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Abstract: Although artificial sweeteners are widely used in food industry, their effects on human

health remain a controversy. It is known that the gut microbiota plays a key role in human

metabolism and recent studies indicated that some artificial sweeteners such as saccharin could

perturb gut microbiome and further affect host health, such as inducing glucose intolerance. Neotame

is a relatively new low-caloric and high-intensity artificial sweetener, approved by FDA in 2002.

However, the specific effects of neotame on gut bacteria are still unknown. In this study, we combined

high-throughput sequencing and gas chromatography–mass spectrometry (GC-MS) metabolomics

to investigate the effects of neotame on the gut microbiome and fecal metabolite profiles of CD-1

mice. We found that a four-week neotame consumption reduced the alpha-diversity and altered

the beta-diversity of the gut microbiome. Firmicutes was largely decreased while Bacteroidetes

was significantly increased. The Phylogenetic Investigation of Communities by Reconstruction of

Unobserved States (PICRUSt) analysis also indicated that the control mice and neotame-treated

mice have different metabolic patterns and some key genes such as butyrate synthetic genes were

decreased. Moreover, neotame consumption also changed the fecal metabolite profiles. Dramatically,

the concentrations of multiple fatty acids, lipids as well as cholesterol in the feces of neotame-treated

mice were consistently higher than controls. Other metabolites, such as malic acid and glyceric acid,

however, were largely decreased. In conclusion, our study first explored the specific effects of neotame

on mouse gut microbiota and the results may improve our understanding of the interaction between

gut microbiome and neotame and how this interaction could influence the normal metabolism of

host bodies.
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1. Introduction

Artificial sweeteners are important sugar substitutes which are widely used in food and drinks

to enhance flavor while avoiding extra energy intake. Some studies indicated artificial sweeteners

play a positive role in weight loss, suggesting that it can be employed as a potential dietary tool to

assist in weight-loss plan adherence [1–4]. However, adverse health effects of artificial sweeteners,

such as inducing glucose intolerance and causing metabolic syndrome, have been found in recent

studies, which indicate that artificial sweeteners have an active metabolic role in the human body and

could perturb human metabolism [5–8]. An epidemiologic study also spotted a positive association

between artificial sweetener intake and body weight gain in children [6].
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It is known that gut microbiota plays a key regulating role in host metabolism, which is

deeply involved in food digestion, energy supplement, and immune system development [9,10].

Environmental factors-induced dysbiosis of gut microbiome is associated with many human diseases,

especially obesity, inflammatory bowel disease (IBD) and type 2 diabetes [11–13]. In recent years,

the influence of artificial sweeteners on gut microbiome have raised concerns as it has been found

that many types of artificial sweeteners could perturb the composition of gut bacteria and then affect

host health. For example, saccharin could disturb the normal gut microbiota and cause glucose

intolerance in rat and human [5]. Our recent study also showed that saccharin could modulate mouse

gut microbiota as well as its metabolic functions and induce liver inflammation in mice [14]. Likewise,

acesulfame-K (Ace-K) consumption could alter the profile of mouse gut bacteria that is associated with

the increase of body weight gain [15].

Neotame (N-[N-(3,3-dimethylbutyl)-l-α aspartyl]-L-phenylalanine 1-methyl ester) is one of

five FDA-approved artificial sweeteners that are 7000–13,000 times sweeter than sugar [16].

In human bodies, neotame can be metabolized by esterase into de-esterified neotame and methanol,

and eliminated in the urine and feces within 72 h [16,17]. It has been demonstrated that neotame is

well tolerated in many species including Sprague-Dawley CD rats, CD-1 mice, beagle dogs and New

Zealand rabbits; similar to other approved artificial sweeteners, neotame is considered as a safe additive

to human diets [16]. However, neotame safety studies found that long-term neotame consumption is

associated with low body weight and low body weight gain, although this has long been considered

the result of low food consumption [18]. In summary, the potential adverse effects of neotame on the

gut microbiome, which serves as a key regulating factor to host metabolism, remains unclear and

should be addressed.

In this study, we applied 16S rRNA sequencing and GC-MS metabolomics to investigated the

effects of neotame on the gut microbiome and the fecal metabolome of male CD-1 mice. This study

may provide important findings towards a better understanding of the impact of artificial sweetener

consumption on human health.

