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Abstract: Non-caloric artificial sweeteners (NASs) provide sweet tastes to food without adding
calories or glucose. NASs can be used as alternative sweeteners for controlling blood glucose levels
and weight gain. Although the consumption of NASs has increased over the past decade in Japan and
other countries, whether these sweeteners affect the composition of the gut microbiome is unclear.
In the present study, we examined the effects of sucralose or acesulfame-K ingestion (at most the
maximum acceptable daily intake (ADI) levels, 15 mg/kg body weight) on the gut microbiome in
mice. Consumption of sucralose, but not acesulfame-K, for 8 weeks reduced the relative amount of
Clostridium cluster XIVa in feces. Meanwhile, sucralose and acesulfame-K did not increase food intake,
body weight gain or liver weight, or fat in the epididymis or cecum. Only sucralose intake increased
the concentration of hepatic cholesterol and cholic acid. Moreover, the relative concentration of
butyrate and the ratio of secondary/primary bile acids in luminal metabolites increased with sucralose
consumption in a dose-dependent manner. These results suggest that daily intake of maximum ADI
levels of sucralose, but not acesulfame-K, affected the relative amount of the Clostridium cluster XIVa
in fecal microbiome and cholesterol bile acid metabolism in mice.

Keywords: sucralose; acesulfame-K; gut microbiota; cholesterol; bile acid; acceptable daily intake;
DGGE; CE-MS; artificial sweetener

1. Introduction

Unlike sugars, non-caloric artificial sweeteners (NASs), including saccharin, sucralose,
acesulfame-K, and aspartame, provide sweet taste to food without adding energy content [1].
Because NASs do not add energy content or glucose, they can be used as an alternative sugar source
for controlling blood glucose levels and body weight in diabetic patients [2]. More recently, the use of
NASs by the general public has become a popular approach to reduce energy intake, glycemic load
and weight gain. Consumption of NASs has increased in the past decade in Japan, the United
States, and other countries [3,4]. Reports from the Japan National Health and Nutrition Survey
showed that between 2002 and 2015 consumption of sucralose and acesulfame-K increased from
0.310 mg/kg body weight/day to 0.825 mg/kg body weight/day (sucralose) and from 0.736 mg/kg
body weight/day to 1.357 mg/kg body weight/day (acesulfame-K) [4]. In contrast, between 2002 and
2015, the consumption of other NASs, including aspartame (from 5.853 to 0 mg/kg body weight/day)
and saccharin (from 0.648 to 0.112 mg/kg body weight/day), declined in Japan [4]. Thus, studies of
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the effects of NASs, particularly sucralose and acesulfame-K, on metabolism are important to provide
guidance on the amount of NASs that can be consumed.

In the past decade, several studies examined the effects of NASs on appetite, weight gain,
incidence of obesity, and metabolic disorders, but the results were not consistent [3,5]. In a systematic
review, Imamura et al. found that individuals who consumed higher amounts of beverages made
with artificial sweeteners had an 8% increased incidence of type 2 diabetes, even after adjustment
for adiposity [6], whereas Kim et al. and Cheungpasitporn et al. showed that these beverages were
associated with an increased risk of hypertension [7,8]. Meanwhile, Cheungpasitporn et al. reported
that the pooled risk ratios (RR) of five study samples of chronic kidney disease in patients who
consumed artificially sweetened soda were not statistically significant (RR: 1.33, 95% confidence
intervals 0.82-2.15) [9], although it should be noted that neither the Cheungpasitporn et al. study nor
the Kim et al. study made adjustments for adiposity.

Recently, a study by Suez ] et al. suggested that saccharin, aspartame, or sucralose consumption
could induce glucose intolerance by promoting gut dysbiosis [10]. Sucralose is rarely absorbed in the
mammalian gut, but this NAS can affect non-mammalian cells, including gut bacteria [11]. Sucralose
has been shown to increase serotonin, which initiates peristaltic and secretory activity [12,13]. In rats,
consumption of sweeteners containing sucralose (e.g., Splenda) reduced the numbers of intestinal
bacteria [14]. In addition, chronic consumption of sucralose triggered increased food intake in mice
and flies [15]. However, because this study used high amounts of NASs, particularly sucralose
(approximately 20-fold higher than the acceptable daily intake (ADI) [16]), whether lower doses of
sucralose or acesulfame-K (at most the maximum ADI levels of 15 mg/kg body weight) also affect the
gut microbiome and food intake are unclear. In the present study, we examined the effect of low-dose
pure sucralose or acesulfame-K consumption on the gut microbiome and host metabolism in mice.

2. Materials and Methods

2.1. Animals

Male and female C57Bl/6] mice (8 weeks old) were purchased from a local breeding colony
(Charles River Japan, Yokohama, Japan). After acclimatization for several weeks, male and female
mice were mated, and the resulting male pups were used in this study, including in Experiment 1
and 2. Mice were housed in cages maintained at constant temperature (23 °C %+ 2 °C) and humidity
(65-75%) with a 12 h light (8:00-20:00) /12 h dark cycle. Prior to the initiation of our study, the mice
were allowed free access to standard rodent diet (MF; Oriental Yeast) and water.

