPS levels have previously been demonstrated in HF patients with peripheral oedema; however, the levels normalized after diuretic therapy (10). Our study population had symptomatic HF, but they were all stable and on optimal medical treatment for at least 3 months prior to inclusion.

Patients with more severe HF had dysbiotic features in the gut microbiota. Furthermore, I-FABP was negatively correlated to gut microbiota diversity and to certain bacterial taxa that were reduced in patients with severe HF. At a functional level, some of these taxa are known producers of SCFA, in particular acetate (Prevotella, Bifidobacterium, Coprobacter, Ruminococcus gauvreauii group, Clostridium methylpentosum group, Veillonella) and butyrate (Prevotella, Bifidobacterium, Clostridium sensu stricto). Some also generate the metabolite succinate. Acetate and succinate are both intermediates with important roles in the cross-feeding pathways in the gut microbiota (25). Additionally, in experimental studies, acetate appears to prevent the development of hypertension and HF and is suggested to have sympatholytic effects on heart rate, exert negative inotropic effects and lower blood pressure in a murine model (26, 27). In addition to the beneficial effects of butyrate on gut barrier function, it also exerts positive effects in the cardiovascular system. It has antihypertensive, anti-inflammatory and sympatholytic properties through free fatty acid receptors and suppression of histone deacetylases, and is an important fuel source for the failing heart (28). Although we did not measure circulating levels of acetate, the above-mentioned results show how dysbiotic alterations in the gut microbiota may be involved in the pathophysiology of HF independent of inflammation.

In addition to SCFA, the gut microbiota produces a plethora of other metabolites, some of which have been linked to HF pathogenesis (e.g., TMAO) (29). Certain amino acid metabolites and bile acids have also been studied in this context, but a detailed discussion of all metabolites is beyond the scope of the present work. Some of these metabolites may also be of importance in the taxa we found enriched or depleted, and future studies combining metabolomics with microbiota composition could shed light on the issue.

 Some of the bacteria enriched in the NT-proBNP above median group are also known trimethylamine (a TMAO precursor) producers, such as Clostridium senso strictu (30). Bifidobacterium, which was depleted in the high NT-proBNP group, is believed to have immunomodulatory effects, which could impact the chronic low-grade inflammation observed in patients with HF (31).

Our study has some limitations. First and foremost, we did not adjust correlations for multiple comparisons, although differentially abundant bacterial taxa were FDR-corrected. This study is explorative and hypothesis-generating, and we considered that further adjustment would be too strict. Furthermore, we do not have a healthy control group for comparisons. Lastly, we did not measure butyrate directly, as this method would require fresh stools, without preservatives. Unfortunately, due to long geographical distances in population studies, obtaining fresh stools was not feasible. However, we estimated the butyrate-producing capacity of the microbiota, which is a crude measure of the actual butyrate levels. Our study also has obvious strengths, in particular standardized data capture, biobank sampling and analyses of data obtained in a randomized controlled clinical trial.

Future research should focus on the relationships between gut leakage markers, especially I-FABP, and clinical outcomes in HF patients. A more direct link between gut wall congestion, I-FABP levels, and the potential reversibility of anti-congestive therapies would also be of great interest. We hypothesize that I-FABP may be a marker of gut wall involvement and possibly gut leakage-induced inflammation in HF. Furthermore, we need in-depth studies in patients with HF utilizing gut metagenomics and metabolomics to better understand the impact of the gut microbiota disparities observed.



5. Conclusions

Severe HF is associated with higher levels of I-FABP compared to moderate HF. This is reflected in the microbiota by dysbiotic alterations such as lower diversity and a decrease in several beneficial symbionts, including SCFA-producers.

We hypothesize that I-FABP is a marker of the gut involvement and the dysbiotic features in the gut microbiota of patients with HF, and may have prognostic value in chronic HF. Furthermore, these features, through interaction with different SCFA-receptors, may be involved in the pathophysiology of HF progression. However, further studies are warranted to support these hypotheses.



Data availability statement

The data analyzed in this study is subject to the following licenses/restrictions: For national legal reasons, the sequence data are not available in public repositories. The data are however available upon request, following the establishment of a material and data transfer agreement between the institutions and the approval of an amendment application to the Regional Committees for Medical Research Ethics to ensure that the aim of the planned research is covered by the participant consent forms. Requests to access these datasets should be directed to Andraž Nendl, andraz.nendl@medisin.uio.no.