2. Results

2.1. Neotame Consumption Altered Diversities and Component Profiles of the Gut Microbiome in CD-1 Mice

We first investigated whether a four-week neotame consumption would affect the gut microbiome

of CD-1 mouse. No significant difference of alpha-diversity was observed between two groups

before neotame consumption. After the four-week experiment, alpha-diversity of gut microbiome

in neotame-consuming group was much lower than the control group, as shown in Figure 1A.

PCoA analysis showed a separation of gut bacteria between control and neotame-consuming

animals after the four-week treatment, compared to their clustering distribution before neotame

consumption (Figure 1B). The results suggest that neotame consumption significantly altered

both the alpha- and beta-diversities of gut bacteria of mice. Dysbiosis analysis found that

neotame-treated mice had a significantly higher microbial dysbiosis index (MD-index) than controls

(Figure 2A). Specifically, phylum Bacteroidetes was largely enriched, while Firmicutes was significantly

decreased in neotame-treated animals (Figure 2B). Before neotame treatment, no such significant

taxonomy difference was observed on the phylum level. On genus levels, we found that

Bacteroides and an undefined genus in family S24-7 mainly contributed to the increase of phylum

Bacteroidetes, as shown in Figure 2C. Over 12 genera have been significantly altered in Firmicutes

(Table S1). Notably, multiple components of family Lachnospiraceae and family Ruminococcaceae in

neotame-treated animals were significantly lower than controls, such as Blautia, Dorea, Oscillospira and

Ruminococcus (Figure 2D,E). More altered genus can be found in Table S1 (Supplementary Materials).

Taken together, the results suggested that the four-week neotame consumption perturbed the diversities

as well as the community compositions of gut microbiome in male CD-1 mice.
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Figure 1. (A) The alpha-diversity of gut microbiome in neotame-treated mice was significantly

lower than controls; (B) The PCoA analysis (beta-diversity) indicated a difference of gut microbiome

communities in control and treated mice after four-week neotame consumption.

 

 

Figure 2. (A) Neotame-treated gut microbiome (n = 5) has a significant higher MD-index than controls

(n = 5); (B) Phylum Bacteroidetes has been enriched in neotame-treated mice, while Firmicutes has

been reduced; (C) Two main altered genera in phylum Bacteroidetes; (D) Significantly decreased three

genera in family Ruminococcaceae; (E) Significantly decreased five genera in family Lachnospiraceae.

(* p < 0.05; ** p < 0.01).

2.2. Neotame Consumption Altered the Metabolic Pathway Pattern of Gut Microbiome

The perturbation of gut bacteria composition generally alters the functional gene profile.

Therefore, we further investigated whether neotame consumption altered functional pathways in gut

microbiome. As shown in Figure 3A, neotame-treated gut microbiota shows a different pattern

of metabolic pathways compared to controls. Specifically, in the neotame-treated microbiome,

amino acid metabolism, LPS biosynthesis, antibiotics biosynthesis and folate biosynthesis pathways
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were enriched. However, for the abundances of pathways, such as fatty acid metabolism, carbohydrate

metabolism, lipid metabolism and ABC transporters, they are generally lower than in controls.

Besides, we found multiple genes in two classical butyrate fermentation pathways have been

significantly reduced (Figure 3B). Three genes, which encode 4-hydroxybutyryl-CoA dehydratase,

butyryl-CoA dehydrogenase and acetate CoA-transferase, respectively while participating in the

succinate fermentation to butyrate, were significantly decreased. For the other pathway of

butyrate fermented from pyruvate, although the genes of phosphate butyryltransferase and butyrate

kinase were increased, four upstream genes were significantly reduced, including acetyl-CoA

C-acetyltransferase, 3-hydroxybutyryl-CoA dehydrogenase, 3-hydroxybutyryl-CoA dehydratase and

butyryl-CoA dehydratase and butyryl-CoA dehydrogenase (Figure 3B).

 

 

Figure 3. (A) The pattern of some key metabolic pathways in control (n = 5) and neotame-treated mice

(n = 5) were different; (B) Multiple genes in two butyrate biosynthetic pathways have been decreased

in neotame-treated mice.

