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Abstract

:

Non-nutritive sweeteners represent an ingredient class that directly affects human health, via the development of inflammatory processes that promote chronic diseases related to microbiota dysbiosis. Several in vitro tests were conducted in the static GIS1 simulator. The aim of the study was to highlight the effect of sweeteners on the microbiota pattern of healthy individuals, associated with any alteration in the metabolomic response, through the production of organic acids and ammonium. The immediate effect of the in vitro treatment and the influence of the specific sweetener type on the occurrence of dysbiosis were evaluated by determining the biomarkers of the microbiota response. The presence of the steviol reduced the ammonium level (minimum of 410 mg/L), while the addition of cyclamate and saccharin caused a decrease in the number of microorganisms, in addition to lowering the total quantity of synthesized short-chain fatty acids (SCFAs). The bifidobacteria appeared to decrease below 102 genomes/mL in all the analyzed samples at the end of the in vitro simulation period. Barring the in vitro treatment of steviol, all the sweeteners tested exerted a negative influence on the fermentative profile, resulting in a decline in the fermentative processes, a rise in the colonic pH, and uniformity of the SCFA ratio.
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1. Introduction


Sweeteners are a versatile food ingredient because of their low caloric content. In recent years, several population groups have begun to use these products, even if they have normal blood sugar levels. Sweetness perception is crucial for an individual’s acceptance of food, and the physiological process depends upon the sweetener (maximum 4 mM concentration) and receptor interactions [1]. Two of the most important steps post intake are represented by the absorption and interaction with the physiological processes in the human body. Sweeteners have even been found in breast milk, and they directly impact the child’s responses to sweet taste during the growth period. Over the long term, this high acceptance of sweet taste determines the incidence of diabetes at very young age [2].



The effect of sweeteners on human health has been extensively explored because of the incidence of obesity and diabetes [3]. The biological effect on the microbiota is significant because the impact of regular consumption helps to explain the progression of degenerative pathologies or cancer [4]. From recent studies, it is evident that a direct relationship exists between sweetener consumption, the establishment of dysbiosis, and the development of neurodegenerative diseases [5]. Setting up pre-diabetes is favored by the interaction of the microbiota with different types of sweeteners, which are increasingly being used in food [6]. Understanding the initiation of dysbiosis and pre-diabetic prognosis necessitates a metabolomic approach, as a modern preclinical study method [7]. The physiological mechanism is a reduction in the time of insulin sensitivity, which once initiated has a linear progression until the pathology is established and manifested simultaneously with an increase in body weight [8].



Colonic pH variation could be associated with a reduction in insulin sensitivity—an important feature in people diagnosed with type 2 diabetes. The regular consumption of sweeteners causes the increased incidence of this pathology even at an early age, with the establishment of dysbiosis. A biomarker was considered to be the Bacteroides strain level as an indicator of the ability of the microbiota to control insulin resistance. The level of sweetener consumption is an essential factor that is capable of disrupting the functional plasticity of the microbiota, and reflects a clinical risk factor [9].



In vitro studies in simulation systems are a viable alternative to in vivo assays. Dynamic simulation aims at involving the entire physiological system in the digestion of the samples, as well as the absorption of the essential nutrients. The static GIS1—Phase 2 system was adapted for the in vitro dynamic transit, SHIME (Simulator of the Human Intestinal Microbial Ecosystem) being an accepted example in the scientific community [10]. Previous studies [11] have reported that the modulating response of the microbiota in this case was similar to that in vivo. The results revealed the modulation ability of both the microbial and the metabolomic patterns [11]. This study intended to establish the effect of the sweeteners on the microbiota pattern of healthy individuals, associated with alterations in the metabolomic response, through the production of organic acids and ammonium. Untreated healthy microbiota were used as the control to compare the affected pattern that was altered by the in vitro treatment of different sweeteners.




2. Materials and Methods


2.1. Chemicals


The reagents used were all of analytical grade (purity > 98%): DL-lactic acid and butyric acid purchased from Fluka (Buchs, Switzerland), acetic acid from Riedel-de-Haën (Seelze, Germany), L-(+)-tartaric acid, formic, citric acid, benzoic acid, succinic acid, malic acid, propionic acid, DL-p-hydroxyphenyllactic acid (HO-PLA), sodium hydroxide, sodium chloride, glycerol, and phenyllactic acid (PLA) bought from Sigma-Aldrich (Germany). Phosphoric acid 85% and oxalic acid were supplied by Merck (Hamburg, Germany), cetyltrimethylammonium bromide (CTAB) from LOBA Chemie (Fischamend, Austria), HPLC-grade water and 0.1 and 1 N sodium hydroxide solutions were purchased from Agilent Technologies (USA). All solvents (Merck, Darmstadt, Germany) and solutions were filtered through 0.2-μm membranes (Millipore, Bedford, MA, USA). Peptone water and MRS broth media were purchased from Oxoid Ltd. (Hampshire, UK).




2.2. Obtaining the Sweetener Samples


Samples from eight of the most popular sweeteners marketed by different producers were locally purchased (Table 1) [12]. Sample concentrations were about 40 mg active substance (more than 90% purity). The sweetener doses were calculated to provide the sweetening equivalent of two tablespoons of sugar (≈9 g). All the samples used were in commercial form and added during the in vitro tests in the ascending phase of the human colon simulations.




2.3. GIS1 In Vitro Model


GIS1—Phase 2, developed in the Pharmaceutical Biotechnology Lab in The Faculty of Biotechnology, UASVM Bucharest, is an in vitro static system which simulates the transit through the three segments of the human colon (www.gissystems.ro). The system uses a single simulation vessel, a 500 mL Duran borosilicate glass bottle, at a constant operating temperature of 37 °C, with variable pH controlled with 1 M sterile NaOH [10]: ascending colon, pH 6; transverse colon, pH 6.5; descending colon, pH 7.0 [13]. Sterile CO2 was introduced via an auxiliary module adapted to the fermentation system, and samples were drawn when the in vitro process culminated from the descending segment. The inoculum was based on stool (feces) samples collected from healthy individuals (both sexes) using peptone water over a 7-day stabilization period. Using a microbial load (fingerprint) the simulated medium was inoculated with the equivalent of two tablespoons of sugar. Inoculation was done concurrently by adding samples (sweeteners) that had been sterilized by filtration and dissolved in 0.9% NaCl.



The microbiome from healthy individuals was reconstituted from the samples (feces), according to the ethical guidelines of UASVM Bucharest (ColHumB Registration number: 1418/23.11.2017; www.colhumb.com). The volunteers (five individuals) were representative of both sexes and had not received treatment with antibiotics or any other interfering drugs over the past 6 months, as these agents could alter the microbiome fingerprint. All the samples were collected in 10% glycerol and stored at −15 °C until use [14].




2.4. Gut Microbiota Pattern Quantification by qPCR


The total microbial DNA was isolated from 1 mL of the culture using the PureLink Microbiome DNA purification kit (Invitrogen, USA). The concentration and purity of the DNA were measured with NanoDrop 8000 spectrophotometers (ThermoFisher Scientific, USA). Quantification of the number of genome copies of the principally significant microbial groups from among the human gut microbiota (Enterobacteriaceae family, Bacteroides–Prevotella–Porphyromonas group, Lactobacillus–Lactococcus–Pediococcus group, Firmicutes phylum, Bifidobacterium genus) was done by qPCR using the Applied Biosystem 7900HT Real Time-PCR system. Employing a pair of universal primers for the prokaryotes, the bacterial content in each sample was determined. Bacterial quantification was done by developing standard curves using serial dilutions of a known genomic DNA concentration corresponding to Escherichia (E.) coli ATCC 10536, Lactobacillus (L.) plantarum ATCC 8014, Bifidobacterium (B.) breve ATCC 15700, Enterococcus (E.) faecalis ATCC 29,212, and B. fragilis DSM2151. The mass of genomic DNA was converted in copy number of 16S rRNA gene according to the Applied Biosystems guide. The Power SyberGreen PCR Master Mix 2X (Applied Biosystems, USA), and 40 ng total DNA were introduced into a qPCR reaction with a 20 µL volume. The amplification conditions were 95 °C for 10 min followed by 40 cycles with 95 °C for 15 s and 60 °C for 60 s. Table 2 shows the sequence of the primers and prevailing conditions [14].




2.5. Organic Acids and Ammonia Quantification by Capillary Electrophoresis (CE)


The Ammonium Quanto fix kit (Macherey-Nagel GmbH & Co. KG, Duren, Germany) was used to determine the quantity of ammonia [14].



The samples obtained after the in vitro simulation of the large intestine transit were centrifuged at 5000× g at 4 °C for 10 min. The supernatants were then collected and filtered through a 0.22-µm pore size filter (Millipore, Bedford, MA, USA) [14].



The organic acids were then separated by the capillary electrophoresis method developed earlier using an Agilent CE instrument with a DAD detector and CE standard bare fused-silica capillary (Agilent Technologies, Santa Clara, CA, USA) of 50 μm internal diameter and 72 cm total length (63 cm effective length) [18]. The CE technique employed here falls under the reversed polarity category, the operating conditions being an applied voltage of −20 kV; UV detection was done at 200 nm (direct detection); sample injection was accomplished in hydrodynamic mode, 35 mbar/12 s, maintaining the capillary at 25 °C constant temperature [19]. The background electrolyte used contained 0.5 M of H3PO4 and 0.5 mM of CTAB as the cationic surfactant (pH adjusted with NaOH to 6.24) and 15% methanol as the organic modifier. Filtration was performed through 0.2-μm membranes (Millipore, Bedford, MA, USA) and degassing was done before use. The order of elution of the organic acids was as follows: formic, oxalic, succinic, malic, tartaric, acetic, citric, propionic, lactic, butyric, benzoic, PLA, and HO-PLA acids, in 20 min analysis time. The capillary was flushed between runs with 0.1 M NaOH for 2 min, H2O for 2 min, and the background electrolyte for 4 min [14].