Ethics statement

The studies involving human participants were reviewed and approved by Regional Committees for Medical Research Ethics South East Norway. The patients/participants provided their written informed consent to participate in this study.



Author contributions

AN, AA, IS and MT conceptualized the study. AA, CM, KL and SM included patients in the clinical trial. SR and KH performed the bioinformatic analysis of the microbiota data. AN performed the statistical analysis. AA, IS and MT supervised the analysis. AN and AA interpreted the findings and drafted the manuscript. SR, KB, CM, KH, BH, KL, SM, JH, IS, MT and AA critically reviewed the manuscript and AN revised the manuscript for final submission. All authors contributed to the article and approved the submitted version.



Funding

The GutHeart study was funded by the Blix foundation for the promotion of medical research, Norway; the Norwegian Health Association, Norway; Stein Erik Hagen's Foundation for Clinical Heart Research, Norway; and Ada og Hagbart Waages humanitære og veldedige stiftelse, Norway. Alfasigma and Biocodex kindly provided the investigational medicinal products. The funders had no role in the study design, collection, analysis and interpretation of the data, in the writing of the report, and in the decision to submit the paper for publication.



Acknowledgments

We would like to thank Alex S Felix, Sigrun Halvorsen, Ida Gregersen, Asbjørn Svardal, Sissel Åkra, Linn Fosshaug and Andrea Lorenzo for their commitment in conducting the GutHeart trial. Lastly, we would like to thank all the patients in the GutHeart trial for their participation.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.1160030/full#supplementary-material.



References

1. Roger VL. Epidemiology of heart failure: a contemporary perspective. Circ Res. (2021) 128(10):1421–34. doi: 10.1161/CIRCRESAHA.121.318172

2. Murphy K, O'Donovan AN, Caplice NM, Ross RP, Stanton C. Exploring the gut microbiota and cardiovascular disease. Metabolites. (2021) 11(8):493. doi: 10.3390/metabo11080493

3. Kummen M, Mayerhofer CCK, Vestad B, Broch K, Awoyemi A, Storm-Larsen C, et al. Gut microbiota signature in heart failure defined from profiling of 2 independent cohorts. J Am Coll Cardiol. (2018) 71(10):1184–6. doi: 10.1016/j.jacc.2017.12.057

4. Pasini E, Aquilani R, Testa C, Baiardi P, Angioletti S, Boschi F, et al. Pathogenic gut Flora in patients with chronic heart failure. JACC Heart Fail. (2016) 4(3):220–7. doi: 10.1016/j.jchf.2015.10.009

5. Luedde M, Winkler T, Heinsen FA, Ruhlemann MC, Spehlmann ME, Bajrovic A, et al. Heart failure is associated with depletion of core intestinal microbiota. ESC Heart Fail. (2017) 4(3):282–90. doi: 10.1002/ehf2.12155

6. Trøseid M, Andersen GO, Broch K, Hov JR. The gut microbiome in coronary artery disease and heart failure: current knowledge and future directions. EBioMedicine. (2020) 52:102649. doi: 10.1016/j.ebiom.2020.102649

7. Yan H, Ajuwon KM. Butyrate modifies intestinal barrier function in IPEC-J2 cells through a selective upregulation of tight junction proteins and activation of the Akt signaling pathway. PLoS One. (2017) 12(6):e0179586. doi: 10.1371/journal.pone.0179586

8. Park BS, Lee JO. Recognition of lipopolysaccharide pattern by TLR4 complexes. Exp Mol Med. (2013) 45:e66. doi: 10.1038/emm.2013.97

9. Awoyemi A, Troseid M, Arnesen H, Solheim S, Seljeflot I. Effects of dietary intervention and n-3 PUFA supplementation on markers of gut-related inflammation and their association with cardiovascular events in a high-risk population. Atherosclerosis. (2019) 286:53–9. doi: 10.1016/j.atherosclerosis.2019.05.004

10. Niebauer J, Volk HD, Kemp M, Dominguez M, Schumann RR, Rauchhaus M, et al. Endotoxin and immune activation in chronic heart failure: a prospective cohort study. Lancet. 1999;353(9167):1838–42. doi: 10.1016/S0140-6736(98)09286-1

