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Since the introduction of artificial sweeteners (AS) to the North American market in the

1950s, a growing number of epidemiological and animal studies have suggested that

AS may induce changes in gut bacteria and gut wall immune reactivity, which could

negatively affect individuals with or susceptible to chronic inflammatory conditions such

as inflammatory bowel disease (IBD), a disorder that has been growing exponentially

in westernized countries. This review summarizes the history of current FDA-approved

AS and their chemical composition, metabolism, and bacterial utilization, and provides a

scoping overview of the disease mechanisms associated with the induction or prevention

of inflammation in IBD. We provide a general outlook on areas that have been both largely

and scarcely studied, emerging concepts using silica, and describe the effects of AS on

acute and chronic forms of intestinal inflammation.
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INTRODUCTION

While sweet taste is one of the most desired flavors to mankind, it has been known for many
years that excessive sugar consumption has adverse health effects. Artificial sweeteners (AS), also
known as “non-nutritive” sweeteners, are agents that have a sweetening intensity higher than that of
caloric/“nutritive” sweeteners (e.g., sucrose). Being ∼200–20,000 times more potent than sucrose,
AS are mainly used as a strategy to reduce the caloric/sugar content of foods.

While the Food and Drug Administration (FDA) deems AS to be safe, there is evidence that
AS influence inflammation pathways (1–7). Owing to the potent sweetening effect of most AS
and bitterness/lingering aftertaste, most commercial products contain a commercial proprietary
blend of two or more AS, as well as ingredients to make AS more palatable. Commercial AS also
contain fillers such as maltodextrin comprising 95–99% of the product to add weight and volume,
or anti-caking agents such as silica. While these substances are considered innocuous in small
quantities, several studies indicate that such fillers could also promote intestinal inflammation and
changes in gut microbiota (8–11). Therefore, the variability in chemical composition makes the
association of any potential AS to inflammation difficult to assess.

Preclinical animal studies indicate that some AS studied contribute to the development
or worsening of gastrointestinal inflammation (1–7), while some are reported as having an
anti-inflammatory effect (12). Findings are, however, controversial because of potential conflicts
of interest, as AS manufacturers often sponsor professional organizations to author the studies.
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Herein, we review the history of the FDA approval of AS
and AS metabolism and bacterial utilization, and provide a
scoping overview of the disease mechanisms associated with the
induction or prevention of inflammation in models primarily
relevant to chronic intestinal inflammation.

HISTORY AND CHEMISTRY OF ARTIFICIAL
SWEETENERS

Artificial sweeteners first entered the food industry in the 1800s.
However, since the 2000s, there has been an explosive increase
in their consumption. In the United States, AS consumption is
estimated to have increased by ∼200% in children/adolescents
and 54% in adults between 1999 and 2000, with ∼25% of
children and 41% of adults consuming AS at least once
daily between 2009 and 2012 (13). Consumption of AS may,
however, be more widespread because of their presence in
“lower-calorie” food products as well as medications to improve
palatability. The use of AS-altered diets is even listed in guidelines
for the medical management of patients with inflammatory
bowel disease (IBD) (14). Specifically, the British Society of
Gastroenterology consensus guidelines recommend the use of
Crusha flavoring, which has AS. Such additions to food and
medications seem unjustified owing to rising evidence that AS
affect inflammation pathways. AS have also been shown to exert
physiological effects on glucosemetabolism, appetite stimulation,
and metabolic disease (e.g., type 2 diabetes; T2DM, metabolic
syndrome, obesity) (3, 15–18).

The introduction of AS by the food industry has been
postulated to serve as an etiologic factor associated with the onset,
progression, and severity of IBD (1, 19, 20). That is, the dramatic
increase in IBD prevalence since the early 1990s in Canada,
the USA, and England coincided with sucralose and saccharin
becoming common ingredients in the food supply (Figure 1).
Extrapolating from recent research, long-term consumption of
sucralose appears to have significant adverse effects on the gut,
namely, dysbiosis. Such disruption in the gut microbiota could
be a major contributing factor to IBD that deserves further
mechanistic studies.

In the United States, the FDA has approved eight AS,
which include two AS of natural origin—stevia and monk fruit
extract, and six synthetically derived AS, namely, aspartame,
acesulfame potassium (Ace-K), neotame, saccharin, sucralose,
and advantame. Below, we summarize the chemical composition
and characteristics of FDA-approved AS (Figure 1).

Discovered in 1879, saccharin (1,2-benzisothiazol-3-one-
1,1-dioxide) is FDA-approved for cooking or table use and
for processed foods. Saccharin can be made by oxidizing o-
toluene sulfonamide or phthalic anhydride; however, in 1950,
an improved synthesis method was developed by the Maumee
Chemical Company (Toledo, OH, United States), which involves
diazotization of anthranilic acid to yield saccharin and is
currently used in manufacturing (21). Because of its slight acidic
taste, saccharin is often combined with other sweeteners such as
aspartame and cyclamates. Of note, the FDA banned the use of
cyclamate (E-952) in 1970 because of the detection of bladder

tumors in rodents; however, cyclamate remains approved in over
50 countries (22–24).

Aspartame (N-L-α-aspartyl-L-phenylalanine1-methyl ester) is
a methyl ester of a dipeptide composed of aspartic acid and L-
phenylalanine that was discovered in 1967 (25). Due to its bitter
aftertaste, aspartame is often combined with other sweeteners
(Ace-K, cyclamates, sucralose). The sweetener is not heat-stable.
Of note, aspartame in food with a pH higher than 6 can transform
into diketopiperazine, a carcinogenic compound (26).

Acesulfame potassium (6-methyl-1,2,3-oxathiazine-
4(3H)-one 2,2-dioxide) is the potassium salt of asulfame,
a hydrophilic acidic cyclic sulfonamide that belongs to the
oxathiazinonedioxide class (27). Similar to saccharin and
cyclamate, Ace-K belongs to a chemical class associated with
antimicrobial activity (28). Ace-K was accidently discovered in
1967 and subsequently studied on mice and dogs to determine
its short- and long-term safety. Ace-K is heat-stable, although it
is typically used in candies, beverages, and frozen desserts (25).

Sucralose (1,6-dichloro-1,6-dideoxy-β-D-fructofuranosyl-4-
chloro-4-deoxy-α-D-galactopyranoside) is structurally similar to
sucrose via the replacement of hydroxyl groups with chlorine
in the 4, 1′, and 6′ positions (29). This AS is water soluble and
heat-stable, and it has negligible effects on pH or viscosity (27).

Neotame N-[N-(3,3-dimethylbutyl)-l- aspartyl]-L-
phenylalanine 1-methyl ester) was discovered in the 1980s
and is obtained by the reductive alkylation of aspartame,
which is converted into 3,3-dimethylbutraldehyde and thus, is
structurally similar to aspartame (i.e., N-N-(3,3-dimethylbutyl-
L-α-aspartyl-L-phenylalanine-l-methyl ester). Neotame is
moderately heat-stable (25).

Advantame is the most recently approved synthetic AS,
receiving the approval by the FDA as a general- purpose
sweetener and flavor enhancer. Advantame is an N-substituted
derivative of aspartame made from aspartame and vanillin;
however, unlike aspartame, it can be consumed by individuals
with phenylketonureia. Advantame is heat-stable (30).

The two FDA-approved naturally occurring AS include stevia
leaf extract (steviol glycosides) and Luo Han Guo fruit extracts.
Steviol glycosides (including 10 different glycosides) are sweet-
tasting molecules derived from the Stevia rebaudiana plant
(Ateracean family) native to Paraguay and Portugal. Four major
and six less prevalent steviol glycosides have been discovered,
of which stevioside (5–10%) and rebaudioside A (2–5%) are the
most abundant followed by various rebaudiosides (B, C, D, F,
M) (27, 30). All these Steviol glycosides have a central steviol
structure but are conjugated with different sugar residues. The
proposed beneficial properties of steviol glycosides are attributed
to the compounds that comprise this mixture; however, the
presence of which varies based on extraction and processing
methods (30).

Luo Han Guo (Siraitia grosvenorii swingle) fruit extracts
from monk fruit come from a plant native to southern
China and contain varying levels of mogrosides (11-α-hydroxy-
mogrosides), glycosylated cucurbitane-type teriterpenoids which
account for the characteristic sweetness (31, 32).

While all AS share a sweet taste, each is a chemically distinct
compound; thus, the pattern of response of gut microbes and
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FIGURE 1 | Historical timeline of artificial sweeteners approved by the FDA for use in the food industry. (A) timeline of FDA approved AS. (B) Chemical structure and

characteristics of the commonly used AS. ADI, acceptable daily intake; SI, sweetness intensity (relative to sucrose); WO, world (2015/159156 A2). Images, public

domain (https://pubchem.ncbi.nlm.nih.gov).

their effects on the gastrointestinal tract in terms of how they
are transported in the small and large intestines, metabolized and
excreted, differ depending on the sweetener (27).

METABOLISM AND BACTERIAL
UTILIZATION OF ARTIFICIAL
SWEETENERS

The proposed advantage of most non-nutritive AS is that
following ingestion they are not metabolized (33, 34). Some
AS are known to be compound molecules that are amenable
for degradation by bacteria. Some sweeteners, i.e., sucralose,
were originally thought not to be metabolizable. However, mass
spectrometry studies showed that the spectral profile of the
molecule recovered from feces is structurally different from that
which was ingested, indicating that such AS can be metabolized

in the gut, possibly by bacteria. In other cases, AS, such as stevia,
are broken down into simpler molecules that can be metabolized
by the host or bacteria (27). In such scenario, the AS core
molecule, steviol, is absorbed systemically, and then excreted in
urine (27). While AS are known to modulate the gut microbiota,
little is known regarding their effect on viruses and fungi in
the gut. The section below and Figure 2 provide an overview
of absorption-excretion patterns for representative AS and the
influence of gut bacteria.

Over 85% of saccharin is systemically absorbed in the small
intestine. Following absorption from the gastrointestinal tract
(GIT), saccharin binds to plasma proteins and is distributed
throughout the body. Saccharin is then eliminated unchanged
primarily via urination, and the remainder is excreted via
defecation (27, 35). Saccharin absorption varies based on
stomach pH, with low stomach pH (e.g., in humans) increasing
absorption and higher pH (e.g., in mice and rats) decreasing
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FIGURE 2 | Comparison of main routes of absorption, digestion, metabolism, and excretion of representative AS (A,B) illustrate the absorption, digestion,

metabolism, and excretion for (A) saccharin, acesulfame-potassium, sucralose, and (B) aspartame and steviol glycoside.

absorption (27). In vitro, saccharin exerts a dose-dependent effect
on bacteria isolated from the oral cavity (36) and from the GIT
(37, 38), with one in vitro model demonstrating an increase
in Bifidobacteria and a decrease in Firmicutes (39). In animal
studies, saccharin exhibited bacteriostatic and microbiome-
modulating properties (3, 37, 40) favoring anaerobes (37),
consistent with the shift from obligate anaerobes to facultative
anaerobes and aerobes reported in IBD (41). Saccharin-induced
dysbiosis has led to alterations in metabolic pathways linked to
glucose tolerance (3).

The aspartame dipeptide is hydrolyzed by esterases and
peptidases in the gut and broken down into amino acids,
aspartate, phenylalanine, and methanol. These compounds are
absorbed in the duodenum and jejunum and metabolized
via their usual metabolic pathways (35). Thus, negligible
amounts of the intact molecule reach general circulation (27,
42, 43). Notably, the same degradation products (aspartate,
phenylalanine, methanol) are present at higher concentrations
following the ingestion of fruits, vegetables, meats, and dairy.
This is important because in vitro studies, in which aspartame
has been administered, bypass the process of digestion and thus,
do not provide biologically plausible scenarios. While many
studies have described aspartame as inert, some have suggested
some form of hypersensitivity that occurs in a dose-dependent
manner (30). In vivo, aspartame supplementation lowered food
intake and body weight gain, with elevated fasting glucose levels
and impaired insulin-stimulated glucose disposal, independent of
body weight (44).

Acesulfame potassium is almost completely absorbed as an
intact molecule in the small intestine and distributed to the blood
and different tissues (27, 45). Ace-K is excreted in the urine within
24 h with< 1% eliminated in feces (27, 46). Although a negligible
amount of Ace-K reaches the fecal or colonic bacteria (27, 46, 47),

animal studies report Ace-K-induced shifts in the composition
of gut microbiota (48, 49), with consumption during pregnancy
is linked to metabolic/microbiome alterations in progeny (50).
Ace-K has also been shown to inhibit glucose fermentation by
intestinal bacteria (51, 52), and alter bacterial genes involved
in energy metabolism (carbohydrate absorption, metabolism,
fermentation pathways) (48). Such microbial alterations were
correlated with increase in body weight (48). In healthy adult
humans, consumption of Ace-K and aspartate resulted in an
overall decrease in bacterial diversity (53).

