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Abstract

:

Melanoidins are the final Maillard reaction products (protein–carbohydrate complexes) produced in food by prolonged and intense heating. We assessed the impact of the consumption of melanoidins from barley malts on gut microbiota. Seventy-five mice were assigned into five groups, where the control group consumed a non-melanoidin malt diet, and other groups received melanoidin-rich malts in increments of 25% up to 100% melanoidin malts. Feces were sampled at days 0, 1, 2, 3, 7, 14, and 21 and the microbiota was determined using V4 bacterial 16S rRNA amplicon sequencing and short-chain fatty acids (SCFA) by gas chromatography. Increased melanoidins was found to result in significantly divergent gut microbiota profiles and supported sustained SCFA production. The relative abundance of Dorea, Oscillibacter, and Alisitpes were decreased, while Lactobacillus, Parasutterella, Akkermansia, Bifidobacterium, and Barnesiella increased. Bifidobacterium spp. and Akkermansia spp. were significantly increased in mice consuming the highest melanoidin amounts, suggesting remarkable prebiotic potential.
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1. Introduction


The Maillard reaction (MR) generates several low-weight molecules by reducing sugars and amino acids during food thermal processing and storage, such as Amadori rearrangement products, furfural, reductones, and other dicarbonyl compounds. These low-weight compounds are often recombined through a range of advanced MR to form melanoidins [1], which are the final products of the MR [2]. Melanoidins are brownish, heterogonous, insoluble molecules, and were traditionally considered to be high-molecular weight (HMW) molecules [3], but recent reports have shown that melanoidins also include some low-molecular weight (LMW) members [4]. Melanoidins produced in foods are predominantly HMW, and the molecular weight of melanoidins is directly correlated with heating intensity and time [5]. For example, the average molecular weight (MW) of unroasted malts is <10 kilodalton (kDa), whereas that of roasted malts is around 320 kDa [6]. The chemical structures of melanoidins are complex and difficult to determine, but the concentrations of sugars and amino acids in roasted barley have been identified [7]. During the roasting of barley, significant increases in total sugar, dextrin, and melanoidins were detected, while hemicellulose and starch significantly decreased [7]. The average molecular weight of roasted malt melanoidins was 320 kDa [6].



In contrast with other Maillard reaction products (MRP), melanoidins are generally considered to be harmless, and even potentially beneficial to human health [8]. Though some studies reported that dietary melanoidins might display moderate genotoxicity and cytotoxicity effects [9,10], several studies reported potential health benefits, including antioxidant, antihypertensive, antimicrobial, and prebiotic properties of food melanoidins [11,12]. Data from metabolic transit studies showed that melanoidins can escape digestion and pass into the upper gastrointestinal tract (GIT), where they are likely subject to fermentation by resident gut microbes [13,14,15]. To illustrate, only 27% of the LMW constituents of melanoidin products were absorbed in the intestines, and only 4.3% of the HMW melanoidins were excreted in feces and urine [9]. Fecal excretion of bread melanoidins was shown via a new method for the quantification of soluble melanoidins [16], confirming that gut microbiota and melanoidins interact [17].



It was actually suggested that dietary melanoidins possess prebiotic properties [5] due to their structural similarities with fibers [18]. Interestingly, studies on the interactions between gut microbiota and melanoidins initially focused on antimicrobial activity, predominantly in batch cultures [19,20,21]. For instance, data from in vitro and in vivo studies showed that melanoidins suppressed Helicobacter pylori infection [22]. Moreover, melanoidins were shown to kill Escherichia coli by causing irreversible changes to both the inner and outer membranes [23]. While knowledge on the role of the gut microbiota in non-digestible polysaccharides and fiber fermentation is extensive [24,25], gut microbiota fermentation of MRPs has been scarcely studied [26], with even less knowledge on melanoidins [27]. In an in vitro study, melanoidins were shown to increase the growth of gut anaerobes during mixed culture growth [28]. Bifidobacteria strains were shown to use bread melanoidins as a carbon source in batch cultures [27], while coffee melanoidins increased the number of anaerobic bacteria belonging to Bacteroides and Prevotella during fermentation in an in vitro study [29]. Another food rich in melanoidins is beer because melanoidins are present in malts, with HMW melanoidins being are more abundant in kilned malts [30]; this source of melanoidins has not yet been assessed for its effect on the gut microbiota. The objective of this study was to determine the impact of long-term consumption of increasing melanoidin concentrations from barley malts on the gut microbiota and fermentation patterns of healthy mice.




2. Material and Methods


2.1. Experimental Animals


The animal study was conducted at the Animal House Facility of the University of Arkansas after receiving approval from the Institutional Animal Care and Use Committee (IACUC). Seventy-five male mice (Mus musculus strain C57BL/6J) aged 8 weeks (20 g) were purchased from Jackson Laboratory (Farmington, USA). Mice were housed in stainless steel cages under a controlled temperature (70 °F) and a 12 h light–dark cycle, with free access to water and food. Before dietary intervention, mice were provided with Teklad (standard) 40 g of chow pellets (Envigo, Madison, WI, USA).




2.2. Experimental Design


Melanoidin-free and melanoidin-rich barley malts were purchased from Weyermann Company (Northern Brewer, USA). Melanoidin-free malts were considered to be normal barley grains pre-germinated to release saccharolytic and amylolytic enzymes for beer-brewing purposes and contained low amounts of LMW melanoidins (Briess 2-row Malt). Melanoidin-rich malts were considered to be enriched in HMW melanoidins due to intense toasting (Weyermann® Melanoidin), resulting in grain-browning and specific organoleptic properties [7,31]. The mice were assigned to receive 40 g of melanoidin malts in the first week. The portion of malts was increased by 20 g each consecutive week [25]. Five groups of 15 mice each were each assigned to a different treatment. Among each group, five groups of three mice were assigned to different cages and each cage was considered as a replicate (n = 5 for each group). Cages were randomized in the rack to limit potential block effects.



Group (1): Melanoidin-free malts (0% melanoidins) only.



Group (2): 75% of melanoidin-free malts and 25% of melanoidin-rich malts.



Group (3): 50% of melanoidin-free malts and 50% of melanoidin-rich malts



Group (4): 25% of melanoidin-free malts and 75% of melanoidin-rich malts



Group (5): Melanoidin-rich malts (100% melanoidins) only.