2.2. Experimental Design

In all experiments, mice were allowed free access to standard rodent diet (AIN93G; Oriental Yeast).
In Experiment 1, 4-week-old male mice were divided into 3 groups and treated for 8 weeks as follows:
Control group mice were given distilled water (C, n = 8); low-dose sucralose (LS) group mice were given
a sucralose solution of 1.5 mg/kg body weight per day (n = 8); and high dose sucralose (HS) group
mice were given sucralose solution of 15 mg/kg body weight per day, which is equal to the maximum
ADI (n = 8) [16]. In Experiment 2, 4-week-old male mice were divided into 2 groups and treated
for 8 weeks as follows: Control group mice were given distilled water (C, n = 8); and acesulfame-K
(AK) group mice were given an acesulfame-K solution of 15 mg/kg body weight per day, which is
equal to the ADI (n = 9) [16]. For both experiments, body weight and fluid intake were measured
3 times a week. We used pair-feeding like a method to manage the sweetener consumption of mice.
The sweetener concentration was calculated from their fluid intake/day and body weight. Then,
we adjusted sucralose concentration of drinking water every day or every two days to regulate
sucralose consumption. All mice were euthanized at noon on the final day of the experiment and
the blood, cecum, cecal contents, feces, and liver tissue were collected. The University of Tokushima
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Animal Use Committee approved the study (1T14010), and mice were maintained according to the
National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.

2.3. Plasma and Hepatic Lipid Concentrations

Hepatic lipids were extracted and measured as previously described [14]. Plasma and liver TG
and total cholesterol concentrations were measured using Triglyceride-E and Cholesterol-E tests (Wako
Pure Chemical Industries, Osaka, Japan), respectively.

2.4. RNA Preparation and Quantitative Reverse Transcriptase Polymerase Chain Reaction

Extraction of total RNA, cDNA synthesis, and real-time polymerase chain reaction (PCR) analyses
were performed as described previously [17]. The relative abundance of each target transcript was
calculated by normalizing the amount of amplified product to the amount of constitutively expressed
B-actin mRNA. The primer sequences are listed in Table S1.

2.5. Extraction of Genomic DNA and Quantitative Polymerase Chain Reaction

Genomic DNA from fecal and cecal content samples was isolated using a Favorprep Stool DNA
Isolation Mini Kit (FAVORGEN Biotech Corp., Ping-Tung, Taiwan) according to the manufacturer’s
protocol. The relative abundance of each target bacterial 165 rRNA gene copy (primer sequences are
shown in Supplemental Table S1) was calculated by normalizing relative to the amount of amplified
product from all bacteria 165 rRNA gene copies.

2.6. PCR Denaturing Gradient Gel Electrophoresis (DGGE) Analysis

Denaturing gradient gel electrophoresis (DGGE) was carried out as previously reported [18]
using a DCode™ Universal Mutation Detection System instrument and a Model 475 gradient former
according to the manufacturer’s instructions (Bio-Rad Labs, Hercules, CA, USA). The V2-V3 region of
the 165 rRNA genes (positions 339 to 539 in the Escherichia coli gene) of bacteria in the gut samples was
amplified by primers HDA1-GC and HDA?2 as described by Walter et al. [19]. PCR reaction mixtures
and the amplification program were the same as described previously [19] except that 30 amplification
cycles were used. The denaturing gradient was formed using two 8% acrylamide gels (acrylamide-bis
37.5:1) with denaturing gradients ranging from 30 to 70% for analysis of the amplified 16S rRNA
fragments. The 100% denaturant solution contained 40% (v/v) deionized formamide, and 7 M urea.
PCR products (40 uL) were mixed with 40 pL of loading dye before loading. Gels were runin 0.5 x TAE
at 60 °C for 5.2 h at 180 V, 210 mA, stained with Gel Star (Lonza, ME, USA) for 30 min, and analyzed
by Chemi Doc MP (Bio-Rad Laboratories, CA, USA). Image Lab software version 5.0 (Bio-Rad) was
used for the identification of bands and normalization of band patterns from DGGE gels.

2.7. Extraction of Bile Acids

Bile acids were extracted according to Hagio’s method [20]. Stored liver samples and cecal contents
were freeze-dried for storage. For analysis, 1 mL of ethanol with nordeoxycholic acid (NDCA) (50 nmol)
as an internal standard was added to 50 mg of the freeze-dried samples, which were then subjected to
sonication followed by heating at 60 °C for 30 min. After cooling to room temperature, the samples
were heated at 100 °C for 3 min and centrifuged at 1600 g for 10 min at 15 °C. The supernatants were
then collected. Ethanol (1 mL) was added to precipitates and mixed vigorously by vortexing for 1 min
before centrifugation at 11,200 g for 1 min. The supernatants were collected, pooled, and the liquid was
evaporated from the pooled extracts. The extract residue was resuspended in methanol for purification
and analysis by liquid chromatography mass spectrometry (LC-MS).
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2.8. Analysis of Bile Acid Composition

Liquid chromatography (LC) separation was performed using an Agilent LC system (Agilent
Technology, Santa Clara, CA, USA) with a gradient elution from a D.N.72770-902 C18 column (1.8 um,
50 mm x 2.1 mm, D.N.72770-902) at 40 °C and a flow rate of 200 uL/min. The auto sampler was kept at
15 °C. The sample injection volume was 5 puL. Solvent A and Solvent B were 20:80 and 80:20 mixtures,
respectively, of acetonitrile-water and each contained 10 mM ammonium acetate. The gradient
program was as follows: 0 min—B 5%, 5 min—B 5%, 15 min—B 15%, 20 min—B 25%, 22 min—B 75%,
24 min—B 75%, 27 min—B 5%, post-time 5 min. Specific bile acid peak retention time and m/z were
confirmed against standards. The Qualitative Analysis feature of MassHunter Acquisition software,
version B.06.00 (Agilent), was used to calculate detected peak areas. Data were adjusted according to
NDCA peak (internal control) and sample weight.