Sucralose passes primarily unabsorbed through the GI tract
and is recovered structurally unchanged in feces (70–90%) and
urine (14.5%) (27, 33).Mass spectrometry data indicate that some
sucralose molecules are chemically altered as they pass through
the rodent GIT (54, 55), suggesting metabolism and secondary
metabolite production. The small proportion of sucralose that is
absorbed is eliminated mostly unchanged in the urine, although
two glucuonide conjugates of sucralose have been detected
(accounting for ∼2.6 of the administered dose %) following a
single oral dose in healthy volunteers (33). Intriguingly, increases
in body weight, not attributed to food intake, have been reported
in mice administered with Splenda in “low” doses (100 mg/kg
bw/day) but not “high” doses (300, 500, and 1,000 mg/kg)
(56). Human, animal, and in vitro studies suggest that sucralose
reduces bacterial growth (1, 56, 57), may selectively inhibit or
promote bacterial growth (29), and promote intestinal dysbiosis
(33, 49), consistent with the observation that bacteria in a
culture do not utilize sucralose as a carbon source (58, 59).
Sucralose may increase Escherichia coli antimicrobial resistance
and mutation frequency to antimicrobials (60) and inhibit the
bacterial physiology of differentiating filamentous cyanobacteria
and polysaccharide sheath induction (61). Sucralose elicited
strong bacteriostatic effects on Streptococcus species (29, 62)
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because of its ability to prevent sucrose (table sugar) absorption
in most microorganisms (29). Mechanistically, sucralose inhibits
bacterial invertase and sucrose permease, two enzymes unable
to catalyze the hydrolysis or transmembrane transport of
sucralose (29). It is possible that bacterial cells can internalize
sucralose, making them susceptible to the chemical effects of the
compound (63).

Neotameis is metabolized by esterase into de-esterified
neotame and methanol, which are eliminated within 72 h via
urine and feces (64, 65). About 50% of the absorbed neotame
is eliminated in urine as de-esterified neotame, the remaining
passes through the gut and is excreted in feces. A negligible by-
product of neotame metabolism is methanol. Neotame, even at
doses above the ADI, has not shown signs of toxicity (30).

Advantame is mostly converted to ANS9801-acid (de-
esterified advantame) in the gut prior to absorption. Advantame
that is absorbed intact is converted to ANS9801-acid in the
plasma (66). Approximately 90% is excreted in feces and 6.2% in
urine. In feces, more than half of ANS9801-acid is excreted as de-
esterified aspartame, and the remainder is mostly excreted as N-
(3-(3-hydroxy-4-methoxyphenyl)) propyl-L-aspartic acid [which
may be further degraded to 3-(3-hydroxy-4-methoxyphenyl)-
1-propylamine) and phenylalanine] (66, 67). In urine, 2.3% is
excreted as de-esterified advantame, 1.9% as 5-(3-aminopropyl)-
2-methoxyphenyl, and 1% as the aspartic acid analog (67).

Steviol glycosides cannot be hydrolyzed by upper GIT
enzymes or acids (68). In the colon, Bacteroides are the only
bacteria capable of hydrolyzing steviol glycosides to steviol (69–
72). Steviol is resistant to bacterial degradation. While some
is excreted in feces, the majority is absorbed and conjugated
with glucuronic acid in the liver (72, 73). Steviol glucuronide
is then primarily eliminated in human urine (73–75). Of
note, colonic epithelial cell lines (e.g., Caco-2) take up steviol
but not stevioside, suggesting differences in the biological
function/relevance between steviol and stevioside (76). In vitro,
rebaudioside A has been shown to inhibit aerobic bacteria
weakly, in particular coliforms, whereas stevioside inhibits
anaerobic bacteria weakly (72). Overall, stevia appears to modify
the gut microbiota (77).

Mogrosides are mostly degraded in the colon by
digestive enzymes and gut microbiota, which cleave
the glucose molecules as a source of energy (78). The
remaining mogrol and its mono- and diglucosides are then
excreted in feces. In rats, a trace amount of mogrol and
its monoglucoside were identified in the portal blood as
sulfates and/or glucorinide conjugates following a single
ingestion (79).

To add volume to AS, marketed products often contain
maltodextrin (MDX) (or others such as silica or calcium silicate)
as a filler (weight and volume). As a novel strategy to make
the consumption of sugar “safer,” silica has been used recently
as a scaffold for sugar to lower the total caloric content of a
product, making this type of combination an artificial alternative
to AS (80).

A caveat of studying proprietary AS mixtures (e.g., products
containing several AS and/or fillers) is that multiple ingredients
may interact with one another, rendering the studies primarily

relative to the multi-ingredient product tested and generating
information associated with metabolism or inflammation that is
difficult to trace to the specific AS ingredient that we recently
highlighted as a strategy to help draw guidelines on dietary
recommendations for patients with IBD (81).

Local and Systemic Bacterial Metabolites
Several animal studies have demonstrated AS-induced
metagenomics alterations in bacterial genes and the subsequent
bacterial byproducts following AS supplementation. Such
alterations could increase or attenuate the risk of inflammation
in the host, as these mediators could translocate into circulation
and elicit an anti- or pro-inflammatory response.

Tryptophan Metabolism
Tryptophan metabolism via the kynurenine pathways plays
an important role in inflammation and immunity (82–
84). Tryptophan metabolism alterations, following chronic
consumption of sucralose (5) or saccharin (4) at levels equivalent
to FDA-approved human ADI, have been reported in C57BL/6J
mouse gut microbiome. Specifically, in feces, sucralose altered
four compounds that modulate inflammation; L-tryptophan,
quinolinic acid, 2-aminomuconic acid (all increased), and
kynurenic acid (decreased) (5). Of note, quinolinic acid has been
reported as pro-inflammatory, whereas kynurenic acid is anti-
inflammatory and neuroprotective (85). Metabolites of tyrosine
metabolism were also altered, with increases in L-tyrosine and
decreases in p-hydroxyphenylacetic acid and cinnamic acid (5);
the latter is known to suppress the production of reactive oxygen
species (86).

Similar to those treated with sucralose, saccharin-treated mice
exhibited significant increases in quinolinic acid (4), and had
decreased equol production (4), a daidzein metabolite shown
to inhibit lipopolysaccharide (LPS)-induced oxidative stress in
macrophages and suppress inflammatory response in mice (87–
89). Notably, diadzein significantly increased in the saccharin-
treated mice, indicating that saccharin reduced the growth or
decreased the enzymatic activity of metabolizing bacteria (4),
which was consistent with the observed decreased abundance
of Adlercreutzia, a genus that contains equol-producing bacteria
(4, 90).

Short Chain Fatty Acid Synthesis
Short chain fatty acids, primarily acetate, proprionate, and
butyrate, are produced during the bacterial fermentation of
dietary fibers in the colon. Short chain fatty acids act as anti-
inflammatory metabolites in the gut, particularly via regulation
of T-regulatory cells. In IBD, SCFAs are typically reduced in gut
mucosa and feces of patients with IBD patients (91).

Animal studies have demonstrated AS-induced alterations in
SCFA synthesis. In vivo, sucralose increased the number of SCFA-
related genes, especially in the presence of a high-fat (saturated)
diet (92). In another study, aspartame elevated circulating
SCFAs, particularly propionate (44), a highly gluconeogenic
substrate that has been suggested to explain the negative
effects of aspartame on insulin tolerance. Neotame changed
the composition of gut microbiota (it decreased Firmicutes and
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increased Bacteroidetes), reduced alpha-diversity, and decreased
bacterial genes involved in butyrate synthesis (93). Other studies
have shown changes in gut microbial butyrate and pyruvate
production as a result of Ace-K (48). In vitro, steviol incubation
in the BISI-phase-2 system, a model that simulates human
intestinal microbial environment, reduced Bifidobacteria and
levels of ammonia, increased pH, and negatively influenced
SCFA ratio (39). In rats, low-dose Stevia rebausiana reduced
dopamine transporter mRNA and nucleus accumbens tyrosine
hydroxylase levels, and increased levels of SCFAs acetate and
valerate (77). Such findings indicate that AS interact with
the gut and peripheral tissues/immune responses via bacterial
SCFA production.

Bacterial Genes Involved in Energy Metabolism
Acesulfame potassium has been shown to exert gender-
specific effects on fecal metabolite profiles in CD1 mice (48).
Specifically, Ace-K-treated males had increased body weight
gain (vs. females), and exhibited increased Bacteroides with
significant changes inAnaerostipes and Sutterella. Corresponding
to increased Bacteroides, Ace-K promoted genes involved
in carbohydrate absorption, metabolism, and fermentation
pathways in male mice. In contrast, Ace-k-treated females
exhibited a decrease in Lactobacillus, Clostridium, unassigned
Ruminococcaceae genus, and Oxalobacteraceae genus, and
increased the abundance of Mucispirillum, with a decrease
in many of the genes involved in energy metabolism and
carbohydrate absorption or transport such as lactic acid,
succinic acid, and 2-Oleoylglycerol. By comparison, males had
significantly higher concentrations of pyruvic acid, a metabolite
central to energy metabolism (48). The mechanism of action
underpinning these gender differences is unclear, since most
rodent studies house several animals per cage, and it is unknown
to what extent cage effects may influence data in gender-specific
diet studies (94).

Effect on Intestinal Epithelial Cells
Artificial sweeteners can directly modulate the composition and
function of the microbiota, although the mechanism of action
by which AS modify the gut microbiota is not fully understood.
One possible mechanism of action is the secretion of defensins,
which are known to modulate the gut microbiome. Alternatively,
AS can modulate epithelial cells that are in close contact with
the lumen. In Caco-2 cells, which are found on the wall of the
intestine, AS (saccharin, sucralose, and aspartame) administered
at physiological concentrations easily achieved by diet (100
uM) differentially increased biofilm formation, and the bacterial
ability to adhere to, invade, and kill mammalian gut epithelial
cells (95). Additionally, all the three sweeteners caused gut
bacteria pathogens E. coli and Enterococcus faecalis to invade
Caco-2 cells, with the exception of saccharin, which had no
significant effect on E. coli invasion (95).

Metabolic and Inflammatory Effects of AS
Depend on the Diet
The extent to which specific bacteria are selectively modified
by AS reflects diet composition, for instance, the presence of

dietary saturated fat (92). In Wistar rats fed either with a high-
fat diet (HFD) or a standard rodent diet supplemented with
sucralose, steviol glycoside, or a caloric sweetener (e.g., sucrose),
gut microbiota were differentially modified by both the type of
sweetener and the fat content of the diet, explaining up to 48.5%
of microbiota variation (92). While steviol glycoside resulted in
the lowest number of LPS synthesis genes and produced the
highest serum IL-10 compared with other AS, mice fed either
with steviol+HFD, sucrose+HFD, or sucralose+HFD had the
highest number of LPS synthesis genes. Thus, the effect of an AS
depends on the diet composition, and this modulates the effects
of AS on inflammation (92).

The same concept applies to food intake (gm/day consumed),
for which studies have reported AS-induced alterations, either
increasing or decreasing caloric intake (96). This is important,
since the effects on colonic microbiota, as reported by studies,
may be attributed to changes in food intake, rather than the
actual AS tested. Overall, an AS-supplemented diet may modify
bacterial functionality with subsequent by-products that directly
or indirectly trigger/modify inflammation locally in the gut or
systemically in other organs, for example, the liver.

HOST GENETICS MEDIATES ARTIFICIAL
SWEETENER EFFECTS

Several lines of evidence suggest that the effect of AS on
inflammation and severity of response to AS relative to gut
microbial changes (or other outcomes, i.e., glucose intolerance)
depends on the genetic susceptibility of the host. For instance,
in a recent study, a 6-week intake of Splenda, supplemented
at the maximum dose recommended by the FDA (3.5 mg/ml),
had significant outcomes on ileitis (increased myeloperoxidase,
MPO, activity, penetration of gut bacteria in gut wall) in
mice prone to IBD (SAMP1/YitFc; SAMP), but not in healthy
control AKR/J mice despite changes being observed in the gut
microbiome (1). This study illustrates that changes in the gut
microbiotamay reflect AS consumption, but such changes are not
necessarily correlated with IBD unless the consumer has genetic
susceptibility. Similar discrepancies in the effect of AS relative
to different mouse lines have been reported (97). Specifically,
Splenda and stevia-treated CD1 mice had higher percentage
of lymphocytes in Peyer’s patches compared with Balb/c mice
(97), whereas lymphocyte proportions were increased in sucrose-
treated Balb/c mice but reduced in CD1 mice (97).

Such variability across lines has also been reported for glucose
tolerance. Overall, diabetic mouse models have demonstrated
that AS exert anti-hyperglycemic effects in rodents (98, 99).
However, similar studies using “healthy” mouse lines (e.g.,
Balb/c, C57BL/6J, CD1) that were supplemented with stevia or
sucralose have revealed AS-induced glucose intolerance, insulin
resistance, and significantly elevated HbA1clevels (a marker
reflecting over 3 months of average blood glucose levels) (2, 3,
100, 101).

Many studies have investigated the effects of AS in vitro,
using multiple available human cell lines. In human cancer cell
lines, differences in the effect of steviol in attenuating the release
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of TNFα-mediated IL-8 (an important mediator of the innate
immune reaction) were observed, with steviol having the most
robust effect on the T84 cell line compared with that of the Caco-
2 and HT29 cells (102). It is important to highlight that in vitro
data using human cell lines introduce a confounder due to genetic
differences that exist from the individual source of the cell lines.
Moreover, every cell line has a different epigenetic make-up, is
already specialized, and exhibits a particular phenotype.

Further exemplifying the role of genetics and host gut
microbiota composition, Suez et al. showed that AS consumption
(saccharin) induced dysbiosis and glucose intolerance in
some (“responders”) but not all healthy volunteers (“non-
responders”) (3). Moreover, the effects on glucose intolerance
were transferrable via the microbiota to germ-free mice, but only
from donors identified as “responders” (3). The findings highlight
not only the role of AS-induced alterations to the gut microbiota
in the development of metabolic alterations, but also the effect of
host genetics, which is recognized for its modest role in shaping
the host microbiome (103).