Malts were added to the stainless cages twice a week, and the unconsumed amounts were measured before adding new malts. Body weight was measured at 7, 18, and 25 days. The mice were transferred from stainless steel cages to metabolic cages (Tecniplast Cdd, 170013) for 6 h/day in order to collect feces at day 0, 1, 2, 3, 7, 14, and 21. Day 0 samples represented the baseline, with all groups previously fed chow pellets. After that, each group was provided with their specific amounts of melanoidin malts over the 21 days.




2.3. Fecal Short Chain Fatty Acids (SCFAs) Quantification


Short chain fatty acids (SCFAs), specifically, acetate, propionate, and butyrate, were measured by gas chromatography (GC) for the 0% and 100% groups. Briefly, 1 g of fecal sample was transferred into centrifuge tubes, and 9 mL of distilled water was added. After vortexing and centrifugation, 900 μL of the supernatant was transferred into 2 mL tubes containing 100 μL of buffer consisting of the internal standard 4-methyl-valeric acid (50 mM), meta-phosphoric acid (50%), and copper sulfate (1.56 mg/mL). After vortexing and centrifugation, 1 μL of sample was loaded to the GC. SCFA concentrations were estimated by the integration of peak areas in relation to acetate, propionate, and butyrate standards (Sigma-Aldrich, Germany) [32].




2.4. DNA Extraction and PCR Amplification


Genomic DNA was extracted from mice fecal samples using commercial QIAamp DNA stool Mini Kit (Qiagen, Germany) following the manufacturer’s protocol, with the addition of bead-beating at 5 m/s for 60 s, which was performed twice [33]. PCR amplifications were performed in 25 μL reactions with 1 μL of DNA template, 2 μL of universal primer (8F and 1541R), and 22 μL of KAPA HiFi mastermix (KAPA Biosystems, Wilmington, MA, USA), followed by agarose gel electrophoresis by using 1 μL of SYBR-safe DNA Gel Stain (Thermo Fisher Scientific, Wilmington, MA, USA) fluorescent dye to confirm the success of the PCR. The PCR index was accomplished by targeting the V4 region of the bacterial 16S rRNA gene [34]. Briefly, the PCR dual-indexed strategy was performed in 27 μL reaction components with 2 μL of DNA template, 2 μL of index primers, and 23 μL of AccuPrime™ Taq DNA polymerase (Invitrogen, Wilmington, MA, USA) following the manufacture’s protocol. Amplifications were performed by initial denaturation at 95 °C for 3 min, followed by 25 cycles of denaturation at 95 °C for 30 s, primer annealing at 55 °C for 30 s, and extension at 72 °C for 1 min.




2.5. Library Preparation and Sequencing


Illumina MiSeq sequencing was used to study the composition of gut microbiota by targeting the V4 region of the bacterial 16S ribosome RNA gene of each group following the dual-indexed strategy [34]. Normalization of the PCR products was completed to elute short primers, unincorporated dNTPs, enzymes, short-failed PCR products, and salts from PCR reactions using Invitrogen SequalPrep kits, following the manufacturer’s protocol. Q-PCR was performed using the PerfeCta NGS library quantification kits (Quanta Biosciences, USA), following the manufacturer’s protocol. Quality checks were also performed on a Tape-Station 2100 (Agilent, Santa Clara, CA, USA) to provide the exact sizes of the DNA, which were 394 base pairs and 424 base pairs.



The libraries were pooled, denatured with NaOH, and diluted to 0.75 nM, following recommended Illumina protocols. The pooled denatured libraries were diluted to 6 pm as a final concentration, with the addition of 20 pm of Phix V3. The diluted denatured libraries were loaded onto an Illumina MiSeq sequencing cartridge V3-600 cycles, with the addition of 3 sequencing primers due to the use of different indices, as described by Kozich et al. [34]. The runs were monitored with Sequence Analysis Viewer with particular emphasis on appropriate cluster density (700–800 k/mm2) and quality scores (final >Q30 score of >70%).



From 175 samples, a total of 10,123,928 raw sequences were obtained, of which 9,290,708 high-quality reads were used for further analysis. Samples yielding less than 3000 high-quality reads (n = 9) were discarded; the remaining samples analyzed had an average of 502,020 ± 37,097 reads per sample. All reads were analyzed together using the MOTHUR1.39.5 pipeline.




2.6. Bioinformatics and Statistical Analyses


FASTQ files were readily demultiplexed by the built-in BaseSpace Sequence Hub program and downloaded from the BaseSpace website. The 16S amplicon reads were analyzed by using the MOTHUR software package 1.39.5 following the Illumina Standard Operating Procedures (SOP) [35] (https://www.mothur.org/wiki/MiSeq_SOP). Briefly, sequences were screened and aligned to the Silva database (Release 128) for the 16S RNA gene sequences. Subsequently, operational taxonomic units (OTUs) were picked and assigned to taxonomic groups. The resulting OTUs and taxonomic tables were exported to Excel sheets for basic analysis.



The results of feed intake, average daily gain, and short-chain fatty acids were analyzed by analysis of variance (ANOVA) followed by Tukey’s post hoc test, with p < 0.05 considered to show significant difference between groups. The results of the microbiota counts were analyzed by the Kruskal–Wallis and Mann–Whitney pairwise tests, with p < 0.05 considered to show significant difference between groups, and by non-metric multidimensional scaling (NMDS) based on count-distance metrics (Bray–Curtis similarity index; Analysis of Similarities (ANOSIM): p < 0.05) considered to show significant similarities between groups using Past3 software (version 2.17, Øyvind Hammer, University of Oslo, Oslo, Norway) [36].





3. Results


3.1. Impact of Diet on Feed Intake and Average Daily Gain


Feed intake varied considerably during the study for all mice. A significant increase was observed between 4 and 7 day, followed by a return to the baseline feed intake afterwards. Intriguingly, feed intake decreased significantly after day 18 (Table 1). Dietary treatments had little impact on feed intake, with only a slight (but significant) increase of feed intake for the 25% group (0.54 ± 0.02 g/day) relative to the groups that consumed 0% and 100% melanoidin malts (0.48 ± 0.02 g/day and 0.44 ± 0.02 g/day).



