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Abstract

:

Heart failure (HF) is a common condition associated with a high rate of hospitalizations and adverse outcomes. HF is characterized by impairments of either the cardiac ventricular filling, ejection of blood capacity or both. Sleep fragmentation (SF) involves a series of short sleep interruptions that lead to fatigue and contribute to cognitive impairments and dementia. Both conditions are known to be associated with increased inflammation and dysbiosis of the gut microbiota. In the present study, mice were distributed into four groups, and subjected for four weeks to either HF, SF, both HF and SF, or left unperturbed as controls. We used 16S metabarcoding to assess fecal microbiome composition before and after the experiments. Evidence for distinct alterations in several bacterial groups and an overall decrease in alpha diversity emerged in HF and SF treatment groups. Combined HF and SF conditions, however, showed no synergism, and observed changes were not always additive, suggesting preliminarily that some of the individual effects of either HF or SF cancel each other out when applied concomitantly.
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1. Introduction


Heart failure (HF) is a prevalent disease associated with a poor, yet variable prognosis whose causal mechanisms are not entirely understood [1]. Comorbidities, such as sleep apnea, are frequent in patients with HF, and have been associated with a worsened prognosis [2]. The adverse outcomes associated with the co-existence of HF and sleep apnea have been attributed, at least in part, to excessive activation of the sympathetic autonomic nervous system [3,4], yet there is substantial variability underlying these relationships suggesting that other upstream factors may be also involved. Among these factors, the gut microbiome, a vast and complex polymicrobial community that coexists with the human host and is extraordinarily adaptable to a variety of intrinsic or extrinsic changes, plays an important role in the development of immunological phenotypes and in host metabolism [5], and could be implicated in the adverse outcomes of HF-sleep apnea [6].



Indeed, previous studies have shown evidence implicating the gut microbiome in the physiopathology and prognosis of HF [7]. HF is associated with reduced microbiome diversity [8] and a shift in the major bacterial phyla, resulting in a lower Firmicutes/Bacteroidetes ratio [9], and an increase in Enterobacterales, Fusobacterium and Ruminococcus gnavus, but also in a decrease in Coriobacteriaceae, Erysipelotrichaceae, Ruminococcaceae, and Lachnospiraceae [8]. Moreover, some intestinal microbial metabolites (e.g., trimethylamine-N-oxide (TMAO) and its precursors) are present in higher amounts in patients with chronic HF, and elevated levels of TMAO have been independently associated with an increased risk of mortality in acute and chronic HF [10]. Furthermore, patients with HF, present high blood levels of endotoxins, lipopolysaccharides (LPS), and tumor necrosis factor (TNF) [11] and have increased thickness of the intestinal wall, elevated intestinal permeability, and intestinal ischemia [11,12]. All these observations suggest a causal relationship between HF and gut dysbiosis and the edematous intestinal wall, epithelial dysfunction, and the translocation of LPS and endotoxins through the intestinal epithelial barrier promoting a mechanistic pathway that ultimately aggravates HF and leads to accelerated cardiac decompensation.



Sleep apnea is a highly prevalent comorbidity in HF [3], and is characterized by episodic hypoxia and intermittent arousals leading to sleep fragmentation (SF). Like many other disorders, sleep apnea has recently been associated with gut dysbiosis and systemic inflammation [13]. SF, one of the hallmark components of sleep apnea, has been less extensively examined than intermittent hypoxia [14,15], but studies to date have shown that it induces gut dysbiosis [16], and such changes are reflected by an increase in the Firmicutes/Bacteroidetes ratio, a preferential growth of the families Lachnospiraceae and Ruminococcaceae, and a decrease in Lactobacillaceae [16]. These changes are in turn associated with increased gut permeability, increased systemic LPS levels, and ultimately with systemic inflammation, which can further precipitate and maintain gut dysbiosis [17].



Given that both HF and SF are associated with gut dysbiosis and increased inflammation [17], we hypothesized that the coexistence of both conditions would result in a more marked alteration of the gut microbiome as compared with either condition in isolation. To test this hypothesis, we analyzed changes in the gut microbiome using a mouse model of HF and SF. However, contrary to our hypothesis, our results showed no additional effects of both conditions when applied together and suggested an attenuation of the changes that were observed in the conditions separately.




2. Materials and Methods


2.1. Animal Models Experiments


Forty male mice (C57BL/6J; 10 weeks old; 12 h light/dark cycle; water/food ad libitum) were randomly allocated into four groups (n = 10 each). In two groups, the mice were allowed to sleep normally: healthy control (C) and heart failure (HF). In two groups (SF, HF + SF), SF was imposed, and in two groups (HF, HF + SF) heart failure was induced. The animal experiment including the setting of the HF and SF models were approved by the institution ethical committee and has been recently described in detail [18].



HF was induced by continuous infusion of isoproterenol [18]. Briefly, mice were anesthetized by isoflurane inhalation and an osmotic minipump (model 1004, Alzet, Cupertino, CA, USA) was implanted subcutaneously in the flank. The pump delivered 30 mg/kg d–1 of isoproterenol (Sigma Aldrich. Munich, Germany; in sterile 0.9% NaCl solution) for 28 d. Buprenorphine (0.3 mg/kg, i.p.) was administered 10 min before surgery and after 24 h, and the suture was removed 7 d after surgery. Healthy animals were subjected to the same protocol with the only difference being that no isoproterenol was dissolved into the 0.9% NaCl pump medium. As described elsewhere [18], the effectiveness of the HF model in these animals was assessed by echocardiography after 28 d of isoproterenol infusion, confirming that mice in the HF groups had significant increases in left ventricular end-diastolic (LVEDD) and end-systolic(LVESD) diameter as well as significant reductions in left ventricular ejection fraction and fraction shortening.



Two days after surgery, SF was induced daily by means of a previously described and validated device for mice (Lafayette Instruments, Lafayette, IN), which is based on intermittent tactile stimulation with no human intervention. Sleep arousals were induced by a mechanical near-silent motor with a horizontal bar sweeping just above the cage floor from one side to the other side in the standard mouse laboratory cage. Each sweep was applied in 2-min intervals during the murine sleep period (8 a.m.–8 p.m.) for 28 d (until day 30 from surgery) [18].