11. Ockner RK, Manning JA. Fatty acid-binding protein in small intestine. Identification, isolation, and evidence for its role in cellular fatty acid transport. J Clin Invest. (1974) 54(2):326–38. doi: 10.1172/JCI107768

12. Derikx JP, Luyer MD, Heineman E, Buurman WA. Non-invasive markers of gut wall integrity in health and disease. World J Gastroenterol. (2010) 16(42):5272–9. doi: 10.3748/wjg.v16.i42.5272

13. Trøseid M, Ueland T, Hov JR, Svardal A, Gregersen I, Dahl CP, et al. Microbiota-dependent metabolite trimethylamine-N-oxide is associated with disease severity and survival of patients with chronic heart failure. J Intern Med. (2015) 277(6):717–26. doi: 10.1111/joim.12328

14. Zhang Y, Wang Y, Ke B, Du J. TMAO: how gut microbiota contributes to heart failure. Transl Res. (2021) 228:109–25. doi: 10.1016/j.trsl.2020.08.007

15. Mayerhofer CCK, Awoyemi AO, Moscavitch SD, Lappegard KT, Hov JR, Aukrust P, et al. Design of the GutHeart-targeting gut microbiota to treat heart failure-trial: a phase II, randomized clinical trial. ESC Heart Fail. (2018) 5(5):977–84. doi: 10.1002/ehf2.12332

16. Awoyemi A, Mayerhofer C, Felix AS, Hov JR, Moscavitch SD, Lappegard KT, et al. Rifaximin or Saccharomyces boulardii in heart failure with reduced ejection fraction: results from the randomized GutHeart trial. EBioMedicine. (2021) 70: 103511. doi: 10.1016/j.ebiom.2021.103511

17. Gupta VK, Paul S, Geography DC. Ethnicity or subsistence-specific variations in human microbiome composition and diversity. Front Microbiol. (2017) 8:1162. doi: 10.3389/fmicb.2017.01162

18. Khadaroo RG, Fortis S, Salim SY, Streutker C, Churchill TA, Zhang H. I-FABP as biomarker for the early diagnosis of acute mesenteric ischemia and resultant lung injury. PLoS One. (2014) 9(12):e115242. doi: 10.1371/journal.pone.0115242

19. Verbrugge FH, Dupont M, Steels P, Grieten L, Malbrain M, Tang WH, et al. Abdominal contributions to cardiorenal dysfunction in congestive heart failure. J Am Coll Cardiol. (2013) 62(6):485–95. doi: 10.1016/j.jacc.2013.04.070

20. Huang X, Zhou Y, Sun Y, Wang Q. Intestinal fatty acid binding protein: a rising therapeutic target in lipid metabolism. Prog Lipid Res. (2022) 87:101178. doi: 10.1016/j.plipres.2022.101178

21. Kitai T, Kim YH, Kiefer K, Morales R, Borowski AG, Grodin JL, et al. Circulating intestinal fatty acid-binding protein (I-FABP) levels in acute decompensated heart failure. Clin Biochem. (2017) 50(9):491–5. doi: 10.1016/j.clinbiochem.2017.02.014

22. Kastl SP, Krychtiuk KA, Lenz M, Distelmaier K, Goliasch G, Huber K, et al. Intestinal fatty acid binding protein is associated with mortality in patients with acute heart failure or cardiogenic shock. Shock. (2019) 51(4):410–5. doi: 10.1097/SHK.0000000000001195

23. Yu Y, Song G. Lipopolysaccharide-binding protein and bactericidal/permeability-increasing protein in lipid metabolism and cardiovascular diseases. Adv Exp Med Biol. (2020) 1276:27–35. doi: 10.1007/978-981-15-6082-8_3

24. Yao Z, Mates JM, Cheplowitz AM, Hammer LP, Maiseyeu A, Phillips GS, et al. Blood-Borne lipopolysaccharide is rapidly eliminated by liver sinusoidal endothelial cells via high-density lipoprotein. J Immunol. (2016) 197(6):2390–9. doi: 10.4049/jimmunol.1600702

