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Abstract

:

Aim: The objective of this study was to characterize the early effects of high fructose diets (with and without high fat) on both the composition of the gut microbiota and lipid metabolism in Syrian hamsters, a reproducible preclinical model of diet-induced dyslipidemia. Methods: Eight-week-old male hamsters were fed diets consisting of high-fat/high-fructose, low-fat/high-fructose or a standard chow diet for 14 days. Stool was collected at baseline (day 0), day 7 and day 14. Fasting levels of plasma triglycerides and cholesterol were monitored on day 0, day 7 and day 14, and nonfasting levels were also assayed on day 15. Then, 16S rRNA sequencing of stool samples was used to determine gut microbial composition, and predictive metagenomics was performed to evaluate dietary-induced shifts in deduced microbial functions. Results: Both high-fructose diets resulted in divergent gut microbiota composition. A high-fat/high-fructose diet induced the largest shift in overall gut microbial composition, with dramatic shifts in the Firmicute/Bacteroidetes ratio, and changes in beta diversity after just seven days of dietary intervention. Significant associations between genus level taxa and dietary intervention were identified, including an association with Ruminococceace NK4A214 group in high-fat/high-fructose fed animals and an association with Butryimonas with the low-fat/high-fructose diet. High-fat/high-fructose feeding induced dyslipidemia with increases in plasma triglycerides and cholesterol, and hepatomegaly. Dietary-induced changes in several genus level taxa significantly correlated with lipid levels over the two-week period. Differences in microbial metabolic pathways between high-fat/high-fructose and low-fat/high-fructose diet fed hamsters were identified, and several of these pathways also correlated with lipid profiles in hamsters. Conclusions: The high-fat/high-fructose diet caused shifts in the host gut microbiota. These dietary-induced alterations in gut microbial composition were linked to changes in the production of secondary metabolites, which contributed to the development of metabolic syndrome in the host.
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1. Introduction


Human gut microbiota, comprising of bacteria, viruses, phages, fungi and protists, play a profound role in mammalian health, contributing not only to host metabolism [1], but also to mucosal and systemic immune responses [2] and the metabolism of xenobiotics [3]. Numerous studies have found that the impact of the gut microbiota on host health relates to overall microbial composition and to bacterial diversity [4,5].



Over the last two decades, studies have focused on understanding the links between changes in the gut microbiota and the development of metabolic syndromes in humans, such as diabetes, obesity, and nonalcoholic fatty liver disease [1,6,7]. Both murine models and human studies reveal strong associations between alterations in the relative proportions of dominate gut phyla (that is, Bacteroidetes and Firmicutes) and obesity [8,9]. Changes in the gut microbiota are associated with host metabolic conditions, including changes in lipid profiles (such as low levels of high-density lipoprotein and increases in cholesterol and triglycerides) [10]. Recent work has determined one of the metabolic links between the gut microbiota and host cholesterol levels, with a microbial enzyme identified as a key factor in metabolizing dietary cholesterol, and subsequently limiting cholesterol absorption [11]. These findings indicate the critical role the gut microbiota play in maintaining host lipid homeostasis. Animal studies have found that varying levels of dietary fat and carbohydrates can have profound effects on the gut microbiota and host metabolism [12,13,14]. Specifically, a high-fat, high-sugar and low-fiber diet, commonly referred to as the “Western diet”, results in a shift in the gut microbiota composition, leading to increased lipopolysaccharide in circulation, causing pro-inflammatory responses that precede the development of insulin resistance and obesity [15]. The use of dietary interventions has also been explored as a means of correcting metabolic dysfunction in humans with decreased levels of triglycerides and low-density lipoproteins while improving microbial dysbiosis in nearly half of patients [16].



While previous studies reported links between diet manipulations, changes in the composition of gut microbiota, and subsequent metabolic disease, the underlying mechanisms are only now beginning to be delineated. Specifically, dietary manipulations have been found to impact levels of specific bacterial species within the gut microbiota, which are known to produce a range of bioactive metabolites, such as short-chain fatty acids, amino acids and vitamins [17].



Fructose, a common component of the western diet, has been shown to have profound effects on the liver, with high fructose diets shown to contribute to the development of nonalcoholic fatty liver disease [18]. High fructose diets have also been shown to cause shifts in the gut microbiota composition, reducing the abundance of beneficial Bifidobacterium and Lactobacillus [19]. In addition, high levels of fructose play a direct role in liver lipogenesis by increasing microbial short-chain fatty acid acetate [20], whereas diets high in fat reduce beneficial short-chain fatty acid butyrate [21]. In addition to the complex relationship between diet and microbial production of bioactive short-chain fatty acids, a bidirectional interaction between amino acids and gut microbiota has also been observed [22]. The gut microbiota aids in maintaining homeostasis of host amino acids by synthesizing several essential amino acids for the host, while microbial produced amino acids can also provide nutrients for the growth of amino acid-dependent commensal intestinal bacteria [23]. Diet composition influences microbial production of amino acids, with high-fat diets resulting in increases in microbial production of the branched-chain amino acids, i.e., isoleucine, valine and leucine [24], which are known to play an essential role in host lipid metabolism [25].



While much of the foundational work regarding how diet and the gut microbiota affect host metabolism has been performed in rodents, few studies have yet to be undertaken on Syrian hamsters. Importantly, Syrian hamsters have a reproducible response to dietary manipulation [26,27,28] and lipid metabolism that closely resembles that of humans [29]. Specifically, Syrian hamsters, like humans, but unlike mice and rats, have cholesterol ester transport protein activity [30], and respond to diets high in fat and cholesterol with the major plasma cholesterol being LDL-cholesterol (LDL-C) [26,27,28,31]. In addition to previous work on rodents, many previous studies have focused on the long-term effect of dietary manipulation, often evaluating the impact of months-long exposure to high fat and high carbohydrate diets [13,14,32,33]. In this study, we provided either a high-fat/high-fructose or low-fat/high-fructose diet to Syrian hamsters for a period of two weeks, in order to assess potential links between diet, gut microbiota, and host lipid metabolism in the early stages of metabolic derangement.