At the end of the 4-week experiment (HF, SF, HF + SF and control), fecal samples were obtained directly from stool expulsion stimulated by manual handling of the animal and were immediately frozen at −80 °C and stored until further analysis. Two HF + SF mice died ending up with a final sample size for post samples of 38 (NC = 10, NHF = 10, NSF = 10, NHF + SF = 8)




2.2. DNA Extraction, Library Preparation and Sequencing


DNA was extracted from individual mice feces using the DNeasy PowerLyzer PowerSoil Kit (ref. QIA12855, Qiagen, Hilden, Germany) following the manufacturer’s instructions. After adding mice stool samples into the PowerBead Tubes (Qiagen), 750 μL of PowerBead Solution (Qiagen) and 60 μL of Solution C1 were added, and samples were vortexed briefly and incubated at 70 °C with shaking (700 rpm) for 10 min. The extraction tubes were then agitated twice in a 96-well plate using tissue lyser II (Qiagen) at 30 Hz/s for 5 min. Tubes were centrifuged at 10,000× g for 3 min and the supernatant was transferred to a clean tube. Furthermore, 250 μL of Solution C2 were added, and samples were vortexed for 5 s and incubated on ice for 10 min. After 1 min centrifugation at 10,000× g, the supernatant was transferred to a clean tube, 200 μL of Solution C3 were added, and samples were vortexed for 5 s and incubated on ice for 10 min again. Furthermore, 750 μL of the supernatant were transferred into a clean tube after 1 min centrifugation at 10,000× g. Then, 1200 μL of Solution C4 were added to the supernatant, samples were mixed by pipetting up and down, and 675 μL were loaded onto a spin column and centrifuged at 10,000× g for 1 min, discarding the flow through. This step was repeated three times until all samples had passed through the column. Furthermore, 500 μL of Solution C5 were added onto the column and samples were centrifuged at 10,000× g for 1 min, the flow through was discarded and one extra minute centrifugation at 10,000× g was done to dry the column. Finally, the column was placed into a new 2 mL tube to the final elution with 50 μL of Solution C6 and centrifugation at 10,000× g for 30 s.



Furthermore, 4 μL of each DNA sample were used to amplify the V3–V4 regions of the bacterial 16S ribosomal RNA gene, using the following universal primers in a limited cycle PCR:



V3-V4-Forward (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′) and V3-V4-Reverse (5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′).



To prevent unbalanced base composition in further MiSeq sequencing, we shifted sequencing phases by adding various numbers of bases (from 0 to 3) as spacers to both forward and reverse primers (we used a total of 4 forward and 4 reverse primers). The PCR was performed in 10 μL volume reactions with 0.2 μM primer concentration and using the Kapa HiFi HotStart Ready Mix (Kapa Biosystems, Cape Town, South Africa). Cycling conditions were initial denaturation of 3 min at 95 °C followed by 20 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s, ending with a final elongation step of 5 min at 72 °C.



After the first PCR step, water was added to a total volume of 50 μL and reactions were purified using AMPure XP beads (Beckman Coulter, Brea, CA, USA) with a 0.9× ratio according to manufacturer’s instructions. PCR products were eluted from the magnetic beads with 32 μL of Buffer EB (Qiagen) and 30 μL of the eluate were transferred to a fresh 96-well plate. The primers used in the first PCR contain overhangs allowing the addition of full-length Nextera adapters with barcodes for multiplex sequencing in a second PCR step, resulting in sequencing ready libraries. To this end, 5 μL of the first amplification were used as template for the second PCR with Nextera XT v2 adaptor primers in a final volume of 50 μL using the same PCR mix and thermal profile as for the first PCR but only 8 cycles. After the second PCR, 25 μL of the final product was used for purification and normalization with SequalPrep normalization kit (Invitrogen, Waltham, MA, USA), according to the manufacturer’s protocol. Libraries were eluted in 20 μL and pooled for sequencing.



Final pools were quantified by qPCR using Kapa library quantification kit for Illumina Platforms (Kapa Biosystems) on an ABI 7900HT real-time cycler (Applied Biosystems, Waltham, MA, USA). Sequencing was performed in Illumina (Sand Diego, CA, USA) MiSeq with 2 × 300 bp reads using v3 chemistry with a loading concentration of 18 pM. To increase the diversity of the sequences, 10% of PhIX control libraries were spiked in.



Two bacterial mock communities were obtained from the BEI Resources of the Human Microbiome Project (HM-276D and HM-277D), each containing genomic DNA of ribosomal operons from 20 bacterial species. Mock DNAs were amplified and sequenced in the same manner as all other murine stool samples. Negative controls of the DNA extraction and PCR amplification steps were also included in parallel, using the same conditions and reagents. These negative controls provided no visible band or quantifiable DNA amounts by bioanalyzer, whereas all of our samples provided clearly visible bands after 20 cycles.




2.3. Microbiome Analysis


The dada2 pipeline (v. 1.10.1) [19] was used to obtain an ASV (amplicon sequence variants) table [20]. First, the sequence quality profiles of forward and reverse sequencing reads were examined using the plotQualityProfile function of dada2. Based on these profiles, low-quality sequencing reads were filtered out and the remaining reads were trimmed at positions 285 (forward) and 240 (reverse). The first 10 nucleotides corresponding to the adaptors were also trimmed, using the filterAndTrim function with the following parameters:




	
“filterAndTrim(fnFs, filtFs, fnRs, filtRs, truncLen = c(285,240), maxN = 0, maxEE = c(10,10), truncQ = 1, rm.phix = TRUE, trimLeft = c(10,10), compress = TRUE, multithread = TRUE)”








Then, identical sequencing reads were combined into unique sequences to avoid redundant comparisons (dereplication), sample sequences were inferred (from a pre-calculated matrix of estimated learning error rates) and paired reads were merged to obtain full denoised sequences. From these, chimeric sequences were removed. Taxonomy was assigned to ASVs using the SILVA 16s rRNA database (v. 132) [21]. Next, a phylogenetic tree representing the taxa found in the sample dataset was reconstructed by using the phangorn (v. 2.5.5) [22] and Decipher R packages (v 2.10.2) [23]. We integrated the information from the ASV table, taxonomy table, phylogenetic tree and metadata (information relative to the samples such as the time, batch of the DNA extraction, and change of weight) to create a phyloseq (v. 1.26.1) object [24]. Positive and negative sequencing controls sequenced and included in the ASV table were removed from subsequent statistical analyses.



The metadata consisted of 11 variables: batchDNAextraction, sample, Time (indicating whether samples were taken prior to or post treatment); Box; SF.NORMAL.SLEEP (Sleep fragmentation or normal sleep); Animal; Pump (What substance was injected, Isoproterenol or Saline—control); Initial_weight; Final_weight; and Initial ecography (the value of which was “Ready” for all the animals). We created a new variable called Condition corresponding to the four different treatment groups: C, HF, SF and HF + SF.



Taxonomic composition metrics such as alpha-diversity (within-sample) and beta-diversity (between samples) were characterized. Using the estimate_richness function of the phyloseq package, we calculated the alpha diversity metrics including Observed.index, Chao1, Shannon, Simpson, and InvSimpson indices. Regarding the different beta-diversity metrics, we used the Phyloseq and Vegan (v. 2.5-6) packages to characterize nine distances based on differences in taxonomic composition of the samples including Jensen-Shannon Divergence (JSD), Weighted-Unifrac, Unweighted-unifrac, VAW-Gunifrac, a0-Gunifrac, a05_Gunifrac, Bray, Jaccard, and Canberra. We also computed Aitchison distance [25] using the cmultRepl and codaSeq.clr functions from the CodaSeq (v. 0.99.6) [26] and zCompositions (v.1.3.4) [27] packages.