2.9. Metabolome Analysis of Cecum Luminal Contents by Capillary Electrophoresis Electrospray lonization
Time-of-Flight Mass Spectrometry

The cecum luminal contents were immediately frozen in liquid nitrogen and stored at —80 °C until
metabolite extraction. Sample tissues were weighed and completely homogenized in 0.5 mL of ice-cold
methanol containing 50 pM methionine sulfone and camphor-10-sulfonic acid as internal standards.
The homogenates were mixed with 0.5 mL of chloroform and 0.2 mL of ice-cold Milli-Q water.
After centrifugation at 2300 x g for 5 min, the supernatant was centrifugally filtrated through 5 kDa
cut-off filters (Millipore, Bedford, MA, USA) at 9100 g for 4 to 5 h to remove proteins. The filtrate was
then centrifugally concentrated in a vacuum evaporator, dissolved in Milli-Q water, and analyzed by
capillary electrophoresis electrospray ionization time-of-flight mass spectrometry (CE-TOFMS) using
an Agilent CE system combined with a TOFMS (Agilent Technologies, Palo Alto, CA, USA) as reported
by Human Metabolome Technologies, Inc. (HMT) (HMT, Tsuruoka, Japan) [21,22]. Each metabolite was
identified and quantified based on the peak information, including m/z, migration time, and peak area.

2.10. Statistical Analyses

All values are expressed as mean + S.E. The significance of differences between two groups
was assessed using an unpaired two-tailed f test. For comparison between more than two groups,
analysis of variance (ANOVA) or the Kruskal-Wallis test was used. When a significant difference
was found by ANOVA or the Kruskal-Wallis test, post hoc analyses were performed using the
Tukey-Kramer protected least significant difference test. Concentration-dependent effects were
identified using regression analysis. Spearman’s rank correlation coefficient was used to calculate
correlation coefficients between selected variables. Differences were considered significant at
p < 0.05. Statistical analyses were performed using Mass Profiler Professional (MPP) and Excel-Toukei
2006 (SSRI).

3. Results

To elucidate the effect of low-dose sucralose consumption on gut microbiota and host metabolism
in mice, either 1.5 mg/kg BW/day (LS) or 15 mg/kg BW/day (HS) was given to mice from weaning
in Experiment 1. The actual sucralose intake during Experiment 1 was 1.4 + 0.1 mg/kg BW/day and
14.2 £ 2.2 mg/kg BW/day in the LS and HS groups, respectively. Water and energy consumption across
Experiment 1 was 3.4 £ 0.6 mL/day and 11.0 £ 0.5 kcal /day in the control group, 3.4 £ 0.5 mL/day and
10.9 & 0.3 kcal/day in the LS group, and 3.7 &= 0.5 mL/day, and 11.1 & 0.4 kcal/day in the HS group,
respectively (p > 0.05). During the 8-week duration of Experiment 1, body weight, relative epididymal
fat weight, relative liver weight, and relative cecum weight were similar among the three groups
(Figure 1A,B). The relative amounts of fecal total bacteria, as well as Firmicutes and Bacteroidetes phylum
bacteria, were also similar among the groups. However, the relative amount of Clostridium cluster XIVa
was decreased in the presence of sucralose consumption in a dose-dependent manner (Figure 1C).
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To explore in detail the microbiome composition of the three experimental groups, we next carried
out a DGGE analysis. The relative band intensity of different 165 rRNAs from the V2 to V3 region did
not differ among the three groups (Figure S1). Furthermore, principal component analysis (PCA) and
hierarchical clustering analysis could not distinguish group-dependent changes in the gut microbiome
among the three groups (Figure S1; some data not shown). Taken together, low-dose (at most the
maximum ADI level) sucralose intake continuously for 8 weeks from weaning reduced the relative
amount of Clostridium cluster XIVa in feces in mice, but other factors were unaffected.
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Figure 1. Gradual changes in body composition and gut microbiota in mice fed sucralose. Changes
in body weight (A), organ weight (B), and abundance of specific bacterial phylum and genus (C)
after 8 weeks of sucralose feeding. Data represent mean £ S.E. (1 = 8). * Concentration-dependent
effects were observed by regression analysis, p < 0.05. LS: low sucralose (1.5 mg/kg BW/day), HS:
high sucralose (15 mg/kg BW/day).

Given the sucralose-dependent changes in the amount of Clostridium cluster XIVa bacteria that
affect cholesterol-bile acid metabolism [23], we examined how changes in the gut microbiome affected
host metabolism. The hepatic cholesterol concentration was slightly higher in the HS group relative to
the control group (Figure 2A). Meanwhile, for bile acids, the cholic acid (CA) concentration and the
CA/chenodeoxycholic acid (CDCA) ratio increased with sucralose consumption in a dose-dependent
manner (Figure 2B,C). We did not observe any changes in the mRNA expression levels of hepatic
cholesterol 7o-hydroxylase (CYP7A1) and sterol 12x-hydroxylase (CYP8B1), which regulate primary
bile acid synthesis and the ratio of CA/CDCA, respectively (Figure 2D,E) [24]. On the other hand,
in the cecal contents the ratio of secondary bile acids (dehydro-cholic acids (DCA) and lithocholic
acid (LCA)) to primary bile acids (CA and CDCA) was increased upon sucralose consumption in a
dose-dependent manner (Figure 2F).