2.3. Neotame Altered Metabolite Profiles in Fecal Samples of Mice

We further investigated whether neotame consumption could perturb the fecal metabolome

of the mouse. As we predicted, along with the perturbed gut microbiota, fecal metabolite profiles

were also largely altered, as shown in Figure 4A,B. Most of the altered metabolites were decreased

in neotame-treated mice, such as malic acid, mannose-6-phosphate, 5-aminovaleric acid and glyceric

acid (Figure 5A). Interestingly, we found most of the identified lipids and fatty acids were significantly

decreased in treated mice, including 1,3-dipalmitate, 1-monopalmitin, linoleic acid and stearic acid

(Figure 5B). Moreover, the concentrations of cholesterol, campesterol and stigmastanol were also

increased in the fecal samples of neotame consumption, as shown in Figure 5C. More altered

metabolites can be found in Table S2.
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Figure 4. (A) PLS-DA analysis shows that the fecal metabolite profiles are different between control

(n = 5) and neotame-treated animals (n = 5); (B) Cloud Plot gives the ion features that have significantly

different (p ≤ 0.05, fold change ≥1.5) abundance between control and neotame-treated animals.
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Figure 5. (A) Malic acid, mannose-6-phosphate, 5-aminovaleric acid and glyceric acid are significantly

reduced in the fecal samples of neotame-treated mice; (B) Multiple fatty acids and lipids are significantly

increased in the fecal samples of neotame-treated mice; (C) Cholesterol, campesterol and stigmastanol

are significantly increased in the fecal samples of neotame-treated mice. (* p < 0.05; ** p < 0.01;

*** p < 0.001).
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3. Discussion

Artificial sweeteners generally cannot be utilized by human bodies. For a long time, they have

been considered as safe food additives with a negligible influence on the normal metabolism of human.

However, recent studies indicated that some of artificial sweeteners could perturb gut microbiota in

mammals and further affect the host health, such as inducing glucose intolerance [5,14]. The results

of our current study clearly demonstrated that a four-week neotame consumption disturbed the

mouse gut microbiome. Notably, we found Bacteroidetes was largely enriched, mainly due to the

increases of genus Bacteroides and a genus in family S24-7 (Figure 2B,C). According to previous studies,

other artificial sweeteners such as saccharin and Ace-k also could induce a promoted growth of

Bacteroides [5,15]. As one of the most abundant bacteria in mammal gut, Bacteroides plays important

roles in glycan digestion and polysaccharide fermentation [19,20]. S24-7, also called Candidatus

Homeothermaceae, is a substantial component of mouse and human gut microbiota, and metagenomics

sequencing indicates the genome of S24-7 contains polysaccharide utilizing genes and multiple

vitamin synthetic genes [21], which is similar for Bacteroides. The upregulation of some pathways like

folate synthesis and LPS biosynthesis should mainly come from the improvements of Bacteroides and

S24-7 (Figure 3A).

On the other hand, however, neotame consumption extensively induced the decline of various

components in Firmicutes, which corresponded to the reduced alpha-diversity (Figures 1 and 2).

Notably, multiple genera in family Lachnospiraceae and Ruminococcaceae were significantly decreased

(Figure 2D,E). As the important components of Firmicutes, Lachnospiraceae and Ruminococcaceae

have been considered as two of major plant degraders and short-chain fatty acid (SCFA) producers,

with critical roles in host nutrition supplement and energy homeostasis [22,23]. This is in alignment

with the downregulation of carbohydrate metabolism pathways and multiple butyrate synthetic

genes in the gut microbiome of neotame-consuming mice (Figure 3). To conclude, the extensive

decline of Lachnospiraceae and Ruminococcaceae as well as other components of Firmicutes may

reduce the energy-harvesting capacity of gut microbiome and therefore, influence host energy

homeostasis, which is correlated to the observed low body weight gain in previous chronic neotame

safety studies [18,24].

The ratio of Firmicutes and Bacteroidetes (F/B) has been widely studied regarding their

associations with obesity. However, previous studies have very inconsistent conclusions. For example,

some studies found high F/B ratio in the microbiome of obese subjects [11,25], while other studies

reported a reverse trend or even a negligible difference of F/B ratio between obese and lean

subjects [26–28]. Nevertheless, it is clear that components in Firmicuties and Bacteroidetes may

share some functions. For example, Bacteroides (a Bacteroidetes) is known as an important plant

polysaccharides degrader, as is Ruminococcus (a Firmicuties) [29,30]. For this study, the alterations in

functional pathways and fecal metabolite profiles may reflect the overall functional effects of neotame

on gut microbiome, as the functional damage caused by extensive decrease of Firmicuties could be

partially complemented by the increase of Bacteroidetes.