25. Ju T, Kong JY, Stothard P, Willing BP. Defining the role of parasutterella, a previously uncharacterized member of the core gut microbiota. ISME J. (2019) 13(6):1520–34. doi: 10.1038/s41396-019-0364-5

26. Marques FZ, Nelson E, Chu PY, Horlock D, Fiedler A, Ziemann M, et al. High-fiber diet and acetate supplementation change the gut microbiota and prevent the development of hypertension and heart failure in hypertensive mice. Circulation. (2017) 135(10):964–77. doi: 10.1161/CIRCULATIONAHA.116.024545

27. Poll BG, Xu J, Jun S, Sanchez J, Zaidman NA, He X, et al. Acetate, a short-chain fatty acid, acutely lowers heart rate and cardiac contractility along with blood pressure. J Pharmacol Exp Ther. (2021) 377(1):39–50. doi: 10.1124/jpet.120.000187

28. Challa AA, Lewandowski ED. Short-Chain carbon sources: exploiting pleiotropic effects for heart failure therapy. JACC Basic Transl Sci. (2022) 7(7):730–42. doi: 10.1016/j.jacbts.2021.12.010

29. Mamic P, Snyder M, Tang WHW. Gut microbiome-based management of patients with heart failure: JACC review topic of the week. J Am Coll Cardiol. (2023) 81(17):1729–39. doi: 10.1016/j.jacc.2023.02.045

30. Ramireddy L, Tsen HY, Chiang YC, Hung CY, Chen FC, Yen HT. The gene expression and bioinformatic analysis of choline trimethylamine-lyase (CutC) and its activating enzyme (CutD) for gut microbes and comparison with their TMA production levels. Curr Res Microb Sci. (2021) 2:100043. doi: 10.1016/j.crmicr.2021.100043

31. Ogata T, Nakamura T, Anjitsu K, Yaeshima T, Takahashi S, Fukuwatari Y, et al. Effect of bifidobacterium longum BB536 administration on the intestinal environment, defecation frequency and fecal characteristics of human volunteers. Biosci Microflora. (1997) 16(2):53–8. doi: 10.12938/bifidus1996.16.53



OPS/images/fcvm-10-1160030-g004.jpg
Relative abudance plot
o

(ClostngumL_methypentosum_group {Ruminococous] gauveaun_goup Sidobacterum
50% — 100%
40% 75% |
30% 50% -
20% .
10% 5% 25%
0%l_= e S - S 0%
below bove belo above below above
Gostigum_sensy_sicto_1 Goprapacter Parasunarela
< 60%
& 75% 75%
g so% 40% 50%
8
2 25%. %1 & 25%
2 0% enicessting e 503 w | 0%l sewests. ik o 0%
belo above below abov below above
Prevotla Velorela
100% D 0
7555 75%
50% S0%%;
25% o 25%
0%: 3 0% - #9al -
"above below "above

ProBNPMedian

below
avove





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Intestinal fatty acid binding protein is associated with cardiac function and gut dysbiosis in chronic heart failure

		1. Introduction



		2. Materials and methods



		2.1. Study design



		2.2. Blood sampling



		2.3. Fecal sampling and microbiota analysis



		2.4. Statistics



		2.4.1. Statistical and bioinformatical analysis of microbiota data



















		3. Results



		3.1. Inclusion and baseline characteristics



		3.2. Gut leakage markers, microbial metabolites, and cardiac function



		3.3. Gut microbiota composition, gut leakage markers, and cardiac function











		4. Discussion



		5. Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cardiovascular Medicine

Intestinal fatty acid binding protein
is associated with cardiac function
and gut dysbiosis in chronic heart failure





OPS/images/fcvm-10-1160030-g001.jpg





OPS/images/fcvm-10-1160030-g002.jpg
1.00

2

Sensitivity
0.

025

050
1 - specificty

075





OPS/images/fcvm-10-1160030-g003.jpg
15

p for trend < 0.001

I LFABP i ighest quartle
1

5

No. of patients

[

2 3
Quartile of NT-proBNP.