2.6. Statistical Analysis


All the parameters investigated were evaluated in triplicate, and the results were expressed as the mean ± standard deviation (SD) values of three observations. The mean and SD values were calculated using the IBM SPSS Statistics 23 software package (IBM Corporation, Armonk, NY, USA). The significance level for the calculations was set as follows: significant, p ≤ 0.05; very significant, p ≤ 0.01; and highly significant, p ≤ 0.001, using the normal distribution of the variables. The differences were analyzed by ANOVA followed by a Tukey post hoc analysis. Analysis and correlation of the experimental data were done with the IBM SPSS Statistics software package (IBM Corporation, Armonk, NY, USA) [14].





3. Results


3.1. Alteration in the Metabolomic Pattern Post Sweetener In Vitro Treatment


The quantity of ammonia synthesized is the crucial factor in microbiota modulation. A significant drop (p < 0.05) in the ammonia was noted after the in vitro treatment with steviol and oligofructose from chicory-containing sweeteners (Figure 1). In all the other cases, a minimum 10% increase was recorded for all samples, particularly for sucralose and sodium saccharin, with their passage through the descending colon (data not shown).



In vitro sweetener treatment, including those chemically synthesized, exerted a stimulating effect on the patterns. The rise in the SCFAs post sweetener in vitro treatment has been linked to the stimulation of the in vivo transit [20]. Cyclamate and sucralose caused the same metabolomic response, altering the ratio of the butyric and propionic acids when compared to the control sample. A direct relationship was identified between steviol in vitro treatment and the butyrate quantity determined. A significant butyrate value (p < 0.001) was recorded after steviol powder was added (Table 3). For this sample, the exception made was the propionic acid synthesis, with about 100 μg/mL less than that of the steviol capsule. These differences can be explained by the presentation of the samples, their dissolution, as well as the presence of other compounds. From the results it is clear that the in vitro treatment of a particular type of sweetener controls the metabolomic response of the microbiota.



The molar ratios of the chief SCFAs are shown in Figure 2 and Figure S1. The microbiological response was the one that generated significant differences in the in vitro treatment of all the sweeteners. The oligofructose from chicory was the exception, where it seemed like a balance was struck compared to the control sample. Steviol led to the most altered values of the molar ratio, while steviol powder led to variations of about three times. These results indicate a change in the metabolomic response even with steviol [21]. There was also an almost 10-fold decrease in the propionate after in vitro steviol treatment. The data revealed a rise in the acetate/butyrate quantities, depending on the type of sample presentation (Table 3).



Another microbiological response to the in vitro treatment of sweeteners was the raised benzoic acid, PLA concentrations, and the HO-PLA in the culture media containing steviol powder, steviol and brown sugar, and white sugar.



Bifidobacteria and lactobacilli produced significant quantities of PLA and HO-PLA in vitro, using phenylalanine and ά-ketoglutarate [22]. These compounds appear to play a crucial part as antimicrobial and antioxidant compounds [23,24]. Apart from these metabolic compounds, benzoic acid released by the Serratia marcescens has been found to play a role in inhibiting the formation of reactive oxygen species in the neutrophils [22].



The higher concentrations of these compounds in the samples post sweetener treatment may have been caused by the multiplication of the bacterial populations that synthesize them or by the presence in the environment of certain compounds that stimulate the synthesis of these metabolic compounds. Other organic acids (e.g., oxalic, succinic, malic, tartaric, and citric acids) were not determined after in vitro tests.




3.2. Alterations in the Microbiota Pattern Post Sweetener In Vitro Treatment


From the findings shown in Figure 3, significant differences were evident between the samples containing different sweeteners. Considering the general bacterial cells, the highest values were obtained for the sodium cyclamate, sucralose, sodium saccharin, and steviol powder samples (109 genomes/mL), and the lowest value for the oligofructose from chicory sample (107 genomes/mL). For the steviol and brown sugar, steviol capsule, and white sugar samples, however, the number of bacterial cells achieved 108 genomes/mL.



In most samples, the enterobacteria revealed about 108 genomes/mL, barring the steviol capsule and oligofructose from chicory samples, where they decreased, respectively, to 105 genomes/mL and to 106 genomes/mL. In addition, the Bacteroides–Prevotella–Porphyromonas groups revealed lower values in these two samples, achieving the minimum detection threshold (101 genomes/mL).



Species included within phylum Firmicutes occurred in large numbers, particularly for sodium saccharin, steviol powder, steviol and brown sugar, and steviol capsule, while their numbers decreased by one unit in samples sodium cyclamate, sucralose, white sugar, and oligofructose from chicory. In the case of the oligofructose from chicory sample, the large number of species within phylum Firmicutes could be linked to the development of the Lactobacillus–Leuconostoc–Pediococcus species, where their numbers were roughly equal, achieving 107 genomes/mL. Bifidobacterium sp. were found to be low in number in all the samples analyzed, registering below 102 genomes/mL.