2. Materials and Methods


2.1. Animal Handling and Experimental Design


Syrian male hamsters with ~100 g body weight were purchased from Envigo (Mississauga, ON, Canada), acclimatized for one week after arrival and fed standard rodent chow (PicoLab rodent diet; catalog # 5058, St. Louis, MO, USA) prior to experimental manipulation. Hamsters were individually housed in bedded cages with access to environment enrichment objects. Cages were situated in a temperature-controlled room with a 12 h light-dark cycle. Animals were monitored closely for changes in body weight and baseline triglyceride levels prior to randomization. Animals were allowed free access to both food and water for the duration of the study protocol. The food from all diet groups was weighed every seven days to monitor consumption, and fresh chow was provided. Body weight was measured at baseline on day 0, and then again after 2 weeks of dietary intervention on experimental day 14. Food intake of individual hamsters was monitored weekly over the course of the experiment. This study was conducted in accordance with the Declaration of the Hospital for Sick Children, Toronto, ON, Canada, and the protocol approved by the Animal Care and Use Committee (project identification code #46136).




2.2. Experimental Diets


Hamsters were randomly divided into three groups (n = 9 per group) fed with varying diets for two weeks: (1) low-fat/high-fructose (HF) diet, (2) high-fat/high-fructose with 0.05% cholesterol (FFLC) diet, or (3) standard proprietary hamster diet (Chow) (PicoLab catolog #007689) (Table 1). Customized diets consisting of high sugar, high fat diet with 0.05% cholesterol (FFLC) (catalog # 180507) and 22% casein modified hamster diet with 60% fructose (HF) (catalog #161506) were purchased from Dyets Inc. (Bethlehem, PA, USA). A detailed comparison of experimental diet components can be found in Table 1 and Supplementary Table S1.




2.3. Fecal, Blood and Tissue Collection


On days 0, 7 and 14 after the start of dietary intervention, hamsters were fasted for 5 h before blood was drawn into lithium heparin-coated tubes via saphenous veins. Blood samples were centrifuged at 6000 rpm for 10 min at 4 °C, plasma was collected, and a mixture of protease inhibitors (SIGMAFAST™, Sigma-Aldrich, catalog # S8830-20TAB, St. Louis, MO, USA) added. All chemical assays were performed using plasma samples on the day of collection, with remaining plasma stored at −20 °C. Fecal samples were collected on concurrent days and stored at −80 °C. At day 15 post diet manipulation, hamsters were euthanized via exsanguination under isoflurane anesthetic by cardiac puncture. Liver and adipose tissues were then harvested, weighed and flash frozen.




2.4. Fasting Triglycerides and Cholesterol


Concentrations of plasma triglycerides (TG) and cholesterol (CH) were measured using commercial assay kits (ESBE-Randox, catalog # TR213, # CH200, respectively, Markham, ON, Canada). Briefly, 2 μl of each plasma sample plus 200 μl of reaction buffer were loaded in 96-well plates. After a 10 min incubation at room temperature, the colorimetric reactions were measured at a wavelength of 500 nm using a plate reader (Molecular Devices VersaMax 190, San Jose, CA, USA).




2.5. 16S rRNA Gene Sequencing


DNA was extracted from stool pellets, as previously described [34]. Sequences of the 16S rRNA gene variable 3–4 (V3–V4) regions were amplified using modifications previously described [34,35], and sequenced using the Illumina MiSeq platform. Primer and adaptor sequences were trimmed from the resulting sequences using Cutadapt [36]. DADA2 was used to filter and trim paired reads. Reads were discarded if the quality score was 2 or less, and if reads aligned to Phix human genome. DADA2 error correction was performed for each paired reads, de-noised reads merged, and any identified chimeric sequences then removed. Taxonomy was assigned to the resulting Amplicon Sequence Variants (ASVs) using RDP classifier trained with Silva v123 16S rRNA database [37]. Alpha and beta diversity analyses were performed on amplicon sequence variant (ASV) table using phyloseq and vegan packages in R v3.5.6. The predicted metagenomic function of the gut microbiota composition was performed using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (Picrust2) [38].




2.6. Statistical Analyses


Statistical analysis of 16S rRNA data was performed in R v3.5.6. Alpha diversity was assessed using linear regression, with diet and time as the fixed factors, animal ID as a random factor, and total reads per sample as an offset. Pairwise comparisons were assessed using the emmeans package in R, and multiple comparisons were corrected with Tukey’s post hoc adjustment. Negative binominal mixed model regression analysis was performed on the top 50 most abundant ASVs assigned to the genus level using NBZIMM r package (https://github.com/nyiuab/NBZIMM) [39]. Models were designed as follows: read counts of the selected ASV were used as the predicted variable, with dietary group and day used as the fixed factors, animal ID as a random factor, and the log of the total reads per sample used as an offset in the individual models. Models were evaluated using maximum likelihood testing and analysis of variance, significant interaction between dietary groups across time were evaluated by employing Tukey’s post hoc comparisons. Predicted microbial functional pathway abundance was normalized using total sum scaling, and the Kruskal Wallis test with False discovery rate (FDR) used for multiple comparison correction to assess changes in pathway abundance across days within treatment groups. Two-sided permutation Student’s t-test with FDR was used to assess differences in pathway abundance between groups at day 7 and day 14. Spearman correlation between microbial abundance and metabolic biomarkers was performed using a center log ratio transformed ASV table filtered to retain the top 25 ASVs with genus level taxonomy, and then corrected for multiple comparisons using FDR. The same approach was used for correlation of predicted pathway abundance; however, analysis was restricted to the top 200 abundant pathways. All other statistical analyses were performed using GraphPad prism software (GraphPad, San Diego, CA, USA), using one-way and two-way ANOVA where appropriate with Tukey’s post hoc testing. Data normality was assessed by Shapiro-Wilk test and results are presented as means, ±SEM.





3. Results


3.1. High-Fructose Diets Do Not Have a Significant Impact on the Weight Gain of Hamsters


Hamsters were fed with either low-fat/high-fructose, high-fat/high-fructose, or control diet (chow) for two weeks, and the body weight of each hamster was measured before and after the two-week dietary intervention. No significant difference in body weight was found between animals assigned to the three dietary treatment groups on day 0 (data not shown). After 14 days of dietary intervention, no significant difference in body weight gain was observed among the three dietary groups (Figure 1A). In addition, we evaluated total gross energy intake over the two-week experimental period and found no significant difference in energy intake between experiment diets when compared to control diet; however, animals fed with high-fat/high-fructose diet exhibited an increase in energy intake compared to low-fat/high-fructose fed hamsters (Figure 1B).