Average daily weight gain (ADG) varied during the study (p < 0.05; Table 2). The 0% and 25% groups exhibited significantly lower ADG during the first seven days, and significantly higher ADG in the last seven days. The 50% and 75% groups had completely inverse dynamics in ADG (Table 2). The 100% group maintained relatively low ADG throughout the study.




3.2. SCFAs Abundance and Dynamics


The quantity of SCFAs measured in the feces from the 0% and 100% groups are shown in Table 3 from day 0 to day 21. Overall, the total SCFA concentrations decreased markedly in the mice that received 0%, but remained stable in the mice fed 100% melanoidin malts over the experiment. There were no apparent differences in the proportions of acetate in the mice fed 0% and 100% at days 0, 3, 7, and 14. However, there were significant differences in acetate between the mice that received 0% melanoidin malts and the mice that consumed 100% of melanoidin malts at day 21 (p < 0.05; Table 3). Consumption of melanoidins maintained acetate production at stable levels, while consumption of non-melanoidin malts resulted in a significant decrease. Significant decreases in the quantity of propionate were observed in mice fed 0% at days 14 and 21 and in mice that consumed 100% of melanoidin malts at days 7, 14, and 21. The amount of propionate between the 0% and 100% melanoidin malt groups was significantly different at day 21 (p < 0.05; Table 3); melanoidin malt consumption also allowed for maintenance of higher propionate production. Significant decreases in the amount of butyrate were observed in mice fed 0% at days 14 and 21 and in mice that consumed 100% of melanoidin malts at days 3, 7, 14, and 21. The quantity of butyrate between the 0% and 100% melanoidin malt groups was significantly different at day 14 (p < 0.05; Table 3).




3.3. Impact of Diet on Gut Microbiota Profiles and Dynamics


The NMDS plots for days 0, 3, 7, 14, and 21 showed that the gut microbiota profiles of the five groups became distinctly different at days 3, 7, 14, and 21 (ANOSIM p < 0.05), while they were not distinguishable on day 0 (Figure 1). On day 3, the groups that consumed higher percentages of melanoidin malts (75% and 100%) were significantly different from the other groups (0% and 25%), while the 50% group was not significantly different from any group (Supplementary Figure S1; ANOSIM p < 0.05). On day 7, the groups that consumed melanoidin malts (25%, 50%, 75%, and 100%) were all significantly different from the group that consumed 0% melanoidin malts (Figure 1; ANOSIM p < 0.05). On day 14, the 75% and 100% groups clustered significantly and separately from the 0% and 25% groups (Supplementary Figure S1; ANOSIM p < 0.05). Long-term (day 21) consumption of melanoidins resulted in significant clustering, separating the 50%, 75%, and 100% groups from the 0% and 25% groups (Figure 1; ANOSIM p < 0.05).




3.4. Impact of Melanoidin Malts on the Composition of the Gut Microbiota


Overall, the most abundant phyla detected were Firmicutes, Bacteroidetes, Actinobacteria, Verrucomicrobia, and Proteobacteria. The consumption of any combination of malts resulted in a significant decrease in Firmicutes. Conversely, malt consumption resulted in a distinctive increase in Bacteroidetes, Actinobacteria, Verrucomicrobia, and Proteobacteria during the study (Figure 2). Although there were no or slight differences between the groups for the three most abundant phyla, long-term melanoidin consumption resulted in a significant increase in Actinobacteria in the groups that received 100% melanoidin malts (Figure 2). Increased abundance of Verrucomicrobia was observed in the groups fed 50%, 75%, and 100% melanoidin malts at day 21 (Figure 2).



Regardless of treatment, the abundances of Dorea, Oscillibacter, and Alisitpes were decreased, but the relative abundances of Lactobacillus, Paresutterella, Akkermansia, Bifidobacterium, and Barnesilla were increased during the study (Supplementary Figure S2). In addition, there were no significant differences in any genera at day 0 between the groups, except that the 25% group had significantly higher Bacteroides and Parasutterella and lower Alistipes.



Several genera among the Firmicutes were found to be significantly affected by the amount of melanoidins from day 3 to day 21. The relative abundance of Clostridium XIVa generally increased at days 3 and 7, with significantly lower abundances in high melanoidins groups, but the differences decreased over the long-term (Figure 3A). The abundance of Dorea was higher on day 0, but after melanoidin malt consumption, Dorea decreased and resulted in slight or non-significant differences between the groups at days 7, and 21 (Supplementary Figure S3B). Clostridium XIVb, Roseburia, and Lactobacillus resulted in gradual significant increases observed at days 7, and 21. Lower abundances of Clostridium XIVb and Lactobacillus were found in the high melanoidin groups compared to other groups at days 7 (Figure 3B,C). The relative abundance of Oscillibacter decreased at days 7, and 21, but there were no significant differences between the groups (Figure 3B).



The melanoidin malt consumption resulted in significant increases in Barnesiella (Bacteroidetes) at days 7, and 21. Barnesiella abundance was significantly higher in low percentage melanoidin malts (Figure 4). The relative abundance of Alistipes was significantly depleted during the study at days 7, and 21, although the abundances were slightly different among groups (Figure 4). The relative abundance of Bacteroides resulted in an increase during the study and a sharp increase was observed in the 25% group (Figure 4).



The abundant genus of Actinobacteria was Bifidobacterium, which increased throughout the study with a significantly higher abundance for the 100% melanoidin malt consumption group (Figure 5). The consumption of melanoidin malts resulted in a gradual increase in Akkermansia at days 3, 7, 14, and 21. There was a significant difference between the groups at day21, and the high abundance of Akkermansia was in the group that consumed 100% of melanoidin malts (Figure 5). The responsive genus among Proteobacteria was Parasutterella, which exhibited a sharp significant increase throughout the study, but we observed only slight differences between the groups (Figure 5).