4. Discussion


The main goal of this study was accomplished by demonstrating the effects of different sweeteners on the human microbiota pattern. One of the most significant findings was the dramatic drop in the number of bifidobacteria after adding the steviol capsule, white sugar, and oligofructose from chicory (Figure 3). The results showed similarity to the data drawn from colorectal cancer patients, and revealed a direct link between the synthesis of SCFAs and modulation of the microbial pattern [25]. When the steviol samples were added in powder form alone or combined with brown sugar (steviol powder and steviol and brown sugar), the number of bifidobacteria was higher than in the control or in the other samples. These results suggest that steviol products could be used as a carbon source by these strains. Thus, when steviol and brown sugar were consumed, the pH of the medium declined (pH < 5). This behavior was characteristic of the descending colon segments, which contained a high number of lactic bacteria. The pH drop was accompanied by the presence of different organic acids (e.g., acetic and lactic acids) in higher amounts (Table 3) upon the administration of steviol powder plus brown sugar (p ≤ 0.05) and white sugar. Sweeteners produced by chemical synthesis caused the pH values to increase (>7.5) for saccharin and sucralose (p ≤ 0.05; Figure S2). Reports revealed an increase in the number of Gram-negative bacteria—coliforms in particular—which negatively affected the microbiota balance.



Sucralose and sodium saccharin caused a decrease in the number of genomes belonging to Firmicutes, which had a direct correlation with the SCFA level. This behavior was reported in an earlier study, which established the impact of various antibiotics on the SCFAs and precursors of biomarkers [26]. The in vivo effect bears similarity to sucralose in vitro treatment, a compound that can induce the development of inflammatory processes [27]. This finding has been linked to disturbances in the normal microbial pattern, which caused dysbiosis and some alterations in a few physiological functions. This behavior precedes the development of degenerative pathologies [28]. Changes in the microbiota patterns trigger glucose intolerance—one of the stimuli causing type 2 diabetes [29]. Modification of the microbiota pattern corresponds to alterations in the glucose tolerance because the Bacteroides species are significant in metabolism regulation [9]. The establishment of dysbiosis was attributed to the rise in the number of the coliform strains that induced the pH to increase and high resistance to long-term modulation of the microbiota [9,29].



By using an improved in vitro static model, the steviol-based sweeteners were shown to have a similar effect to that resulting from prebiotic in vitro treatment. However, no negative physiological changes were observed [30]. From these data (Figure 2 and Figure S1), it is obvious that the in vitro treatment with the steviol-containing products mirrored that of fiber consumption (oligofructose from chicory contains approximately 60% fiber). For the in vitro steviol capsule treatment, the propionic acid/butyric acid ratio [31] was balanced, and similar was seen with oligofructose from chicory. For the other samples, an increase in the butyrate concentration was identified as a biomarker to maintain colon health. The resulting values (Figure S1) offer an explanation for a decline in health status after the sweetener in vitro treatment and the occurrence of dysbiosis.



Modification of the metabolomic pattern after in vitro sweetener treatment was the cause of the microbiota modulation. Sweeteners are generally unaffected by the gastrointestinal environment (neither in low pH nor in bile salts) and do not undergo biotransformation [32]. In addition, some sweeteners (e.g., saccharin) are mostly absorbed in the stomach, and our system does not allow us to highlight this process [32]. A reduced metabolic activity of the microbiota was noted. The results of this study did not confirm an earlier in vivo study, which stated that in vitro sucralose treatment induced an alteration in the number of Enterobacteriaceae [33]. The differences were understood to be a result of the types of experiments conducted, as well as of the specificity of the tested microbiota.



The study showed that the microbial load was reduced, even with in vitro steviol treatment (e.g., steviol capsule). This limits the plasticity of the microbial pattern to exogenous factors. In our case, the behavior was due to the selective consumption (use as carbon source) of the sweetener by the lactic bacteria strains [6]. Also, it was supported by acetic acid (Table 3) and lactic acid synthesis, for steviol and brown sugar and white sugar [34].



Microbiota control demonstrated that in vitro sweetener treatment caused the fermentation processes to escalate, due to the selective use of these compounds. This behavior was evident for oligofructose from chicory, and the steviol action on the metabolomic profile was confirmed by an earlier study on the effect of fiber on healthy donors [35]. According to earlier studies [36], steviol was shown to be able to enhance the glucose uptake, revealing an effect similar to human insulin. The partially contradictory in vitro data can also be explained by the limitations of using a static simulator. Further, the final pattern revealed a specific signature, affected directly by the carbon source and selective modulation of the microbiota. Steviol significantly raised the quantity of the SCFAs (Table 1), and the phenomenon mirrored the in vivo behavior of obese individuals, where the assimilation of the SCFAs increases the daily calorie intake [37]. The increased quantity of the SCFAs was also related to supporting the physiological function of the colon by promoting an anti-inflammatory response. In vitro steviol treatment data lend support, via the SCFAs content, to the fact that it does not exert any negative effect on the body [38].



This study is relevant when considering large-scale sweetener consumption, by demonstrating their impact on the colon microbiota. The metabolomic modulation by the steviol was demonstrated by the complete metabolism compared to the rest of the samples [6,39]. Some differences were noted between the samples containing steviol, which can be explained as one of the effects of product presentation (powder, tablet, or combination with other compounds). Steviol capsule along with oligofructose from chicory determined a significant decrease in the Gram-negative strains, and also in bifidobacteria. The sodium cyclamate, sodium saccharin, steviol powder, and steviol with brown sugar induced an increase in bifidobacteria. The possible presence of other compounds (e.g., carrier ingredients; Table 1) may represent one of the limitations of this study. In our study, one example is sodium bicarbonate, which is present in small quantities in steviol capsules. Though the presence of this ingredient does not have a negative effect, and it is considered to prevent type 2 diabetes incidence, in our research the quantities were too small to express an effect and to have an influence on microbiota activities [40]. The results of the study refer to the effects of these sweeteners on the microbiota starting from the action of the major active compound in the sweetener composition. Other minor compounds (e.g., excipients, carrier ingredients, or the presence of other minor sweeteners) may have a synergistic role, amplifying the effect of the principal active compound [41].