To further investigate the effects of sucralose intake on luminal metabolites, we conducted
CE-MS analysis. In addition to sucralose, we could define 82 metabolites from an HMT metabolite list.
From the PCA plot, metabolite patterns for the control group and HS group clearly differed (Figure 3A),
and in particular 5 metabolites significantly differed among the three groups (Figure 3B-D). We noted
that the butyrate concentration in the cecal contents was reduced in a sucralose dose-dependent manner
(Figure 3C), which may be because Clostridium cluster XIVa bacteria produce butyrate. These results
suggest that low-dose sucralose intake may affect luminal bacterial metabolism.
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Figure 2. Cholesterol and bile acid metabolism are altered in mice fed sucralose. Changes in hepatic
cholesterol (A), cholic acid (B) CA/CDCA ratio (C), mRNA expression levels of CYP7al (D), CYP8b1 (E),
and luminal primary and secondary bile acid ratio (F) in mice fed sucralose for 8 weeks. Data represent

mean + S.E. (n = 8). * Concentration-dependent effects were observed by regression analysis, p < 0.05.
LS: low sucralose (1.5 mg/kg BW/day), HS: high sucralose (15 mg/kg BW/day).
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Figure 3. Changes in luminal metabolism in mice fed sucralose. Principle component analysis of

82 luminal metabolites in mice fed sucralose (A). Changes in relative concentration of sucralose

(B), butyrate (C), and specific amino acids (D) in mice fed sucralose for 8 weeks. Data represent

mean + S.E. (n = 8). * Concentration-dependent effects were observed by regression analysis, p < 0.05.
LS: low sucralose (1.5 mg/kg BW/day), HS: high sucralose (15 mg/kg BW/day).

To elucidate how acesulfame-K consumed at ADI levels affects the gut microbiome and
host metabolism in mice, in Experiment 2 mice were given either distilled water alone (C) or
15 mg/kg BW/day acesulfame-K (AK). The actual acesulfame-K intake during Experiment 2 was
12.9 + 1.4 mg/kg BW/day for the AK group. Water and energy consumption across Experiment
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2 was 3.4 &+ 0.2 mL/day and 10.5 £ 0.5 kcal/day in the control group and 3.3 £ 0.3 mL/day and
10.4 & 0.5 kcal/day in AK group, respectively (p > 0.05). During the 8-week duration of Experiment 2,
except for the relative liver weight, the body weight, relative epididymal fat weight, and relative cecum
weight did not differ between the two groups (Figure 4A,B). In the feces of these mice, the relative
amounts of total bacteria, Firmicutes phylum, Bacteroidetes phylum, and several other genuses were
similar between the two groups (Figure 4C). We next carried out a DGGE analysis to explore in greater
detail the gut microbiome composition. The relative band intensity of different 16S rRNAs from the
V2 to V3 region did not differ significantly between the two groups for either cecal content or feces
(Supplemental Figure S2). Principal component analysis (PCA) and hierarchical clustering analysis
did not identify any difference between the control and AK groups (Figure S2; some data not shown).
Furthermore, luminal metabolome analysis could not distinguish between the two groups, with the
exception of the presence of acesulfame-K (Figure 4D-F). Finally, we compared both the control groups
from Experiment 1 and Experiment 2 to establish overall reproducibility between independent trials.
There are no major differences in the luminal metabolites, which reflect luminal bacterial metabolism
activity between the control groups from the both experiments (Figure S3). Taken together, relative to
sucralose, low-dose (at most the maximum ADI level) acesulfame-K intake had fewer effects on gut
microbiota and its metabolism in mice.

A) B) C)
31 545 1 O Control Firmicutes O Control
25 4 ";,40 1 WAK B AK
C = 35 1 Bacteroidetes
£ 20 | 230
2 5,25 1 Bacteroides
2 g 20
Z 215 1 Clostridium IV
@ 10 2 10 1
< 51 Clostridium IVXa
3 M A z g
45867 8 9101112 WAT Liver Cecum 0.0 1.0 2.0
Age (week) Relative amount of 165 rRNA
D) ® B . 2 F 14 OControl  WAK
= —
YAds - @ o 12
@ % g £
@ _0
@ & s 2 10
@° £5 SE
@ E2 6 EEc 08
@ So 23
i) o< 06
@ >x 4 =8
| o BE S 4 04
T3 A
1 x5 2 ®G g2
T — s * 0
e :} ]
ety @ 20 4 0.0
Control AK Propionate Butyrate Valerate Caproate

Component! X-Axis 33.55%
Component2 Y-Axis 17.41%
Component3 Z-Axis 10.94%

Figure 4. Gradual changes in body composition, gut microbiota and luminal metabolites in mice fed
acesulfame-K. Changes in body weight (A), organ weight (B), and abundance of specific bacterial
phylum and genus (C) after 8 weeks of acesulfame-K feeding (AK). Principle component analysis of 82
luminal metabolites in acesulfame-K fed mice (D). Changes in relative concentration of acesulfame-K
(E) and short chain fatty acids (F) in mice fed acesulfame-K for 8 weeks. Data represent mean + S.E.
(n =8). * p <0.05 as compared to the control group.

4. Discussion and Conclusions

We found that administration of pure sucralose (14.2 mg/kg BW/day), but not acesulfame-K
(12.9 mg/kg BW/day), to mice for 8 weeks slightly but significantly altered gut microbiota. For mice
given sucralose, the abundance of Clostridium XIVa in feces decreased, although the body weight did not
change. Schiffman reported that administration of 100 to 1000 mg/kg BW/day of Splenda (containing
1% w /w sucralose, approximately 1.1 to 11 mg/kg BW /day) for 12 weeks significantly altered the
culturable gut microbiota composition and increased body weight in rats [14]. Another report revealed
that administration of 10% Sucralite solution (containing 5% sucralose, approximately 333 mg/kg
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BW/day) for 11 weeks impaired the gut microbiome as evaluated by 16s rRNAs sequencing and
glucose tolerance in mice. The differences among the three studies may arise from differences in
model species, sucralose purity and dose, diet, and methods used to characterize gut microbiota.
In addition to these differences, we but not others started to administrate sweetener from early life
of age. Because environmental factors, such as low-dose antibiotics, from early stage of life more
significantly affected the gut microbiota [25,26], the age of initiating the sucralose intake may influence
the effect of sucralose on gut microbiota. Here, we could define both sucralose and acesulfame-K
in luminal metabolites, indicating that the NASs could indeed reach the gut microbial community
as reported previously [11]. In the present study, administration of sucralose did not show signs
of gastrointestinal tract disturbance, such as peri-anal soiling, scouring, and cecal enlargement as
reported in rabbit fed 750 mg/kg/day sucralose [27].