Fecal metabolome data further confirmed the observed effects of neotame consumption on gut

microbiota. As shown in Figure 4, the concentrations of hundreds of metabolites have undergone

a significant decrease in the feces of treated mice, including malic acid, mannose-6-phosphate and

glyceric acid (Figures 4 and 5A). The decreased concentrations of these metabolites may be caused

by the decline of Firmicutes (Figure 2B). Conversely, we found that the concentrations of most of

the identified lipids and fatty acids in feces of neotame-consuming mice were higher than controls,

including linoleic acid, stearic acid, 1-monopalmitin and 1,3-dipalmitate (Figure 5B). It seems that the

absorption of those lipids and fatty acids in neotame-treated mice are lower than controls, which may

partially explain the observed neotame-induced low body weight gain in previous neotame safety

studies [18]. It is established that gut microbiota plays an important role in host lipid and fatty acid

absorption and metabolism [31,32]. A recent research has demonstrated that Firmicutes could promote

the fatty acid absorption and increase epithelial lipid droplet in Zebrafish [33]. In this study, neotame



Molecules 2018, 23, 367 7 of 11

consumption largely reduced the abundance of Firmicutes, which may result in a lowered absorbing

efficiency of fatty acids and lipids and increased levels of them in feces. However, previous studies also

proposed other potential explanations. First, it has been found that SCFAs could inhibit gastric motility

by increasing peptide YY levels [34–36]. The decline in gastric motility allows for more intestinal

epithelial contact time and therefore increase energy absorbing efficiency [37]. For our current study,

the large decrease of Lachnospiraceae and Ruminococcaceae and the reduced butyrate synthetic

genes upon neotame-induced perturbation of gut microbiome may indicate a decline in SCFA

production, thereby reducing lipid and fatty acid absorption. Moreover, previous study indicated

that SCFAs could promote the L-cell differentiation and increase the L-cell number, which increased

the glucagon-like peptide 1 (GLP-1) release [38]. The decrease of SCFAs production might influence

the GLP-1 release, which can deeply affect the lipid metabolism [39]. Besides, it is known that

gut microbiota also influences the bile acids metabolism, which is essential in lipid and cholesterol

metabolism [40–42]. In this regard, the perturbation of gut bacteria may lead to an altered bile acid

metabolism and further influence the absorption of lipids and fatty acids. The increased levels of

cholesterol, campesterol and stigmastanol may share similar mechanisms with the alterations of fatty

acids and lipids; however, our current data cannot demonstrate such a causation. More work needs to

be done in future studies to reveal the mechanism of how neotame affects the fecal profiles of fatty

acids and lipids.

Metabolic effects of the artificial sweetener neotame are still poorly understood. This study for

the first time investigates the effects of neotame consumption on mouse gut microbiome. The results

indicate negative effects on gut microbiota in mice that the use of neotame can induce perturbation

in gut bacteria, including bacterial community compositions, functional genes, and the metabolome.

The results yielded in this study may provide insights towards an improved mechanistic understanding

of the interaction of neotame, the gut microbiome and host metabolism, and may be useful to resolving

the much controversial health impacts of artificial sweeteners.

The current research has several limitations. First, the sample size in this study is relative small,

that future studies need to further validate the effects of neotame on gut microbiome using a larger

number of animals or a human cohort. Second, our results are based on 16S sequencing, PICRUSt

analysis, and non-target metabolomics. However, shotgun metagenomics sequencing and target

analysis especially for metabolites like SCFAs might have yielded better results. Moreover, the current

study is a four-week neotame exposure, while human exposure is frequently long term and at lower

concentrations. Future studies are necessary to explore effects of long-term exposure in human.

4. Materials and Methods

4.1. Animals and Neotame Treatment

Ten male CD-1 mice around 7 weeks old were purchased from Charles River Laboratories and

allowed to acclimate for 1 week prior to use. All the mice were housed in the University of Georgia

animal facility with 22 ◦C, 40–70% humidity and a 12:12 h light:dark cycle. A standard pelleted rodent

diet and tap water ad libitum were supplied. The mice were randomly assigned to the control and

neotame treated groups (5 mice for control group; 5 mice for neotame treated group). Clean water

(control group) or neotame-containing water (neotame treated group) were administered to the mice

by gavage for 4 weeks. The dose (0.75 mg/kg body weight/day) we used was equivalent to or

much lower than those adopted in former studies [24,43]. The dose (0.75 mg/kg body weight/day)

was 2.5× human allowed daily intake (ADI) (0.3 mg/kg body weight/day) for neotame set by the

U.S. FDA. The use of 2.5× human ADI allowed us to compare the effects of neotame on the gut

microbiome with another artificial sweetener study which also used 2.5× human ADI for animal

exposure [15]. If we use 12.3 as the exchange factor between human and mouse [44], the equivalent

dose for human is around 0.06 mg/kg body weight/day. Mice were weighted before and after neotame

treatment. Mouse body weight did not have significant difference between control and treatment
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group. No difference of eating behavior and other behaviors were observed between two groups.