Normalization was performed by transforming the data to relative abundances, and samples containing fewer than 950 reads were discarded and taxa that appeared in fewer than 5% of the samples at low abundances were filtered out:




	
“prune_samples(sample_sums(object) ≥ 950, object)”



	
“filter_taxa(object, function(x) sum(x > 0.001) > (0.05* length(x)), prune = TRUE)”









2.4. Statistical Analysis


Comparison of echocardiographic data between all groups at baseline was performed using one-way Analysis of variance (ANOVA). Comparison of echocardiographic data between all groups at day 30 was performed using two-way ANOVA followed by the Student-Newman–Keuls comparison method. The data is presented as mean ± SEM.



We used the Partitioning Around Medoids (PAM) algorithm [28], as implemented in the cluster library (v. 2.0.7-1), to explore clustering of the samples. We further evaluated this, performing a permutational multivariate analysis of variance (PERMANOVA) using the ten distance metrics mentioned above, and the adonis function from the Vegan R package (v. 2.5-6). The Time and Box variables were considered as covariates.



To identify taxonomic features (phylum, class, order, family, genus, and species) that show significantly different abundances among studied conditions, we used linear models, as implemented in the R package lme4 (v. 1.1-21) [29]. Two different linear models were built: In the first one, the fixed effects were the Condition and Time variables and the random effects were the batchDNAextraction and the Animal, where this last one is an indicator of a paired analysis (tax_element ~ Condition + Time + (1| batchDNAextraction) + (1|Animal)). On the other hand, in the second linear model we included only post samples and, instead of the Time variable, we used as a fixed effect the Change of weight of the mouse models (Final_weight-Initial_weight). In this case we only used as a random effect the batch (tax_element ~ Condition_POST_only + Change_of_weight + (1|batchDNAextraction)).



Analysis of variance (ANOVA) was applied to assess the significance for each of the fixed effects included in the models using the Car R package (v. 3.0-6) [30]. To assess particular differences between groups we performed multiple comparisons of the results obtained in the linear models using the multcomp R package by implementing the glht function and making use of the Tukey approach (v. 1.4-12) [31]. We applied Bonferroni as a multiple testing correction. Statistical significance was defined when p values were lower than 0.05 in all the analyses.





3. Results


3.1. Experimental Modelling of HF and SF


To test whether HF and SF showed synergistic effects we designed an experiment (see Materials and Methods) in which four groups (n = 10) of male mice (the gender where this condition is most common) were subjected for four weeks to each of the following conditions (see Materials and Methods):




	
Heart failure (HF): This condition was induced by continuous infusion of isoproterenol, as previously described [18].



	
Sleep fragmentation (SF): SF was induced daily by means of a previously validated device for mice (Lafayette Instruments, Lafayette, IN), based on automated intermittent tactile stimulation. Stimulation was applied in 2-min intervals during the murine sleep period (8 a.m.–8 p.m.), as described earlier [18].



	
Combination of HF and SF (HF + SF) in which both conditions were induced in the same mice.



	
Control: where no condition was induced. Before the start of the experiment and at the end of the 4-week experiment (HF, SF, HF + SF and control), fecal samples were obtained directly from stool expulsion and frozen at −80 °C until further analysis (Figure 1).









3.2. Characterization of the Microbiome


We used a 16S metabarcoding approach of the V3–V4 region and a computational pipeline (see Materials and Methods) to assess the microbiome composition before and after the treatment, in the different groups. The number of reads observed in each sample ranged from 25,053 to 121,981 with a mean of 58,030.99 (Rarefaction curve, Figure S1). Overall, we identified 128 and 114 different taxa at the genus and species levels, respectively. We classified 56.76% reads at the genus level, and the five most abundant genera were Akkermansia, Alistipes, Bacteroides, Lachnospiraceae_NK4A136_group and an unclassified Muribaculaceae (F.Muribaculaceae.UCG).



We calculated different beta diversity metrics (see Materials and Methods, Section 2.3 Microbiome Analysis) and we produced multidimensional scaling (MDS) plots based on them such as the one represented in this section (Figure 2). We observed that sample stratification was significantly driven by Time (p < 0.05 Adonis, in all distance metrics except VAW_GUNifrac). This finding suggests that the microbiota of both treated and control mice had evolved significantly during the four weeks of the experiment (Figure 2a). In addition, we observed that samples clustered in two main enterotypes [32] (Figure 2b), which showed a significant relationship with the Time variable according to Bray–Curtis dissimilarity (Chi-square, p = 3.228 × 10–6).




3.3. Alpha Diversity


When considering all the samples together, the alpha diversity showed a tendency to increase at the end of the experiment (Figure 3a), although not significantly (p > 0.05, Wilcoxon). However, when comparing alpha diversity before and after the treatment within each group, the control group (C) but not the others, had a significant increase in alpha diversity (Figure 3c), whereas a trend toward a decrease in alpha diversity was noted for HF.



We also observed differences in alpha diversity between mice subjected to the different conditions. When considering only the samples after the experiment, we observed that both HF and SF groups had significantly lower alpha diversity, as compared to animals in C and (HF + SF) conditions (Figure 4a). When considering all samples, SF mice also showed a significantly lower alpha diversity as compared to the other groups (Figure 4b). This indicates the existence of differences in the basal microbiota before the start of the experiment and highlights the need to focus on changes occurring during the experiment rather than simply comparing final states.




3.4. Changes in Microbial Composition


We observed particular differences in abundance at different taxonomic levels according to the fixed effect variables used in the two different linear models: In the first linear model, all the samples were included (n = 78) and we studied the effect of both the Condition and Time variables, whereas in the second linear model we included only the samples after the experiment (n = 38), and focused on the Condition and Change of weight variables (Table 1).



For instance, according to the first linear model we obtained 47 differentially abundant taxa at the species level according to the Time variable. From these taxa, 11 were differentially abundant according to both the Time and Condition variables: Bacteroides acidifaciens, Bifidobacterium spp., F.Atopobiaceae.UCS, Bacteroides spp., Rikenellaceae_RC9_gut_group spp., F.Lachnospiraceae.UCS, Ruminococcaceae_UCG.014 spp., Ruminococcus spp., Allobaculum spp., Dubosiella spp., and Faecalibaculum spp., whereas 15 and 36 taxa were separately reported for Condition and Time, respectively. (Table S1).



We did not observe significant differences in both Bacteroides and Firmicutes phyla. However, when comparing their ratio between conditions we observed a tendency to decrease in all the groups but an increase, although not significant, when having both HF and SF conditions together (Figure S2).



On the other hand, applying the second linear model which only considered post-exposure samples, we observed 32 significantly differentially abundant species according to the Condition variable. Applying a multiple comparison test, the comparison with the most differences was C versus HF (Figure 5 and Table S2). Note that we observed more changes when comparing HF and SF to healthy controls separately instead of when mice were exposed to both conditions. This supports the above-mentioned results, in which the alpha diversity was lower in HF or SF separately when compared to either C or HF + SF.



Six taxa at the species level were significantly altered by both the Condition and Change of weight variables: Ileibacterium valens, Mucispirillum schaedleri, F.Peptococcaceae.UCS, Anaerotruncus spp., Ruminococcus spp. and Allobaculum spp., while 26 taxa were only significantly differentially abundant according to the Condition variable (Table 2).