ARTIFICIAL SWEETENERS ON DIGESTIVE
INFLAMMATION OUTCOMES

Studies focused on the inflammatory potential of stevia have
yielded inconsistent results. Discrepancies may reflect the
type/dosage/purity of the tested compound and host genetics
(104), as discussed above. For instance, stevioside (50, 100
mg/kg body weight) for 7 days prior to dextran sodium
sulfate (DSS) colitis induction, a widely used model of IBD
that exhibits symptoms similar to that of ulcerative colitis,
significantly lowered clinical signs of colitis (body weight,
disease activity, colon length, histology) in Balb/c mice (12).
In contrast, the long-term administration of the commercial
product SweetLeaf (4.20 mg/ml stevia), a mixture of stevia
leaf extract, silica and inulin, for 18 weeks significantly
elevated liver enzyme levels (alanine aminotransferase, ALT;
aspartate aminotransferase, AST), kidney function enzymes
(urea, creatinine), and histological inflammation in Balb/c albino
mice (2). Since the gut microbiota may impact the overall effect,
it is important to note that microbiome composition was not
evaluated in either study (2, 12).

The gut-liver axis refers to the bidirectional relationship,
which stems from the integration of signals derived from diet,
genetics, and environmental factors, between the gastrointestinal
tract and its microbiota, and the liver,. A number of
animal studies have reported saccharin to exert hepatotoxic
effects (4, 105), wherein short-term administration resulted in
transaminitis (elevation in ALT, AST, and ALP) (106) and long-
term exposure promoted hepatic inflammation (4). Saccharin
also promoted the overexpression of key oncogenes such as H-ras
while reducing expression p27, a tumor suppressor gene (107).
Saccharin has also been reported to promote gut taxa previously
associated with pro-inflammatory effects (3, 4, 45, 90, 108–111).

The long-term consumption of aspartame has been shown to
induce liver degeneration, necrosis, fibrosis, and mononuclear
cell infiltration, mediated in part through an imbalance in

redox homeostasis and adipocytokine dysregulation in rodents
(107, 112–114). Prolonged aspartame consumption increases
methanol and its metabolites, which are associated with
oxidative stress. In a folate-deficient mouse model (which
mimics humanmethanol metabolism), aspartame-mediated liver
damage resulted from aspartame-derived metabolites (115).

In rodents, sucralose elicited adverse effects on gut
tissue/barrier via the alteration of host microbiota and related
metabolites and impaired inactivation of digestive proteases. In
Sprague-Dawley rats, 12-week sucralose (Splenda; sucralose +

maltodextrin) administration induced inflammatory lymphocyte
infiltration, epithelial scarring, and mild depletion of goblet
cells (56). As mentioned, in SAMP mice (genetically susceptible
to IBD), Splenda (3.5 mg/mL, 6 weeks) resulted in significant
deleterious outcomes on ileitis, an effect not observed in the
healthy control AKR/J line (1). Other sucralose-containing
commercial products, such as Sweetal (sucralose + sorbitol),
significantly elevated liver enzyme levels (ALT, AST) and kidney
function enzymes (urea, creatinine) in Balb/c albino mice
after 18 weeks (administered 5 h/day in drinking water; 5.2
mg/ml sucralose) (2). Similar in vivo pro-inflammatory effects
[hepatic mediators (5), severity of chemically-induced colitis
(6, 57)] following pure sucralose supplementation have also been
reported (5, 6, 57).

The current data regarding Ace-K on inflammation, hepatic
or gut, are limited. Ace-K-treated C57BL/6J mice (150 mg/kg,
0.06%w/v, 6 weeks) exhibited increased lymphocyte recruitment
to intestinal microvessels, expression of inflammatory cytokines
(TNFα, IFNγ, IL1β), and endothelial/trafficking adhesion
molecules (ICAM-1, VCAM-1, MAdCAM-1) (116). Not much is
known about the effect of neotame on inflammatory outcomes.
Long-term consumption has been associated with low body
weight and body weight gain, albeit this was allometrically
consistent with changes in food consumption (117).

Bacterial Lipopolysaccharide, Flagella, and
Toxins
The impact of different AS on the composition of the gut
microbiota has been extensively reviewed elsewhere (15, 35). LPS,
flagella, and fimbriae are bacterial attributes that can, in parallel,
trigger several similar inflammatory mediators and induce
intestinal inflammation (118, 119), and promote disruptions in
the integrity of the gut barrier (120, 121). LPS is an endotoxin
from the outer membrane of the gram-negative bacterial cell
wall, which increases intestinal permeability and stimulates
the monocyte and macrophage production of inflammatory
mediators associated with IBD, such as TNFα, IL-1β, IL-6, and
reactive free radical nitric oxide (NO) (3, 92, 122, 123). In general,
during homeostasis, the host is exposed to low levels of LPS, but
the excessive production and release of LPS signs of inflammation
may occur via the expansion of gram-negative bacteria, which
can be affected by AS.

Increases in LPS and bacterial pathways of LPS biosynthesis
have been reported for most AS, such as stevia (2, 92),
sucralose (2, 5, 92), saccharin (3, 4), and Ace-K (48). In
C57BL/6J mice, saccharin (0.3 mg/ml—eq. ADI, 6 months)
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enriched six LPS biosynthesis orthologs a flagellar assembly
ortholog, and six multidrug resistance, 11 fimbrial, and 23
bacterial toxin orthologs (4). Saccharin also decreased anti-
inflammatory compounds such as palmitoleoyl ethanolamide
(PEA), N,N-Dimethylsphingosine and linoleoyl ethanolamide
(LEA) (4), and the latter was reported to reduce LPS-
induced inflammation in macrophages (88). In another long-
term study, sucralose enriched bacterial genes related to LPS
synthesis and multiple genes associated with flagella protein
synthesis, fimbriae synthesis, and bacterial toxin genes such as
shiga toxin subunits and toxic shock syndrome in C57BL/6J
mice, (5). In CD1 mice, Ave-K treatment (37.5 mg/kg/day, 4
weeks) significantly increased multiple genes encoding flagella
components (FlgA, FlgH, FlgI, FliL proteins) and two genes
participating in LPS biosynthesis and LPS-export genes, namely,
glycosyltransferase and UDP-perosamine 4-acetyltransferase
(48). Ace-K also increased bacterial toxin synthesis gene and
thiol-activated cytolysis.

Lipopolysaccharide is a phosphorylated glycolipid and
its structural similarity to some host-derived lipids (e.g.,
phosphatidic acid, ceramide) dictates that LPS and cholesterol
share common trafficking and disposal pathways in vivo
(124). High-density lipoproteins (HDLs) are also known to
neutralize LPS via the presence of LPS-binding protein in
HDLs (124). Of note, significant elevations in LPS have been
accompanied by reductions in circulating HDL following long-
term sucralose or stevia supplementation in BALB/c albino
mice (2).

In other cases, while the effect of AS on LPS was not
evaluated, it could be presumed that the expansion of gram-
negative bacteria (outer membrane composed of LPS) could
be associated with greater inflammation susceptibility. For
example, saccharin, sucralose, aspartame, and Ace-K were
shown to promote pro-inflammatory, gram-negative taxa
such as Bacteroidetes (5, 48) and Enterobacteriaceae (44). On
the other hand, some studies have found Splenda to increase
Proteobacteria abundance after 6 weeks of supplementation
(1), while some have reported dose-dependent reductions
in total anaerobes after 12-weeks, such as Bacteroides, but
no effect on Enterobacteriaceae has been reported (56).
At higher doses (> 100 mg/kg/d), Splenda significantly
reduced the numbers of total aerobes, an effect that
perpetuated 12-weeks after Splenda cessation, suggesting
that anaerobes do not recover following long-term sucralose
supplementation (56).

Less is known on the impact of advantame or neotame
administration on composition of the gut microbiota.
In one study, neotame treatment (4 weeks) enriched
Bacteroidetes abundance, amino acid metabolism, LPS
biosynthesis, antibiotic biosynthesis, and folate biosynthesis
pathways (93).

Bile Acid Metabolism
Colonic bacteria are able to convert primary bile acids into
secondary bile acids via deconjugation, dehydroxlation, and
dehydrogenation. Bile acids facilitate the absorption of fat and
fat-soluble vitamins, maintain cholesterol homeostasis, and serve

as signaling molecules via binding to the nuclear receptor
FXR and TGR5, a G-protein coupled receptor associated with
metabolic regulation, which includes inflammatory response,
cancer and liver regeneration (125).

Several studies have demonstrated AS-induced changes in bile
acid homeostasis and metabolism, although results have varied.
For instance, sucralose, but not Ace-K, at dosages equivalent to
the maximum ADI (15 mg/kg/day in drinking water), increased
hepatic cholesterol and cholic acid levels, and the ratio of
secondary/primary bile acids after 8 weeks in C57BL/6Jmice (49).
By comparison, daily gavage with Ace-K (37.5 mg/kg/day) for 4
weeks increased fecal cholic acid but decreased deoxycholic acid
in CD1 mice (48).

Sucralose has altered the bile acid profile in vivo. In
C57BL/6J mice, 6-month sucralose supplementation (1.5
mg/ml in drinking water) increased 3-oxo-4,6choladienoic
acid and reduced 3a,7b,12a-trihydroxyoxocholanyl-glycine,
3b,7a-dihydroxy-5-cholestenoate, and lithocholic acid (5). In
another study, 6-week sucralose supplementation at the same
dosage in C57BL/6 mice prior to colitis induction reduced the
deactivation of digestive proteases mediated by deconjugated
bilirubin (6). Other studies on rats have shown that sucralose or
saccharin (6 weeks) significantly increased fecal chymotrypsin
and trypsin, and decreased β-glucuronidase, an enzyme required
for the deconjugation of conjugated bilirubin (57, 126).

Intestinal Permeability and Inflammation
Pathways
Tight Junction Proteins
Few studies have investigated the effect of AS on tight junction
protein integrity. The intestinal barrier and epithelial cell
homeostasis are maintained by an equilibrium between cell
proliferation and death, and the paracellular space, which is
modulated by tight junction proteins (primarily occludins,
claudins, zonulin-1, junctional-adhesion molecules) that control
the movement and circulation of intestinal contents (water,
nutrients, electrolytes) across the epithelium into the lamina
propria (127).

In vitro, the administration of aspartame to Caco-2 cells
induced ROS production leading to increased permeability and
internalization of claudin-3 (7). These effects were reversed by
the overexpression of claudin-3, indicating its key role in the
regulation of AS-induced intestinal permeability (7). A similar
study showed that in gut epithelial cells, AS exposure increased
apoptosis and permeability across the intestinal epithelium (7).
In vivo, sucralose supplementation (1.5% in water) decreased
colonic occludin abundance, an effect that was exacerbated when
the supplementation was combined with a high-fat diet (92). In
an AOM/DSS mouse model, 6-week sucralose supplementation
(1.5 mg/ml) prior to AOM/DSS treatment increased mucosal
occludin, claudin-1, and claudin-4 (vs. mice that were not
supplemented) (6).

Sweet Taste and Bitterness Receptors in the Gut
Sweet taste receptors are composed of a heterodimer of
taste 1 receptor member 2 (T1R2) and taste 1 receptor
member 3 (T1R3) (128). AS bind to human and rodent
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G protein-coupled sweet taste receptors T1R2/T2R3 present
in the oropharynx and enteroendicrine cells of the gut and
pancreas (129, 130), and to the human bitter taste receptors
T2R43 and T2R44 (131). These receptors are involved in
nutrient sensing and appetite modulation, glucose homeostasis,
and gut motility (132). In the mammalian gut, T1R2 and
T1R3 are present in the small intestine and control the
release of peptide hormones such as glucagon-like peptide-
1 (GLP-1), glucagon, peptide YY (PYY), neuropeptide Y,
and cholecystokinin (CCK) (128, 133–139). More recently,
T1R3 has also been implicated for its role in modulating
epithelial integrity (7). Of note, the activation of toll-like
receptors (TLRs) is crucially sensitive to cellular cholesterol,
and conversely, TLR activation modulates disposal pathways for
cellular cholesterol (124). This is important considering that
AS have been shown to increase liver cholesterol and serum
low-density lipoprotein (LDL) levels but decrease the level of
HDL (2).

Of importance is variants in taste receptor genes, which
exist between and within vertebrate species, that result in
functional receptor changes or altered expression levels
may be associated with metabolic conditions (140). Variants
can also affect the perception of sweetness (e.g., aspartame
perceived as sweet by humans but not rodents) (141). Even
a single amino acid change can affect the functionality
of the sweet taste receptor, and in turn, its ability for
ligand binding. For instance, a common variant in rodent
strains reduces the affinity of the T1R3 subunit for sugars
(142, 143).

Via binding to receptors, AS regulate various processes such
as glucose transport and insulin secretion (144, 145), although
findings appear to vary based on mouse line. For instance,
in male Sprague Dawley rats, saccharin impaired glucose
homeostasis and GLP-1 release (146). In another study, saccharin
elicited the most profound effects on glucose intolerance when
compared with sucralose or aspartame in C57Bl/6 WT mice
(3). In CD1 mice, short- and long-term (6, 12 weeks) stevia
supplementation in drinking water (4.16 mg/mL) increased,
body weight, insulin, leptin, glycemia, and the secretion of
GIP but did not affect food intake (100). In contrast, in
Zucker diabetic fatty rats, a rat model of Type 2 diabetes
that harbors a missense mutation in the leptin receptor gene,
stevia and sucralose had no effect on glucose levels; while in
male Wistar rats and B6 mice, stevia, sucralose, and Ace-K
supplementation had no effect on plasma GIP-1 or GIP (147).
Of note, the key enzyme responsible for aspartame metabolism,
aminopeptidase A, is expressed predominantly in the mid to
distal sections of the small intestine (148), suggesting that
proximal regions of the small gut are indeed exposed to un-
metabolized aspartame, which is able to bind to the sweet
taste receptor T1R3 expressed in these regions (149). The
presence of key taste reception signaling components in different
distributions in Paneth cells, which contain amino acid taste
receptor components, suggests that Paneth cells have distinct
sensing roles, and that they may be involved in the response to
AS (145).