The relative abundance of several Firmicutes genera (Clostridium XIVb and Lactobacillus), as well as Bifidobacterium (Supplementary Figure S3) and Akkermansia (Supplementary Figure S3) were increased significantly in all groups that consumed 0%, 25%, 50%, 75%, and 100% of melanoidin malts throughout the study from day 0 to day 21, and there were slight or significant differences among the days (p < 0.005). Significant increases in Parasutterella were present in the mice that were fed 0%, 25%, and 50% melanoidin malts during the study, but the relative abundance of Parasutterella was lower in groups that received 75% and 100% melanoidin malts throughout the study from day 0 to day 2, and there were no or only slight differences among the days Supplementary Figure S3). However, the relative abundance of Dorea (Firmicutes; Supplementary Figure S2) and Alistipes (Bacteroidetes; Supplementary Figure S3) decreased gradually through the study from 0 day to 21 day in all mice that were fed 0%, 25%, 50%, 75%, and 100% melanoidin malts, and there were significant differences between the days (p < 0.005).





4. Discussion and Conclusions


The purpose of this study was to investigate the impact of melanoidin-rich malts, which may represent a major source of specific dietary melanoidins for humans, on the composition of the gut microbiota and their potential prebiotic effects. It was reported that a large proportion of HMW melanoidins are excreted in feces and urine [13]. We noted the brownish color of the feces and urine from mice that were fed 100% melanoidin malts compared to mice that consumed 0% melanoidin malts after 21 days in this study. Several studies reported that dietary melanoidins could escape digestion and pass through the gastrointestinal tract, where they may be fermented by the intestinal microbiota; and dietary melanoidins were suggested to behave like dietary fiber by enhancing the growth of beneficial gut bacteria [13,18,37,38].



The consumption of coffee melanoidins had no effect on the weight gain of rats that were fed a high-fat diet [39]. However, the consumption of germinated barley (malt) resulted in a significant decrease in body weight in mice [40]. In this study, we found that the average daily gain initially increased but was subsequently lowered by the consumption of melanoidin-rich malts, confirming that dietary melanoidins have a limited impact on weight gain.



The quantification of SCFAs in feces is a useful index of the fermentative potential of the gut microbiota. In this study, the proportion of acetate was stable throughout, but the quantities of propionic and butyrate decreased. The concentrations of butyrate, acetate, and propionate were higher in the mice that consumed 100% melanoidin malts compared to 0% melanoidin malts at days 14 and 21, respectively. The total SCFA concentrations were stable in mice that consumed 100% of melanoidin malts, while a significant decrease was observed in the control group, which was consistent with the higher SCFA concentration observed in rats that were fed bread crusts compared to the controls [41]. Importantly, acetate was mainly responsive to malt melanoidin consumption, whereas acetate was the increased SCFA in the bread crust consumption trial [41]. These results were in favor of the hypothesis that melanoidins modulate the gut microbiome and fermentation patterns in a similar fashion to dietary fibers or other complex polysaccharides. While whole-grain barley is considered an excellent source of dietary fiber, milling and malting considerably decreased the amount of fiber in barley malts, thereby explaining the drop in SCFA production. It appears that roasting may represent a simple approach to restore the presence of fermentable compounds, namely melanoidins.



In this study, the relative abundance of Firmicutes decreased, but Bacteroidetes, Verrucomicrobia Acinobacteria, and Proteobacteria increased during the study, which was consistent with a previous study that included higher abundances of Verrucomicrobia and Acinobacteria and a lower abundance of Firmicutes in rats fed barley malt [25]. Zhong et al. found that consumption of whole-grain barley resulted in the increase of Akkermansia spp. and Ruminococcus spp., while Roseburia spp. and Lactobacillus spp. were more abundant in the cecum of rats fed barley malt, compared to the control group that was enriched in Oscillospira spp. and Dorea spp. [25]. We observed that Ruminococcus spp. and Lactobacillus spp. had higher abundances in mice fed 0% melanoidin malts. However, there were significant decreases in Dorea and Oscillibacter throughout the study, which may be in line with a previous study showing the reduction of some genera belonging to Firmicutes, such as Dorea, after oral supplementation of glutamine [42]. A significant increase in Roseburia spp. was observed during the study, which may be in line with a study on Roseburia growth in healthy humans who consumed whole-grain barley for 60 days [43]. The effects of dietary fiber sources in an alfalfa diet showed an increase in Clostridium cluster XIVb compared to the pure cellulose diet of suckling piglets [44]. We indeed observed increases in Clostridium cluster XIVb during this study, with slight differences between the groups.



In this study, we observed a significant increase in Bacteroides spp. in mice that were fed fewer melanoidin malts, especially 25% melanoidin malts, which may be in line with the previous in vitro report of an increase in the proportion of Bacteroides spp. in light- and medium-roasted coffee compared to dark-roasted coffee [29]. Bacteroides spp. are known for their ability to ferment different mucin polysaccharides because they possess a wide range of carbohydrate-depolymerizing enzymes [45]. Moreover, in the present study, we observed significant differences in average daily gain and the proportion of consumed found in mice that consumed 25%, which had higher abundances of Bacteroides spp. Relative abundances of Barnesiella spp. were found at low levels, which made up less than 1% of an individual’s total gut bacteria; they, in particular, are known for their ability to control the spread of highly antibiotic-resistant bacteria [46,47]. Significant decreases in Barnesiella were detected in a guinea pig model fed a Western diet associated with metabolic syndrome [48]. However, dietary-resistant starch resulted in significant increases in Barnesiella, Ruminococcus, and Bifidobacterium in a rodent colitis-associated colorectal cancer model, which suggested resistant starch might have a beneficial effect on patients with ulcerative colitis [49]. In the present study, significant increases in Barnesiella were observed, especially in the mice fed 0% and 25% at 21 days. A decreased abundance of Alistipes was also shown in the present study. Wang et al. similarly showed that oligosaccharide treatment decreased the levels of Alistipes in mice with constipation [50].



