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a b s t r a c t

Background: Gut microbes play a crucial role in the maintenance of human health. Components in the
diet of the host affect their metabolism and diversity. Here, we investigated the influences of three
commonly used non-caloric artificial sweeteners-aspartame, acesulfame K and sucralose-on the growth
and metabolism of an omnipresent gut microbe Escherichia coli K-12. Methods: Growth of E. coli in the
presence of aspartame, acesulfame K and sucralose in media was assessed and the influences of these
artificial sweeteners on metabolism were investigated by relative expression analysis of genes encoding
the rate limiting steps of important metabolic pathways as well as their global metabolomic profiles.
Results: As a whole, E. coli growth was inhibited by aspartame and induced by acesulfame potassium,
while the effect of sucralose on growth was less prominent. Although the expressions of multiple key
enzymes that regulate important metabolic pathways were significantly altered by all three sweeteners,
acesulfame K caused the most notable changes in this regard. In multivariate analysis with the metab-
olite profiles, the sucralose-treated cells clustered the closest to the untreated cells, while the acesulfame
potassium treated cells were the most distant. These sweeteners affect multiple metabolic pathways in
E. coli, which include propanoate, phosphonate, phosphinate and fatty acid metabolism, pentose phos-
phate pathway, and biosynthesis of several amino acids including lysine and the aromatic amino acids.
Similar to the gene expression pattern, acesulfame potassium treated E. coli showed the largest deviation
in their metabolite profiles compared to the untreated cells.
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Non-caloric artificial sweeteners, also popularly known as non-
nutritive sweeteners, have gained much popularity over the past
few decades for their ability to provide sweet taste without asso-
ciated high caloric content [1]. This rise in popularity got more
thrust from reports that linked high sugar content in diet with
different physiological conditions like insulin resistance and type 2
diabetes mellitus (T2DM), cardiovascular diseases (CVDs), fatty
liver, dyslipidemia and hyperuricemia [1e3] and showed a positive
role of non-caloric artificial sweeteners (NAS) in weight reduction
. Shehreen), abu.sajib@du.ac.
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[4,5]. Artificial sweeteners are currently used in varieties of pro-
cessed foods, soft drinks, powdered drinks, baking goods, etc.

However, the non-caloric artificial sweeteners may not be
without caveats. Several studies in the recent years reported that
artificial sweetener consumptionmay be associated with T2DM [6],
obesity [7], CVDs [8], psychotic conditions [9], headaches [10],
vestibular neuronitis and hearing loss [11], oxidative stress [12],
and even cancer [13]. Although these artificial sweeteners were
previously thought to be harmless due to their lack of interaction
within the gastrointestinal tract [14], these newer findings have
raised concerns about the mechanism behind such effects.

Human gastrointestinal tract is inhabited by a dense and diverse
microbiota [15]. Their role in human physiology is so prominent
that these are considered to be a virtual organ [16] and our second
genome [17]. Their diversity is a result of host genotype and factors
like lifestyle and diet [18,19]. Diet influences the metabolic path-
ways in these gut microbes [20,21]. The composition of gut
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microbiome can also be altered by artificial sweeteners [15,22],
which in turn might result in the physiological abnormalities in
their hosts [23,24]. Some studies in the recent years have reported
that non-caloric artificial sweeteners can induce glucose intoler-
ance [22] and weight gain [25] by altering the composition of gut
microbiota. Such reports have formed a base to establish an indirect
connection between the intake of these sweeteners and certain
metabolic disorders via the alteration of gut microbiota.

Three most popular non-nutritive sweeteners are acesulfame
potassium, aspartame and sucralose. Acesulfame potassium, which
is approximately 200 times as sweet as sucrose, is the potassium
salt of acesulfame (6-methyl-1,2,3-oxathiazine-4(3H)-one 2,2-
dioxide), an acidic cyclic sulfonamide [26]. Aspartame (N-L-a-
aspartyl-L-phenylalanine-1-methyl ester) is a methyl ester of
phenylalanine and aspartic acid and it is also 200 times sweeter
than sucrose [26]. Sucralose, the most widely used FDA-approved
artificial sweetener, is a synthetic molecule generated by substi-
tution of three hydroxyl groups in sucrose [14]. It is 600 times
sweeter than sucrose.

Escherichia coli, a member of the Enterobacteriaceae family, is
one of the first gut colonizers in human that persist throughout the
lifetime [16,27]. Being a facultative anaerobe, E. coli helps creating
an anaerobic environment by consuming the remaining oxygen in
the gut [27]. It plays beneficial roles in human health by producing
vitamin K [28] and conferring resistance to invading pathogens
[29,30]. Despite its lower abundance in the human gut compared to
several other major gut bacteria such as Bifidobacterium, Bacter-
oides, Clostridium, etc., it is one of the most common gut colonizers
[16,27]. It can become pathogenic in immunocompromized in-
dividuals [31]. Alterations in the abundance of gut E. coli have been
reported in diseases like type 2 diabetes [32], asthma [33] and in-
flammatory bowel diseases [34]. As a species, E. coli is one of the
most important and best understood model organisms [35,36]. In
addition, unlike most other gut bacteria, which are largely obligate
anaerobes, E. coli can be grown in aerobic conditions in vitro.

In the present study, we investigated and compared the influ-
ence of acesulfame potassium, aspartame and sucralose on the
growth andmetabolism of E. coli. In a previous study, we found that
a commercially available artificial sweetener preparation contain-
ing a combination of aspartame and acesulfame potassium can
influence E. coli growth and modulate the expression of some of its
key regulatory genes associated with glucose, nucleotide and fatty
acid metabolism [37]. In the present study, we investigated and
compared the influence of acesulfame potassium, aspartame and
sucralose per se on the growth and metabolism of E. coli.

2. Materials and methods

2.1. Assessment of E. coli growth with different NAS in media

E. coli K-12 strain in log-phase were inoculated in Luria Bertani
(LB) medium (610084, Liofilchem®) at pH 5.2. Different concen-
trations of acesulfame potassium, aspartame and sucralose were
supplemented to the media to assess their influences on E. coli
growth. NAS stock solutions inwater were filter sterilized (0.22 mm)
to ensure that the sweeteners were stable and functional in culture
media and added after the media were autoclaved. Bacteria were
incubated at 37 �C and 135 rpm in 96-well microtiter plates. Blank
cultures corresponding to each sweetener concentration were also
prepared. At least two biological replicates each with four technical
replicates for each of the NAS were used in the study. Optical
density (OD) at 630 nm was measured at 30 min time intervals
using a microplate reader (Gentaur/GDMS, