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Artificial sweeteners (AS) have been widely applied in the food in-
dustry as sugar substitutes with reduced calorie content but high
sweetening power [1]. The consumption of sugar-sweetened beverages
is associated with the incidence of obesity and type 2 diabetes [2,3].
Non-caloric AS (NCAS) have been recommended for weight manage-
ment and as a treatment strategy for type 2 diabetes [4]. While AS are
generally considered safe with acceptable daily intake by regulatory
agencies (e.g., European Food Safety Authority, US Food and Drug
Administration), mounting epidemiological evidence shows that the
consumption of AS is associated with the risk of cardiometabolic dis-
ease [2,3,5]. Moreover, due to the large consumption, AS are emerging
contaminants in aquatic environments with concentrations exceeding
100 μg/L [6–8]. Therefore, a few controversies about AS need to be
addressed, and both short- and long-term health effects of AS should be
re-evaluated [2,5].

The ecotoxicity of AS at environmentally relevant concentrations has
been investigated in several aquatic organisms [8–10]. For example, both
the physiology and locomotive behavior of crustaceans can be affected by
sucralose exposure at environmentally relevant concentrations of
0.5–500 μg/L [9]. Further studies in animal models and humans have
shown that AS can act as potential endocrine disruptors with various
adverse effects by modifying hormone levels and metabolism [8,10].
Thus, the continuous accumulation of AS in the environment requires
comprehensive investigations to explore the distribution and fate of AS
and their human and environmental risks.

The gut microbiome plays an important role in food digestion,
immunomodulation, maintenance of structural integrity of the gut
mucosal barrier, and xenobiotic and drug metabolism [11]. The dysbiosis
of our normal gut microbiota contributes to the pathogenesis of various
metabolic disorders [11]. Some in vivo and in vitro studies, observational
studies, and randomized clinical trials have provided insights into the
association of gut microbiota perturbations with the consumption of AS
[12–18]. An early study by Suez et al. [13] revealed that NCAS con-
sumption induced glucose intolerance in mice, and the positive
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correlations between NCAS consumption and several metabolic charac-
teristics (e.g., higher fasting blood glucose, glycosylated hemoglobin)
were observed in non-diabetic individuals. Significant correlations exist
between microbial taxa (e.g., Enterobacteriaceae family, Deltaproteo-
bacteria class, Actinobacteria phylum) and NCAS consumption. Both the
antibiotic treatment and faecal microbiota transplantation (FMT) from
NCAS-consuming mice to germ-free mice supported that the effects of
NAS were mediated by the alteration of gut microbiota. However, some
contradictory results have been observed, especially in human studies
[14–19]. For example, Serrano et al. [17] performed a double-blind,
placebo-controlled, and parallel-arm study involving 46 healthy adults
to investigate the effects of high-dose NCAS (saccharin) on gut micro-
biota and glucose tolerance. In contrast to the glucose intolerance re-
ported by Suez et al. [13], no altered glucose or hormonal responses were
observed during the oral glucose tolerance test in the subjects with NCAS
consumption, and no alterations in microbial diversity or composition
were observed. As known, the inter-individual variabilities of gut
microbiota have been shown to affect host responses to dietary in-
terventions or therapeutics [20,21]. The differences in the study design
(e.g., control groups), microbiota at the baseline, dietary patterns, anti-
biotic treatments, medications, and other related confounding factors
could strongly influence the observations of gut microbial diversity and
compositions, which requires well-designed and data-rich clinical trials.

Recently, Suez et al. [22] investigated the effects of oral supple-
mentation with non-nutritive sweeteners (NNS) on the microbiome and
glycemic responses in 120 healthy subjects in the short term. In contrast
to their previous study [13], a stringent screening protocol was applied to
only include complete NNS abstainers according to a food frequency
questionnaire based on NNS-containing foods or beverages in the Israeli
market, which finally recruited 120 participants from 1,375 healthy in-
dividuals for eligibility. Four NNS intervention arms with saccharin,
sucralose, aspartame, and stevia, as well as a control arm with glucose,
were used in this randomized-controlled trial with 20 subjects per arm.
Importantly, the consumption of NNS was at a dose lower than the
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acceptable daily intake. Moreover, an additional control group with 20
healthy subjects without supplementation was evaluated. Altogether, the
14-day NNS intervention was preceded and followed by a 7-day obser-
vation phase, during which a series of anthropometric (i.e., body mass
index [BMI], HbA1c), clinical (i.e., continuous glucose monitor, glucose
tolerance test) and biological measurements (i.e., oral and fecal micro-
biome, plasma metabolome) were performed at pre-determined time
points.

Although extensive inter-individual variations of glucose tolerance
changes were observed, each NNS intervention showed distinct longi-
tudinal profiles of glucose tolerance. The supplementation of saccharin
and sucralose impaired glucose tolerance in the healthy subjects, while
aspartame and stevia showed neutral effects on glucose tolerance when
compared against the glucose vehicle or non-supplementation groups.
Moreover, saccharin and sucralose significantly elevated glycemic
response during the intervention. Metagenomic analysis showed signif-
icant effects of saccharin and sucralose on the gut microbiota, whereas all
NNS had significant effects on microbial functions, such as purine
metabolism, glycolysis, polyamine metabolism, and fatty acid biosyn-
thesis. Based on correlations between microbial features at baseline and
the glycemic response at the 2nd week of intervention, significant con-
tributions of microbiome to the variation of glucose tolerance, at least for
the sucralose group, were revealed. A following plasma metabolomics
analysis identified differential metabolites and corresponding enriched
pathways, which were in accordance with the correlation between mi-
crobial metabolic pathways and elevated glycemic response.