5. Conclusions


In conclusion, the study has proved that both the fermentative response and microbial diversity were altered after in vitro sweetener treatment. Non-nutritional sweeteners were found to induce toxicity [42], expressed by the instauration of dysbiosis. Any alteration in the microbial and metabolomic patterns causes physiological dysfunctions which can trigger the incidence of chronic diseases [43]. On the other hand, understanding the effect of sweeteners on some groups of microorganisms from colon microbiota gives us the possibility of modulating the pattern, by supplementing the diet with certain sweeteners. The in vitro steviol treatment induced a rise in the SCFA synthesis, not related to the variations in the genome counts, which limited the physiological response. In the future, determining the antioxidant response to steviol will have to be considered for its use as a nutraceutical and for modulating the metabolomic pattern.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4425/10/7/535/s1. Figure S1: SCFAs levels (μg/mL) obtained after the in vitro tests through GIS1, Figure S2: pH values obtained during the in vitro tests (descending segment) through GIS1.





Author Contributions


E.V. designed the experiments, analyzed the data, and wrote the paper; F.G. performed the CZE analysis; I.S. and D.P. contributed with qPCR analysis of the samples after in vitro simulations. The authors discussed and made comments on the results.




Funding


The support for the study was obtained by the equal contributions of the authors.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Carocho, M.; Morales, P.; Ferreira, I.C.F.R. Sweeteners as food additives in the XXI century: A review of what is known, and what is to come. Food Chem. Toxicol. 2017, 107, 302–317. [Google Scholar] [CrossRef] [PubMed]

	



Kreuch, D.; Keating, D.J.; Wu, T.; Horowitz, M.; Rayner, C.K.; Young, R.L. Gut mechanisms linking intestinal sweet sensing to glycemic control. Front. Endocrinol. 2018, 9, 741. [Google Scholar] [CrossRef] [PubMed]

	



Bian, X.; Chi, L.; Gao, B.; Tu, P.; Ru, H.; Lu, K. The artificial sweetener acesulfame potassium affects the gut microbiome and body weight gain in CD-1 mice. PLoS ONE 2017, 12, e0178426. [Google Scholar] [CrossRef] [PubMed]

	



Ghaisas, S.; Maher, J.; Kanthasamy, A. Gut microbiome in health and disease: Linking the microbiome-gut-brain axis and environmental factors in the pathogenesis of systemic and neurodegenerative diseases. Pharmacol. Ther. 2016, 158, 52–62. [Google Scholar] [CrossRef] [PubMed]

	



Pistollato, F.; Sumalla Cano, S.; Elio, I.; Masias Vergara, M.; Giampieri, F.; Battino, M. Role of gut microbiota and nutrients in amyloid formation and pathogenesis of Alzheimer disease. Nutr. Rev. 2016, 74, 624–634. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz-Ojeda, F.J.; Plaza-Díaz, J.; Sáez-Lara, M.J.; Gil, A. Effects of sweeteners on the gut microbiota: A review of experimental studies and clinical trials. Adv. Nutr. 2019, 10, S31–S48. [Google Scholar] [CrossRef] [PubMed]

	



Aw, W.; Fukuda, S. Toward the comprehensive understanding of the gut ecosystem via metabolomics-based integrated omics approach. Semin. Immunopathol. 2015, 37, 5–16. [Google Scholar] [CrossRef] [PubMed]

	



Stanhope, K.L.; Schwarz, J.M.; Keim, N.L.; Griffen, S.C.; Bremer, A.A.; Graham, J.L.; Hatcher, B.; Cox, C.L.; Dyachenko, A.; Zhang, W.; et al. Consuming fructose-sweetened, not glucosesweetened, beverages increases visceral adiposity and lipids and decreases insulin sensitivity in overweight/obese humans. J. Clin. Invest. 2009, 119, 1322–1334. [Google Scholar] [CrossRef] [PubMed]

	



Vamanu, E.; Pelinescu, D.; Sarbu, I. Comparative fingerprinting of the human microbiota in diabetes and cardiovascular disease. J. Med. Food 2016, 19, 1188–1195. [Google Scholar] [CrossRef]

	



Cárdenas-Castroa, A.P.; Bianchib, F.; Tallarico-Adornoc, M.A.; Montalvo-Gonzáleza, E.; Sáyago-Ayerdia, S.G.; Sivieri, K. In vitro colonic fermentation of Mexican “taco” from corn-tortilla and black beans in a simulator of human microbial ecosystem (SHIME®) system. Food Res. Int. 2019, 118, 81–88. [Google Scholar] [CrossRef]

	



Umu, Ö.C.O.; Rudi, K.; Diep, D.B. Modulation of the gut microbiota by prebiotic fibers and bacteriocins. Microb. Ecol. Health Dis. 2017, 28, 1348886. [Google Scholar] [CrossRef] [PubMed]

	



Kubica, P.; Namieśnik, J.; Wasik, A. Determination of eight artificial sweeteners and common Stevia rebaudiana glycosides in non-alcoholic and alcoholic beverages by reversed-phase liquid chromatography coupled with tandem mass spectrometry. Anal. Bioanal. Chem. 2014, 407, 1505–1512. [Google Scholar] [CrossRef] [PubMed]

	



Vamanu, E.; Pelinescu, D.; Avram, I. Antioxidative effects of phenolic compounds of mushrooms mycelia in simulated regions of the human colon, in vitro study. Pol. J. Food Nutr. Sci. 2018, 68, 83–90. [Google Scholar] [CrossRef]

	



Vamanu, E.; Gatea, F.; Sârbu, I. In vitro ecological response of the human gut microbiome to bioactive extracts from edible wild mushrooms. Molecules 2018, 23, 2128. [Google Scholar] [CrossRef] [PubMed]

	



Ketabi, A.; Dieleman, L.A.; Ganzle, M.G. Influence of isomalto-oligosaccharides on intestinalmicrobiota in rats. J. Appl. Micro. 2011, 110, 1297–1306. [Google Scholar] [CrossRef] [PubMed]

	



Rinttilä, T.; Kassinen, A.; Malinen, E.; Krogius, L.; Palva, A. Development of an extensive set of 16S rDNA-targeted primers for quantification of pathogenic and indigenous bacteria in faecal samples by real-time PCR. J. Appl. Microbiol. 2004, 97, 1166–1177. [Google Scholar] [CrossRef] [PubMed]

	



Bacchetti De Gregoris, T.; Aldred, N.; Clare, A.S.; Burgess, J.G. Improvement of phylum-and class-specific primers for real-time PCR quantification of bacterial taxa. J. Microbiol. Methods 2011, 86, 351–356. [Google Scholar] [CrossRef]

	



Gatea, F.; Teodor, E.D.; Paun, G.; Matei, A.O.; Radu, G.L. Capillary electrophoresis method validation for organic acids assessment in probiotics. Food Anal. Methods 2015, 8, 1335–1340. [Google Scholar] [CrossRef]

	



Truică, G.I.; Teodor, E.D.; Radu, G.L. Organic acids assessments in medicinal plants by capillary electrophoresis. Rev. Roum. Chim. 2013, 58, 809–814. [Google Scholar]

	



De la Cuesta-Zuluaga, J.; Mueller, N.T.; Álvarez-Quintero, R.; Velásquez-Mejía, E.P.; Sierra, J.A.; Corrales-Agudelo, V.; Carmona, J.A.; Abad, J.M.; Escobar, J.S. Higher fecal short-chain fatty acid levels are associated with gut microbiome dysbiosis, obesity, hypertension and cardiometabolic disease risk factors. Nutrients 2019, 11, 51. [Google Scholar] [CrossRef]

	



Ktsoyan, Z.A.; Mkrtchyan, M.S.; Zakharyan, M.K.; Mnatsakanyan, A.A.; Arakelova, K.A.; Gevorgyan, Z.U.; Sedrakyan, A.M.; Hovhannisyan, A.I.; Arakelyan, A.A.; Aminov, R.I. Systemic concentrations of short chain fatty acids are elevated in salmonellosis and exacerbation of familial mediterranean fever. Front. Microbiol. 2016, 7, 776. [Google Scholar] [CrossRef] [PubMed]

	



Beloborodova, N.; Bairamov, I.; Olenin, A.; Shubina, V.; Teplova, V.; Fedotcheva, N. Effect of phenolic acids of microbial origin on production of reactive oxygen species in mitochondria and neutrophils. J. Biomed. Sci. 2012, 19, 89. [Google Scholar] [CrossRef] [PubMed]

	



Beloborodova, N.V.; Bairamov, I.T.; Olenin, A.Y.; Khabib, O.N.; Fedotcheva, N.I. Anaerobic microorganisms from human microbiota produce species-specific exometabolites important in heath and disease. Glob. J. Pathol. Microbiol. 2013, 1, 43–53. [Google Scholar] [CrossRef]

	



Chaudhari, S.S.; Gokhale, D.V. Phenyllactic acid: A potential antimicrobial compound in lactic acid bacteria. J. Bacteriol. Mycol. 2016, 2, 121–125. [Google Scholar] [CrossRef]

	



Yusuf, F.; Adewiah, S.; Syam, A.F.; Fatchiyah, F. Altered profile of gut microbiota and the level short chain fatty acids in colorectal cancer patients. J. Phys. Conf. Ser. 2019, 1146, 012037. [Google Scholar] [CrossRef]

	



Kindt, A.; Liebisch, G.; Clavel, T.; Haller, D.; Hörmannsperger, G.; Yoon, H.; Kolmeder, D.; Sigruener, A.; Krautbauer, S.; Seeliger, C.; et al. The gut microbiota promotes hepatic fatty acid desaturation and elongation in mice. Nat. Commun. 2018, 14, 3760. [Google Scholar] [CrossRef] [PubMed]

	



Bian, X.; Chi, L.; Gao, B.; Tu, P.; Ru, H.; Lu, K. Gut microbiome response to sucralose and its potential role in inducing liver inflammation in mice. Front. Physiol. 2017, 8, 487. [Google Scholar] [CrossRef]

	



Sharma, A.; Amarnath, S.; Thulasimani, M.; Ramaswamy, S. Artificial sweeteners as a sugar substitute: Are they really safe? Indian J. Pharmacol. 2016, 48, 237–240. [Google Scholar] [CrossRef]

	



Suez, J.; Korem, T.; Zeevi, D.; Zilberman-Schapira, G.; Thaiss, C.A.; Maza, O.; Israeli, D.; Zmora, N.; Gilad, S.; Weinberger, A.; et al. Artificial sweeteners induce glucose intolerance by altering the gut microbiota. Nature 2014, 514, 181–186. [Google Scholar] [CrossRef]

	



Kunová, G.; Rada, V.; Vidaillac, A.; Lisova, I. Utilisation of steviol glycosides from Stevia rebaudiana (Bertoni) by lactobacilli and bifidobacteria in in vitro conditions. Folia Microbiol. 2014, 59, 251–255. [Google Scholar] [CrossRef]

	



Farup, P.G.; Rudi, K.; Hestad, K. Faecal short-chain fatty acids—A diagnostic biomarker for irritable bowel syndrome? BMC Gastroenterol. 2016, 16, 51. [Google Scholar] [CrossRef] [PubMed]

	



Magnuson, B.A.; Carakostas, M.C.; Moore, N.H.; Poulos, S.P. Renwick AG biological fate of low-calorie sweeteners. Nutr. Rev. 2016, 74, 670–689. [Google Scholar] [CrossRef] [PubMed]

	



Uebanso, T.; Ohnishi, A.; Kitayama, R.; Yoshimoto, A.; Nakahashi, M.; Shimohata, T.; Mawatari, K.; Takahashi, A. Effects of low-dose non-caloric sweetener consumption on gut microbiota in mice. Nutrients 2017, 9, 560. [Google Scholar] [CrossRef] [PubMed]

	



Deniņa, I.; Semjonovs, P.; Fomina, A.; Treimane, R.; Linde, R. The influence of stevia glycosides on the growth of Lactobacillus reuteri strains. Lett. Appl. Microbiol. 2014, 58, 278–284. [Google Scholar] [CrossRef] [PubMed]

	



Mansoorian, B.; Combet, E.; Alkhaldy, A.; Garcia, A.L.; Edwards, C.A. Impact of fermentable fibers on the colonic microbiota metabolism of dietary polyphenols rutin and quercetin. Int. J. Environ. Res. Pub. Health 2019, 16, 292. [Google Scholar] [CrossRef] [PubMed]

	



Rizzo, B.; Zambonin, L.; Angeloni, C.; Leoncini, E.; Dalla Sega, F.V.; Prata, C.; Fiorentini, D.; Hrelia, S. Steviol glycosides modulate glucose transport in different cell types. Oxid. Med. Cell. Longev. 2013, 2013, 348169. [Google Scholar] [CrossRef] [PubMed]

	



Kasubuchi, M.; Hasegawa, S.; Hiramatsu, T.; Ichimura, A.; Kimura, I. Dietary gut microbial metabolites, short-chain fatty acids, and host metabolic regulation. Nutrients 2015, 7, 2839–2849. [Google Scholar] [CrossRef] [PubMed]

	



Roduit, C.; Frei, R.; Ferstl, R.; Loeliger, S.; Westermann, P.; Rhyner, C.; Schiavi, E.; Barcik, W.; Rodriguez-Perez, N.; Wawrzyniak, M.; et al. High levels of butyrate and propionate in early life are associated with protection against atopy. Allergy 2018, 74, 799–809. [Google Scholar] [CrossRef]

	



Ceunen, S.; Geuns, J.M.C. Steviol glycosides: Chemical diversity, metabolism, and function. J. Nat. Prod. 2013, 766, 1201–1228. [Google Scholar] [CrossRef]

	



Murakami, S.; Goto, Y.; Ito, K.; Hayasaka, S.; Kurihara, S.; Soga, T.; Tomita, M.; Fukuda, S. The consumption of bicarbonate-rich mineral water improves glycemic control. Evid. Based Complement. Alt. Med. 2015, 2015, 10. [Google Scholar] [CrossRef]

	



DuBois, G.E.; Prakash, I. Non-caloric sweeteners, sweetness modulators, and sweetener enhancers. Annu. Rev. Food Sci. Technol. 2012, 3, 353–380. [Google Scholar] [CrossRef] [PubMed]

	



Harpaz, D.; Yeo, L.P.; Cecchini, F.; Koon, T.H.P.; Kushmaro, A.; Tok, A.I.Y.; Marks, R.S.; Eltzov, E. Measuring artificial sweeteners toxicity using a bioluminescent bacterial panel. Molecules 2018, 23, 2454. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.P.; Browman, D.; Herzog, H.; Neely, G.G. Non-nutritive sweeteners possess a bacteriostatic effect and alter gut microbiota in mice. PLoS ONE 2018, 13, e0199080. [Google Scholar] [CrossRef]