4. Discussion


In the present study we used a mouse model to assess the impact on the gut microbiome composition under conditions of HF and SF, and the combination of the two perturbations, which is frequently present in patients suffering from heart failure who go on to manifest sleep apnea. Overall, the study presents a clear separation between the samples before and after the induction of the conditions, including among the mice in the control group. This clustering may be produced by the anticipated evolution of the microbiome over time, a phenomenon that has been reported in several other studies of the mouse gut microbiome [33]. Interestingly, an increase in the abundance of the family Rikenellaceae, including the genus Alistipes (p-value = 1.86 × 10–9) in the post group samples (after four weeks of experiment) emerged, taxa that have previously been reported as being overrepresented in old mice and in elderly humans [34,35].



The overall alpha diversity was increased in the post-exposure samples, but this finding was only statistically significant in the control group. This suggests that species richness is significantly higher after the four weeks of the experiment when the mice are allowed to maintain their normal activities and are devoid of any of the experimental exposures, thereby corroborating earlier studies showing that older individuals exhibit more species overall than juveniles [36]. These results support the notion of an evolving gut microbiome during mouse development and underscore the importance of including samples taken at the start and at the end of the experiments to control for that variation. Importantly, the variation in species richness differed among the treated groups, wherein those exposed to only one of the relevant conditions displayed diminished species richness. Our findings concur with previous studies that showed an alteration in the microbiome in both HF and SF conditions and a decreased alpha diversity in HF patients [8,37].



The alteration of both Lachnospiraceae and Ruminococcaceae observed herein has also been noted by others in both isolated HF or SF models [8,16]. As mentioned, when applying a multiple comparison test considering only post samples, the largest differences were between C and HF. One example of a species that is altered is Bacteroides acidifaciens, which decreased in HF compared to C. B. acidifaciens has been linked to decreased obesity and to improved insulin sensitivity [38], is more abundant in individuals with high-fiber diets and acetate supplementation, and has been reported to play a role in the regulation of the circadian cycle in the heart [38,39]. Since a disturbance in the circadian cycle can cause cardiovascular complications [40,41], a decrease in B. acidifaciens may serve as an indicator of increased risk for deterioration of the underlying cardiac insufficiency. Interestingly, we also found this species to be decreased in SF samples compared to controls (p-value = 0.00025). This could also be due to the same reason, since a disturbed circadian cycle can lead to fragmented sleep, or alternatively, SF could induce the changes in gut microbiome that then disrupt the circadian cycle and elicit increased risk for cardiac decompensation in HF.



When we restrict our attention to the HF models, we observed an increase in the species Ileibacterium valens and the genera Defluviitaleaceae_UCG.011, Ruminococcaceae_UCG.014, Ruminococcus, Allobaculum and Oxalobacter compared to healthy controls. On the other hand, in addition to the mentioned increase of B. acidifaciens, we also observed a decrease in the species Mucispirillum schaedleri and the genera Odoribacter, Alistipes, Mucispirillum, Lactococcus, Lachnoclostridium, Anaerotruncus, Oscillibacter, Dubosiella, and Anaeroplasma. In previous studies, Ruminococcaceae_UCG.014 abundance was found as significantly positively associated with serum trimethylamine N-oxide (TMAO) levels, which were associated with coronary atherosclerotic plaque and increased cardiovascular disease risk [42]. The genus Ruminococcus was also found increased in HF models [43], and was related to the inflammation that is observed in HF patients by the disruption of the gut barrier through either the translocation of gut bacterial DNA, endotoxins, or both, into the bloodstream [44]. It is known that both a high-fat diet (calorie-dense obesogenic) and aging cause inflammation in HF through an alteration of the microbiome such as increasing the phylum Firmicutes, specifically the genus Allobaculum [45], which in our study was found as significantly more abundant in HF than in C. Both Alistipes and Oscillibacter were also reported in previous studies as decreased in chronic HF patients [43].



Regarding the SF models, we observed increased Muribaculum and Faecalibaculum at the genus level, and decreased B. acidifaciens at the species level and Lactococcus, Lachnoclostridium, Harryflintia, and Dubosiella at the genus level. It is known that melatonin plays a beneficial role in the stabilization of the circadian rhythm [46] and a recent study reported that melatonin inhibits Faecalibaculum [46,47]. In our study we observed an increase of this genus. Therefore, this reduction can be an indicator of reduced melatonin bioavailability, and consequently reflects a destabilization of the circadian rhythm in SF-exposed mice. Our results also support past findings, whereby the genus Lachnoclostridium was reported as underrepresented in chronic intermittent hypoxia in guinea-pigs [48]. Hypoxia can be a consequence of a sleep disorder such as sleep apnea. We also found in the bibliography that Harryflintia was positively associated with a circadian clock gene (Cry1) whose mutations were related to sleep disorders [49].



When considering the coexistence of both HF and SF conditions compared with control mice, we detected only a very small number of differences, namely, an increase of Muribaculum and a decrease of Bilophila. Neither of these genera was previously related to these conditions. Overall, contrary to our initial hypothesis, our results show no strong synergism between the HF and SF conditions as their individual effects were not potentiated when applied in combination. Rather, the changes when the two conditions were combined were less apparent than when applying each condition individually, both in terms of changes in the alpha diversity and in the number of altered taxa. This suggests some level of antagonism between the two conditions, which may influence the microbiome in opposite directions, resulting in some of these effects cancelling each other out.



With this, we support recent studies suggesting that SF has no deleterious effect in the cardiac function [18] and surprisingly that chronic intermittent hypoxia increased the systolic function and improved left ventricular contractility in HF models, having a positive effect in the cardiac function [50,51]. These observations need to be further investigated as they may have implications for possible therapies.



One of the limitations of the study was that only male mice were considered. Although the use of females is warranted in all studies, we focused on male mice for two reasons. First, the majority of patients with HF, dilated ventricles, and reduced ejection fraction are males [52]. Second, having only one sex may control a possible confounding factor, so that the effect observed is more likely to be due to the conditions under study. However, some studies suggested that there are sex differences in the mechanisms that mediate sleep [53] and a better prognosis of HF in women [54]. Furthermore, sex differences have been found in relation to the gut microbiome. Thus, studies taking into consideration both sexes may be carried out in order to better elucidate the impact of both conditions in the gut microbiome.



Another two limitations of our study are the small sample size within each condition, limiting the statistical power of the findings, and the use of a mouse model, which entails some organism-dependent differences in the gut microbiome, such as distinct relative abundances in the dominant genera [55]. However, these are promising preliminary results with statistical significance adjusted by the sample size. Furthermore, mouse models are widely used standard models in experimental research that allow for the design of controlled experiments and for which the potential for gut microbiota research has previously been validated [55,56]. Certainly, our results could be validated in future studies by comparing gut microbiota profiles in a large cohort of patients affected by either HF and SF, or by the two comorbidities.




5. Conclusions


In summary, we have shown that the gut microbiome contains potential markers of heart failure and of sleep fragmentation when these conditions are evaluated separately. The inflammation observed in HF and SF could be mediated by alterations in abundance of particular taxa. Finally, when the two conditions were applied concomitantly, the alterations in the mouse gut microbiome were milder and virtually disappeared, suggesting some level of antagonism between the effects for HF and SF.