3.2. High-Fat/High-Fructose Diet Causes Hepatomegaly and Increased Adipose Tissue


To determine the effects of dietary fat and fructose on the accumulation of body fat and the development of hepatomegaly, we measured epididymal white adipose tissue weight (eWAT) and found that hamsters fed a high-fat/high-fructose diet developed significantly higher amounts of eWAT compared to animals fed the control diet (p < 0.05), whereas the low-fat/high-fructose diet feeding group did not affect eWAT (Figure 1C). The high-fat/high-fructose diet also significantly increased the ratio of liver weight to total body weight (Figure 1D). By contrast, there was no significant alteration in liver weight in the low-fat/high-fructose diet fed animals compared to those on the chow control diet (p > 0.05).




3.3. High-Fat/High-Fructose Diet Induces Dyslipidemia


To evaluate the impact of diet on lipid metabolism, we measured fasting levels of triglycerides and cholesterol in plasma collected at baseline (day 0), day 7, and day 14 post-dietary treatments. The high-fat/high-fructose diet resulted in a significant increase of fasting triglycerides by day 7 (p < 0.05), which remained elevated at day 14 (p < 0.001) (Figure 2A). We also measured the nonfasting level of triglycerides on day 15; elevated triglycerides were found only in the high-fat/high-fructose group (Figure 2B). Similar effects were observed for fasting levels of cholesterol: hamsters fed with a high-fat/high-fructose diet exhibited increased levels of cholesterol at day 7 and 14, compared to the control diet fed group (p = 0.01 and p = 0.04, respectively) (Figure 2C). By contrast, there were no significant differences noted in the low-fat/high-fructose fed animals at either time point (p > 0.05), when compared to control chow fed study group. Additionally, the level of nonfasting cholesterol measured on day 15 post diet manipulation was elevated only in high-fat/high-fructose fed group of hamsters (p < 0.01), compared to control chow fed group (Figure 2D). Thus, we found that a high-fat/high-fructose diet induces dyslipidemia in hamsters, whereas a high-fructose/low-fat diet does not.




3.4. High-Fat/High-Fructose and Low-Fat/High-Fructose Diets Alter the Intestinal Microbiota


To understand the underlying mechanisms by which the diets contribute to the regulation of lipid metabolism, we investigated the effects of dietary manipulations on the composition of the gut microbiota. As measured by beta diversity, there was a significant difference in overall microbial composition between dietary groups. This divergent microbial composition was highly variable at each time point, as there was a significant interaction between dietary group and treatment day when using two distinct repeated measure tools for the analysis of beta diversity, Bray Curtis (p < 0.05; Figure 3A) and Binary Jaccard (p < 0.05; Figure 3B). Pairwise comparisons of dietary treatment groups with control chow diet revealed that after seven days of dietary intervention, hamsters fed the high-fat/high-fructose diet exhibited the greatest shift in the composition of gut microbiota (p < 0.0001). On day 14 post dietary manipulation, pairwise comparisons indicated that the high-fat/high-fructose diet group maintained the microbiota compositional change, whereas the difference in dissimilarity distance between low-fat/high-fructose and chow fed animals was reduced (Figure 3C). No significant differences were found within the control group across the three time points using both Binary Jaccard and Unweighted Unifrac metrics (p > 0.05).



No significant differences in alpha diversity between the dietary groups were found, as measured by Shannon index between day 0 to day 14 (p > 0.05) (Figure 3D). A trend towards decreased alpha diversity was observed on day 7 for high-fat/high-fructose diet fed hamsters, compared to control diet (p = 0.06). However, there were no significant differences when comparing within dietary treatment groups across sampling days (p > 0.05).



In addition to overall microbial composition, gut microbiota was evaluated at the phylum level. We observed that the Firmicutes/Bacteroidetes ratio differed significantly between dietary groups and across days of intervention: high-fat/high-fructose fed animals exhibited a significant increase in Firmicutes between day 0 and day 7 (58% versus 87% respectively, p = 0.0042; Figure 3E). Between day 7 and day 14, the Firmicutes/Bacteroidetes ratio was decreased in high-fat/high-fructose diet fed hamsters, although the ratio remained elevated compared to standard chow and low-fat/high-fructose diet fed groups (Figure 3E). By contrast, there was no significant change in the Firmicutes/Bacteroidetes ratio for either the control diet or low-fat/high fructose diet groups from day 7 to day 14 (p > 0.05). Evaluating clinically relevant phyla Proteobacteria, we found no significant changes in any of the dietary treatment groups (p > 0.05).




3.5. High-Fat/High-Fructose and Low-Fat/High-Fructose Diets Induce Changes in Bacterial Taxa of Gut Microbiota


Negative binomial regression modeling identified amplicon sequence variants (ASVs) at the genus level associated with each individual dietary group and the temporal relationship across the two-week intervention period. As shown in Figure 4A, three ASVs were positively associated with the high-fat/high-fructose diet: Alistipes, Lachnospiraspeae FCS020, and Coprococcus. Low-fat/high fructose fed hamsters exhibited a positive association with Coprococcus, a unique positive association with Butyricimonas, and a negative association with Ruminoclostridum 5 and UBA 1819.



A total of 25 taxa were identified with a significant interaction between dietary group assignment and time measured in days (Figure 4B). Of these 25 taxa, ten were differentially affected between high-fat/high-fructose and low-fat/high-fructose diet fed hamsters (Figure 4C). Notably, a significant increase in Ruminococceace NK4A214 group, Intestinimonas, Roseburia and Ruminiclostridum 9 was observed in high-fat/high-fructose diet fed hamsters, whereas low-fat/high-fructose diet fed animals exhibited increases in Bacteroides, Butyricimonas, Parabacteroides and Prevotella. Interestingly, Prevotella responded divergently in the two dietary groups: decreasing in the high-fat/high-fructose diet fed animals while increasing in those receiving the low-fat/high-fructose diet.




3.6. Dietary-Induced Shifts in Gut Microbiota Composition Correlate with Triglyceride and Cholesterol Levels


We observed that high-fat/high-fructose diet induced both dyslipidemia and alterations of gut microbiota in hamsters, and further analyzed whether there was a correlation between these two parameters. As shown in Figure 5, three ASVs that significantly correlated with fasting cholesterol levels were unique to the high-fat/high-fructose diet fed hamsters: Ruminiclostridium 9 (ρ = 0.45) Tyzzerella (ρ = 0.48) and Ruminiclostridium 6 (ρ = −0.53). No significant correlations between genus level taxa and fasting levels of cholesterol were found in the low-fat/high-fructose diet fed group of animals.