[image: Genes 10 00535 g001 550]





Figure 1. Quantity of ammonium (µg/mL) obtained after the in vitro tests through GIS1 as a measure of the impact of consuming sweeteners on the metabolic activity of the microbiota. Different letters indicate significant statistical differences (a: p ≤ 0.05; b: p ≤ 0.01; c: p ≤ 0.001), n = 3. 
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Figure 2. Molar ratio between the acetic, propionic, and butyric acids obtained after the in vitro tests through GIS1 as a measure of the impact of the sweeteners consumed on the metabolic activity of the microbiota. Different letters indicate significant statistical differences (a: p ≤ 0.05; b: p ≤ 0.01; c: p ≤ 0.001), n = 3. 
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Figure 3. Log of the number of copies obtained post the in vitro tests through the GS1 system as a measure of the impact of the sweeteners on the pattern of the microbiota. Different letters indicate significant statistical differences (a: p ≤ 0.05; b: p ≤ 0.01; c: p ≤ 0.001), n = 3. 
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Table 1. Sample presentation and composition of the sweeteners.
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	Samples Composition
	Producer





	Sodium cyclamate
	KClassic Sweetener



	Sucralose
	Carrefour Quality BE



	Sodium saccharin
	Biscol LTD, Israel



	Steviol powder
	Kruger & Co., Germany



	Steviol and brown sugar (1:1)
	Tate & Lyle Sugars, Tesco, UK



	Steviol capsule
	Sly Nutricia SRL, Romania



	White sugar
	Sugar Factory Diamant, Romania



	Oligofructose from chicory
	Mărgăritar Sweet & Fit, AGRANA Zucker A.G. Vaslui, Romania
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Table 2. Primer sequences and conditions used in the qPCR reaction.
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Groups

	
Sequence: 5′-3′

	
Primer Conc.

	
Slope

	
Efficiency (%)

	
Reference






	
Prokaryote

	
F

	
CGG YCC AGA CTC CTA CGG G

	
0.2 µM

	
−3.22

	
104.16

	
[15]




	
R

	
TTA CCG CGG CTG CTG GCA C




	
Lactobacillus–Leuconostoc–Pediococcus Group

	
F

	
AGC AGT AGG GAA TCT TCC A

	
0.5 µM

	
−3.51

	
92.70

	
[16]




	
R

	
CAC CGC TAC ACA TGG AG




	
Bifidobacterium sp.

	
F

	
TCG CGT CYG GTG TGA AAG

	
0.3 µM

	
−3.49

	
93.38

	
[16]




	
R

	
CCA CAT CCA GCR TCC AC




	
Enterobacteriaceae Family

	
F

	
CAT TGA CGT TAC CCG CAG AAG AAG C

	
0.3 µM

	
−3.39

	
97.17

	
[15]




	
R

	
CTC TAC GAG ACT CAA GCT TGC




	
Bacteroides–Prevotella–Porphyromonas Group

	
F

	
GGTGTCGGCTTAAGTGCCAT

	
0.3 µM

	
−3.32

	
99.68

	
[16]




	
R

	
CGGAYGTAAGGGCCGTGC




	
Firmicutes Phylum

	
F

	
GGAGYATGTGGTTTAATTCGAAGCA

	
0.5 µM

	
−3.28

	
101.52

	
[17]
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Table 3. Organic acid levels (µg/mL) obtained after the in vitro tests through GIS1 as a measure of the impact of the sweeteners consumed on the metabolic activity of the microbiota.
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	Samples
	Formic Acid
	Lactic Acid
	Benzoic Acid
	Phenyllactic Acid
	HO-Phenyllactic Acid





	Control
	34.21 ± 5.35
	nd
	1.71 ± 0.10
	17.60 ± 0.36
	44.58 ± 0.76



	Sodium cyclamate
	49.63 ± 3.70 c
	nd
	1.71 ± 0.05 a
	24.19 ± 0.18 b
	48.81 ± 0.89 a



	Sucralose
	41.29 ± 3.40 b
	nd
	1.60 ± 0.07 a
	38.50 ± 1.99 c
	56.48 ± 1.57 b



	Sodium saccharin
	32.13 ± 1.18 a
	nd
	1.34 ± 0.1 c
	28.86 ± 1.02 a
	53.49 ± 1.36 b



	Steviol powder
	12.68 ± 0.98 a
	nd
	7.87 ± 0.15 b
	179.22 ± 4.46 c
	72.96 ± 1.36 b



	Steviol and brown sugar
	46.85 ± 1.96 c
	314.43 ± 5.89 b
	12.06 ± 0.12c
	120.35 ± 4.15 a
	41.83 ± 1.07 c



	Steviol capsule
	nd
	nd
	2.74 ± 0.09 a
	42.52 ± 0.52 b
	118.15 ± 1.40 a



	White sugar
	313.51 ± 8.56 b
	291.52 ± 5.60 a
	23.66 ± 0.23 a
	8.68 ± 1.29 a
	141.00 ± 0.24 c



	Oligofructose from chicory
	435.74 ± 3.93 c
	nd
	3.90 ± 0.13 c
	55.96 ± 0.75 c
	42.38 ± 0.17 b







Different letter