Akkermansia spp. are known as mucin-degrading bacteria that use glycated proteins as an energy source [51]. Akkermansia muciniphila are known for their ability of anti-inflammatory effects in the intestine. A significant decrease in A. muciniphila was found in colitic mice [52]. We detected a high abundance of Akkermansia spp. in mice that were fed melanoidin-rich malts. Bifidobacterium spp. were also found in high abundances in the melanoidin-rich malt group. Dietary fiber enhances the growth of Bifidobacterium spp. [27]. Coffee consists of soluble fiber, mainly galactomannans and arabinogalactans [29]. The roasted coffee silverskin, which contains 60% of the total dietary fiber, enhanced preferential growth of Bifidobacterium spp. in vitro compared to other anaerobic bacteria [53]. An increase in the population of Bifidobacterium spp. was also shown after coffee consumption in humans [54]. In addition to coffee, bread crust melanoidins promoted the growth of Bifidobacterium spp. using a static batch culture [27]. The type of melanoidins plays an important role in enhancing the growth of Bifidobacterium spp. Coffee melanoidins are characterized by considerable carbohydrates, but bread crust melanoidins demonstrate a prevalence of amino acids. Thus, the coffee melanoidins increased the growth of Bifidobacterium spp. compared to bread crust melanoidins [27]. The structures of melanoidin malts are similar to coffee melanoidins in regard to their considerable amount of carbohydrates and fibers. Furthermore, distinct increases in Parasutterella, known as the saccharolytic strain, were detected during the study, which might be in line with previous reports of the proportion of Parasutterella that were elevated by carbohydrate consumption in rodent models [55].



We conclude that the long-term consumption of melanoidin malts increased microorganisms often considered beneficial, such as Bifidobacterium, Akkermansia, and Lactobacillus, although there were no significant differences in the population of Lactobacillus between the groups that consumed 0% and 100% melanoidin malts. These results confirm that the gut microbiota responds differently to different melanoidin-rich foods, and that melanoidin-rich malts appear to exert potentially beneficial changes, a property that could potentially lead to the development of novel prebiotic foods.








Supplementary Materials


The following are available online at https://www.mdpi.com/2072-6643/12/1/241/s1, Figure S1: Impact of increasing dietary melanoidin malts on the composition of the gut microbiota (non-metric multidimensional scaling (NMDS) at Day 3 and 14, Figure S2: Temporal evolution of selected genera along the study and impact of malt consumption overall, Figure S3: Impact of different portions of dietary melanoidin malts on responsive genera abundances among the other phyla. (A) Firmicutes (ClostridiumXIVb), (B) (Dorea), (C) (Latobacillus); Bacteroidetes (D) (Alistipes), (E) Actinobacteria (Bifidobacterium), (F) Verrumicrobia (Akkermansia); (G) Proteobacteria (Parasutturella). Significant differences (p < 0.005) are indicated by different letters (n = 5).





Author Contributions


Conceptualization, N.A., P.G.-W., P.M.A., and F.C.; methodology, N.A., P.G.-W., P.M.A., and F.C.; validation, N.A. and F.C.; formal analysis, N.A. and F.C.; investigation, N.A. and F.C.; resources, F.C.; data curation, N.A. and F.C.; writing—original draft preparation, N.A., P.-G.W., P.M.A., and F.C.; writing—review and editing, N.A., P.G.-W., P.M.A., and F.C.; visualization, N.A. and F.C.; supervision, F.C.; project administration, F.C.; funding acquisition, F.C. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by a grant from the Arkansas Bioscience Institute. N.A. received a research assistantship from King Abdulaziz University to conduct her PhD research projects.




Acknowledgments


The authors thank the staff from the Animal House Facility of the University of Arkansas for their help with the animal study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bekedam, E.K.; Roos, E.; Schols, H.A.; Van Boekel, M.A.J.S.; Smit, G. Low molecular weight melanoidins in coffee brew. J. Agric. Food Chem. 2008, 56, 4060–4067. [Google Scholar] [CrossRef]

	



Hodge, J.E. Dehydrated foods, chemistry of browning reactions in model systems. J. Agric. Food Chem. 1953, 1, 928–943. [Google Scholar] [CrossRef]

	



Hofmann, T. Characterization of the most intense coloured compounds from Maillard reactions of pentoses by application of colour dilution analysis. Carbohydr. Res. 1998, 313, 203–213. [Google Scholar] [CrossRef]

	



Ćosović, B.; Vojvodić, V.; Bošković, N.; Plavšić, M.; Lee, C. Characterization of natural and synthetic humic substances (melanoidins) by chemical composition and adsorption measurements. Org. Geochem. 2010, 41, 200–205. [Google Scholar] [CrossRef]

	



Wang, H.-Y.; Qian, H.; Yao, W.-R. Melanoidins produced by the Maillard reaction: Structure and biological activity. Food Chem. 2011, 128, 573–584. [Google Scholar] [CrossRef]

	



Coghe, S.; Adriaenssens, B.; Leonard, S.; Delvaux, F.R. Fractionation of colored Maillard reaction products from dark specialty malts. J. Am. Soc. Brew. Chem. 2004, 62, 79–86. [Google Scholar] [CrossRef]

	



Milic, B.L.; Grujic-Injac, B.; Piletic, M.V.; Lajsic, S.; Kolarov, L.A. Melanoidins and carbohydrates in roasted barley. J. Agric. Food Chem. 1975, 23, 960–963. [Google Scholar] [CrossRef] [PubMed]

	



ALjahdali, N.; Carbonero, F. Impact of Maillard reaction products on nutrition and health: Current knowledge and need to understand their fate in the human digestive system. Crit. Rev. Food Sci. Nutr. 2019, 59, 474–487. [Google Scholar] [CrossRef]

	



Glösl, S.; Wagner, K.-H.; Draxler, A.; Kaniak, M.; Lichtenecker, S.; Sonnleitner, A.; Somoza, V.; Erbersdobler, H.; Elmadfa, I. Genotoxicity and mutagenicity of melanoidins isolated from a roasted glucose–glycine model in human lymphocyte cultures, intestinal Caco-2 cells and in the Salmonella typhimurium strains TA98 and TA102 applying the AMES test. Food Chem. Toxicol. 2004, 42, 1487–1495. [Google Scholar] [CrossRef]

	



Taylor, J.L.S.; Demyttenaere, J.C.R.; Abbaspour Tehrani, K.; Olave, C.A.; Regniers, L.; Verschaeve, L.; Maes, A.; Elgorashi, E.E.; van Staden, J.; De Kimpe, N. Genotoxicity of melanoidin fractions derived from a standard glucose/glycine model. J. Agric. Food Chem. 2004, 52, 318–323. [Google Scholar] [CrossRef]

	