Fecal samples were collected before neotame treatment and after four-week treatment and were frozen

in liquid nitrogen and stored at −80 ◦C. At the end of the experiment, mice were euthanized with

CO2 in an appropriate chamber by trained personnel. The University of Georgia Institutional Animal

Care and Use Committee reviewed and approved all of operations and processes adopted in this

experiment (protocol ID: A2014 10-014-Y2-A1).

4.2. 16S rRNA Gene Sequencing

The sequencing library was built by the method as previously described [15]. Briefly, fecal DNA

(~1 ng) was isolated by a PowerSoil DNA Isolation Kit (Mo Bio Laboratories). The V4 region of the 16S

rRNA gene was amplified by the universal primers 515F (5′-GTGCCAGCMGCCGCGGTAA) and 806R

(5′-GGACTACHVGGGTWTCTAAT). Each individual sample was barcoded by a unique sequence,

and then pooled together and sequenced by Illumina MiSeq at the Georgia Genomics Facility (PE250,

v2 kit). The raw sequencing files were set-paired, trimmed (with 0.01 error probability limit) and

merged by Geneious 8.0.5 (Biomatters, Auckland, New Zealand). Quantitative insights into microbial

ecology (QIIME, version 1.9.1) was used for further analysis and the operational taxonomic units

(OTUs) was obtained by UCLUST with 97% sequence similarity [45].

4.3. Functional Gene Enrichment Analysis

PICRUSt (Galaxy Version 1.0.0, http://huttenhower.sph.harvard.edu/galaxy/) was applied to

analyze the enrichment of functional pathways and genes in the gut microbiome [46]. PICRUSt uses

the marker genes in 16S sequencing data to match the reference genome database to estimate the gene

profiles of bacterial communities [47–49]. PICRUSt result was input into the Statistical Analysis of

Metagenomic Profiles (STAMP) (version 2.1.3) for statistical analysis [50].

4.4. Metabolomics Analysis

Fecal metabolites were extracted using the method as described previously [51]. Briefly,

1 mL of methanol/chloroform/water solution (2:2:1) added to 20 mg of feces and vortexed

for 1 h. Then, centrifuging at 3200× g for 15 min and then transferred the upper and lower

phases to vials. Solvent was dried in a SpeedVac, and metabolites were derivatized using

N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA). Metabolomics profiling was harvested by an

Agilent 6890 GC coupled to a 5973 MSD system. One microliter of sample extract was injected.

The carrier gas is Helium (99.9999%) and the flow rate was set as 0.8 mL min−1. A 30 m × 0.25 mm

diameter DB-5ms column (Agilent, Santa Clara, CA, USA) was used in this study. The oven

temperature was started at 60 ◦C holding for 2 min, and then raised to 320 ◦C at 8 ◦C min−1 and held

for 10.5 min. The equilibration time is 0.5 min. Metabolite features with mass range from m/z 50 to 600

were captured. The data files were processed with XCMS Online (https://xcmsonline.scripps.edu/)

to pick and align peaks, and calculate peak intensities. The “GC/Single Quad (centWave)” was selected

as the parameter set. The m/z tolerance was 100 ppm. Unpaired parametric Welch’s t-test was applied

to assess the differences of features between two groups and the p-value threshold was set to 0.05.

The default values of other parameters in the “GC/Single Quad (centWave)” were adopted. Features

with significant changes (p < 0.05, intensity > 1000) were selected and identified by matching with the

National Institute of Standards and Technology (NIST) Standard Reference Database.

4.5. Statistical Analysis

Microbial dysbiosis index was calculated by QIIME based on the approach described in a previous

study [52]. The metastats command in mothur software was used to calculate the difference in the

gut microbiota taxonomy between control and treated groups [53,54]. Besides, the differences in the

fecal metabolomes of the control and neotame-treated groups was assessed by partial least squares

http://huttenhower.sph.harvard.edu/galaxy/
https://xcmsonline.scripps.edu/
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discriminant analysis (PLS-DA), and the differences in functional genes and the fecal metabolites was

assessed by the two-tailed Welch’s t-test (p < 0.05).

Supplementary Materials: Supplementary materials are available online.
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