Despite in vitro reports of T1R3 being key to the observed
cellular effects (7, 37), the findings need to be confirmed
using in vivo permeability models to establish physiological
relevance. For example, saccharin supplementation (0.1 mg/mL)
in a chemically induced colitis C57BL/6jRj wild-type mouse
model elicited no effect on t1r2 and t1r3 expression, or on
the taste-receptor-associated neurotransmitter cck or pyy mRNA
levels in gut tissue when compared to non-treated mice (20).
These differential effects, compared with those reported in
vitro, may be, in part, due to microbiota change alterations in
host cells.

Tumor Necrosis Factor-Alpha, Toll-Like
Receptor, and NF-κB
Toll-like receptor pathways play an important role in activating
innate immune response, and its activation by LPS triggers
the activation of the NF-κB pathway and the transcription
of pro-inflammatory genes such as TNFα (119, 150). NF-κB
is a transcription factor downstream of the mitogen-activated
protein kinase (MAPK) signaling pathway that induces the
production of inflammatory cytokines such as TNFα, IL-
1β, and IL-6, as well as the expression of pro-inflammatory
enzymes such as cyclooxygenase-2 (COX-2) and inducible
nitric-oxide synthase (iNOS), all of which are involved in the
pathogenesis of IBD. Enhanced generation of reactive oxygen
species (ROS) and reactive nitrogen species (RNS), which
can activate metallothionein expression and in turn NF-κB
activation, is also reported in the intestine during IBD.

In vitro studies suggest that the immunomodulatory effect
of steviol glycoside and its related compounds involve NF-κB
signaling. These effects however, appear to vary based on the
type and dosage of the compound tested. For example, in the
human monocytic cell THP-1, stevioside (at 1mM) suppressed
the LPS-induced production of inflammatory mediators TNFα
and IL-1β, and mildly suppressed NO release by interfering with
the IKKβ and NF-κB signaling pathways, but steviolat 100µM
did not (104). Notably, the administration of stevioside alone, in
the absence of LPS, elicited a small increase in TNFα secretion
partially mediated through TLR4 (104). In another study using
RAW264.7 cells, stevioside was shown to dose-dependently exert
anti-inflammatory activity by inhibiting NF-κB activation and
MAPK signaling and the expression of TNFα, IL-6, and IL-
1β in LPS-stimulated cells (151). Similarly, in another study,
stevioside administration resulted in significant reduction of
TNFα, nitrates, and ROS production compared with RAW264.7
cells treated with LPS alone (12).

In line with in vitro evidence, animal studies demonstrated
an anti-inflammatory effect of stevioside. In a mouse model
of Staphylococcus aureus-induced mastitis, stevioside reduced
inflammatory cell infiltration and the expression of TNFα, IL1-
β, and IL-6 via the TLR2, NF-κB, and MAPK signaling pathways
(152). Similarly, in male Balb/c mice, supplementation with
stevoside, at either high (100 mg/kg BW) or low (50 mg/kg
BW) dose for 7 days prior to DSS colitis induction significantly
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lowered colonic TNFα levels and attenuated the NF-κB and
MAPK signaling pathways (12).

Rodent studies have also reported the increased expression of
TLR4, TNFα, and NF-κB following sucralose supplementation
(6, 92). In a DSS-colitis C57BL/6 mouse model, sucralose
treatment increased the expression of TNFα, TLR4, and Myd88
but decreased the expression of IL-10 and IκBα (6).

Peroxisome Proliferator-Activated
Receptor (PPAR)-Alpha
Peroxisome proliferator-activated receptor (PPAR)-alpha is a
ligand-activated transcriptional factor that regulates fatty acid
beta oxidation gene expression and is a major regulator of energy
homeostasis. PPARα is a predominantly expressed tissue with a
high level of fatty acid catabolism such as in liver, heart, muscle,
and intestine (153). PPARα agonists have been shown to exert
anti-inflammatory and anti-thromobotic activities in both the
vascular wall and the liver (154).

In male Wistar rats, sucralose (1.5%) exerted the highest effect
on stimulating PPARα expression and CPT-1 compared with
other sweeteners (sucrose, fructose, glucose, steviol glycosides,
brown sugar, honey, and steviol glycoside+sucrose), and to that
of untreated mice (plain water) (92). The effect of sucralose
on PPARα expression was suggested to explain the increased
formation of ketone bodies and gluconeogenesis, which in turn
increased glucose and insulin levels and glucose intolerance, as
seen in sucrose-fed mice (92). While PPARα activators have been
shown to regulate obesity in rodents, these effects are influenced
by estrogen and, thus, are exerted with specific dimorphism
(155). In this regard, more studies on both male and female
animals are required.

Cytochrome P450-Xenobiotic
Detoxification
In Sprague Dawley rats, Splenda exerted a dose-dependent effect
on the expression of intestinal p-glycoprotein and intestinal
cytochrome P-450 (CYP), which are involved in xenobiotic
detoxification in the gut and the liver. That is, Splenda enhanced
the expression level of P-gp at dosages of 300, 500, and
1,000 mg/kg/d, and enhanced CYP3A4 (1,000 mg/kg/d) and
CYP2D1 (500 and 1,000 mg/kg/d) expression (56). It is possible
that the enhanced expression of P-gp and CYP at higher
concentration affects the bioavailability of Splenda; thus, less
Splenda is absorbed at higher concentrations, resulting in both
more pronounced effects on the gut microbiota and differences
in weight.

Oxidative Stress
Oxidative stress is an important regulator of claudin-3 and is
associated with LPS-induced permeability.

Animal studies have reported an antioxidant effect following
stevioside treatment (156). In DSS-colitis male Balb/c mice,
high and low doses of stevioside (100 and 50 mg/kg body
weight) decreased the expression of pro-inflammatory enzymes
COX-2 and iNOS, decreased the levels of MPO activity (maker
of neutrophil infiltration), and restored the activities/levels of
antioxidant enzymes (SOD, CAT, GST, and GSH) in colon tissue

when compared with non-supplemented DSS-colitis mice (12).
The expression of HO-1, which is an index of cyto-protective
and antioxidant enzymes, was also increased in stevioside-treated
groups (12).

Saccharin supplementation (0.3mg/ml, 6months) in C57BL/6
mice elevated hepatic nitric-oxide synthase (NOS) and TNFα
(4). In comparison, sucralose supplementation (0.1 mg/ml, 6
months) elevated the expression of pro-inflammatory mediators
in the liver, namely, matrix metalloproteinase 2 (MMP-2) and
iNOS (5). Notably, catalase and catalase-peroxidase, two bacterial
anti-oxidative genes known to respond to ROS and by themselves
can stimulate pro-inflammatory cytokines (157), were also found
to be enriched in sucralose-supplemented groups (5).

In male Wistar albino rats, aspartame (40 mg/kg/day, 90
days) significantly increased serum lipid peroxidation and nitric
oxide concentrations with concomitant decrease in serum levels
of primary scavenging enzymes superoxide dismutase, catalase,
glutathione peroxidase, and glutathione (GSH) (158).

Intracellular Adhesion Molecule (icam-1)
and Immunoglobulins
Short-term saccharin supplementation (drinking water, 0.1
mg/ml), either before or after the induction of acute or
chronic DSS-induced colitis, significantly decreased the mRNA
levels (vs. controls) of colonic intracellular adhesion molecule
(icam-1), a key regulator of inflammatory signaling, (20) via
NF-κB activation (159). Saccharin-supplemented mice also
exhibited reduced serum protein level of KC, a neutrophil
recruiting cytokine that is induced by inflammatory stimuli in
immune and epithelial cells (160, 161), suggesting that saccharin
lowered the expression of inflammatory markers and did not
induce inflammation.

The effect of AS on Immunoglobulins (Ig) has also
been examined. Balb/c mice supplemented with either stevia
(4.2 mg/ml stevia given as SweetLeaf) or sucralose (5.2
mg/ml sucralose given as Sweetal) for 18 weeks resulted in
increased levels of different immunoglobulins (IgG, IgE, and
IgA) compared with supplemented controls (received normal
drinking water) (2).

Artificial Alternative Using Sugar-Silica as
a Substitute to AS, and Its Effect on
Intestinal Inflammation
Sugar has been used as the gold standard for comparing the
sweetening efficacy of AS to enable the activation of sweet
perception with less calories per unit of food. As an artificial
alternative to AS, others have recently proposed to reduce the
amount of sugar required to activate the sweet taste receptors in
the tongue by combining sugar with silica in special structural
reversible binding. With this alternative, proponents suggest
that the use of diluted sugar will provide sufficient sweetening
power with less molecules of sugar, lowering the caloric content
of meals. A logical concern is the uncertainty that exists
surrounding the effect of the use of silica on intestinal health and
inflammation. Silica is a broad term that encompasses various
forms of silicon (Si, a semimetal in the periodic table of elements)
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compounds that exist in nature. Some forms of silica are used
as (i) food additives (silicon oxide, SiO2, PubChem ID 5461123,
anti-caking powder), (ii) silica gel desiccant to absorb moisture
(packages labeled with warning “do not eat”), and (iii) some
forms are widely present in nature as crystalline silica (mineral
found in sand, stone, concrete, and mortar).

As with other AS, proprietary formulations of sugar-silica as
a carrier compound (80, 162) make the interpretation of health
effects challenging. Of concern is that the oral consumption of
small particles of silica dioxide (< 100 nm) has been shown
to exacerbate DSS colitis in a size-dependent manner (163).
Specifically, daily intake of 10-nm-sized SiO2 nanoparticles
exacerbated colitis in wild-type C57BL/6J mice, whereas 30-
nm nanoparticles had no colitic effect. Mechanistic studies
showed that the severity of colitis induced by 10-nm particles
was prevented when mice were deficient in apoptosis-associated
speck-like protein containing a C-terminal caspase recruitment
domain CARD (PYCARD gene, or ASC) (164), indicating that
small SiO2 nanoparticles aggravate colitis through activation
of the PYCARD inflammasome (163). Regarding microbiome
composition, summary indicators of diversity at the genus level
(principal component analysis and rarefaction curves based on
chao1 index) were reported to be similar between the SiO2-
fed and control mice (at 3 mg/kg/day); however, no complete
data of microbiome analysis were presented to infer the effect
in detail. With aggravating changes in inflammasome and colitis,
gut microbiome alterations are expected, as shown for AS.
On metabolism, studies have shown that the metabolism of Si
is complex depending on the size of the molecule and may
have various effects on health. Once ingested, silicon reacts
systemically with other molecules such as those of trace elements
(zinc, copper, iron) (165) and lipids in the gut and blood
(166). Taken together, SiO2 should be used cautiously given the
potential impact on human health.

CONCLUSIONS

Overall, the data illustrate that the effect of AS on inflammation
is multifactorial and depends on various factors such as dosage,
type of compound, and host genetics. Of increasing relevance to
patients with chronic digestive inflammatory disorders, evidence
suggests that AS may induce pro-inflammatory changes in gut
bacteria and gut wall immune reactivity, which could negatively
affect individuals with or susceptible to chronic inflammatory
conditions. However, there is a need to further reproduce these
findings in various mouse lines, across different diets, and
different artificial sweeteners in the context of the fillers used in
commercial products (e.g., maltodextrin).

Studying the causal effect of individual dietary ingredients
(e.g., AS) is challenging, given that most commercial products
contain a commercial proprietary blend of two or more AS, as
well as ingredients, to add weight and volume and/or make AS
more palatable. Nevertheless, findings from commercial products
are desirable and may be more readily translatable to humans.

AUTHOR CONTRIBUTIONS

AB, AR-P, and FC: study design, manuscript writing, review,
comments, and editing of final manuscript. AB and AR-P:
literature review. All authors contributed to the article and
approved the submitted version.

FUNDING

This publication was supported by NIH grants DK42991,
DK055812, DK091222, and DK097948 (to FC), DK118373 and
AI143821 (to AR-P), DK127008 (to AB), and a grant from
the NIH Cleveland Digestive Diseases Research Core Center
(DDRCC) Administrative Core (to FC).

REFERENCES

1. Rodriguez-Palacios A, Harding A, Menghini P, Himmelman C, Retuerto

M, Nickerson KP, et al. The artificial sweetener splenda promotes gut

proteobacteria, dysbiosis, and myeloperoxidase reactivity in Crohn’s disease-

like ileitis. Inflamm Bowel Dis. (2018) 24:1005–20. doi: 10.1093/ibd/izy060

2. Farid A, Hesham M, El-Dewak M, Amin A. The hidden hazardous

effects of stevia and sucralose consumption in male and female

albino mice in comparison to sucrose. Saudi Pharm J. (2020)

28:1290–300. doi: 10.1016/j.jsps.2020.08.019

3. Suez J, Korem T, Zeevi D, Zilberman-Schapira G, Thaiss CA, Maza O,

et al. Artificial sweeteners induce glucose intolerance by altering the gut

microbiota. Nature. (2014) 514:181–6. doi: 10.1038/nature13793

4. Bian X, Tu P, Chi L, Gao B, RuH, Lu K. Saccharin induced liver inflammation

in mice by altering the gut microbiota and its metabolic functions. Food

Chem Toxicol. (2017) 107:530–9. doi: 10.1016/j.fct.2017.04.045

5. 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. doi: 10.3389/fphys.2017.00487

6. Li X, Liu Y, Wang Y, Li X, Liu X, Guo M, et al. Sucralose promotes colitis-

associated colorectal cancer risk in a murine model along with changes in

microbiota. Front Oncol. (2020) 10:710. doi: 10.3389/fonc.2020.00710

7. Shil A, Olusanya O, Ghufoor Z, Forson B, Marks J, Chichger H. Artificial

sweeteners disrupt tight junctions and barrier function in the intestinal

epithelium through activation of the sweet taste receptor, T1R3. Nutrients.