Delgado-Andrade, C. Maillard reaction products: Some considerations on their health effects. Clin. Chem. Lab. Med. 2014, 52, 53–60. [Google Scholar] [CrossRef] [PubMed]

	



Moreira, A.S.P.; Nunes, F.M.; Domingues, M.R.; Coimbra, M.A. Coffee melanoidins: Structures, mechanisms of formation and potential health impacts. Food Funct. 2012, 3, 903–915. [Google Scholar] [CrossRef] [PubMed]

	



Faist, V.; Erbersdobler, H.F. Metabolic transit and in vivo effects of melanoidins and precursor compounds deriving from the Maillard reaction. Ann. Nutr. Metab. 2001, 45, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Fogliano, V.; Morales, F.J. Estimation of dietary intake of melanoidins from coffee and bread. Food Funct. 2011, 2, 117–123. [Google Scholar] [CrossRef] [PubMed]

	



Helou, C.; Denis, S.; Spatz, M.; Marier, D.; Rame, V.; Alric, M.; Tessier, F.J.; Gadonna-Widehem, P. Insights into bread melanoidins: Fate in the upper digestive tract and impact on the gut microbiota using in vitro systems. Food Funct. 2015, 6, 3737–3745. [Google Scholar] [CrossRef]

	



Helou, C.; Jacolot, P.; Niquet-Léridon, C.; Gadonna-Widehem, P.; Tessier, F.J. Maillard reaction products in bread: A novel semi-quantitative method for evaluating melanoidins in bread. Food Chem. 2016, 190, 904–911. [Google Scholar] [CrossRef]

	



Helou, C.; Anton, P.M.; Niquet-Léridon, C.; Spatz, M.; Tessier, F.J.; Gadonna-Widehem, P. Fecal excretion of Maillard reaction products and the gut microbiota composition of rats fed with bread crust or bread crumb. Food Funct. 2017, 8, 2722–2730. [Google Scholar] [CrossRef]

	



Tagliazucchi, D.; Bellesia, A. The gastro-intestinal tract as the major site of biological action of dietary melanoidins. Amino Acids 2015, 47, 1077–1089. [Google Scholar] [CrossRef]

	



Rufián-Henares, J.A.; Morales, F.J. A new application of a commercial microtiter plate-based assay for assessing the antimicrobial activity of Maillard reaction products. Food Res. Int. 2006, 39, 33–39. [Google Scholar] [CrossRef]

	



Rufian-Henares, J.A.; Morales, F.J. Antimicrobial activity of melanoidins. J. Food Qual. 2007, 30, 160–168. [Google Scholar] [CrossRef]

	



Einarsson, H.; Snygg, B.G.; Eriksson, C. Inhibition of bacterial growth by Maillard reaction products. J. Agric. Food Chem. 1983, 31, 1043–1047. [Google Scholar] [CrossRef]

	



Hiramoto, S.; Itoh, K.; Shizuuchi, S.; Kawachi, Y.; Morishita, Y.; Nagase, M.; Suzuki, Y.; Nobuta, Y.; Sudou, Y.; Nakamura, O. Melanoidin, a food protein-derived advanced Maillard reaction product, suppresses Helicobacter pylori in vitro and in vivo. Helicobacter 2004, 9, 429–435. [Google Scholar] [CrossRef] [PubMed]

	



Rufián-Henares, J.A.; Morales, F.J. Antimicrobial activity of melanoidins against Escherichia coli is mediated by a membrane-damage mechanism. J. Agric. Food Chem. 2008, 56, 2357–2362. [Google Scholar] [CrossRef] [PubMed]

	



Casterline, J.L.; Oles, C.J.; Ku, Y. In vitro fermentation of various food fiber fractions. J. Agric. Food Chem. 1997, 45, 2463–2467. [Google Scholar] [CrossRef]

	



Zhong, Y.; Nyman, M.; Fåk, F. Modulation of gut microbiota in rats fed high-fat diets by processing whole-grain barley to barley malt. Mol. Nutr. Food Res. 2015, 59, 2066–2076. [Google Scholar] [CrossRef] [PubMed]

	



Tuohy, K.M.; Hinton, D.J.S.; Davies, S.J.; Crabbe, M.J.C.; Gibson, G.R.; Ames, J.M. Metabolism of Maillard reaction products by the human gut microbiota–implications for health. Mol. Nutr. Food Res. 2006, 50, 847–857. [Google Scholar] [CrossRef] [PubMed]

	



Borrelli, R.C.; Fogliano, V. Bread crust melanoidins as potential prebiotic ingredients. Mol. Nutr. Food Res. 2005, 49, 673–678. [Google Scholar] [CrossRef]

	



Ames, J.M.; Wynne, A.; Hofmann, A.; Plos, S.; Gibson, G.R. The effect of a model melanoidin mixture on faecal bacterial populations in vitro. Br. J. Nutr. 1999, 82, 489–495. [Google Scholar] [CrossRef]

	



Reichardt, N.; Gniechwitz, D.; Steinhart, H.; Bunzel, M.; Blaut, M. Characterization of high molecular weight coffee fractions and their fermentation by human intestinal microbiota. Mol. Nutr. Food Res. 2009, 53, 287–299. [Google Scholar] [CrossRef]

	



Rodhouse, L.; Carbonero, F. Overview of craft brewing specificities and potentially associated microbiota. Crit. Rev. Food Sci. Nutr. 2019, 59, 462–473. [Google Scholar] [CrossRef]

	



Carvalho, D.O.; Correia, E.; Lopes, L.; Guido, L.F. Further insights into the role of melanoidins on the antioxidant potential of barley malt. Food Chem. 2014, 160, 127–133. [Google Scholar] [CrossRef] [PubMed]

	



Tangerman, A.; Nagengast, F.M. A gas chromatographic analysis of fecal short-chain fatty acids, using the direct injection method. Anal. Biochem. 1996, 236, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Zoetendal, E.G.; Heilig, H.G.H.J.; Klaassens, E.S.; Booijink, C.C.G.M.; Kleerebezem, M.; Smidt, H.; De Vos, W.M. Isolation of DNA from bacterial samples of the human gastrointestinal tract. Nat. Protoc. 2006, 1, 870. [Google Scholar] [CrossRef] [PubMed]

	