Supplementary Materials


The following are available online at https://www.mdpi.com/2076-2607/9/3/641/s1, Figure S1: Rarefaction curve, Figure S2: Bacteroides/Firmicutes ratio, Table S1: Results first linear model, Table S2: Results multiple comparison test (Tukey).





Author Contributions


O.K.-L., J.R.W. and E.S. carried out the microbiota analysis; I.C.-A. was in charge of the animal model experiments; I.A., R.F. and D.G. participated in data interpretation and scientific discussion; T.G. designed and supervised the microbiota analysis and discussion; N.F. conceived the study and supervised the whole research. All authors participated in the manuscript preparation. All authors have read and agreed to the published version of the manuscript.




Funding


I.C.-A. was supported by CONICYT PFCHA—Chilean Doctorate Fellowship 2017; Grant No. 72180089. R.F. was supported in part by the Spanish Ministry of Economy and Competitiveness (SAF2017-85574-R). D.G. was supported in part by National Institutes of Health grants HL130984 and HL140548. T.G. group acknowledges support from the Spanish Ministry of Science and Innovation for grant PGC2018-099921-B-I00, cofounded by European Regional Development Fund (ERDF); from the CERCA Programme/Generalitat de Catalunya; from the Catalan Research Agency (AGAUR) SGR423. from the European Union’s Horizon 2020 research and innovation programme under the grant agreement ERC-2016-724173; and from Instituto de Salud Carlos III (INB Grant, PT17/0009/0023-ISCIII-SGEFI/ERDF).




Institutional Review Board Statement


The study was approved by the Ethics Committee for Animal Experimentation of the University of Barcelona (protocol number: 174/18).




Informed Consent Statement


Not applicable.




Data Availability Statement


The raw sequence files of this study are available in the NCBI Sequence Read Archive (SRA) under the BioProject ID PRJNA662468.




Acknowledgments


The authors wish to thank Elisabeth Urrea and Miguel A. Rodriguez-Lazaro for their excellent technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Camps-Vilaró, A.; Delgado-Jiménez, J.F.; Farré, N.; Tizón-Marcos, H.; Álvarez-García, J.; Cinca, J.; Dégano, I.R.; Marrugat, J. Estimated Population Prevalence of Heart Failure with Reduced Ejection Fraction in Spain, According to DAPA-HF Study Criteria. J. Clin. Med. 2020, 9, 2089. [Google Scholar] [CrossRef] [PubMed]

	



Farré, N.; Vela, E.; Clèries, M.; Bustins, M.; Cainzos-Achirica, M.; Enjuanes, C.; Moliner, P.; Ruiz, S.; Verdú-Rotellar, J.M.; Comín-Colet, J. Real world heart failure epidemiology and outcome: A population-based analysis of 88,195 patients. PLoS ONE 2017, 12, e0172745. [Google Scholar] [CrossRef]

	



Cowie, M.R.; Gallagher, A.M. Sleep Disordered Breathing and Heart Failure: What Does the Future Hold? JACC Heart Fail. 2017, 5, 715–723. [Google Scholar] [CrossRef] [PubMed]

	



Javaheri, S.; Brown, L.K.; Khayat, R.N. Update on Apneas of Heart Failure with Reduced Ejection Fraction: Emphasis on the Physiology of Treatment: Part 2: Central Sleep Apnea. Chest 2020, 157, 1637–1646. [Google Scholar] [CrossRef] [PubMed]

	



Tremaroli, V.; Bäckhed, F. Functional interactions between the gut microbiota and host metabolism. Nat. Cell Biol. 2012, 489, 242–249. [Google Scholar] [CrossRef] [PubMed]

	



Mashaqi, S.; Gozal, D. Obstructive Sleep Apnea and Systemic Hypertension: Gut Dysbiosis as the Mediator? J. Clin. Sleep Med. 2019, 15, 1517–1527. [Google Scholar] [CrossRef]

	



Tang, W.W.; Kitai, T.; Hazen, S.L. Gut Microbiota in Cardiovascular Health and Disease. Circ. Res. 2017, 120, 1183–1196. [Google Scholar] [CrossRef] [PubMed]

	



Luedde, M.; Winkler, T.; Heinsen, F.-A.; Rühlemann, M.C.; Spehlmann, M.E.; Bajrovic, A.; Lieb, W.; Franke, A.; Ott, S.J.; Frey, N. Heart failure is associated with depletion of core intestinal microbiota. ESC Hear. Fail. 2017, 4, 282–290. [Google Scholar] [CrossRef]

	



Mayerhofer, C.C.; Kummen, M.; Holm, K.; Broch, K.; Awoyemi, A.; Vestad, B.; Storm-Larsen, C.; Seljeflot, I.; Ueland, T.; Bohov, P.; et al. Low fibre intake is associated with gut microbiota alterations in chronic heart failure. ESC Hear. Fail. 2020, 7, 456–466. [Google Scholar] [CrossRef]

	



Suzuki, T.; Heaney, L.M.; Bhandari, S.S.; Jones, D.J.L.; Ng, L.L. Trimethylamine N-oxide and prognosis in acute heart failure. Heart 2016, 102, 841–848. [Google Scholar] [CrossRef]

	



Genth-Zotz, S.; von Haehling, S.; Bolger, A.P.; Kalra, P.R.; Wensel, R.; Coats, A.J.S.; Anker, S.D. Pathophysiologic quantities of endotox-in-induced tumor necrosis factor-alpha release in whole blood from patients with chronic heart failure. Am. J. Cardiol. 2002, 90, 1226–1230. [Google Scholar] [CrossRef]

	



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

	



Ko, C.-Y.; Liu, Q.-Q.; Su, H.-Z.; Zhang, H.-P.; Fan, J.-M.; Yang, J.-H.; Hu, A.-K.; Liu, Y.-Q.; Chou, D.; Zeng, Y.-M. Gut microbiota in obstructive sleep apnea–hypopnea syndrome: Disease-related dysbiosis and metabolic comorbidities. Clin. Sci. 2019, 133, 905–917. [Google Scholar] [CrossRef] [PubMed]

	



Moreno-Indias, I.; Torres, M.; Montserrat, J.M.; Sanchez-Alcoholado, L.; Cardona, F.; Tinahones, F.J.; Gozal, D.; Poroyko, V.A.; Navajas, D.; Queipo-Ortuño, M.I.; et al. Intermittent hypoxia alters gut microbiota diversity in a mouse model of sleep apnoea. Eur. Respir. J. 2015, 45, 1055–1065. [Google Scholar] [CrossRef] [PubMed]

	



Tripathi, A.; Melnik, A.V.; Xue, J.; Poulsen, O.; Meehan, M.J.; Humphrey, G.; Jiang, L.; Ackermann, G.; McDonald, D.; Zhou, D.; et al. Intermittent Hypoxia and Hypercapnia, a Hallmark of Obstructive Sleep Apnea, Alters the Gut Microbiome and Metabolome. mSystems 2018, 3, e00018–e00020. [Google Scholar] [CrossRef] [PubMed]

	