To evaluate the causal roles of the gut microbiome for glucose intol-
erance, FMT experiments were conducted to transfer stool microbiome
from top/bottom responders in each group into germ-free mice. The top
responders were classified by the potent glycemic responses, while the
bottom responders had the lowest responses in the respective group. Both
stool samples from the baseline and the end of the intervention were used
for FMT. Impaired glycemic responses were observed in mice humanized
with stool samples from NNS consumption top responders (at the end of
intervention), while the mice colonized with samples from controls did
not show significant effects on glucose tolerance. The following meta-
genomic analysis in mice showed doner-specific variations in glycemic
responses. Together, it provides evidence of the causal links between
NNS-mediated microbial alterations and glucose intolerance.

In summary, Suez et al. [22] demonstrated the individual-dependent
impacts of NNS on the human gut microbiome in short-term in-
terventions and established the causal roles of the microbiome in gly-
cemic responses by FMT. It advances our understanding of the
microbiota–diet interactions in the healthy population and provides the
possibility to predict potential glycemic responses at the individual level
[22,23]. The participants included in Suez et al.’s study [22] were mainly
young and middle-aged adults with a median age of 29.95. It will be
particularly interesting to study the effects of ASwith amuchwider range
of age groups since the sweet taste preference and sensitivity are signif-
icantly different between age groups [24]. Although no significant
baseline differences were found between intervention groups, including
weight, BMI, smoking, and other related clinical parameters, it is un-
known how subtle variance of the baseline characteristics influences the
effects of AS on gut microbiota after intervention at the individual level.
Considering the variance of gut microbiota between individuals of
different demography, ethnicity, gender, age, dietary patterns, and life-
style, a well-designed study cohort and the choices for data analysis are
particularly important for controlling confounding effects. In the future,
scale-up of the study population and enriching the data collection may
thus provide foundations for the precision control of gut microbiome.

Current clinical trials examined the long-term effects of AS, showing a
strong association between AS and increased risk of cardiometablic disease
[2,3,5]. However, the published studies only investigate the short-term
effects of AS on human gut microbiota, and clinical trials investigating
the long-term effects of AS on human gut microbiome have not been
performed [22,24]. The findings in these short-term studies strongly
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suggest that further explorations studying the long-term effects of AS on
the human gutmicrobiome are recommended. Moreover, most of these gut
microbiota studies did not investigate the fate of AS during the interven-
tion, and whether the in vivo AS dynamics are associated with the
short-term responses remains unknown. The design of clinical trials with in
vivo AS measurements could be performed to confirm the responses of gut
microbiota to AS interventions. In addition, current studies focused on the
gut microbiota alternations in healthy populations. The information about
the effects of AS on individuals’ gut microbiota in populations with dia-
betes or cardiometabolic diseases are missing. Thus, extrapolation of the
AS effects on the gut microbiome to diabetes/cardiovascular disease pa-
tients by controlled trials is of great interest.

It should be noted that AS are usually used to replace caloric sugars,
which may reduce the overall caloric intake. In several clinical trials, the
dose of AS used was lower than the acceptable daily intake with glucose
as a bulking agent. In everyday life, AS are usually consumed together
with caloric sugars. Moreover, individuals may simultaneously consume
multiple types of AS from different foods or beverages. Therefore,
investigating the effects of AS with different doses, the combination ef-
fects of AS, or the combinations of AS with different types of carbohy-
drates (e.g., fructose, sucrose, fibers) would give clues of AS effects from a
real-life view [25]. In addition, AS are emerging contaminants in aquatic
environments. The consequences of long-term exposure to AS with
environmental concentrations are not available, which require system-
atical analysis with animal experiments, observational studies, and
controlled trials.

Although current clinical studies have established the causal links
between AS, gut microbiota, and health, the mechanisms through which
AS can affect gut microbiota or the human body are unknown. Since most
non-nutritive AS are not metabolized, whether there are direct in-
teractions between AS and gut microbial organisms is still unclear. The
utilization of in vitro microbial cultures and synthetic microbiota may
provide an efficient/direct way to investigate the responses of gut mi-
crobial species to AS. With state-of-the-art organoid methods, the intes-
tinal organoid cocultures with microorganisms will enable the
mechanistic study of AS-microbe-host interactions with precise experi-
mental control.

Recent controlled clinical trials have shown personalized responses of
humans to AS. Analyzing the personalized data with artificial intelligence
may provide a basis to develop computational tools for precise prediction
of glycemic responses, which can be integrated into current weight
management algorithms for personalized suggestions of AS usage. When
the baseline characteristics are integrated with the gut microbiota fea-
tures, dietary patterns, lifestyle, and medication histories, it may be
possible to predict the metabolic dynamics of individuals and provide
healthy dietary nutrition recommendations, which will help control
diabetes and cardiovascular disease. In the future, the application of such
a personalized longitudinal multi-omics approach with artificial intelli-
gence may pave the way to understanding the links between metabolic
disease developments and the long-term effects of AS.
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