Kozich, J.J.; Westcott, S.L.; Baxter, N.T.; Highlander, S.K.; Schloss, P.D. Development of a dual-index sequencing strategy and curation pipeline for analyzing amplicon sequence data on the MiSeq Illumina sequencing platform. Appl. Environ. Microbiol. 2013, 79, 5112–5120. [Google Scholar] [CrossRef]

	



Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.; Robinson, C.J. Introducing mothur: Open-source, platform-independent, community-supported software for describing and comparing microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541. [Google Scholar] [CrossRef]

	



Hammer, Ø.; Harper, D.; Ryan, R. Paleontological statistics software package for education and data analysis. Palaeontol. Electron. 2001, 4, 1–9. [Google Scholar]

	



Morales, F.J.; Somoza, V.; Fogliano, V. Physiological relevance of dietary melanoidins. Amino Acids 2012, 42, 1097–1109. [Google Scholar] [CrossRef]

	



Finot, P.A.; Magnenat, E. Metabolic transit of early and advanced Maillard products. Prog. Food Nutr. Sci. 1981, 5, 193–207. [Google Scholar]

	



Vitaglione, P.; Morisco, F.; Mazzone, G.; Amoruso, D.C.; Ribecco, M.T.; Romano, A.; Fogliano, V.; Caporaso, N.; D’Argenio, G. Coffee reduces liver damage in a rat model of steatohepatitis: The underlying mechanisms and the role of polyphenols and melanoidins. Hepatology 2010, 52, 1652–1661. [Google Scholar] [CrossRef]

	



Kanauchi, O.; Oshima, T.; Andoh, A.; Shioya, M.; Mitsuyama, K. Germinated barley foodstuff ameliorates inflammation in mice with colitis through modulation of mucosal immune system. Scand. J. Gastroenterol. 2008, 43, 1346–1352. [Google Scholar] [CrossRef]

	



Delgado-Andrade, C.; de la Cueva, S.P.; Peinado, M.J.; Rufián-Henares, J.Á.; Navarro, M.P.; Rubio, L.A. Modifications in bacterial groups and short chain fatty acid production in the gut of healthy adult rats after long-term consumption of dietary Maillard reaction products. Food Res. Int. 2017, 100, 134–142. [Google Scholar] [CrossRef] [PubMed]

	



De Souza, A.Z.Z.; Zambom, A.Z.; Abboud, K.Y.; Reis, S.K.; Tannihão, F.; Guadagnini, D.; Saad, M.J.A.; Prada, P.O. Oral supplementation with L-glutamine alters gut microbiota of obese and overweight adults: A pilot study. Nutrition 2015, 31, 884–889. [Google Scholar] [CrossRef] [PubMed]

	



Martínez, I.; Lattimer, J.M.; Hubach, K.L.; Case, J.A.; Yang, J.; Weber, C.G.; Louk, J.A.; Rose, D.J.; Kyureghian, G.; Peterson, D.A. Gut microbiome composition is linked to whole grain-induced immunological improvements. ISME J. 2013, 7, 269. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Mu, C.; He, X.; Su, Y.; Mao, S.; Zhang, J.; Smidt, H.; Zhu, W. Effects of dietary fibre source on microbiota composition in the large intestine of suckling piglets. FEMS Microbiol. Lett. 2016, 363. [Google Scholar] [CrossRef]

	



Salyers, A.A.; Vercellotti, J.R.; West, S.E.; Wilkins, T.D. Fermentation of mucin and plant polysaccharides by strains of Bacteroides from the human colon. Appl. Environ. Microbiol. 1977, 33, 319–322. [Google Scholar] [CrossRef]

	



Ubeda, C.; Bucci, V.; Caballero, S.; Djukovic, A.; Toussaint, N.C.; Equinda, M.; Lipuma, L.; Ling, L.; Gobourne, A.; No, D. Intestinal microbiota containing Barnesiella species cures vancomycin-resistant Enterococcus faecium colonization. Infect. Immun. 2013, 81, 965–973. [Google Scholar] [CrossRef]

	



Wylie, K.M.; Truty, R.M.; Sharpton, T.J.; Mihindukulasuriya, K.A.; Zhou, Y.; Gao, H.; Sodergren, E.; Weinstock, G.M.; Pollard, K.S. Novel bacterial taxa in the human microbiome. PLoS ONE 2012, 7, e35294. [Google Scholar] [CrossRef]

	



Al, K.; Sarr, O.; Dunlop, K.; Gloor, G.B.; Reid, G.; Burton, J.; Regnault, T.R.H. Impact of birth weight and postnatal diet on the gut microbiota of young adult guinea pigs. PeerJ 2017, 5, e2840. [Google Scholar] [CrossRef]

	



Hu, Y.; Le Leu, R.K.; Christophersen, C.T.; Somashekar, R.; Conlon, M.A.; Meng, X.Q.; Winter, J.M.; Woodman, R.J.; McKinnon, R.; Young, G.P. Manipulation of the gut microbiota using resistant starch is associated with protection against colitis-associated colorectal cancer in rats. Carcinogenesis 2016, 37, 366–375. [Google Scholar] [CrossRef]

	



Wang, L.; Hu, L.; Yan, S.; Jiang, T.; Fang, S.; Wang, G.; Zhao, J.; Zhang, H.; Chen, W. Effects of different oligosaccharides at various dosages on the composition of gut microbiota and short-chain fatty acids in mice with constipation. Food Funct. 2017, 8, 1966–1978. [Google Scholar] [CrossRef]

	



Tailford, L.E.; Crost, E.H.; Kavanaugh, D.; Juge, N. Mucin glycan foraging in the human gut microbiome. Front. Genet. 2015, 6, 81. [Google Scholar] [CrossRef] [PubMed]

	



Shang, Q.; Sun, W.; Shan, X.; Jiang, H.; Cai, C.; Hao, J.; Li, G.; Yu, G. Carrageenan-induced colitis is associated with decreased population of anti-inflammatory bacterium, Akkermansia muciniphila, in the gut microbiota of C57BL/6J mice. Toxicol. Lett. 2017, 279, 87–95. [Google Scholar] [CrossRef] [PubMed]

	