When analyzing fasting levels of triglyceride in plasma, we observed that the high-fat/high-fructose diet fed study group had a total of eight significant correlations, with four positive correlations, i.e., Tyzzerella (ρ = 0.73), Ruminococceace NK4A214 group (ρ = 0.73), GCA.900066575 (ρ = 0.58) and Ruminiclostridium 9 (ρ = 0.44), and four negative correlations, i.e., Muribaculum (ρ = −0.71), Prevotellaceae_UCG.003 (ρ = −0.64), Bifidobacterium (ρ = −0.55) and Ruminiclostridium 6 (ρ = −0.59). Paradoxically, within the low-fat/high-fructose group, opposite correlations were observed in the Ruminiclostridium genus: Ruminiclostridium 6 exhibited a negative association with plasma levels of cholesterol and triglycerides, whereas Ruminiclostridium 9 presented a positive correlation with these two lipid metabolism markers.



Two taxa were identified as having similar correlations with triglycerides in both dietary intervention groups, with hamsters fed a low-fat/high-fructose diet exhibiting almost identical correlation with Bifidobactrium (ρ = −0.56) and Tyzzerella (ρ = 0.51) compared to the high-fat/high-fructose diet fed group. These findings indicate that the alterations in these taxa may relate to triglyceride levels regardless of specific dietary manipulations.



The low-fat/high-fructose diet group exhibited four unique correlations with fasting levels of triglyceride, including three positive correlations: Butyrimonas (ρ = 0.67), Bacteroides (ρ = 0.61), Alistipes (ρ = 0.65), and one negative correlation with Ruminococcus 1 (ρ = −0.67).




3.7. Dietary Intervention Impacts Functional Changes in the Gut Microbiota


In addition to the microbial composition, an investigation was conducted to determine whether low-fat/high-fructose or high-fat/high-fructose diets had any impact on the function of gut microbiota. In the low-fat/high-fructose diet fed hamsters, 26 pathways were notably changed, which included increases in fucose and rhamnose degradation, and biosynthesis of fatty acids (e.g., oleate and mycolate) (Figure 6A). Interestingly, a shift toward increased energy production was observed, with increases in the electron transport chain including 1,4-dihydroxy-6-napthoate biosynthesis, and menaquinol-8 biosynthesis II. An increase in the biosynthesis of the important cofactor biotin was also observed in low-fat/high-fructose fed animals. Previous studies have reported that biotin affects lipid and carbohydrate metabolism [40] and reduces both hyperglycemia and hypertriglyceridemia [41].



In the high-fat/high-fructose diet fed group, a total of 34 pathways were significantly altered from day 0 to day 14 (Figure 6B). Notably, there was a shift towards catabolism of nucleotides, as evidenced by a reduction in nucleotide biosynthesis accompanied by an increase in nicotinamide adenine dinucleotide (NAD), thiamine and vitamin B12 salvage pathways. Fatty acid elongation, lipid biosynthesis, and gluconeogenesis were also decreased. Both high-fructose diets resulted in significant increases in urea cycle pathways from day 0 to day 14, likely resulting from an increase in available energy capacity.



The comparison of gut microbiota metabolic pathways affected by the low-fat and high fat with high-fructose diets on day 7 and day 14 revealed an increase in amino acid biosynthesis pathways, including lysine, arginine, glutamate, glutamine and the branched-chain amino acid isoleucine in the microbiome of high-fat/high-fructose diet fed animals. This predictive metagenomic analysis also suggested that the low-fat/high-fructose diet group had an increase in fatty acid elongation and gluconeogenesis, accompanied by an increase in vitamin B cofactor biosynthesis, including tetrahydrofolate and thiamine (Supplemental Figure S1).




3.8. High-Fat/High-Fructose Diet Leads to Functional Changes in the Gut Microbiome which Contribute to Host Dyslipidemia


For hamsters fed a high-fat/high-fructose diet, a total of 22 pathways significantly correlated with metabolic markers: 19 with fasting levels of triglycerides (15 negatively correlated and four positively correlated) and three with fasting levels of cholesterol (Table 2 and Table 3). Interestingly, all four pathways that positively correlated with fasting levels of triglyceride in hamsters receiving a high-fat diet were related to nucleotide degradation. Notably, a negative correlation was observed between fasting levels of triglycerides and pyruvate fermentation for propionate in hamsters on a high-fat/high-fructose diet. Propionate has previously been shown to regulate triglyceride levels through expression of the peroxisome proliferator-activated α receptor [42]. Moreover, there was a significant negative correlation between aspartate and asparagine biosynthesis pathways and levels of both triglycerides and cholesterol in hamsters fed a high-fat/high-fructose diet.





4. Discussion


This study uncovers the early impacts of dietary fat and carbohydrates on the gut microbiota and metabolic profiles of golden Syrian hamsters. Feeding either high-fat/high-fructose or low-fat/high-fructose diets resulted in shifts in overall composition of the gut microbiota, with high-fat/high-fructose diet resulting in more profound changes in both the gut microbiota and lipid metabolic profiles compared to a low-fat/high-fructose diet. A few previous studies have also employed this model to determine how diet can impact the composition of gut microbiota [43,44,45,46,47]. However, most of these reports assessed the addition of a single dietary component over a longer dietary intervention time to determine the resulting effects on host lipid metabolism [43,44,45,46,47], thereby overlooking earlier metabolic changes.



The high-fat/high-fructose diet, which more closely resembles the so-called “Western” diet [48], elevated plasma levels of triglycerides and cholesterol within just seven days. By contrast, a low-fat/high-fructose diet did not result in a significant increase in host circulating lipid levels. Previous work has described the lipogenic nature of fructose [49,50], and the synergistic effects of fructose and high fat [14,51]. In the current study, we found that low-fat/high-fructose diet did not induce dyslipidemia after two weeks, which is consistent with studies by Lozano et al, reporting that the addition of fructose to a normal diet did not produce any metabolic changes in rats, whereas the combination of high-fructose with high-fat resulted in metabolic changes greater than those observed with a high-fat diet alone [14]. Notably, we did not see any significant difference in gained body weight after the two-week intervention between the three diets. The lack of weight gain observed in both fructose diets, also observed in several other studies [19,52,53], may be a result of the thermogenic effect of fructose, previously observed in both humans [54,55] and rodents [56]. We also observed significant increases in adiposity and liver weight only in high-fat/high-fructose fed hamsters. These findings are in contrast with our previous work demonstrating an impact of fructose feedings on host lipid profiles [50,57]. However, previous studies did not evaluate the role of the gut microbiota in contributing to the host response to dietary interventions.