(2020) 12:1862. doi: 10.3390/nu12061862

8. Arnold AR, Chassaing B. Maltodextrin, modern stressor of the

intestinal environment. Cell Mol Gastroenterol Hepatol. (2019)

7:475–76. doi: 10.1016/j.jcmgh.2018.09.014

9. Laudisi F, Di Fusco D, Dinallo V, Stolfi C, Di Grazia A, Marafini I, et al.

The food additive maltodextrin promotes endoplasmic reticulum stress-

driven mucus depletion and exacerbates intestinal inflammation. Cell Mol

Gastroenterol Hepatol. (2019) 7:457–73. doi: 10.1016/j.jcmgh.2018.09.002

10. Nickerson KP, McDonald C. Crohn’s disease-associated adherent-

invasive Escherichia coli adhesion is enhanced by exposure to the

ubiquitous dietary polysaccharide maltodextrin. PLoS ONE. (2012)

7:e52132. doi: 10.1371/journal.pone.0052132

11. Nickerson KP, Homer CR, Kessler SP, Dixon LJ, Kabi A, Gordon IO,

et al. The dietary polysaccharide maltodextrin promotes Salmonella

survival and mucosal colonization in mice. PLoS ONE. (2014)

9:e101789. doi: 10.1371/journal.pone.0101789

12. Alavala S, Sangaraju R, Nalban N, Sahu BD, Jerald MK, Kilari EK,

et al. Stevioside, a diterpenoid glycoside, shows anti-inflammatory

property against Dextran Sulphate Sodium-induced ulcerative colitis in

mice. Eur J Pharmacol. (2019) 855:192–201. doi: 10.1016/j.ejphar.2019.

05.015

13. Sylvetsky AC, Jin Y, Clark EJ, Welsh JA, Rother KI, Talegawkar

SA. Consumption of low-calorie sweeteners among children and

Frontiers in Nutrition | www.frontiersin.org 11 September 2021 | Volume 8 | Article 746247

https://doi.org/10.1093/ibd/izy060
https://doi.org/10.1016/j.jsps.2020.08.019
https://doi.org/10.1038/nature13793
https://doi.org/10.1016/j.fct.2017.04.045
https://doi.org/10.3389/fphys.2017.00487
https://doi.org/10.3389/fonc.2020.00710
https://doi.org/10.3390/nu12061862
https://doi.org/10.1016/j.jcmgh.2018.09.014
https://doi.org/10.1016/j.jcmgh.2018.09.002
https://doi.org/10.1371/journal.pone.0052132
https://doi.org/10.1371/journal.pone.0101789
https://doi.org/10.1016/j.ejphar.2019.05.015
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Basson et al. Artificial Sweeteners and Inflammation

adults in the United States. J Acad Nutr Diet. (2017) 117:441–8

e442. doi: 10.1016/j.jand.2016.11.004

14. Lamb CA, Kennedy NA, Raine T, Hendy PA, Smith PJ, Limdi JK,

et al. British Society of Gastroenterology consensus guidelines on the

management of inflammatory bowel disease in adults. Gut. (2019) 68:s1–

s106. doi: 10.1136/gutjnl-2019-318484

15. Ruiz-Ojeda FJ, Plaza-Diaz J, Saez-Lara MJ, Gil A. Effects of sweeteners on the

gut microbiota: a review of experimental studies and clinical trials. Adv Nutr.

(2019) 10:S31–48. doi: 10.1093/advances/nmy037

16. Khan T, Ayoub-Charette S, Sievenpiper J, Comelli E. Encyclopedia of

Gastroenterology, Reference Module in Biomedical Sciences. Kuipers, editor.

London: Academic Press (2020).

17. Azad MB, Abou-Setta AM, Chauhan BF, Rabbani R, Lys J, Copstein L, et al.

Nonnutritive sweeteners and cardiometabolic health: a systematic review

and meta-analysis of randomized controlled trials and prospective cohort

studies. CMAJ. (2017) 189:E929–39. doi: 10.1503/cmaj.161390

18. Malik VS. Non-sugar sweeteners and health. BMJ. (2019)

364:k5005. doi: 10.1136/bmj.k5005

19. Qin X. Etiology of inflammatory bowel disease: a unified hypothesis. World

J Gastroenterol. (2012) 18:1708–22. doi: 10.3748/wjg.v18.i15.1708

20. Sunderhauf A, Pagel R, Kunstner A, Wagner AE, Rupp J, Ibrahim

SM, et al. Saccharin supplementation inhibits bacterial growth

and reduces experimental colitis in mice. Nutrients. (2020)

12:1122. doi: 10.3390/nu12041122

21. Radford T, Cook JM, Dalsis DE, Wolf E, Voigt M. Characterization

of aminosaccharins in commercial sodium saccharin produced

by the Maumee process. Food Chem Toxicol. (1985) 23:419–

28. doi: 10.1016/0278-6915(85)90135-8

22. Price JM, Biava CG, Oser BL, Vogin EE, Steinfeld J, Ley HL. Bladder tumors

in rats fed cyclohexylamine or high doses of a mixture of cyclamate and

saccharin. Science. (1970) 167:1131–2. doi: 10.1126/science.167.3921.1131

23. Oser BL, Carson S, Cox GE, Vogin EE, Sternberg SS. Chronic toxicity

study of cyclamate: saccharin (10: 1) in rats. Toxicology. (1975) 4:315–

30. doi: 10.1016/0300-483X(75)90054-2

24. Ahmed FE, Thomas DB. Assessment of the carcinogenicity of

the nonnutritive sweetener cyclamate. Crit Rev Toxicol. (1992)

22:81–118. doi: 10.3109/10408449209146307

25. US Food and Drug Administration. Additional Information about High-

Intensity Sweeteners Permitted for Use in Food in the United States. (2018).

Available online at: https://www.fda.gov/food/food-additives-petitions/

additional-information-about-high-intensity-sweeteners-permitted-use-

food-united-states (accessed April 2, 2021).

26. Rycerz K, Jaworska-Adamu JE. Effects of aspartame metabolites

on astrocytes and neurons. Folia Neuropathol. (2013) 51:10–

7. doi: 10.5114/fn.2013.34191

27. Magnuson BA, Carakostas MC, Moore NH, Poulos SP, Renwick AG.

Biological fate of low-calorie sweeteners. Nutr Rev. (2016) 74:670–

89. doi: 10.1093/nutrit/nuw032

28. Genc Y, Ozkanca R, Bekdemir Y. Antimicrobial activity of some sulfonamide

derivatives on clinical isolates of Staphylococus aureus. Ann Clin Microbiol

Antimicrob. (2008) 7:17. doi: 10.1186/1476-0711-7-17

29. Omran A, Ahearn G, Bowers D, Swenson J, Coughlin C. Metabolic

effects of sucralose on environmental bacteria. J Toxicol. (2013)

2013:372986. doi: 10.1155/2013/372986

30. Carocho M, Morales P, Ferreira I. Sweeteners as food additives in the XXI

century: a review of what is known, and what is to come. Food Chem Toxicol.

(2017) 107:302–17. doi: 10.1016/j.fct.2017.06.046

31. Itkin M, Davidovich-Rikanati R, Cohen S, Portnoy V, Doron-Faigenboim

A, Oren E, et al. The biosynthetic pathway of the nonsugar, high-intensity

sweetener mogroside V from Siraitia grosvenorii. Proc Natl Acad Sci USA.

(2016) 113:E7619–28. doi: 10.1073/pnas.1604828113

32. Cicek SS, Esposito T, Girreser U. Prediction of the sweetening effect of Siraitia

grosvenorii (luo han guo) fruits by two-dimensional quantitative NMR. Food

Chem. (2021) 335:127622. doi: 10.1016/j.foodchem.2020.127622

33. Roberts A, Renwick AG, Sims J, Snodin DJ. Sucralose metabolism and

pharmacokinetics in man. Food Chem Toxicol. (2000) 38(Suppl. 2):S31–

41. doi: 10.1016/S0278-6915(00)00026-0

34. Byard JL, Goldberg L. The metabolism of saccharin in

laboratory animals. Food Cosmet Toxicol. (1973) 11:391–

402. doi: 10.1016/0015-6264(73)90005-9

35. Plaza-Diaz J, Pastor-Villaescusa B, Rueda-Robles A, Abadia-Molina F, Ruiz-

Ojeda FJ. Plausible biological interactions of low- and non-calorie sweeteners

with the intestinal microbiota: an update of recent studies. Nutrients. (2020)

12:1153. doi: 10.3390/nu12041153

36. Linke HA, Doyle GA. Effect of saccharin on growth and acid production of

glucose-grown pathogenic and oral bacteria.Microbios. (1985) 42:163–73.

37. Anderson RL, Kirkland JJ. The effect of sodium saccharin in

the diet on caecal microflora. Food Cosmet Toxicol. (1980)

18:353–5. doi: 10.1016/0015-6264(80)90188-1

38. Oldacay M, Erdem G. The effect of sodium saccharin on the growth

of Escherichia coli, Proteus, Pseudomonas aeruginosa, Staphylococcus

epidermidis, Staphylococcus aureus and Enterococcus faecalis. Turk

Mikrobiyol Cem Derg. (2000) 30:35–7. doi: 10.3177/jnsv.30.569

39. Vamanu E, Pelinescu D, Gatea F, Sarbu I. Altered in vitro metabolomic

response of the human microbiota to sweeteners. Genes. (2019)

10:535. doi: 10.3390/genes10070535

40. Daly K, Darby AC, Hall N, Nau A, Bravo D, Shirazi-Beechey SP. Dietary

supplementation with lactose or artificial sweetener enhances swine gut

Lactobacillus population abundance. Br J Nutr. (2014) 111(Suppl. 1):S30–

5. doi: 10.1017/S0007114513002274

41. Rigottier-Gois L. Dysbiosis in inflammatory bowel diseases: the oxygen

hypothesis. ISME J. (2013) 7:1256–61. doi: 10.1038/ismej.2013.80

42. Choudhary AK, Pretorius E. Revisiting the safety of aspartame. Nutr Rev.

(2017) 75:718–30. doi: 10.1093/nutrit/nux035

43. Stegink LD,Wolf-Novak LC, Filer LJ, Jr Bell EF, Ziegler EE, KrauseWL, et al.

Aspartame-sweetened beverage: effect on plasma amino acid concentrations

in normal adults and adults heterozygous for phenylketonuria. J Nutr. (1987)

117:1989–95. doi: 10.1093/jn/117.11.1989

44. Palmnas MS, Cowan TE, Bomhof MR, Su J, Reimer RA, Vogel HJ, et al.

Low-dose aspartame consumption differentially affects gut microbiota-host

metabolic interactions in the diet-induced obese rat. PLoS ONE. (2014)

9:e109841. doi: 10.1371/journal.pone.0109841

45. Golonka R, Yeoh BS, Vijay-Kumar M. Dietary additives and supplements

revisited: the fewer, the safer for liver and gut health. Curr Pharmacol Rep.

(2019) 5:303–16. doi: 10.1007/s40495-019-00187-4

46. Renwick AG. The metabolism of intense sweeteners. Xenobiotica. (1986)

16:1057–71. doi: 10.3109/00498258609038983

47. Lobach AR, Roberts A, Rowland IR. Assessing the in vivo data on low/no-

calorie sweeteners and the gut microbiota. Food Chem Toxicol. (2019)

124:385–99. doi: 10.1016/j.fct.2018.12.005

48. 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. doi: 10.1371/journal.pone.0178426