Borrelli, R.C.; Esposito, F.; Napolitano, A.; Ritieni, A.; Fogliano, V. Characterization of a new potential functional ingredient: Coffee silverskin. J. Agric. Food Chem. 2004, 52, 1338–1343. [Google Scholar] [CrossRef] [PubMed]

	



Jaquet, M.; Rochat, I.; Moulin, J.; Cavin, C.; Bibiloni, R. Impact of coffee consumption on the gut microbiota: A human volunteer study. Int. J. Food Microbiol. 2009, 130, 117–121. [Google Scholar] [CrossRef]

	



Noble, E.E.; Hsu, T.M.; Jones, R.B.; Fodor, A.A.; Goran, M.I.; Kanoski, S.E. Early-life sugar consumption affects the rat microbiome independently of obesity. J. Nutr. 2016, 147, 20–28. [Google Scholar] [CrossRef]








[image: Nutrients 12 00241 g001 550] 





Figure 1. Impact of increasing dietary melanoidin malts on the composition of the gut microbiota (non-metric multidimensional scaling (NMDS)): Day 0 showed no significant difference (ANOSIM p > 0.05); day 7 showed the 25%, 50%, 75%, and 100% melanoidin malt groups to be significantly different from the 0% group (ANOSIM p < 0.05); day 21 showed the 0% and 25% groups to be significantly different from 50%, 75%, and 100% groups (n = 5). 
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Figure 2. Impact of increasing dietary melanoidin malts on the composition of the gut microbiota at the phylum level during the study. Significant differences (p < 0.005) are indicated by different letters (n = 5). 
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Figure 3. Impact of melanoidin malts on responsive genera relative abundances among the Firmicutes. (A) Lachnospiraceae, (B) Ruminococcaceae, and (C) Lactobacillaceae. Significant differences (p < 0.005) are indicated by different letters (n = 5). 
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Figure 4. Impact of melanoidin malts on responsive genera relative abundances among the Bacteroidetes. Significant differences (p < 0.005) are indicated by different letters (n = 5). 
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Figure 5. Impact of melanoidin malts on responsive genera relative abundances among the other phyla. Actinobacteria (Bifidobacterium), Verrumicrobia (Akkermansia), and Proteobacteria (Parasutturella). Significant differences (p < 0.005) are indicated by different letters (n = 5). 
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Table 1. Temporal variation of feed intake for all mice considered as one group (n = 75). Data are expressed as mean ± SEM.
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	Feed Intake by Days (g/day)
	Estimated Mean





	4 days
	0.53 ± 0.01 b



	7 days
	0.74 ± 0.01 a



	11 days
	0.46 ± 0.01 cd



	14 days
	0.45 ± 0.01 d



	18 days
	0.49 ± 0.01 c



	21 days
	0.33 ± 0.01 f



	25 days
	0.38 ± 0.01 e







A p value of <0.05 was considered to be statistically significant (indicated by superscript letters).
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Table 2. Effect of diet on average daily weight gain. Data are expressed as mean ± SEM (n = 15).
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	Average Daily Gain (g/day)
	7 Days
	18 Days
	25 Days





	Melanoidin-free
	0.17 ± 0.07 abcA
	0.19 ± 0.07 aA
	0.31 ± 0.07 abA



	25% Melanoidins
	0.048 ± 0.07 cB
	0.34 ± 0.07 aA
	0.47 ± 0.07 aA



	50% Melanoidins
	0.28 ± 0.07 abA
	0.18 ± 0.07 aA
	0.18 ± 0.07 bA



	75% Melanoidins
	0.34 ± 0.07 aA
	0.20 ± 0.07 aAB
	0.14 ± 0.07 bB



	100% Melanoidins
	0.13 ± 0.07 bcA
	0.19 ± 0.07 aA
	0.23 ± 0.07 bA







Different letters indicate significant differences (p < 0.05; ANOVA). The lowercase letters indicate significant differences (p < 0.005; ANOVA) on the same day between different groups. The capital letters indicate significant differences (p < 0.05; ANOVA) in the same group between different days.
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Table 3. Effects of melanoidin malts on short-chain fatty acids. Data are expressed as mean ± SEM (n = 15).
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Melanoidins

	
Day 0

	
Day 3

	
Day 7

	
Day 14

	
Day 21






	
Acetate

(mmol/mL)

	
0%

	
4.01 ± 0.68 a

	
3.1 ± 0.94 aA

	
4.1 ± 1.33 aA

	
2.35 ± 0.97 aA

	
2.13 ± 0.63 aB




	
100%

	
4.01 ± 0.68 a

	
3.7 ± 1.33 aA

	
3.6 ± 1.41 aA

	
4.14 ± 1.05 aA

	
4.51 ± 0.43 aA




	
Propionate

(mmol/mL)

	
0%

	
0.25 ± 0.03 a

	
0.21 ± 0.03 aA

	
0.16 ± 0.04 aA

	
0.07 ± 0.03 bA

	
0.06 ± 0.01 bB




	
100%

	
0.25 ± 0.03 a

	
0.14 ± 0.05 aA

	
0.11 ± 0.04 bA

	
0.09 ± 0.02 bA

	
0.09 ± 0.03 bA




	
Butyrate

(mmol/mL)

	
0%

	
0.42 ± 0.17 a

	
0.27 ± 0.04 aA

	
0.18 ± 0.07 aA

	
0.06 ± 0.03 bB

	
0.10 ± 0.01 bA




	
100%

	
0.42 ± 0.17 a

	
0.13 ± 0.04 bA

	
0.09 ± 0.02 bA

	
0.14 ± 0.01 bA

	
0.08 ± 0.02 bA




	
Total

(mmol/mL)

	
0%

	
4.7 ± 0.88

	
3.6 ± 1.01

	
4.44 ± 1.44

	
2.5 ± 1.03

	
2.29 ± 0.62




	
100%

	
4.7 ± 0.88

	
3.8 ± 1.42

	
3.8 ± 1.5

	
4.4 ± 1.08

	
4.68 ± 0.48








The same letters indicate no significant difference. Different letters indicate significant differences (p < 0.05; ANOVA). The small letters indicate significant differences (p < 0.005; ANOVA) with the same diet on different days. The capital letters indicate significant differences (p < 0.05; ANOVA) on the same day between different diets.
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