Comparison of bile acid composition in germ-free mice and conventionally raised mice clearly
showed that most bile acids are metabolites of the gut microbiome [28]. We found that daily sucralose
intake increased the ratio of luminal secondary bile acids to primary bile acids. This increase could not
be explained by the reduction in the relative abundance of Clostridium XIVa genus bacteria in feces
because Clostridium genus cluster XI and XIVa participate in the conversion of primary bile acids to
secondary bile acids [29]. We should consider the gut microbiome and host enterohepatic circulation
as a complex system in cholesterol-bile acid metabolism and that these processes involve not only
conversion and deconjugation of bile acids but also the reabsorption of bile acids. Indeed, the hepatic
CA concentration and CA /CDCA ratio were increased by sucralose intake without any changes in the
mRNA expression levels of bile acid composition regulators. Among the changes in cholesterol bile acid
metabolites observed in this study, CA promotes cholesterol absorption, whereas CDCA does not [30].
This increase in the CA/CDCA ratio may potentially enhance cholesterol absorption, leading to a
significant accumulation of cholesterol in the liver, which in turn could promote hypercholesterolemia.
Our novel data showed that sucralose intake increases the CA/CDCA ratio, which may in part explain
the effect of sucralose intake in regulating cholesterol and bile acid metabolism in vivo.

In contrast to bile acid metabolism, the luminal butyrate concentration decreased with the
reduction of the butyrate-producing bacteria of genus Clostridium XIVa. Butyrate and other short chain
fatty acids have been shown to be effective in reducing colitis through the induction of regulatory T
cells [31,32]. One notable result we obtained was that the effects of sucralose feeding on gut microbiota
and its metabolism were dose-dependent. These results suggest that sucralose, but not acesulfame-K,
could affect luminal bacterial metabolism.

In a recent study in mice, Wang et al. showed that daily intake of jelly containing 7.5 mg sucralose
(approximately 2250 mg/kg BW/day for mice weighing 30 g) promoted significant increases in food
intake [15]. This increase in a robust appetite-stimulating response to sucralose was confirmed in
both tetracycline-treated and germ-free flies, suggesting that this effect is independent of the gut
microbiome. In our study, 14.2 mg/kg BW/day sucralose intake did not increase food intake or body
weight. Because food intake in rodents is difficult to measure accurately, another well controlled study
will help to understand the effect of sucralose on hunger or food intake. In conclusion, we found
that consumption of low-dose sucralose, but not acesulfame-K, affected the relative amount of the
Clostridium cluster XIVa in fecal microbiome and cholesterol bile acid metabolism in mice, even at
levels within the ADI. The effect of NASs on gut microbiota and lipid metabolism thus appears to vary
according to type and dose of NASs.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/9/6/560/s1;
Figure S1: DGGE analysis of 16S V2-V3 rRNA in feces from mice fed sucralose. Band patterns (A) and hierarchical
clustering of band patterns (B) for 16S V2-V3 rRNA in feces from mice fed sucralose for 8 weeks. LS: low sucralose
(1.5 mg/kg BW/day), HS: high sucralose (15 mg/kg BW/day), Figure S2: DGGE analysis of 16S V2-V3 rRNA
in feces from mice fed acesulfame-K. Band patterns and hierarchical clustering of band patterns of 165 V2-V3
rRNA composition in cecal content (A) and feces (B) from mice fed acesulfame-K (AK) for 8 weeks, Figure S3:
Lumial metabolome analysis in feces from both the control mice in Experiment 1 and 2. Principle component
analysis of luminal metabolome data of the control groups from the sucralose experiment (Suc-C) and the
acesulfam-K experiment (AK-C), Table S1: Oligonucleotide primer.


www.mdpi.com/2072-6643/9/6/560/s1

Nutrients 2017, 9, 560 9of 11

Acknowledgments: This work was financially supported by the Japan Food Chemical Research Foundation
Science and JSPS KAKENHI (Grant Numbers JP15H0564710 and JP16K15191). The Support Center for The
Special Mission Center for Metabolome Analysis, School of Medical Nutrition, Faculty of Medicine of Tokushima
University and Support Center for Advanced Medical Sciences, Institute of Biomedical Sciences, Tokushima
University Graduate School provided material support. We gratefully acknowledge the excellent assistance of
Yumi Harada, Rumiko Masuda, Akiko Uebanso, and the Metabolome Tokumei-Unit at Tokushima University.
We also wish to thank the Division for Animal Research Resources and Genetic Engineering Support Center for
Advanced Medical Sciences, Institute of Biomedical Sciences, Tokushima University Graduate School for the care
of the mice.

Author Contributions: T.U., M.A., T.S.,, KM, and A.T. designed the research; T.U., A.O., RK,, and A.Y. conducted
research and analyzed data; T.U. and A.T. wrote paper and had responsibility for final content. All authors read
and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gardner, C.; Wylie-Rosett, J.; Gidding, S.S.; Steffen, L.M.; Johnson, RK.; Reader, D.; Lichtenstein, A.H.
Nonnutritive sweeteners: Current use and health perspectives: A scientific statement from the American
Heart Association and the American Diabetes Association. Diabetes Care 2012, 35, 1798-1808. [CrossRef]
[PubMed]

2. Fitch, C.; Keim, K.S. Position of the Academy of Nutrition and Dietetics: Use of nutritive and nonnutritive
sweeteners. J. Acad. Nutr. Diet. 2012, 112, 739-758. [CrossRef] [PubMed]

3.  Swithers, S.E. Artificial sweeteners produce the counterintuitive effect of inducing metabolic derangements.
Trends Endocrinol. Metab. 2013, 24, 431-441. [CrossRef] [PubMed]

4. Ministry of Health Labour and Welfare in Japan. Reports from the Japan National Health and Nutrition
Survey. 2002 and 2015. Available online: http:/ /www.mhlw.go.jp (accessed on 27 March 2017).