49. Uebanso T, Ohnishi A, Kitayama R, Yoshimoto A, Nakahashi M, Shimohata

T, et al. Effects of low-dose non-caloric sweetener consumption on gut

microbiota in mice. Nutrients. (2017) 9:560. doi: 10.3390/nu9060662

50. Olivier-Van Stichelen S, Rother KI, Hanover JA. Maternal exposure to non-

nutritive sweeteners impacts progeny’s metabolism and microbiome. Front

Microbiol. (2019) 10:1360. doi: 10.3389/fmicb.2019.01360

51. Bandyopadhyay A, Ghoshal S, Mukherjee A. Genotoxicity testing of low-

calorie sweeteners: aspartame, acesulfame-K, and saccharin. Drug Chem

Toxicol. (2008) 31:447–57. doi: 10.1080/01480540802390270

52. Pfeffer M, Ziesenitz SC, Siebert G. Acesulfame K, cyclamate and saccharin

inhibit the anaerobic fermentation of glucose by intestinal bacteria. Z

Ernahrungswiss. (1985) 24:231–5. doi: 10.1007/BF02023668

53. Frankenfeld CL, Sikaroodi M, Lamb E, Shoemaker S, Gillevet PM. High-

intensity sweetener consumption and gut microbiome content and predicted

gene function in a cross-sectional study of adults in the United States. Ann

Epidemiol. (2015) 25:736–42 e734. doi: 10.1016/j.annepidem.2015.06.083

54. Hill AB. The environment and disease: association or causation? Proc R Soc

Med. (1965) 58:295–300. doi: 10.1177/003591576505800503

55. Schiffman SS, Abou-Donia MB. Sucralose revisited: rebuttal of two papers

about Splenda safety. Regul Toxicol Pharmacol. (2012) 63:505–8; author reply

509–513. doi: 10.1016/j.yrtph.2012.05.002

Frontiers in Nutrition | www.frontiersin.org 12 September 2021 | Volume 8 | Article 746247

https://doi.org/10.1016/j.jand.2016.11.004
https://doi.org/10.1136/gutjnl-2019-318484
https://doi.org/10.1093/advances/nmy037
https://doi.org/10.1503/cmaj.161390
https://doi.org/10.1136/bmj.k5005
https://doi.org/10.3748/wjg.v18.i15.1708
https://doi.org/10.3390/nu12041122
https://doi.org/10.1016/0278-6915(85)90135-8
https://doi.org/10.1126/science.167.3921.1131
https://doi.org/10.1016/0300-483X(75)90054-2
https://doi.org/10.3109/10408449209146307
https://www.fda.gov/food/food-additives-petitions/additional-information-about-high-intensity-sweeteners-permitted-use-food-united-states
https://www.fda.gov/food/food-additives-petitions/additional-information-about-high-intensity-sweeteners-permitted-use-food-united-states
https://www.fda.gov/food/food-additives-petitions/additional-information-about-high-intensity-sweeteners-permitted-use-food-united-states
https://doi.org/10.5114/fn.2013.34191
https://doi.org/10.1093/nutrit/nuw032
https://doi.org/10.1186/1476-0711-7-17
https://doi.org/10.1155/2013/372986
https://doi.org/10.1016/j.fct.2017.06.046
https://doi.org/10.1073/pnas.1604828113
https://doi.org/10.1016/j.foodchem.2020.127622
https://doi.org/10.1016/S0278-6915(00)00026-0
https://doi.org/10.1016/0015-6264(73)90005-9
https://doi.org/10.3390/nu12041153
https://doi.org/10.1016/0015-6264(80)90188-1
https://doi.org/10.3177/jnsv.30.569
https://doi.org/10.3390/genes10070535
https://doi.org/10.1017/S0007114513002274
https://doi.org/10.1038/ismej.2013.80
https://doi.org/10.1093/nutrit/nux035
https://doi.org/10.1093/jn/117.11.1989
https://doi.org/10.1371/journal.pone.0109841
https://doi.org/10.1007/s40495-019-00187-4
https://doi.org/10.3109/00498258609038983
https://doi.org/10.1016/j.fct.2018.12.005
https://doi.org/10.1371/journal.pone.0178426
https://doi.org/10.3390/nu9060662
https://doi.org/10.3389/fmicb.2019.01360
https://doi.org/10.1080/01480540802390270
https://doi.org/10.1007/BF02023668
https://doi.org/10.1016/j.annepidem.2015.06.083
https://doi.org/10.1177/003591576505800503
https://doi.org/10.1016/j.yrtph.2012.05.002
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Basson et al. Artificial Sweeteners and Inflammation

56. Abou-Donia MB, El-Masry EM, Abdel-Rahman AA, McLendon RE,

Schiffman SS. Splenda alters gut microflora and increases intestinal p-

glycoprotein and cytochrome p-450 in male rats. J Toxicol Environ Health

A. (2008) 71:1415–29. doi: 10.1080/15287390802328630

57. Wang X, Guo J, Liu Y, Yu H, Qin X. Sucralose increased susceptibility to

colitis in rats. Inflamm Bowel Dis. (2019) 25:e3–e4. doi: 10.1093/ibd/izy196

58. Young DA, Bowen WH. The influence of sucralose on bacterial metabolism.

J Dent Res. (1990) 69:1480–4. doi: 10.1177/00220345900690080601

59. LabareMP, AlexanderM.Microbial cometabolism of sucralose, a chlorinated

disaccharide, in environmental samples. Appl Microbiol Biotechnol. (1994)

42:173–8. doi: 10.1007/BF00170242

60. Qu Y, Li R, Jiang M, Wang X. Sucralose increases antimicrobial resistance

and stimulates recovery of Escherichia coli mutants. Curr Microbiol. (2017)

74:885–8. doi: 10.1007/s00284-017-1255-5

61. Splitt SD, Risser DD. The non-metabolizable sucrose analog sucralose

is a potent inhibitor of hormogonium differentiation in the filamentous

cyanobacterium Nostoc punctiforme. Arch Microbiol. (2016) 198:137–

47. doi: 10.1007/s00203-015-1171-7

62. Omran A, Baker R, Coughlin C. Differential bacteriostatic effects of

sucralose on various species of environmental bacteria. ISRN Toxicol. (2013)

2013:415070. doi: 10.1155/2013/415070

63. Nürnberg DJ, Mariscal V, Bornikoel J, Nieves-Morión M, Krauß N,

Herrero A, et al. Intercellular diffusion of a fluorescent sucrose analog

via the septal junctions in a filamentous cyanobacterium. Mbio. (2015)

6:e02109. doi: 10.1128/mBio.02109-14

64. Whitehouse CR, Boullata J, McCauley LA. The potential

toxicity of artificial sweeteners. AAOHN J. (2008) 56:251–9; quiz

260–251. doi: 10.3928/08910162-20080601-02

65. Satyavathi K, Raju P, Bupesh K, Kiran T. Neotame: high intensity low caloric

sweetener. Asian J Chem. (2010) 22:5792.

66. Otabe A, Fujieda T, Masuyama T, Ubukata K, Lee C. Advantame–an

overview of the toxicity data. Food Chem Toxicol. (2011) 49(Suppl. 1):S2–

7. doi: 10.1016/j.fct.2011.06.046

67. EFSA, panel on food additives and nutrient sources added to food. EFSA.

(2013) 11:3301.

68. Renwick AG. The disposition of saccharin in animals and man–a review.

Food Chem Toxicol. (1985) 23:429–35. doi: 10.1016/0278-6915(85)90136-X

69. Koyama E, Kitazawa K, Ohori Y, Izawa O, Kakegawa K, Fujino A, et al.

In vitro metabolism of the glycosidic sweeteners, stevia mixture and

enzymatically modified stevia in human intestinal microflora. Food Chem

Toxicol. (2003) 41:359–74. doi: 10.1016/S0278-6915(02)00235-1

70. Koyama E, Sakai N, Ohori Y, Kitazawa K, Izawa O, Kakegawa K, et al.

Absorption and metabolism of glycosidic sweeteners of stevia mixture and

their aglycone, steviol, in rats and humans. Food Chem Toxicol. (2003)

41:875–83. doi: 10.1016/S0278-6915(03)00039-5

71. Hutapea A, Toskulkao C, Buddhasukh D, Wilairat P, Glinsukon T. Digestion

of stevioside, a natural sweetener, by various digestive enzymes. J Clin

Biochem Nutr. (1997) 23:177–86. doi: 10.3164/jcbn.23.177

72. Gardana C, Simonetti P, Canzi E, Zanchi R, Pietta P.Metabolism of stevioside

and rebaudioside A from Stevia rebaudiana extracts by human microflora. J

Agric Food Chem. (2003) 51:6618–22. doi: 10.1021/jf0303619

73. Geuns JM, Buyse J, Vankeirsbilck A, Temme EH, Compernolle F, Toppet

S. Identification of steviol glucuronide in human urine. J Agric Food Chem.

(2006) 54:2794–8. doi: 10.1021/jf052693e

74. Geuns JM, Buyse J, Vankeirsbilck A, Temme EH. Metabolism of

stevioside by healthy subjects. Exp Biol Med. (2007) 232:164–73.

doi: 10.3181/00379727-207-2320164

75. Wheeler A, Boileau AC, Winkler PC, Compton JC, Prakash I, Jiang

X, et al. Pharmacokinetics of rebaudioside A and stevioside after single

oral doses in healthy men. Food Chem Toxicol. (2008) 46(Suppl. 7):S54–

60. doi: 10.1016/j.fct.2008.04.041

76. Geuns JM, Augustijns P, Mols R, Buyse JG, Driessen B. Metabolism

of stevioside in pigs and intestinal absorption characteristics of

stevioside, rebaudioside A and steviol. Food Chem Toxicol. (2003)

41:1599–607. doi: 10.1016/S0278-6915(03)00191-1

77. Martinez-Carrillo BE, Rosales-Gomez CA, Ramirez-Duran N, Resendiz-

Albor AA, Escoto-Herrera JA, Mondragon-Velasquez T, et al.

Effect of chronic consumption of sweeteners on microbiota and

immunity in the small intestine of young mice. Int J Food Sci. (2019)

2019:9619020. doi: 10.1155/2019/9619020

78. Yang XW, Zhang JY, Xu W. [Biotransformation of mogroside III by human

intestinal bacteria]. Beijing Da Xue Xue Bao Yi Xue Ban. (2007) 39:657–62.

79. Murata Y, Ogawa T, Suzuki YA, Yoshikawa S, Inui H, Sugiura M, et al.

Digestion and absorption of Siraitia grosvenori triterpenoids in the rat. Biosci

Biotechnol Biochem. (2010) 74:673–6. doi: 10.1271/bbb.90832

80. DouxMatok. Available online at: https://www.douxmatok.com/features

(accessed 16, 2021).

81. Rodriguez-Palacios A, Basson A, Cominelli F. Artificial sweeteners

and whole-food science: could mice help clinicians make diet

recommendations for IBD patients? Gastroenterology. (2021)

161:8–14. doi: 10.1053/j.gastro.2021.03.041

82. Capuron L, Geisler S, Kurz K, Leblhuber F, Sperner-Unterweger B, Fuchs

D. Activated immune system and inflammation in healthy ageing: relevance

for tryptophan and neopterin metabolism. Curr Pharm Des. (2014) 20:6048–

57. doi: 10.2174/1381612820666140317110217

83. Cervenka I, Agudelo LZ, Ruas JL. Kynurenines: Tryptophan’s

metabolites in exercise, inflammation, and mental health. Science. (2017)

357:aaf9794. doi: 10.1126/science.aaf9794

84. Baumgartner R, Forteza MJ, Ketelhuth DFJ. The interplay between cytokines

and the Kynurenine pathway in inflammation and atherosclerosis. Cytokine.

(2019) 122:154148. doi: 10.1016/j.cyto.2017.09.004

85. Keszthelyi D, Troost FJ, Masclee AA. Understanding the role of tryptophan

and serotonin metabolism in gastrointestinal function. Neurogastroenterol

Motil. (2009) 21:1239–49. doi: 10.1111/j.1365-2982.2009.01370.x

86. 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. doi: 10.1186/1423-0127-19-89

87. Gou Z, Jiang S, Zheng C, Tian Z, Lin X. Equol inhibits LPS-induced oxidative

stress and enhances the immune response in chicken HD11 macrophages.

Cell Physiol Biochem. (2015) 36:611–21. doi: 10.1159/000430124

88. Ishida T, Nishiumi S, Tanahashi T, Yamasaki A, Yamazaki A, Akashi

T, et al. Linoleoyl ethanolamide reduces lipopolysaccharide-induced

inflammation in macrophages and ameliorates 2,4–dinitrofluorobenzene–

induced contact dermatitis in mice. Eur J Pharmacol. (2013) 699:6–

13. doi: 10.1016/j.ejphar.2012.11.030

89. Lin IC, Yamashita S, Murata M, Kumazoe M, Tachibana H. Equol suppresses

inflammatory response and bone erosion due to rheumatoid arthritis in

mice. J Nutr Biochem. (2016) 32:101–6. doi: 10.1016/j.jnutbio.2016.02.012

90. Maruo T, Sakamoto M, Ito C, Toda T, Benno Y. Adlercreutzia equolifaciens

gen. nov, sp. nov, an equol-producing bacterium isolated from human faeces,

and emended description of the genus Eggerthella. Int J Syst Evol Microbiol.

(2008) 58:1221–7. doi: 10.1099/ijs.0.65404-0

91. Parada Venegas D, De la Fuente MK, Landskron G, Gonzalez MJ, Quera R,

Dijkstra G, et al. Short Chain Fatty Acids (SCFAs)-mediated gut epithelial

and immune regulation and its relevance for inflammatory bowel diseases.

Front Immunol. (2019) 10:277. doi: 10.3389/fimmu.2019.00277

92. Sanchez-Tapia M, Miller AW, Granados-Portillo O, Tovar AR, Torres N.

The development of metabolic endotoxemia is dependent on the type of

sweetener and the presence of saturated fat in the diet. Gut Microbes. (2020)

12:1801301. doi: 10.1080/19490976.2020.1801301

93. Chi L, Bian X, Gao B, Tu P, Lai Y, Ru H, et al. Effects of the Artificial

Sweetener Neotame on the Gut Microbiome and Fecal Metabolites in Mice.

Molecules. (2018) 23:367. doi: 10.3390/molecules23020367

94. Basson A, LaSalla A, Lam G, Kulpins D, Moen E, Sundrud M, et al.

Artificial microbiome heterogeneity spurs six practical action themes and

examples to increase study power-driven reproducibility. Sci Rep. (2019)

10:5039. doi: 10.1038/s41598-020-60900-y

95. Shil A, Chichger H. Artificial sweeteners negatively regulate pathogenic

characteristics of two model gut bacteria E. coli and E. faecalis. Int J Mol Sci.