OPS/images/fcvm-10-1160030-t003.jpg
z-value | p-value | Odds | 95% Cl for
ratio | odds ratio

Lower | Upper

Quartiles of NT-proBNP

Quartiles of NT-proBNP adjusted for age, sex, CRP, creatinine, diabetes and history of PCICABG

Quartiles of NT-proBNP adjusted for age, sex, CRP, creatinine, diabetes, history of PCUCABG and
o

“Statistically significant p-values are marked with an asterisk
Coef, logistic regression coefficient; SE, standard error; Cl, confidence interval; I-FABP, intestinal fatty acid binding protein; NT-proBNP, N-terminal pro-
settides CRP. C-resctive protaine PCL. parciiiansoks eoronary imarention: CABG. coronan arisry buiass oraft: TMAC, trirmsthylafring N-oide.

type natriuretic






OPS/images/fcvm-10-1160030-t004.jpg
Shannon index

Spearman’s rho p-value
LPS 0.16 0.08
LBP -0.12 016
LFABP -030 0.00"
sCD14 001 087
Butyrate 019 0,05
TMAO —0.08 0.38
NT-proBNP 0.15 0.09
LVEF 015 008

“Statistically significant p-values are marked with an asterisk
*Predicted butyrate producing capacity.

NT-proBNP, N-terminal pro-B-type natriuretic peptide; LVEF, left ventricular
ejection fraction; LPS, lipopolysaccharide; LBP, LPS-binding protein; |-FABP,
intestinal fatty acid binding protein; SCD14, soluble cluster of differentiation 14;
TMAO, trimethylamine N-oxide; NT-proBNP, N-terminal pro-B-type natriuretic
sectide: LVEF. left ventriculsr siection fraction.






OPS/images/fcvm-10-1160030-t001.jpg
Characteristic All participants

n=151
Age, years 60+9
‘Women 36 (24)
Body mass index, kg/m” 28647
Systolic blood pressure, mm Hg 120220

Diastolic blood pressure, mm Hg 7311
Heart rate, beats/min 6711
NYHA class IVIIT 109 (72)
Medical history
Hypertension 61 (40)
Diabetes mellitus 42.(28)
Current smokers 56 (37)
Ischemic heart failure 84 (56)
History of PCI and/or CABG 63 (42)
Markers of cardiac function
NT-proBNP, pg/ml 895 (447, 1698.5]
LVEE, % 31 [24, 35]

Gut leakage markers
LPS, pg/ml 319 [26.1, 37.7]

LBP, ng/ml 19471 [16138.5, 22736]
I-FABP, pg/ml 13075 (7235, 21745
SCD14, ng/ml 1374 [1196.5, 1601.5]
Microbial
Butyrate" 3853 [2411.5, 6246]
TMAO, pmol/L 6.1(39,11.6]

Inflammatory markers
CRP, mg/L 16 (07, 3.5]
IL-10, pg/ml 16 (11, 2.1]
IL-6, pg/ml

Microbial diversity measures
Shannon index 55 [4.88, 5.85]
Amplicon sequence variants 223.5 (189, 269]

Continuous variables are given as mean + standard deviation or median [quartile 1
quartile 3). Proportions are given as n (%),

NYHA, New York Heart Association; PCI, percutaneous coronary intervention;
CABG, coronary artery bypass graft; NT-proBNP, N-terminal pro-B-type
natriuretic  peptide;  LVEF, left ventricular ejection  fraction;  LPS,
ipopolysaccharide; LBP, LPS-binding protein; I-FABP, intestinal fatty acid binding
protein; sCD14, soluble cluster of differentiation 14; TMAO, trimethylamine N-
oxide; CRP, C-reactive protein; IL-10, interleukin 10; IL-6, interleukin 6
"pradicasd brtyrate producing CApaciy:






OPS/images/fcvm-10-1160030-t002.jpg
NT-proBNP LVEF

Spearman’s rho | p-value | Spearman’s rho | p-value

LFABP 034 000" —001 025
sCD14 —006 052 001 094
Butyrate® 002 084 008 042
T™MAO 024 001 —027 000"

*Statistically significant p-values are marked with an asterisk
NT-proBNP, N-terminal pro-B-type natriuretic peptide; LVEF, left ventricular
ejection fraction; LPS, lipopolysaccharide; LBP, LPS-binding protein; I-FABP
intestinal fatty acid binding protein; SCD14, soluble cluster of differentiation 14;
TMAO, trimethylamine N-oxide.

sPradicted Butyrate produicing cabaciy.





OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