In this study, we found that the combined high-fat and high-fructose diet resulted in a dramatic shift in the composition of gut microbiota. Specifically, seven days of dietary intervention resulted in a significant shift in microbial composition, which was still evident at day 14, albeit to a lesser degree. This may suggest a transient change in microbiota was induced by high-fat/high- fructose diet and that the microbiota profile was under recovery after 14-days of feeding. Such a finding has been observed in previous reports with various diets and oral antibiotics [58,59,60]. Interestingly, there were no marked changes in overall diversity of commensal bacterial species, indicating that changes in the composition of the gut microbiota resulted primarily from shifts in the abundance of bacterial species that were previously presented at lower levels. The Firmicute/Bacteroidetes ratio, a metric commonly associated with both obesity and metabolic dysfunction [61], was found to be altered only in the high-fat/high-fructose diet. We also observed unique changes at the genus level that were significantly associated with dietary interventions. For instance, high-fat/high-fructose diet increased the abundance of Ruminococceace NK4A214 group, Intestinimonas, Roseburia and Ruminiclostridium 9, each of which has previously been linked to obesity [62,63,64]. In addition, we found an increase in the abundance of Parabacteroides, a genus with anti-inflammatory properties [65], in the low-fat/high-fructose diet fed group. Recent work notes that Parabacteroides distasonis alleviates obesity in mice fed with a high-fat diet via regulating the succinate and secondary bile acid metabolism [66]. The increased abundance of Parabacteroides observed only in the low-fat/high-fructose diet group of hamsters may explain the lack of demonstrable host lipid responses to dietary intervention.



Previous studies using germ-free mice showed that host lipid profiles can be transferred via conventionalization of the intestinal microflora [67]. The phenomenon also has been observed in humans following fecal microbial transplantation [68]. We observed a comparable relationship by evaluating correlations between changes in microbial abundance at the genus level and fluctuations in host lipid profiles. Several notable correlations were identified, including a positive correlation between plasma levels of triglycerides and cholesterol with Tyzzerella, a Gram-negative member of the Lachnospireacae family, in the gut. Recent work indicates that the abundance of Tyzerella is a risk factor related to the development of cardiovascular diseases [69]. Correlations were also found in the present study between Ruminiclostridium and host lipid levels, which is of interest given previous work linking Ruminiclostridium with obesity [64] and gestational diabetes [70]. Notably, Ruminiclostridium 6 was previously found to have a strong positive correlation with ghrelin levels, indicating a potential role in mediating the hunger response and resulting changes in energy intake [71].



Correlations between microbial abundance and metabolic markers reveal a relationship between gut microbial taxa and host metabolism. However, this approach alone provides little information regarding underlying mechanisms. By evaluating functional shifts related to changes in the gut microbiota between various dietary interventions, we uncovered additional details about potential mechanistic contributions to host dyslipidemia via the production of secondary metabolites, although validation studies employing shotgun metagenomic sequencing and metabolomics are warranted.



In the current study, the metabolic pathway of biotin biosynthesis was increased across treatment days in hamsters fed a high-fructose/low-fat diet. A previous study demonstrated that the treatment of biotin in mice protects against metabolic syndrome induced by a diet high in fructose [72]. The increase in biotin by gut microbes following the high-fructose feedings observed here may serve as a compensatory response, accounting for the lack of increase in plasma lipids in hamsters fed with a low-fat/high-fructose diet. Notably, we observed an increase in urea cycle for both high-fructose/high-fat and high-fructose/low-fat diets. Previous findings have shown an effect of fructose feeding on liver uric acid production [73], which is known to contribute to hepatic injury and systemic inflammation [74]. Our findings indicate that the gut microbiome may also be a contributing factor for increased circulating levels of uric acid following fructose feedings.



Low-fat/high-fructose diet fed hamsters also exhibited an increase in levels of the butyrate-producing bacterium, Butryimonas [75]. Butyrate levels are linked to improved metabolite outcomes both in humans and in animal studies, by acting as a regulator of adipocytes [76,77]. Butyrate supplementation has also been found to improve the dyslipidemia caused by a high-fat diet in mice [78]. While not measured directly in the current study, an increase in levels of butyric acid in the low-fat/high-fructose diet fed group is one potential mechanism that could account for the lack of host dyslipidemia, as well as the lack of increase in epididymal adipose tissue observed herein.



By contrast, high-fat/high-fructose fed hamsters exhibited a decrease in fermentation pathways that control production of the short-chain fatty acid, propionate. In humans, propionic acid stimulates glucagon-like peptide-1 and pancreatic polypeptide [79], and long-term delivery of propionate into the colon reduces weight gain and intra-abdominal fat accretion in overweight adults [79]. Changes in this pathway in high-fat/high-fructose diet fed hamsters correlated with fasting levels of triglycerides. This relationship is likely a reflection of the effects of propionate on host lipid metabolism. Propionate is known to directly affect lipid metabolism by decreasing the enzymatic activities of 3-hydroxy-methlyglutaryl-CoA synthase and reductase [80], critical enzymes in cholesterol synthesis [81] and ketogenesis [82]. Additionally, propionate regulates triglyceride production through increasing expression of PPAR-α receptor, which subsequently leads to an increase in β-oxidation and a reduction in triglycerides [42]. Other short-chain fatty acids also affect PPAR-γ receptor expression [83] and β-oxidation in colonocytes. This relationship between microbial production of short-chain fatty acids and host energy metabolism is critical in maintaining a healthy homeostatic relationship between the host and constituents of the gut microbiota [84].



In addition to changes in the biosynthesis of short-chain fatty acids, there were negative correlations between amino acid (aspartate and asparagine) biosynthesis and fasting metabolic parameters in the high-fat/high-fructose diet group. Previous studies in humans indicate that plasma levels of asparagine are associated with a lower risk of type-2 diabetes [85]. Asparagine levels are inversely correlated with levels of plasma lipids. Moreover, feeding of exogenous L-aspartate has been shown to limit the progression of fatty liver in cholesterol-fed rabbits [86]. The high-fat/high-fructose diet also induced a significant increase in production of branched-chain amino acid isoleucine, which is of potential importance since high levels of circulating isoleucine are associated with inactivity [87], type 2 diabetes [88], and metabolic syndrome [89].