(2021) 22:5228. doi: 10.3390/ijms22105228

96. Brown RJ, de Banate MA, Rother KI. Artificial sweeteners: a systematic

review of metabolic effects in youth. Int J Pediatr Obes. (2010) 5:305–

12. doi: 10.3109/17477160903497027

97. Guzman-Cruz J, Martinez-Carrillo B, Rillo A, Castillo-Cardiel J, Cruz-

Estrada F. Effect of chronic commercial sweeteners consumption in

Frontiers in Nutrition | www.frontiersin.org 13 September 2021 | Volume 8 | Article 746247

https://doi.org/10.1080/15287390802328630
https://doi.org/10.1093/ibd/izy196
https://doi.org/10.1177/00220345900690080601
https://doi.org/10.1007/BF00170242
https://doi.org/10.1007/s00284-017-1255-5
https://doi.org/10.1007/s00203-015-1171-7
https://doi.org/10.1155/2013/415070
https://doi.org/10.1128/mBio.02109-14
https://doi.org/10.3928/08910162-20080601-02
https://doi.org/10.1016/j.fct.2011.06.046
https://doi.org/10.1016/0278-6915(85)90136-X
https://doi.org/10.1016/S0278-6915(02)00235-1
https://doi.org/10.1016/S0278-6915(03)00039-5
https://doi.org/10.3164/jcbn.23.177
https://doi.org/10.1021/jf0303619
https://doi.org/10.1021/jf052693e
https://doi.org/10.3181/00379727-207-2320164
https://doi.org/10.1016/j.fct.2008.04.041
https://doi.org/10.1016/S0278-6915(03)00191-1
https://doi.org/10.1155/2019/9619020
https://doi.org/10.1271/bbb.90832
https://www.douxmatok.com/features
https://doi.org/10.1053/j.gastro.2021.03.041
https://doi.org/10.2174/1381612820666140317110217
https://doi.org/10.1126/science.aaf9794
https://doi.org/10.1016/j.cyto.2017.09.004
https://doi.org/10.1111/j.1365-2982.2009.01370.x
https://doi.org/10.1186/1423-0127-19-89
https://doi.org/10.1159/000430124
https://doi.org/10.1016/j.ejphar.2012.11.030
https://doi.org/10.1016/j.jnutbio.2016.02.012
https://doi.org/10.1099/ijs.0.65404-0
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.1080/19490976.2020.1801301
https://doi.org/10.3390/molecules23020367
https://doi.org/10.1038/s41598-020-60900-y
https://doi.org/10.3390/ijms22105228
https://doi.org/10.3109/17477160903497027
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Basson et al. Artificial Sweeteners and Inflammation

lymphocytes of peyer’s patches. Europ J Nutr Food Safety. (2019) 9:354–

64. doi: 10.9734/ejnfs/2019/v9i430082

98. Chang JC, Wu MC, Liu IM, Cheng JT. Increase of insulin sensitivity by

stevioside in fructose-rich chow-fed rats. Horm Metab Res. (2005) 37:610–

6. doi: 10.1055/s-2005-870528

99. Jeppesen PB, Gregersen S, Alstrup KK, Hermansen K. Stevioside induces

antihyperglycaemic, insulinotropic and glucagonostatic effects in vivo:

studies in the diabetic Goto-Kakizaki (GK) rats. Phytomedicine. (2002)

9:9–14. doi: 10.1078/0944-7113-00081

100. Rosales-Gomez CA, Martinez-Carrillo BE, Resendiz-Albor AA, Ramirez-

Duran N, Valdes-Ramos R, Mondragon-Velasquez T, et al. Chronic

consumption of sweeteners and its effect on glycaemia, cytokines, hormones,

and lymphocytes of GALT in CD1 mice. Biomed Res Int. (2018)

2018:1345282. doi: 10.1155/2018/1345282

101. Becker SL, Chiang E, Plantinga A, Carey HV, Suen G, Swoap SJ.

Effect of stevia on the gut microbiota and glucose tolerance in a

murine model of diet-induced obesity. FEMS Microbiol Ecol. (2020)

96:fiaa079. doi: 10.1093/femsec/fiaa079

102. Boonkaewwan C, AoM, Toskulkao C, RaoMC. Specific immunomodulatory

and secretory activities of stevioside and steviol in intestinal cells. J Agric Food

Chem. (2008) 56:3777–84. doi: 10.1021/jf072681o

103. Bonder MJ, Kurilshikov A, Tigchelaar EF, Mujagic Z, Imhann F, Vila AV,

et al. The effect of host genetics on the gut microbiome. Nat Genet. (2016)

48:1407–12. doi: 10.1038/ng.3663

104. Boonkaewwan C, Toskulkao C, Vongsakul M. Anti-Inflammatory and

immunomodulatory activities of stevioside and its metabolite steviol on

THP-1 cells. J Agric Food Chem. (2006) 54:785–9. doi: 10.1021/jf0523465

105. Andrejic BM, Mijatovic VM, Samojlik IN, Horvat OJ, Calasan JD, Dolai MA.

The influence of chronic intake of saccharin on rat hepatic and pancreatic

function and morphology: gender differences. Bosn J Basic Med Sci. (2013)

13:94–9. doi: 10.17305/bjbms.2013.2372

106. Amin KA, AlMuzafar HM. Alterations in lipid profile, oxidative stress and

hepatic function in rat fed with saccharin and methyl-salicylates. Int J Clin

Exp Med. (2015) 8:6133–44.

107. Alkafafy Mel S, Ibrahim ZS, Ahmed MM, El-Shazly SA. Impact of

aspartame and saccharin on the rat liver: biochemical, molecular, and

histological approach. Int J Immunopathol Pharmacol. (2015) 28:247–

55. doi: 10.1177/0394632015586134

108. Bajaj JS, Hylemon PB, Ridlon JM, Heuman DM, Daita K, White MB,

et al. Colonic mucosal microbiome differs from stool microbiome in

cirrhosis and hepatic encephalopathy and is linked to cognition and

inflammation. Am J Physiol Gastrointest Liver Physiol. (2012) 303:G675–

85. doi: 10.1152/ajpgi.00152.2012

109. Chamulitrat W, Jordan SJ, Mason RP, Litton AL, Wilson JG, Wood ER,

et al. Targets of nitric oxide in a mouse model of liver inflammation

by Corynebacterium parvum. Arch Biochem Biophys. (1995) 316:30–

7. doi: 10.1006/abbi.1995.1006

110. Collins JW, Chervaux C, Raymond B, Derrien M, Brazeilles R, Kosta A, et al.

Fermented dairy products modulate Citrobacter rodentium-induced colonic

hyperplasia. J Infect Dis. (2014) 210:1029–41. doi: 10.1093/infdis/jiu205

111. Ng SC, Lam EF, Lam TT, Chan Y, Law W, Tse PC, et al. Effect of

probiotic bacteria on the intestinal microbiota in irritable bowel syndrome. J

Gastroenterol Hepatol. (2013) 28:1624–31. doi: 10.1111/jgh.12306

112. Lebda MA, Tohamy HG, El-Sayed YS. Long-term soft drink and aspartame

intake induces hepatic damage via dysregulation of adipocytokines and

alteration of the lipid profile and antioxidant status. Nutr Res. (2017) 41:47–

55. doi: 10.1016/j.nutres.2017.04.002

113. Finamor I, Perez S, Bressan CA, Brenner CE, Rius-Perez S, Brittes

PC, et al. Chronic aspartame intake causes changes in the trans-

sulphuration pathway, glutathione depletion and liver damage

in mice. Redox Biol. (2017) 11:701–7. doi: 10.1016/j.redox.2017.

01.019

114. Adaramoye OA, Akanni OO. Effects of long-term administration of

aspartame on biochemical indices, lipid profile and redox status of cellular

system of male rats. J Basic Clin Physiol Pharmacol. (2016) 27:29–

37. doi: 10.1515/jbcpp-2014-0130

115. Ashok I, Sheeladevi R. Oxidant stress evoked damage in rat

hepatocyte leading to triggered nitric oxide synthase (NOS) levels

on long term consumption of aspartame. J Food Drug Anal. (2015)

23:679–91. doi: 10.1016/j.jfda.2014.07.011

116. Hanawa Y, Higashiyama M, Sugihara N, Wada A, Inaba K, Horiuchi

K, et al. Su1775 – artificial sweetener acesulfame potassium enhanced

lymphocyte migration to intestinal microvessels by enhancing expression

of adhesion molecules through dysbiosis. Gastroenterology. (2019) 156:S-

606. doi: 10.1016/S0016-5085(19)38412-4

117. Flamm WG, Blackburn GL, Comer CP, Mayhew DA, Stargel WW. Long-

term food consumption and body weight changes in neotame safety studies

are consistent with the allometric relationship observed for other sweeteners

and during dietary restrictions. Regul Toxicol Pharmacol. (2003) 38:144–

56. doi: 10.1016/S0273-2300(03)00075-8

118. Madianos PN, Bobetsis YA, Kinane DF. Generation of inflammatory stimuli:

how bacteria set up inflammatory responses in the gingiva. J Clin Periodontol.

(2005) 32(Suppl. 6):57–71. doi: 10.1111/j.1600-051X.2005.00821.x

119. de La Serre CB, Ellis CL, Lee J, Hartman AL, Rutledge JC, Raybould HE.

Propensity to high-fat diet-induced obesity in rats is associated with changes

in the gut microbiota and gut inflammation. Am J Physiol Gastrointest Liver

Physiol. (2010) 299:G440–8. doi: 10.1152/ajpgi.00098.2010

120. Cullender TC, Chassaing B, Janzon A, Kumar K, Muller CE,

Werner JJ, et al. Innate and adaptive immunity interact to quench

microbiome flagellar motility in the gut. Cell Host Microbe. (2013)

14:571–81. doi: 10.1016/j.chom.2013.10.009

121. Nakagawa I, Amano A, Kuboniwa M, Nakamura T, Kawabata S, Hamada S.

Functional differences among FimA variants of Porphyromonas gingivalis

and their effects on adhesion to and invasion of human epithelial cells. Infect

Immun. (2002) 70:277–85. doi: 10.1128/IAI.70.1.277-285.2002

122. Freeman BD, Natanson C. Anti-inflammatory therapies in

sepsis and septic shock. Expert Opin Investig Drugs. (2000)

9:1651–63. doi: 10.1517/13543784.9.7.1651

123. Nettleton JE, Reimer RA, Shearer J. Reshaping the gut microbiota: Impact

of low calorie sweeteners and the link to insulin resistance? Physiol Behav.

(2016) 164:488–93. doi: 10.1016/j.physbeh.2016.04.029

124. Azzam KM, Fessler MB. Crosstalk between reverse cholesterol

transport and innate immunity. Trends Endocrinol Metab. (2012)

23:169–78. doi: 10.1016/j.tem.2012.02.001

125. Guo C, Chen WD, Wang YD. TGR5, not only a metabolic regulator. Front

Physiol. (2016) 7:646. doi: 10.3389/fphys.2016.00646

126. Li R, Zheng J, Jiang M, Liu Y, Qin X, Wang X. Increased digestive proteases

and decreased beta-glucuronidase in feces of rats treated with sucralose

and saccharin-another critical evidence that these dietary chemicals may be

important causative factors for inflammatory bowel disease. Inflamm Bowel

Dis. (2016) 22:E29–30. doi: 10.1097/MIB.0000000000000859

127. Madara JL, Pappenheimer JR. Structural basis for physiological regulation of

paracellular pathways in intestinal epithelia. J Membr Biol. (1987) 100:149–

64. doi: 10.1007/BF02209147

128. Fernstrom JD, Munger SD, Sclafani A, de Araujo IE, Roberts

A, Molinary S. Mechanisms for sweetness. J Nutr. (2012)

142:1134S−41S. doi: 10.3945/jn.111.149567

129. Nelson G, Hoon MA, Chandrashekar J, Zhang Y, Ryba NJ,

Zuker CS. Mammalian sweet taste receptors. Cell. (2001)

106:381–90. doi: 10.1016/S0092-8674(01)00451-2

130. Li X, Staszewski L, Xu H, Durick K, Zoller M, Adler E. Human receptors

for sweet and umami taste. Proc Natl Acad Sci USA. (2002) 99:4692–

6. doi: 10.1073/pnas.072090199

131. Kuhn C, Bufe B, Winnig M, Hofmann T, Frank O, Behrens M, et al. Bitter

taste receptors for saccharin acesulfame K. J Neurosci. (2004) 24:10260–

5. doi: 10.1523/JNEUROSCI.1225-04.2004

132. Turner A, Veysey M, Keely S, Scarlett CJ, Lucock M, Beckett EL.

Intense sweeteners, taste receptors and the gut microbiome: a

metabolic health perspective. Int J Environ Res Public Health. (2020)

17:4094. doi: 10.3390/ijerph17114094

133. Depoortere I. Taste receptors of the gut: emerging roles in health and disease.

Gut. (2014) 63:179–90. doi: 10.1136/gutjnl-2013-305112

134. Jang HJ, Kokrashvili Z, Theodorakis MJ, Carlson OD, Kim BJ, Zhou

J, et al. Gut-expressed gustducin and taste receptors regulate secretion

of glucagon-like peptide-1. Proc Natl Acad Sci USA. (2007) 104:15069–

74. doi: 10.1073/pnas.0706890104

Frontiers in Nutrition | www.frontiersin.org 14 September 2021 | Volume 8 | Article 746247

https://doi.org/10.9734/ejnfs/2019/v9i430082
https://doi.org/10.1055/s-2005-870528
https://doi.org/10.1078/0944-7113-00081
https://doi.org/10.1155/2018/1345282
https://doi.org/10.1093/femsec/fiaa079
https://doi.org/10.1021/jf072681o
https://doi.org/10.1038/ng.3663
https://doi.org/10.1021/jf0523465
https://doi.org/10.17305/bjbms.2013.2372
https://doi.org/10.1177/0394632015586134
https://doi.org/10.1152/ajpgi.00152.2012
https://doi.org/10.1006/abbi.1995.1006
https://doi.org/10.1093/infdis/jiu205
https://doi.org/10.1111/jgh.12306
https://doi.org/10.1016/j.nutres.2017.04.002
https://doi.org/10.1016/j.redox.2017.01.019
https://doi.org/10.1515/jbcpp-2014-0130
https://doi.org/10.1016/j.jfda.2014.07.011
https://doi.org/10.1016/S0016-5085(19)38412-4
https://doi.org/10.1016/S0273-2300(03)00075-8
https://doi.org/10.1111/j.1600-051X.2005.00821.x
https://doi.org/10.1152/ajpgi.00098.2010
https://doi.org/10.1016/j.chom.2013.10.009
https://doi.org/10.1128/IAI.70.1.277-285.2002
https://doi.org/10.1517/13543784.9.7.1651
https://doi.org/10.1016/j.physbeh.2016.04.029
https://doi.org/10.1016/j.tem.2012.02.001
https://doi.org/10.3389/fphys.2016.00646
https://doi.org/10.1097/MIB.0000000000000859
https://doi.org/10.1007/BF02209147
https://doi.org/10.3945/jn.111.149567
https://doi.org/10.1016/S0092-8674(01)00451-2
https://doi.org/10.1073/pnas.072090199
https://doi.org/10.1523/JNEUROSCI.1225-04.2004
https://doi.org/10.3390/ijerph17114094
https://doi.org/10.1136/gutjnl-2013-305112
https://doi.org/10.1073/pnas.0706890104
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Basson et al. Artificial Sweeteners and Inflammation