Poroyko, V.A.; Carreras, A.; Khalyfa, A.; Khalyfa, A.A.; Leone, V.; Peris, E.; Almendros, I.; Gileles-Hillel, A.; Qiao, Z.; Hubert, N.; et al. Chronic Sleep Disruption Alters Gut Microbiota, Induces Systemic and Adipose Tissue Inflammation and Insulin Resistance in Mice. Sci. Rep. 2016, 6, 35405. [Google Scholar] [CrossRef]

	



Farré, N.; Farré, R.; Gozal, D. Sleep Apnea Morbidity: A Consequence of Microbial-Immune Cross-Talk? Chest 2018, 154, 754–759. [Google Scholar] [CrossRef]

	



Cabrera-Aguilera, I.; Benito, B.; Tajes, M.; Farré, R.; Gozal, D.; Almendros, I.; Farré, N. Chronic Sleep Fragmentation Mimicking Sleep Apnea Does Not Worsen Left-Ventricular Function in Healthy and Heart Failure Mice. Front. Neurol. 2020, 10, 1364. [Google Scholar] [CrossRef]

	



Callahan, B.J.; Mcmurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [Google Scholar] [CrossRef]

	



Nearing, J.T.; Douglas, G.M.; Comeau, A.M.; Langille, M.G. Denoising the Denoisers: An independent evaluation of microbiome sequence error-correction approaches. PeerJ 2018, 6, e5364. [Google Scholar] [CrossRef] [PubMed]

	



Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, 590–596. [Google Scholar] [CrossRef] [PubMed]

	



Schliep, K.P. Phangorn: Phylogenetic analysis in R. Bioinformatics 2011, 27, 592–593. [Google Scholar] [CrossRef]

	



Erik, S.W. Using DECIPHER v2.0 to Analyze Big Biological Sequence Data in R. R J. 2016, 8, 352–359. [Google Scholar] [CrossRef]

	



McMurdie, P.J.; Holmes, S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census Data. PLoS ONE 2013, 8, e61217. [Google Scholar] [CrossRef] [PubMed]

	



Gloor, G.B.; Macklaim, J.M.; Pawlowsky-Glahn, V.; Egozcue, J.J. Microbiome Datasets Are Compositional: And This Is Not Optional. Front. Microbiol. 2017, 8, 2224. [Google Scholar] [CrossRef]

	



Gloor, G.B.; Reid, G. Compositional analysis: A valid approach to analyze microbiome high-throughput sequencing data. Can. J. Microbiol. 2016, 62, 692–703. [Google Scholar] [CrossRef]

	



Palarea-Albaladejo, J.; Martín-Fernández, J.A. zCompositions—R package for multivariate imputation of left-censored data under a compositional approach. Chemom. Intell. Lab. Syst. 2015, 143, 85–96. [Google Scholar] [CrossRef]

	



Reynolds, A.P.; Richards, G.; De La Iglesia, B.; Rayward-Smith, V.J. Clustering Rules: A Comparison of Partitioning and Hierarchical Clustering Algorithms. J. Math. Model. Algorithms 2006, 5, 475–504. [Google Scholar] [CrossRef]

	



Bates, D.M.; DebRoy, S. Linear mixed models and penalized least squares. J. Multivar. Anal. 2004, 91, 1–17. [Google Scholar] [CrossRef]

	



Fox, J.; Friendly, M.; Weisberg, S. Hypothesis Tests for Multivariate Linear Models Using the car Package. R J. 2013, 5, 39–52. [Google Scholar] [CrossRef]

	



Hothorn, T.; Bretz, F.; Westfall, P. Simultaneous Inference in General Parametric Models. Biom. J. 2008, 50, 346–363. [Google Scholar] [CrossRef]

	



Costea, P.I.; Hildebrand, F.; Arumugam, M.; Bäckhed, F.; Blaser, M.J.; Bushman, F.D.; De Vos, W.M.; Ehrlich, S.D.; Fraser, C.M.; Hattori, M.; et al. Enterotypes in the landscape of gut microbial community composition. Nat. Microbiol. 2018, 3, 8–16. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.J.; Kim, S.-E.; Kim, A.-R.; Kang, S.; Park, M.-Y.; Sung, M.-K. Dietary fat intake and age modulate the composition of the gut microbiota and colonic inflammation in C57BL/6J mice. BMC Microbiol. 2019, 19, 1–11. [Google Scholar] [CrossRef]

	



Langille, M.G.; Meehan, C.J.; Koenig, J.E.; Dhanani, A.S.; Rose, R.A.; Howlett, S.E.; Beiko, R.G. Microbial shifts in the aging mouse gut. Microbiome 2014, 2, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Claesson, M.J.; Jeffery, I.B.; Conde, S.; Power, S.E.; O’Connor, E.M.; Cusack, S.; Harris, H.M.B.; Coakley, M.; Lakshminarayanan, B.; O’Sullivan, O.; et al. Gut microbiota composition correlates with diet and health in the elderly. Nature 2012, 488, 178–184. [Google Scholar] [CrossRef] [PubMed]

	



Mika, A.; Van Treuren, W.; González, A.; Herrera, J.J.; Knight, R.; Fleshner, M. Exercise Is More Effective at Altering Gut Microbial Composition and Producing Stable Changes in Lean Mass in Juvenile versus Adult Male F344 Rats. PLoS ONE 2015, 10, e0125889. [Google Scholar] [CrossRef] [PubMed]

	



Yuzefpolskaya, M.; Bohn, B.; Nasiri, M.; Zuver, A.M.; Onat, D.D.; Royzman, E.A.; Nwokocha, J.; Mabasa, M.; Pinsino, A.; Brunjes, D.; et al. Gut microbiota, endotoxemia, inflammation, and oxidative stress in patients with heart failure, left ventricular assist device, and transplant. J. Hear. Lung Transplant. 2020, 39, 880–890. [Google Scholar] [CrossRef]

	



Yang, J.-Y.; Lee, Y.-S.; Kim, Y.; Lee, S.-H.; Ryu, S.; Fukuda, S.; Hase, K.; Yang, C.S.; Lim, H.S.; Kim, M.S.; et al. Gut commensal Bacteroides acidifaciens prevents obesity and im-proves insulin sensitivity in mice. Mucosal Immunol. 2017, 10, 104–116. [Google Scholar] [CrossRef]

	



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

	



Duong, A.T.H.; Reitz, C.J.; Louth, E.L.; Creighton, S.D.; Rasouli, M.; Zwaiman, A.; Kroetsch, J.T.; Bolz, S.-S.; Winters, B.D.; Bailey, C.D.C.; et al. The Clock Mechanism Influences Neurobiology and Adaptations to Heart Failure in Clock ∆19/∆19 Mice with Implications for Circadian Medicine. Sci. Rep. 2019, 9, 1–18. [Google Scholar] [CrossRef]

	



Zhang, J.; Chatham, J.C.; Young, M.E. Circadian Regulation of Cardiac Physiology: Rhythms That Keep the Heart Beating. Annu. Rev. Physiol. 2020, 82, 79–101. [Google Scholar] [CrossRef]

	