Taken together, these findings suggest that a two-week period of dietary intervention with a high-fat/high-fructose diet not only induces changes in gut microbial composition, but also affects microbial metabolic functions, which have the potential to produce metabolites contributing to host dyslipidemia and development of the metabolic syndrome. An improved understanding of the complex relationships between diet, the gut microbiota, and host metabolism provides clinicians and researchers with the knowledge needed to improve outcomes in humans affected by metabolic diseases. Herein, we identify several key taxa and microbial metabolic pathways that are influenced by fructose and fat dietary supplementation. To further evaluate the specific relationship between dietary fats and fructose, future studies should evaluate the impact of high fat, low fructose diets using the same animal model. Here, we employed 16S rRNA sequencing and predictive metagenomics; while these methods yield robust preliminary findings, further validation is required using shotgun metagenomic and metabolomic evaluations.
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Figure 1. High-fat/high-fructose diet results in increased adiposity and hepatomegaly without weight gain after 14 days. (A) Body weight gain across 2 weeks. (B) Total gross energy intake over the two-week study period (kcal); # denotes no significant difference when compared to control chow. (C) Epididymal white adipose tissue (eWAT) weight. (D) Percent liver weight per total body weight measured at study day 14. Values are expressed as means, ±SEM. Significance denoted as * p < 0.05, ** p < 0.01, *** p < 0.001 vs control chow using one-way ANOVA, with Tukey’s multiple comparison test. FFLC denotes high-fat/high-fructose diet, HF indicates low-fat/high-fructose diet intervention, ns indicated no significance. 
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Figure 2. High-fat/high-fructose diet induces dyslipidemia. (A) 5 h fasting plasma TG on day 0 (n = 6), day 7 (n = 6), and day 14 (n = 9); (B) nonfasting plasma TG; (C) Fasting plasma total CH on study day on day 0 (n = 6), day 7 (n = 6), and 14 (n = 9); (D) Nonfasting plasma total CH on day 15 (n = 9). Values are expressed as means, ±SEM. Significance denoted as * p < 0.05, ** p < 0.01, *** p < 0.001 vs Chow, using Dunnett’s multiple comparison test. TG denotes triglycerides, CH cholesterol, FFLC indicates a high-fat/high-fructose diet, and HF a, low-fat/high-fructose diet, ns denotes no significant difference. 
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Figure 3. Feeding of either a high-fat/high-fructose or low-fat/high-fructose diet for 14 days leads to shifts in intestinal microbial composition and changes in dominant bacterial Phyla. (A) Principle coordinate analysis by Bray-Curtis similarities distances; (B) Principle coordinate analysis by Binary Jaccard index, significance assessed using repeated measure (PERMANOVA); (C) Pairwise dissimilarity distance comparison between dietary groups on day 0, day 7, and day 14 using Unweighted Unifrac distances, one-way ANOVA followed by Tukey’s multiple comparison testing; (D) Alpha diversity measured by Shannon index, two-way ANOVA, with total read depth used as a model offset, Tukey’s multiple comparison testing; and (E) Firmicutes/ Bacteroidetes ratio, two-way ANOVA, Tukey’s multiple comparison testing; ** p < 0.01, *** p < 0.001, ns denotes no significance, FFLC denotes a high-fat/high-fructose diet, HF a low-fat/high-fructose diet and ASV denotes amplicon sequence variant. 
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Figure 4. Dietary interventions over 14 days result in differential association of bacterial taxa abundance at the genus level. (A) Negative binomial regression coefficients for significant genus level ASVs associated with dietary interventions and changes across time. Dots represent coefficient and bars represent standard error of the estimate; (B) Heat-map of the relative abundance of bacterial taxa with significant interactions between dietary group and time; (C) Relative abundance of bacterial taxa with divergent responses to either study diet across two weeks of intervention. High-fat/high-fructose diet is indicated by FFLC, HF denotes low-fat/high-fructose (HF) diet intervention and ASV denotes amplicon sequence variant. 
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Figure 5. Correlation heatmap representing Spearman correlation coefficients between changes in center log ratio normalized abundance of bacterial taxa (at the genus level) and the lipid profile biomarkers fasting CH and fasting TG within dietary treatment groups. Significance denoted as * padj < 0.05, ** padj < 0.01, *** padj < 0.001. CH denotes cholesterol, TG denotes triglyceride, and FFLC denotes a high-fat/high-fructose diet, and HF a low-fat/high-fructose diet. 
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Figure 6. Predicted metagenomic changes within dietary intervention groups across sampling days. (A) Metagenomic pathways significantly changed across treatment days for the low-fat/high-fructose fed group of hamsters; and (B) Metagenomic pathways significantly changes across treatment days in the high-fat/high-fructose fed group of animals. Kruskal Wallis test, with multiple comparison corrections with FDR. Cytosine monophosphate, CMP; Tricarboxylic acid cycle, TCA; nicotinamide adenine dinucleotide, NAD; Adenosine diphosphate, ADP. 
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Table 1. Dietary protein, fat, carbohydrate, and total energy of each diet employed in the current study.
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kcal/kg

	
g/kg




	
Chow

	
FFLC

	
HF

	
Chow

	
FFLC

	
HF






	
Protein

	
872

	
613

	
796

	
218

	
171

	
222




	
Fat

	
819

	
2700

	
540

	
91

	
300

	
60




	
Carbohydrate

	
2072

	
1572

	
2280

	
518

	
414

	
600




	
Gross Energy

	
4600

	
4971

	
3655
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Table 2. Significant correlations between bacterial metabolic pathway abundance and fasting triglycerides.
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	Predicted Metabolic Pathways
	ρ
	Diet
	AdjP





	Superpathway of l-alanine biosynthesis
	−0.59
	FFLC
	0.011



	l-histidine degradation I
	−0.59
	FFLC
	0.012



	Anhydromuropeptides recycling
	−0.56
	FFLC
	0.019



	Superpathway of l-aspartate and l-asparagine biosynthesis
	−0.54
	FFLC
	0.024



	Pyruvate fermentation to propanoate I
	−0.54
	FFLC
	0.025



	UDP N-acetylmuramoyl pentapeptide biosynthesis II lysine containing
	−0.52
	FFLC
	0.032



	Peptidoglycan biosynthesis III mycobacteria
	−0.52
	FFLC
	0.034



	Peptidoglycan biosynthesis I meso diaminopimelate containing
	−0.51
	FFLC
	0.037



	CMP 3 deoxy d-manno-octulosonate biosynthesis I
	−0.50
	FFLC
	0.042



	Superpathway of geranyl-geranyl diphosphate biosynthesis II via MEP.
	−0.50
	FFLC
	0.044



	Starch degradation V
	−0.50
	FFLC
	0.045



	Aminoimidazole ribonucleotide biosynthesis I
	−0.50
	FFLC
	0.046



	UDP N-acetylmuramoyl pentapeptide biosynthesis I meso diaminopimelate containing
	−0.49
	FFLC
	0.049