135. Lee AA, Owyang C. Sugars, sweet taste receptors, and brain responses.

Nutrients. (2017) 9:653. doi: 10.3390/nu9070653

136. Ma J, BellonM,Wishart JM, Young R, Blackshaw LA, Jones KL, et al. Effect of

the artificial sweetener, sucralose, on gastric emptying and incretin hormone

release in healthy subjects. Am J Physiol Gastrointest Liver Physiol. (2009)

296:G735–9. doi: 10.1152/ajpgi.90708.2008

137. Shah A, Morrison M, Burger D, Martin N, Rich J, Jones M, et al. Systematic

review with meta-analysis: the prevalence of small intestinal bacterial

overgrowth in inflammatory bowel disease. Aliment Pharmacol Ther. (2019)

49:624–35. doi: 10.1111/apt.15133

138. Brown RJ, Walter M, Rother KI. Ingestion of diet soda before a glucose load

augments glucagon-like peptide-1 secretion. Diabetes Care. (2009) 32:2184–

6. doi: 10.2337/dc09-1185

139. Temizkan S, Deyneli O, Yasar M, Arpa M, Gunes M, Yazici D, et al.

Sucralose enhances GLP-1 release and lowers blood glucose in the presence

of carbohydrate in healthy subjects but not in patients with type. 2 diabetes.

Eur J Clin Nutr. (2015) 69:162–6. doi: 10.1038/ejcn.2014.208

140. Bachmanov AA, Bosak NP, Lin C, Matsumoto I, Ohmoto M, Reed DR,

et al. Genetics of taste receptors. Curr Pharm Des. (2014) 20:2669–

83. doi: 10.2174/13816128113199990566

141. Bachmanov AA, Tordoff MG, Beauchamp GK. Sweetener

preference of C57BL/6ByJ and 129P3/J mice. Chem Senses. (2001)

26:905–13. doi: 10.1093/chemse/26.7.905

142. Nie Y, Vigues S, Hobbs JR, Conn GL, Munger SD. Distinct contributions of

T1R2 and T1R3 taste receptor subunits to the detection of sweet stimuli.Curr

Biol. (2005) 15:1948–52. doi: 10.1016/j.cub.2005.09.037

143. Reed DR, Li S, Li X, Huang L, Tordoff MG, Starling-Roney R, et al.

Polymorphisms in the taste receptor gene (Tas1r3) region are associated

with saccharin preference in 30 mouse strains. J Neurosci. (2004) 24:938–

46. doi: 10.1523/JNEUROSCI.1374-03.2004

144. Daly K, Al-RammahiM,Moran A,MarcelloM, Ninomiya Y, Shirazi-Beechey

SP. Sensing of amino acids by the gut-expressed taste receptor T1R1-T1R3

stimulates CCK secretion. Am J Physiol Gastrointest Liver Physiol. (2013)

304:G271–82. doi: 10.1152/ajpgi.00074.2012

145. Mace OJ, Affleck J, Patel N, Kellett GL. Sweet taste receptors in rat small

intestine stimulate glucose absorption through apical GLUT2. J Physiol.

(2007) 582:379–92. doi: 10.1113/jphysiol.2007.130906

146. Swithers SE, Laboy AF, Clark K, Cooper S, Davidson TL. Experience

with the high-intensity sweetener saccharin impairs glucose

homeostasis and GLP-1 release in rats. Behav Brain Res. (2012)

233:1–4. doi: 10.1016/j.bbr.2012.04.024

147. Fujita Y, Wideman RD, Speck M, Asadi A, King DS, Webber TD,

et al. Incretin release from gut is acutely enhanced by sugar but not

by sweeteners in vivo. Am J Physiol Endocrinol Metab. (2009) 296:E473–

9. doi: 10.1152/ajpendo.90636.2008

148. Haines DJ, Swan CH, Green JR, Woodley JF. Mucosal peptide hydrolase

and brush-border marker enzyme activities in three regions of the small

intestine of rats with experimental uraemia. Clin Sci. (1990) 79:663–

8. doi: 10.1042/cs0790663

149. Bezencon C, le Coutre J, Damak S. Taste-signaling proteins are

coexpressed in solitary intestinal epithelial cells. Chem Senses. (2007)

32:41–9. doi: 10.1093/chemse/bjl034

150. Wu Y, Zhou BP. TNF-alpha/NF-kappaB/Snail pathway in

cancer cell migration and invasion. Br J Cancer. (2010)

102:639–44. doi: 10.1038/sj.bjc.6605530

151. Fengyang L, Yunhe F, Bo L, Zhicheng L, Depeng L, Dejie L, et al. Stevioside

suppressed inflammatory cytokine secretion by downregulation of NF-

kappaB and MAPK signaling pathways in LPS-stimulated RAW264.7

cells. Inflammation. (2012) 35:1669–75. doi: 10.1007/s10753-012-

9483-0

152. Wang T, Guo M, Song X, Zhang Z, Jiang H, Wang W, et al. Stevioside plays

an anti-inflammatory role by regulating the NF-kappaB MAPK pathways in

S. aureus-infected mouse mammary glands. Inflammation. (2014) 37:1837–

46. doi: 10.1007/s10753-014-9915-0

153. Braissant O, Foufelle F, Scotto C, Dauca M,Wahli W. Differential expression

of peroxisome proliferator-activated receptors (PPARs): tissue distribution

of PPAR-alpha, -beta, and -gamma in the adult rat. Endocrinology. (1996)

137:354–66. doi: 10.1210/endo.137.1.8536636

154. van Raalte DH, Li M, Pritchard PH, Wasan KM. Peroxisome

proliferator-activated receptor (PPAR)-alpha: a pharmacological

target with a promising future. Pharm Res. (2004) 21:1531–

8. doi: 10.1023/B:PHAM.0000041444.06122.8d

155. Yoon M. The role of PPARalpha in lipid metabolism and obesity: focusing

on the effects of estrogen on PPARalpha actions. Pharmacol Res. (2009)

60:151–9. doi: 10.1016/j.phrs.2009.02.004

156. Latha S, Chaudhary S, Ray R. Hydroalcoholic extract of Stevia

rebaudiana bert. leaves and stevioside ameliorates lipopolysaccharide

induced acute liver injury in rats. Biomed Pharmacother. (2017)

95:1040–50. doi: 10.1016/j.biopha.2017.08.082

157. Chapple IL. Reactive oxygen species and antioxidants in

inflammatory diseases. J Clin Periodontol. (1997) 24:287–

96. doi: 10.1111/j.1600-051X.1997.tb00760.x

158. Choudhary AK, Sheela Devi R. Longer period of oral administration of

aspartame on cytokine response in Wistar albino rats. Endocrinol Nutr.

(2015) 62:114–22. doi: 10.1016/j.endoen.2015.02.010

159. Jobin C, Hellerbrand C, Licato LL, Brenner DA, Sartor RB. Mediation

by NF-kappa B of cytokine induced expression of intercellular adhesion

molecule 1 (ICAM-1) in an intestinal epithelial cell line, a process blocked

by proteasome inhibitors. Gut. (1998) 42:779–87. doi: 10.1136/gut.42.6.779

160. Ohmori Y, Hamilton TA. IFN-gamma selectively inhibits

lipopolysaccharide-inducible JE/monocyte chemoattractant protein-1

and KC/GRO/melanoma growth-stimulating activity gene expression in

mouse peritoneal macrophages. J Immunol. (1994) 153:2204–12.

161. Song F, Ito K, Denning TL, Kuninger D, Papaconstantinou J, Gourley W,

et al. Expression of the neutrophil chemokine KC in the colon of mice

with enterocolitis and by intestinal epithelial cell lines: effects of flora and

proinflammatory cytokines. J Immunol. (1999) 162:2275–80.

162. EP3128855A2 Sweetener Compositions and Foods, Beverages, and

Consumable Products Made Thereof. Available online at: https://worldwide.

espacenet.com/patent/search/family/054324663/publication/EP3128855A2?

q=pn%3DEP3128855A2 (accessed August 16, 2021).

163. Ogawa T, Okumura R, Nagano K, Minemura T, Izumi M,

Motooka D, et al. Oral intake of silica nanoparticles exacerbates

intestinal inflammation. Biochem Biophys Res Commun. (2021)

534:540–6. doi: 10.1016/j.bbrc.2020.11.047

164. Compan V, Martin-Sanchez F, Baroja-Mazo A, Lopez-Castejon G, Gomez

AI, Verkhratsky A, et al. Apoptosis-associated speck-like protein containing

a CARD forms specks but does not activate caspase-1 in the absence

of NLRP3 during macrophage swelling. J Immunol. (2015) 194:1261–

73. doi: 10.4049/jimmunol.1301676

165. Najda J, Gminski J, Drozdz M, Danch A. Silicon metabolism. The

interrelations of inorganic silicon (Si) with systemic iron (Fe), Zinc (Zn),

and copper (Cu) pools in the rat. Biol Trace Elem Res. (1992) 34:185–

95. doi: 10.1007/BF02785246

166. Najda J, Gminski J, Drozdz M, Flak A. The effect of silicon (Si) on lipid

parameters in blood serum and arterial wall. Biol Trace Elem Res. (1991)

31:235–47. doi: 10.1007/BF02990194

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Basson, Rodriguez-Palacios and Cominelli. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Nutrition | www.frontiersin.org 15 September 2021 | Volume 8 | Article 746247

https://doi.org/10.3390/nu9070653
https://doi.org/10.1152/ajpgi.90708.2008
https://doi.org/10.1111/apt.15133
https://doi.org/10.2337/dc09-1185
https://doi.org/10.1038/ejcn.2014.208
https://doi.org/10.2174/13816128113199990566
https://doi.org/10.1093/chemse/26.7.905
https://doi.org/10.1016/j.cub.2005.09.037
https://doi.org/10.1523/JNEUROSCI.1374-03.2004
https://doi.org/10.1152/ajpgi.00074.2012
https://doi.org/10.1113/jphysiol.2007.130906
https://doi.org/10.1016/j.bbr.2012.04.024
https://doi.org/10.1152/ajpendo.90636.2008
https://doi.org/10.1042/cs0790663
https://doi.org/10.1093/chemse/bjl034
https://doi.org/10.1038/sj.bjc.6605530
https://doi.org/10.1007/s10753-012-9483-0
https://doi.org/10.1007/s10753-014-9915-0
https://doi.org/10.1210/endo.137.1.8536636
https://doi.org/10.1023/B:PHAM.0000041444.06122.8d
https://doi.org/10.1016/j.phrs.2009.02.004
https://doi.org/10.1016/j.biopha.2017.08.082
https://doi.org/10.1111/j.1600-051X.1997.tb00760.x
https://doi.org/10.1016/j.endoen.2015.02.010
https://doi.org/10.1136/gut.42.6.779
https://worldwide.espacenet.com/patent/search/family/054324663/publication/EP3128855A2?q=pn%3DEP3128855A2
https://worldwide.espacenet.com/patent/search/family/054324663/publication/EP3128855A2?q=pn%3DEP3128855A2
https://worldwide.espacenet.com/patent/search/family/054324663/publication/EP3128855A2?q=pn%3DEP3128855A2
https://doi.org/10.1016/j.bbrc.2020.11.047
https://doi.org/10.4049/jimmunol.1301676
https://doi.org/10.1007/BF02785246
https://doi.org/10.1007/BF02990194
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Artificial Sweeteners: History and New Concepts on Inflammation
	Introduction
	History and Chemistry of Artificial Sweeteners
	Metabolism and Bacterial Utilization of Artificial Sweeteners
	Local and Systemic Bacterial Metabolites
	Tryptophan Metabolism
	Short Chain Fatty Acid Synthesis
	Bacterial Genes Involved in Energy Metabolism
	Effect on Intestinal Epithelial Cells

	Metabolic and Inflammatory Effects of AS Depend on the Diet

	Host Genetics Mediates Artificial Sweetener Effects
	Artificial Sweeteners on Digestive Inflammation Outcomes
	Bacterial Lipopolysaccharide, Flagella, and Toxins
	Bile Acid Metabolism
	Intestinal Permeability and Inflammation Pathways
	Tight Junction Proteins
	Sweet Taste and Bitterness Receptors in the Gut

	Tumor Necrosis Factor-Alpha, Toll-Like Receptor, and NF-κB
	Peroxisome Proliferator-Activated Receptor (PPAR)-Alpha
	Cytochrome P450-Xenobiotic Detoxification
	Oxidative Stress
	Intracellular Adhesion Molecule (icam-1) and Immunoglobulins
	Artificial Alternative Using Sugar-Silica as a Substitute to AS, and Its Effect on Intestinal Inflammation

	Conclusions
	Author Contributions
	Funding
	References