Gao, J.; Yan, K.-T.; Wang, J.-X.; Dou, J.; Wang, J.; Ren, M.; Ma, J.; Zhang, X.; Liu, Y. Gut microbial taxa as potential predictive biomarkers for acute coronary syndrome and post-STEMI cardiovascular events. Sci. Rep. 2020, 10, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Cui, X.; Ye, L.; Li, J.; Jin, L.; Wang, W.; Li, S.; Bao, M.; Wu, S.; Li, L.; Geng, B.; et al. Metagenomic and metabolomic analyses unveil dysbiosis of gut microbiota in chronic heart failure patients. Sci. Rep. 2018, 8, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Lataro, R.M.; Imori, P.F.M.; Santos, E.S.; Silva, L.E.V.; Duarte, R.T.D.; Silva, C.A.A.; Falcão, J.P.; Paton, J.F.R.; Salgado, H.C. Heart failure developed after myocardial infarction does not affect gut microbiota composition in the rat. Am. J. Physiol. Liver Physiol. 2019, 317, 342–348. [Google Scholar] [CrossRef] [PubMed]

	



Kain, V.; Van Der Pol, W.; Mariappan, N.; Ahmad, A.; Eipers, P.; Gibson, D.L.; Gladine, C.; Vigor, C.; Durand, T.; Morrow, C.; et al. Obesogenic diet in aging mice disrupts gut microbe composition and alters neutrophil:lymphocyte ratio, leading to inflamed milieu in acute heart failure. FASEB J. 2019, 33, 6456–6469. [Google Scholar] [CrossRef] [PubMed]

	



Turek, F.; Gillette, M. Melatonin, sleep, and circadian rhythms: Rationale for development of specific melatonin agonists. Sleep Med. 2004, 5, 523–532. [Google Scholar] [CrossRef]

	



Hong, F.; Pan, S.; Xu, P.; Xue, T.; Wang, J.; Guo, Y.; Jia, L.; Qiao, X.; Li, L.; Zhai, Y. Melatonin Orchestrates Lipid Homeostasis through the Hepatointestinal Circadian Clock and Microbiota during Constant Light Exposure. Cells 2020, 9, 489. [Google Scholar] [CrossRef]

	



Lucking, E.F.; O’Connor, K.M.; Strain, C.R.; Fouhy, F.; Bastiaanssen, T.F.; Burns, D.P.; Golubeva, A.V.; Stanton, C.; Clarke, G.; Cryan, J.F.; et al. Chronic intermittent hypoxia disrupts cardiorespiratory homeostasis and gut microbiota composition in adult male guinea-pigs. EBioMedicine 2018, 38, 191–205. [Google Scholar] [CrossRef]

	



Patke, A.; Murphy, P.J.; Onat, O.E.; Krieger, A.C.; Özçelik, T.; Campbell, S.S.; Young, M.W. Mutation of the Human Circadian Clock Gene CRY1 in Familial Delayed Sleep Phase Disorder. Cell 2017, 169, 203–215.e13. [Google Scholar] [CrossRef]

	



Naghshin, J.; Rodriguez, R.H.; Davis, E.M.; Romano, L.C.; McGaffin, K.R.; O’Donnell, C.P. Chronic intermittent hypoxia exposure improves left ventricular contractility in transgenic mice with heart failure. J. Appl. Physiol. 2012, 113, 791–798. [Google Scholar] [CrossRef]

	



Naghshin, J.; McGaffin, K.R.; Witham, W.G.; Mathier, M.A.; Romano, L.C.; Smith, S.H.; Janczewski, A.M.; Kirk, J.A.; Shroff, S.G.; O’Donnell, C.P. Chronic intermittent hypoxia increases left ventricular contractility in C57BL/6J mice. J. Appl. Physiol. 2009, 107, 787–793. [Google Scholar] [CrossRef]

	



Farré, N.; Lupon, J.; Roig, E.; Gonzalez-Costello, J.; Vila, J.; Perez, S.; De Antonio, M.; Gonzalez, E.S.; Sánchez-Enrique, C.; Moliner, P.; et al. Clinical characteristics, one-year change in ejection fraction and long-term outcomes in patients with heart failure with mid-range ejection fraction: A multicentre prospective observational study in Catalonia (Spain). BMJ Open 2017, 7, e018719. [Google Scholar] [CrossRef] [PubMed]

	



Mong, J.A.; Cusmano, D.M. Sex differences in sleep: Impact of biological sex and sex steroids. Philos. Trans. R. Soc. B: Biol. Sci. 2016, 371, 20150110. [Google Scholar] [CrossRef] [PubMed]

	



Regitz-Zagrosek, V.; Seeland, U. Sex and gender differences in myocardial hypertrophy and heart failure. Wien. Med. Wochenschr. 2011, 161, 109–116. [Google Scholar] [CrossRef]

	



Nguyen, T.L.A.; Vieira-Silva, S.; Liston, A.; Raes, J. How informative is the mouse for human gut microbiota research? Dis. Model. Mech. 2015, 8, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Barnett, M.; Fraser, A. Animal models of colitis: Lessons learned, and their relevance to the clinic. In Ulcerative Colitis—Treatments, Special Populations and the Future; InTech: Rijeka, Croatia, 2011. [Google Scholar]








[image: Microorganisms 09 00641 g001 550] 





Figure 1. Experimental design of the study. Forty male mice (n = 40) randomly distributed in four groups: Healthy controls (C), heart failure (HF), sleep fragmentation (SF) and the combination of both conditions (HF + SF). The microbiome profiles of fecal samples obtained from these models were studied before and after a 4-week induction of the conditions. At the end of the experiment two HF + SF mice died, ending up with a final sample size of 38 (NC = 10, NHF = 10, NSF = 10, NHF + SF = 8). 
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Figure 2. Stratification of the samples. MDS plots based on Bray–Curtis dissimilarity. (a) The samples are colored according to the Time and shaped according to Condition variable (b) The samples are colored according to the Enterotype variable calculated according to the Bray–Curtis dissimilarity and shaped according to the Time variable. 
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Figure 3. Shannon alpha diversity measure representation for the paired samples. (a) Shannon index according to the Time variable. Wilcoxon test p value is represented; (b) variation of Shannon diversity indexes before and after the experiment in each individual mouse. Samples are colored according to the experimental condition. (c) Shannon index according to the Condition variable (C: controls; HF: heart failure; SF: sleep fragmentation; HF + SF: heart failure and sleep fragmentation. Kruskal-Wallis test p values are represented. 
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Figure 4. Shannon index representation of the paired samples according to the Condition variable. The line inside the boxplot represents the median for each of the groups. (a) Considering only post samples. Kruskal-Wallis test showed a non-significant result (p = 0.071). (b) considering both pre and post samples. Kruskal–Wallis test showed significance (p = 0.028). 
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Figure 5. Heatmap representing the 32 significantly differentially abundant taxa at the species level between groups in post samples. The logarithm of only the significant p-values is reported (p < 0.05), where the values approaching zero are represented as 2.2 × 10–16. The sign of the values was transformed to positive or negative according to the direction of the alteration: positive values for increases in the first group within the comparison and negative values for the decreases. Example: A value of 7.218 for Bacteroides acidifaciens when comparing C to HF means that this species is significantly higher in C compared to HF. 
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Table 1. Differential abundance analysis findings. (A) Linear model including all the samples; Fixed effects: Condition and Time variable. Random effects: Batch DNA extraction and Animal (to indicate a paired analysis). (B) Linear model taking into consideration only post samples; Fixed effects: Condition and Change of weight (W.change) variables. Random effect: Batch DNA extraction.
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	Linar Model—Fixed Effect
	Phylum
	Class
	Order
	Family
	Genus
	Species





	(A)—Condition
	3
	5
	5
	10
	23
	26



	(A)—Time
	4
	9
	10
	19
	41
	47



	(B)—Condition
	1
	2
	4
	14
	30
	32



	(B)—W.change
	1
	1
	1
	3
	9
	9
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Table 2. Summary of the p-values corresponding to the 32 significantly differentially abundant taxa at species level according to both Condition and Change of weight variables.