	Thiamin salvage II
	−0.49
	FFLC
	0.049



	Glycolysis II from fructose 6-phosphate
	−0.45
	FFLC
	0.049



	Purine nucleotides degradation II aerobic
	0.54
	FFLC
	0.027



	Guanosine nucleotides degradation III
	0.54
	FFLC
	0.025



	Adenosine nucleotides degradation II
	0.56
	FFLC
	0.019



	Purine nucleobases degradation I anaerobic
	0.56
	FFLC
	0.018



	Anhydromuropeptides recycling
	−0.69
	HF
	0.001



	TCA cycle VI obligate autotrophs
	−0.67
	HF
	0.003



	TCA cycle I prokaryotic
	−0.66
	HF
	0.003



	Reductive TCA cycle I
	−0.64
	HF
	0.005



	tRNA processing
	−0.63
	HF
	0.005



	Superpathway of fucose and rhamnose degradation
	0.62
	HF
	0.007



	Arginine ornithine and proline interconversion
	0.59
	HF
	0.012



	l-rhamnose degradation I
	0.57
	HF
	0.017



	TCA cycle V 2-oxoglutarate ferredoxin oxidoreductase
	−0.54
	HF
	0.024



	Superpathway of l-alanine biosynthesis
	−0.54
	HF
	0.026



	Fucose degradation
	0.52
	HF
	0.035



	l-lysine fermentation to acetate and butanoate
	0.51
	HF
	0.040







ρ Spearman’s rho correlation.
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Table 3. Significant correlations between bacterial metabolic pathway abundance and fasting cholesterol.
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	Predicted Metabolic Pathways
	ρ
	Diet
	AdjP





	Glycolysis II from fructose 6-phosphate
	−0.44
	FFLC
	0.049



	Superpathway of L-aspartate and L-asparagine biosynthesis
	−0.47
	FFLC
	0.034



	Teichoic acid poly glycerol biosynthesis
	−0.49
	FFLC
	0.050







ρ Spearman’s rho correlation.



















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











© 2020 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
<

=
oL
0

= HF

I 1 | | 1 )
u B E 4 2 u
1

(/e10WW) 9 Bunsej-uonN

**k

1 ] I | 1 1
wn <t o o™ - o

(/e10ww) 9 -6unsey

Chow FFLC HF

Day 14

Day 7

Day 0

O

= Chow
Em FFLC

=3 HF

1 | | I 1
(-] @0 < ™~ o

(/e10ww) HO Bunsej-uoN

=] w < ™ o

(/210ww) HO-Bunsey

Chow FFLC HF

Day 7 Day 14

Day 0





nav.xhtml


  nutrients-12-03557


  
    		
      nutrients-12-03557
    


  




  





media/file2.png
<

* %%k

+H+
| 1 1 |
(=] (=] o o
(=] (=] o
o <r ™
(1eoy) ayejul ABsauz |ejo |
wn
-
1 1 1 1
2 02 o O
(6) uteb jybiam ejjag

HF

FFLC

Chow

HF

FFLC

Chow

QO

I
(e

I J
< ™

Jybiam Apoq |ejo} Jad
WYBI1am JaAIT %

|
o

(B) 1vme

HF

FFLC

Chow

HF

FFLC

Chow





media/file5.jpg





media/file3.jpg
o

<

= Chow
= FFLC

= HF

= Chow
= FFLC
= HF

e % 2
]
H
8
“eroww) o1 Bupseyuon  (velow) Ho Bunse-uoN
o
2 5 ‘
= FR S
&

(1eloww) o1-Bupses

o

(sloww) Ho-Bunsed

Chow FFLC HF

Day 14

Day7

Day 0





media/file1.jpg
# s
#
Chow FFLC  HF
ns
Chow FFLC  HF

T T

F <+ &
g 3 ] B1om Apoq [ejo) sed
e9y) @xeul ABiou3 jejoL yB1am JaA %
© a : .
w
£
9
A 3
2 z
£
z
H
2
5
r T T 1
o < & s %

T () wiSh yyBrom eyja
< (B) ureb Jublom eyjoq o






media/file7.jpg





media/file10.png
Fasting CH mmol/L Fasting TG mmol/L

Tyzzerella - -
Ruminococcus_1 - -

Ruminococcaceae UCG.010 -
Ruminococcaceae UCG.003 -
Ruminococcaceae NK4A214 group -
Ruminiclostridium_9 -
Ruminiclostridium_6 -

Prevotellaceae  UCG.003 -

Peptococcus - __ - Correlation

Parasutterella -
Parabacteroides -
Muribaculum - 0.4

Mucispirillum -

Intestinimonas -
lleibacterium -
GCA.900066575 - ‘

———1i

Fournierella -
Faecalibaculum -
Desulfovibrio - j
Butyricimonas -
Bifidobacterium - -
Bacteroides -
Allobaculum -
Alistipes - |

Akkermansia -

FFLC -
HF -
FFLC -
HF

1
=
o

=

O

Chow -

Groups





media/file12.png
superpathway of pyrimidine nucleobases salvage
superpathway of L-isoleucine biosynthesis |
peptidoglycan biosynthesis |

stearate biosynthesis I

palmitoleate biosynthesis | (from (5Z)-dodec-5-enoate)
(5Z)-dodec-5-enoate biosynthesis

mycolate biosynthesis

oleate biosynthesis |V (anaerobic)

superpathway of fatty acid biosynthesis initiation

biotin biosynthesis |

8-amino-7-oxononanoate biosynthesis |

L-histidine degradation |

urea cycle

L-rhamnose degradation |

superpathway of fucose and rhamnose degradation
superpathway of menaquinol-8 biosynthesis ||
chondroitin sulfate degradation |
ADP-L-glycero-&beta;-D-manno-heptose biosynthesis
methylphosphonate degradation |

biosynthesis |l

P te biosynthesis |

aromatic biogenic amine degradation

myo-inositol degradation |

isopropanol biosynthesis

superpathway of L—alanine biosynthesis

superpathway of beta;D-glucuronide & D-glucuronate degradation

[T "