5. Pereira, M.A. Sugar-sweetened and artificially-sweetened beverages in relation to obesity risk. Adv. Nutr.
2014, 5, 797-808. [CrossRef] [PubMed]

6. Imamura, F; O’Connor, L.; Ye, Z.; Mursu, J.; Hayashino, Y.; Bhupathiraju, S.N.; Forouhi, N.G. Consumption
of sugar sweetened beverages, artificially sweetened beverages, and fruit juice and incidence of type 2
diabetes: Systematic review, meta-analysis, and estimation of population attributable fraction. BMJ 2015,
351, h3576. [CrossRef] [PubMed]

7. Cheungpasitporn, W.; Thongprayoon, C.; Edmonds, PJ.; Srivali, N.; Ungprasert, P.; Kittanamongkolchai, W.;
Erickson, S.B. Sugar and artificially sweetened soda consumption linked to hypertension: A systematic
review and meta-analysis. Clin. Exp. Hypertens. 2015, 37, 587-593. [CrossRef] [PubMed]

8.  Kim, Y, Je, Y. Prospective association of sugar-sweetened and artificially sweetened beverage intake with
risk of hypertension. Arch. Cardiovasc. Dis. 2016, 109, 242-253. [CrossRef] [PubMed]

9.  Cheungpasitporn, W.; Thongprayoon, C.; O’Corragain, O.A.; Edmonds, PJ.; Kittanamongkolchai, W.;
Erickson, S.B. Associations of sugar-sweetened and artificially sweetened soda with chronic kidney disease:
A systematic review and meta-analysis. Nephrology (Carlton) 2014, 19, 791-797. [CrossRef] [PubMed]

10. Suez, ].; 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. [CrossRef] [PubMed]

11.  John, B.A.; Wood, S.G.; Hawkins, D.R. The pharmacokinetics and metabolism of sucralose in the mouse.
Food Chem. Toxicol. 2000, 38 (Suppl. S2), 107-110. [CrossRef]

12.  Kidd, M.; Modlin, I.M.; Gustafsson, B.L; Drozdov, I.; Hauso, O.; Pfragner, R. Luminal regulation of normal
and neoplastic human EC cell serotonin release is mediated by bile salts, amines, tastants, and olfactants.
Am. ]. Physiol. Gastrointest. Liver Physiol. 2008, 295, G260-G272. [CrossRef] [PubMed]

13. Sikander, A.; Rana, S.V.; Prasad, K.K. Role of serotonin in gastrointestinal motility and irritable bowel
syndrome. Clin. Chim. Acta 2009, 403, 47-55. [CrossRef] [PubMed]

14. Abou-Donia, M.B.; El-Masry, E.M.; Abdel-Rahman, A.A.; McLendon, R.E.; Schiffman, S.S. Splenda alters
gut microflora and increases intestinal p-glycoprotein and cytochrome p-450 in male rats. . Toxicol. Environ.
Health A 2008, 71, 1415-1429. [CrossRef] [PubMed]


http://dx.doi.org/10.2337/dc12-9002
http://www.ncbi.nlm.nih.gov/pubmed/22778165
http://dx.doi.org/10.1016/j.jand.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/22709780
http://dx.doi.org/10.1016/j.tem.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23850261
http://www.mhlw.go.jp
http://dx.doi.org/10.3945/an.114.007062
http://www.ncbi.nlm.nih.gov/pubmed/25398745
http://dx.doi.org/10.1136/bmj.h3576
http://www.ncbi.nlm.nih.gov/pubmed/26199070
http://dx.doi.org/10.3109/10641963.2015.1026044
http://www.ncbi.nlm.nih.gov/pubmed/26114357
http://dx.doi.org/10.1016/j.acvd.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26869455
http://dx.doi.org/10.1111/nep.12343
http://www.ncbi.nlm.nih.gov/pubmed/25251417
http://dx.doi.org/10.1038/nature13793
http://www.ncbi.nlm.nih.gov/pubmed/25231862
http://dx.doi.org/10.1016/S0278-6915(00)00032-6
http://dx.doi.org/10.1152/ajpgi.00056.2008
http://www.ncbi.nlm.nih.gov/pubmed/18556422
http://dx.doi.org/10.1016/j.cca.2009.01.028
http://www.ncbi.nlm.nih.gov/pubmed/19361459
http://dx.doi.org/10.1080/15287390802328630
http://www.ncbi.nlm.nih.gov/pubmed/18800291

Nutrients 2017, 9, 560 10 of 11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Wang, Q.P; Lin, Y.Q.; Zhang, L.; Wilson, Y.A.; Oyston, L.J.; Cotterell, J.; Qi, Y.; Khuong, T.M.; Bakhshi, N.;
Planchenault, Y.; et al. Sucralose Promotes Food Intake through NPY and a Neuronal Fasting Response.
Cell Metab. 2016, 24, 75-90. [CrossRef]| [PubMed]

Mattes, R.D.; Popkin, B.M. Nonnutritive sweetener consumption in humans: effects on appetite and food
intake and their putative mechanisms. Am. J. Clin. Nutr. 2009, 89, 1-14. [CrossRef] [PubMed]