Table 2. Summary of the p-values corresponding to the 32 significantly differentially abundant taxa at species level according to both Condition and Change of weight variables.










	
	Condition
	Change of Weight





	Bacteroides acidifaciens
	0.00015
	



	Ileibacterium valens
	0.00113
	0.00062



	Mucispirillum schaedleri
	0.00125
	0.03626



	Olsenella spp.
	2.79 × 10–25
	



	Bacteroides spp.
	0.00904
	



	Odoribacter spp.
	0.03183
	



	Muribaculum spp.
	0.01244
	



	Prevotellaceae_UCG.001 spp.
	0.03238
	



	Alistipes spp.
	3.44 × 10–5
	



	O.Bacteroidales.UCS
	0.00117
	



	Mucispirillum spp.
	0.00408
	



	Lactococcus spp.
	0.00262
	



	Defluviitaleaceae_UCG.011 spp.
	0.04673
	



	Lachnoclostridium spp.
	0.00029
	



	Lachnospiraceae_NK4A136_group spp.
	0.00637
	



	F.Peptococcaceae.UCS
	1.57 × 10–6
	0.00019



	Anaerotruncus spp.
	0.00799
	0.02487



	Harryflintia spp.
	0.02105
	



	Oscillibacter spp.
	0.01505
	



	Ruminococcaceae_UCG.010 spp.
	0.04265
	



	Ruminococcaceae_UCG.014 spp.
	8.72 × 10–6
	



	Ruminococcus spp.
	3.73 × 10–6
	0.00302



	F.Ruminococcaceae.UCS
	0.02286
	



	Allobaculum spp.
	0.00087
	0.01719



	Candidatus_Stoquefichus spp.
	0.04012
	



	Dubosiella spp.
	0.00068
	



	Faecalibaculum spp.
	0.03229
	



	Bilophila spp.
	0.00968
	



	F.Desulfovibrionaceae.UCS
	1.99 × 10–7
	



	Oxalobacter spp.
	0.01909
	



	Anaeroplasma spp.
	0.03002
	



	O.Mollicutes_RF39.UCS
	0.03361
	
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Axis2 [21.6%]

Axis.2 [21.6%]

a)

A
0.2- at ‘+
A ‘ 5]
A +
[ |
A ] i—
0.1- A )
A te %,
o
+
I Ay o
3 a O
A A
+_|_ [ Y .; - O
A A E o
+ < +- B 5 2
=l i
w = . - &
L
-0.2 -
-0.2 ={.1 0.0 0.1
Axis.1 (24.7%)
b)
A
A A
0.2- o N o A
‘ A
A
A A 2
0.1- A A
A Ay A“
A
A
A e 2
0.0- (=} A A
™ e - A
L A
«® ° [ 3 : o. = s & 7
o : © e 4
R o ® o
@
© ]
© & o I} .
o @
_0.2'
0.2 -0 0.1

0.2

A

Time
® PRE
® PFOST

Condition
e C
A HF
B SF
+ HF+5F

Time
® PRE
A POST

Enterotype_Bray
® 1
® 2





nav.xhtml


  microorganisms-09-00641


  
    		
      microorganisms-09-00641
    


  




  





media/file2.png
Healthy Controls (C) ; eart Failure (HF)

8 A8
AN s lil

0 Time (weeks) 4

B

il

PRE POST





media/file5.jpg
Oy

HF
Condition






media/file3.jpg
a)

o * B
@ 5 "
. e
N a 0w . o
H RN ol
& ST S te | e
o L rae L e
P ~ | o
o “o v
b
1 e
| ISR AR e
H s, e
H % e
i s T et






media/file1.jpg





media/file7.jpg
a)
POST SAMPLES

a5

b)
POST AND PRE SAMPLES
Stamon
07 1 p=0028
€ I =
=" i
J H
£ }
2
S24-
2

P

:

s

Condiion
B
B
B
£ Heese





media/file10.png
Taxa at Spedies level

Ruminococcus spp. -
Ruminococcaceae_UCG.014 spp. -
Ruminococcaceae_UCG.010 spp. -

PrevotellaceaeUCG.001 spp. -
Oxalobacter spp. -

Oscillibacter spp. -

Olsenella spp. -

Odoribacter spp. -

O.Mollicutes RF39.UCS -
0.Bacteroidales.UCS -
Muribaculum spp. -
Mucispirillum spp. -

Mucispirillum schaedleri - Log_value
Lactococcus spp. - 15
Lachnospiraceae_NK4A136_group spp. - 10
Lachnoclostridium spp. = 5
lleibacterium valens - 0
Harryflintia spp. -
Faecalibaculum spp. - -5
F.Ruminococcaceae.UCS - -10

F.Peptococcaceae.UCS -
F.Desulfovibrionaceae.UCS -
Dubosiella spp. -
Defluviitaleaceae_UCG.011 spp. -
Candidatus_Stoquefichus spp. -
Bilophila spp. -

Bacteroides spp. -

Bacteroides acidifaciens -
Anaerotruncus spp. -
Anaeroplasma spp. -
Allobaculum spp. -

Alistipes spp. -

HRSF—HF SF-C
Comparison





media/file9.jpg





media/file0.png





media/file8.png
a)

3.0

Ly
Qo
1

Alpha Diversity Measure
8] 1]
= o)

POST SAMPLES

Shannon

!

J:= 0.071
|_I_1

dH -

48 -

LA

Alpha Diversity Measure

4S+dH -

b)

POST AND PRE SAMPLES

3.0-

|

Shannon

p=0.028

I

p
oo
1

R
o
I
—-0—08

no
.
1

4H -

4S -

4S+dH -

Condition
B c
Fd HF
e SF
] HF+SF





media/file6.png
b)

a)

00 GDDMTDOT (O M B 4 s » -POST
c
i}
: ¢
% [
S0 WO D oiee W W -PRE
S © © <
e ™ ™ ™
ainsespy Ayssaalq eydpy
o-oo—eor e« o -POST
o]
E. :
= (==
—
I
Q.
=] P ] -PRE
= © e +

aunsesyy Aysianq eydyy

c)

b W &
Sotbi g £
Moo.o = {8

0.88

* & 00 &9 [IT I 9 #0 8

p

0.82
Sl
g ’

20-
2

SF HF +SF

HF

Condition