14 Ak F=)
ST UINYUroxy=o

i

‘1 A—Aibvedd [ =4
s WY UTUAY U

[
Day 0 Day 7 Day 14

Low [NETT] High

Relative abundance

fatty acid elongation —- saturated
polyisoprenoid biosynthesis (E. coli)
pyruvate fermentation to propanoate |
4-deoxy-L-threo-hex—4 p
incomplete reductive TCA cycle
thiamin salvage I

pyrimidine deoxyribonucleosides salvage

adenosine nucleotides degradation |l

purine nucleotides degradation |l {aerobic)

guanosine nucleotides degradation 11|

adenosylcobalamin salvage from cobinamide |
adenosylcobalamin biosynthesis from cobyrinate a,c-diamide |
purine nucleobases degradation | (anaerobic)
CMP-3-deoxy-D-manno-octulosonate biosynthesis |

nate degradation

lipid IVA biosynthesis

Kdo transfer to lipid IVA Ill (Chlamydia)

anhydromuropeptides recycling

teichoic acid (poly=glycerol) biosynthesis

glycerol degradation to butanol

NAD salvage pathway |

L-glutamate degradation V (via hydroxyglutarate)

glyoxylate cycle

superpathway of glycerol degradation to 1,3-propanediol
octane oxidation

methylphosphonate degradation |

glycolysis V (Pyrococcus)

isopropanol biosynthesis

urea cycle

guanosine deoxyribonucleotides de novo biosynthesis Il
adenosine deoxyribonucleotides de novo biosynthesis Il
gluconeogenesis |

superpathway of adenosine nucleotides de novo biosynthesis |
superpathway of adenosine nucleotides de novo biosynthesis ||
starch degradation V

'_.I._I

Day 0 Day 7 Day 14





media/file9.jpg
Fulwvg CH mmoliL. Fulmg TG mmoliL.

Tyzzerella -
Ruminococous_1 -
Ruminococcaceae_UCG.010-

Ruminococcaceae_UCG 003
Ruminococcaceae_NKAAZ14_group - -

Ruminiclostidium_9-

Ruminclostidium 6+

Provoteliaceas_UICG.003 -
Peptococeus~ Currelanon

Parasuterela-

Parabacteroides - ‘
Muribaculum

Mucispirilum - [0

Intesinmonas
bacterum-
GOA900066575- .

Fournierella-
Faecalibaculum -

o |
Butyricimonas -
Bifdobacterium - [
Bacteroides - -
|

Allobaculum -
Alstipes -
Akkermansia -

crow-|

FrLC-
HE-

Chow-

Fric
HE

Groups





media/file0.png





media/file8.png
A B
T -2 -1 0 1 2
Significant ASVs e P- value
Es —
t [77]
w >
o
3
5% [
= @
it
: 5
£o
C o
33
P
£ T
S50
®
w
Lachnospiraceae_NK4A136_group [l
Allobaculum . J -
Bacteroides . 5.3e-05
- Prevotellaceae_UCG-003 - 0.019
g .g GCA-900066575 . 2e—05
o Ruminococcaceae_UCG-003 . 0.03
o Para roides . 0.0012
s E Alistipes . 0.031
ER Bifidobacterium . 3.3e-05
€70 Desulfovibrio . 0.03
e Tyzzerella . 0.00035
g - Faecalibaculum * 0.019
= % eptococcus . 0.0057
k= Butyricimonas . 0.0018
»w T . 0.0093 © ©
GCA-900066225 . 0.0021 - T
Fournierella - 0.021 O I
Ruminococcaceae_UCG-005 . 0.044 ™
Bilophila L 0.0016
I I I T | 1 LOW
- -1 0 1 3
Regression coefficient
C
Bacteroides Ruminococcaceae NK4A214 Butyricimonas
0.4 s 004 0.04 . .
® 8 03 0.034 0.034 ® 0.03-
25 .
W o 024 * 0.024 0.024 0.024
o 5 . °
3 014 e 0.011 0.011 @ 0.014
0.0 4 # d ‘ . 0.004 * *1% elé 0.004 ‘?5 “T " 0.001
0 7 14 0 7 14 0 7 14
Intestinimonas Prevotelllaceae_UCG-033 Roseburia
0.204 0.154 0.08 ®
- 0.0754
© © 0.15. . 0.06
> C L
2 & 0.10- , ® 0.0504
3T 0.104 0.04- .
T 5 °
2 00s) 6& 0.054 g 0024 *® ° 0.025+
0.004 éﬂ 5 0.004 L 2 ée ooo-iﬂf“ % F 0.000
0 7 14 0 7 14 0 7 14

Relative Abundance

> m :’]i|7

FFCL_7
FFLC_14

Coprococcus_3

Ruminiclostridium_9

Days

oy

Lachnospiraceae_ NK4A136_group
Bacteroides
Ruminococcaceae_NK4A214_group
Coprococcus_3

Tyzzerella

Peptococcus
Ruminococcaceae_UCG.003
Faecalibaculum

UBA1819

Bilophila
Ruminococcaceae UCG.005
Fournierella
Ruminiclostridium_5
Rikenellaceae_ RC9_gut_group
GCA.900066225

A2

Butyricimonas

Parabacteroides

Alistipes

Roseburia

Bifidobacterium
GCA.900066575
Ruminiclostridium_9
Intestinimonas
Prevotellaceae UCG.003

HF_14

High

GCA-900066575

0.15 - ¢
0.10 -
0.05 - Diet
0.00 - éllvl- eV 3 E Chow
0 7 14 $ FFLC
Parabacteroides
HF
=
0.075] ¢
0.050 .
® ®
0.0254 ?
° .ea
ool $82 38" 3
0 7 14





media/file11.jpg





media/file6.png
Bray Curtis B Binary Jaccard C
0.50 Day 0 Day 7 Day 14
A 0.4- A
‘ 0.41 kK * kK
iy
l:l ax xk
X 0.25 L 021 - » 0.3
iy N A 8
N o c
= = ) o
N N 00 ; ® g 02]
§ 0.00 % = 8
L]
(] ® ‘ % 0.14
b l ~0.21 P o
~ ] .. (o]
0.25 ® @ o 0.0
-04 -02 00 0.2 -04 -02 00 0.2 § :—‘J_ - § § - § § e
Axis.1 [34.5%)] Axis.1[22.3%] 5 i 5 u 5 ot
Diet @ Chow @ FFLC @ HF Time @ DayO HM Day7 A Day14
E
Day 0 Day 7 Day 14
10.0- k%
4.5+ fel
o ©
x 3 75
o 4.0+ g
- o
5 8 50
c ® S
5 357 @
N w
b}
n § 2.5-
3.0+ I=
L
0.0-
2.5- ) L) 1 1 L} L) ) 1 1

Day 0

Day 7

Day 14

Diet
Chow
FFLC
HF