Uebanso, T.; Taketani, Y.; Fukaya, M.; Sato, K.; Takei, Y.; Sato, T.; Sawada, N.; Amo, K.; Harada, N.;
Arai, H; et al. Hypocaloric high-protein diet improves fatty liver and hypertriglyceridemia in sucrose-fed
obese rats via two pathways. Am. J. Physiol. Endocrinol. Metab. 2009, 297, E76-E84. [CrossRef] [PubMed]
Li, M.; Gong, J.; Cottrill, M.; Yu, H.; de Lange, C.; Burton, ]J.; Topp, E. Evaluation of QIAamp DNA Stool Mini
Kit for ecological studies of gut microbiota. J. Microbiol. Methods 2003, 54, 13-20. [CrossRef]

Walter, J.; Tannock, G.W.; Tilsala-Timisjarvi, A.; Rodtong, S.; Loach, D.M.; Munro, K.; Alatossava, T.
Detection and identification of gastrointestinal Lactobacillus species by using denaturing gradient gel
electrophoresis and species-specific PCR primers. Appl. Environ. Microbiol. 2000, 66, 297-303. [CrossRef]
[PubMed]

Hagio, M.; Matsumoto, M.; Fukushima, M.; Hara, H.; Ishizuka, S. Improved analysis of bile acids in tissues
and intestinal contents of rats using LC/ESI-MS. J. Lipid Res. 2009, 50, 173-180. [CrossRef] [PubMed]
Kami, K.; Fujimori, T.; Sato, H.; Sato, M.; Yamamoto, H.; Ohashi, Y.; Sugiyama, N.; Ishihama, Y.; Onozuka, H.;
Ochiai, A.; et al. Metabolomic profiling of lung and prostate tumor tissues by capillary electrophoresis
time-of-flight mass spectrometry. Metabolomics 2013, 9, 444-453. [CrossRef] [PubMed]

Ohashi, Y.; Hirayama, A.; Ishikawa, T.; Nakamura, S.; Shimizu, K.; Ueno, Y.; Tomita, M.; Soga, T. Depiction
of metabolome changes in histidine-starved Escherichia coli by CE-TOFMS. Mol. Biosyst. 2008, 4, 135-147.
[CrossRef] [PubMed]

Ridlon, ].M.; Alves, ].M.; Hylemon, P.B.; Bajaj, J.S. Cirrhosis, bile acids and gut microbiota: Unraveling a
complex relationship. Gut Microbes 2013, 4, 382-387. [CrossRef] [PubMed]

Evans, ].M.; Morris, L.S.; Marchesi, ].R. The gut microbiome: The role of a virtual organ in the endocrinology
of the host. J. Endocrinol. 2013, 218, R37-R47. [CrossRef] [PubMed]

Cho, I; Yamanishi, S.; Cox, L.; Methe, B.A.; Zavadil, J.; Li, K.; Gao, Z.; Mahana, D.; Raju, K,; Teitler, I; et al.
Antibiotics in early life alter the murine colonic microbiome and adiposity. Nature 2012, 488, 621-626.
[CrossRef] [PubMed]

Cox, L.M.; Yamanishi, S.; Sohn, J.; Alekseyenko, A.V,; Leung, ].M.; Cho, I; Kim, S.G.; Li, H.; Gao, Z;
Mahana, D.; et al. Altering the intestinal microbiota during a critical developmental window has lasting
metabolic consequences. Cell 2014, 158, 705-721. [CrossRef] [PubMed]

Kille, J.W,; Tesh, ].M.; McAnulty, P.A.; Ross, EW.; Willoughby, C.R.; Bailey, G.P.; Wilby, O.K.; Tesh, S.A.
Sucralose: Assessment of teratogenic potential in the rat and the rabbit. Food Chem. Toxicol. 2000,
38 (Suppl. 52), 43-52. [CrossRef]

Sayin, S.I.; Wahlstrom, A.; Felin, J.; Jantti, S.; Marschall, H.U.; Bamberg, K.; Angelin, B.; Hyotyldinen, T.;
Oresi¢, M.; Bédckhed, F. Gut microbiota regulates bile acid metabolism by reducing the levels of
tauro-beta-muricholic acid, a naturally occurring FXR antagonist. Cell Metab. 2013, 17, 225-235. [CrossRef]
[PubMed]

Ridlon, ].M.; Kang, D.J.; Hylemon, P.B. Bile salt biotransformations by human intestinal bacteria. J. Lipid Res.
2006, 47, 241-259. [CrossRef] [PubMed]

Reynier, M.O.; Montet, ]J.C.; Gerolami, A.; Marteau, C.; Crotte, C.; Montet, A.M.; Mathieu, S.
Comparative effects of cholic, chenodeoxycholic, and ursodeoxycholic acids on micellar solubilization
and intestinal absorption of cholesterol. J. Lipid Res. 1981, 22, 467-473. [PubMed]

Atarashi, K.; Tanoue, T,; Shima, T.; Imaoka, A.; Kuwahara, T.; Momose, Y.; Cheng, G.; Yamasaki, S.; Saito, T.;
Ohba, Y.; et al. Induction of colonic regulatory T cells by indigenous Clostridium species. Science 2011, 331,
337-341. [CrossRef] [PubMed]

Vieira, A.T.; Teixeira, M.M.; Martins, E.S. The role of probiotics and prebiotics in inducing gut immunity.
Front. Immunol. 2013, 4, 445. [CrossRef] [PubMed]

Fierer, N.; Jackson, J.A.; Vilgalys, R.; Jackson, R.B. Assessment of soil microbial community structure by
use of taxon-specific quantitative PCR assays. Appl. Environ. Microbiol. 2005, 71, 4117-4120. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.cmet.2016.06.010
http://www.ncbi.nlm.nih.gov/pubmed/27411010
http://dx.doi.org/10.3945/ajcn.2008.26792
http://www.ncbi.nlm.nih.gov/pubmed/19056571
http://dx.doi.org/10.1152/ajpendo.00014.2009
http://www.ncbi.nlm.nih.gov/pubmed/19435858
http://dx.doi.org/10.1016/S0167-7012(02)00260-9
http://dx.doi.org/10.1128/AEM.66.1.297-303.2000
http://www.ncbi.nlm.nih.gov/pubmed/10618239
http://dx.doi.org/10.1194/jlr.D800041-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/18772484
http://dx.doi.org/10.1007/s11306-012-0452-2
http://www.ncbi.nlm.nih.gov/pubmed/23543897
http://dx.doi.org/10.1039/B714176A
http://www.ncbi.nlm.nih.gov/pubmed/18213407
http://dx.doi.org/10.4161/gmic.25723
http://www.ncbi.nlm.nih.gov/pubmed/23851335
http://dx.doi.org/10.1530/JOE-13-0131
http://www.ncbi.nlm.nih.gov/pubmed/23833275
http://dx.doi.org/10.1038/nature11400
http://www.ncbi.nlm.nih.gov/pubmed/22914093
http://dx.doi.org/10.1016/j.cell.2014.05.052
http://www.ncbi.nlm.nih.gov/pubmed/25126780
http://dx.doi.org/10.1016/S0278-6915(00)00027-2
http://dx.doi.org/10.1016/j.cmet.2013.01.003
http://www.ncbi.nlm.nih.gov/pubmed/23395169
http://dx.doi.org/10.1194/jlr.R500013-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/16299351
http://www.ncbi.nlm.nih.gov/pubmed/7240971
http://dx.doi.org/10.1126/science.1198469
http://www.ncbi.nlm.nih.gov/pubmed/21205640
http://dx.doi.org/10.3389/fimmu.2013.00445
http://www.ncbi.nlm.nih.gov/pubmed/24376446
http://dx.doi.org/10.1128/AEM.71.7.4117-4120.2005
http://www.ncbi.nlm.nih.gov/pubmed/16000830

Nutrients 2017, 9, 560 11 of 11

34.

35.

36.

37.

38.

39.

Tannock, G.W.; Munro, K.; Harmsen, H.J.; Welling, G.W.; Smart, J.; Gopal, PK. Analysis of the fecal microflora
of human subjects consuming a probiotic product containing Lactobacillus rhamnosus DR20. Appl. Environ.
Microbiol. 2000, 66, 2578-2588. [CrossRef] [PubMed]

Guo, X,; Xia, X; Tang, R.; Zhou, J.; Zhao, H.; Wang, K. Development of a real-time PCR method for Firmicutes
and Bacteroidetes in faeces and its application to quantify intestinal population of obese and lean pigs.
Lett. Appl. Microbiol. 2008, 47, 367-373. [CrossRef] [PubMed]

Walter, J.; Hertel, C.; Tannock, G.W.; Lis, C.M.; Munro, K.; Hammes, W.P. Detection of Lactobacillus,
Pediococcus, Leuconostoc, and Weissella species in human feces by using group-specific PCR primers and
denaturing gradient gel electrophoresis. Appl. Environ. Microbiol. 2001, 67, 2578-2585. [CrossRef] [PubMed]
Matsuki, T.; Watanabe, K.; Fujimoto, J.; Takada, T.; Tanaka, R. Use of 165 rRNA gene-targeted group-specific
primers for real-time PCR analysis of predominant bacteria in human feces. Appl. Environ. Microbiol. 2004,
70, 7220-7228. [CrossRef] [PubMed]

Matsuki, T.; Watanabe, K.; Fujimoto, J.; Miyamoto, Y.; Takada, T.; Matsumoto, K.; Oyaizu, H.; Tanaka, R.
Development of 165 rRNA-gene-targeted group-specific primers for the detection and identification of
predominant bacteria in human feces. Appl. Environ. Microbiol. 2002, 68, 5445-5451. [CrossRef] [PubMed]
Layton, A.; McKay, L.; Williams, D.; Garrett, V.; Gentry, R.; Sayler, G. Development of Bacteroides 16S rRNA
gene TagMan-based real-time PCR assays for estimation of total, human, and bovine fecal pollution in water.
Appl. Environ. Microbiol. 2006, 72, 4214-4224. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1128/AEM.66.6.2578-2588.2000
http://www.ncbi.nlm.nih.gov/pubmed/10831441
http://dx.doi.org/10.1111/j.1472-765X.2008.02408.x
http://www.ncbi.nlm.nih.gov/pubmed/19146523
http://dx.doi.org/10.1128/AEM.67.6.2578-2585.2001
http://www.ncbi.nlm.nih.gov/pubmed/11375166
http://dx.doi.org/10.1128/AEM.70.12.7220-7228.2004
http://www.ncbi.nlm.nih.gov/pubmed/15574920
http://dx.doi.org/10.1128/AEM.68.11.5445-5451.2002
http://www.ncbi.nlm.nih.gov/pubmed/12406736
http://dx.doi.org/10.1128/AEM.01036-05
http://www.ncbi.nlm.nih.gov/pubmed/16751534
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Experimental Design 
	Plasma and Hepatic Lipid Concentrations 
	RNA Preparation and Quantitative Reverse Transcriptase Polymerase Chain Reaction 
	Extraction of Genomic DNA and Quantitative Polymerase Chain Reaction 
	PCR Denaturing Gradient Gel Electrophoresis (DGGE) Analysis 
	Extraction of Bile Acids 
	Analysis of Bile Acid Composition 
	Metabolome Analysis of Cecum Luminal Contents by Capillary Electrophoresis Electrospray Ionization Time-of-Flight Mass Spectrometry 
	Statistical Analyses 

	Results 
	Discussion and Conclusions 

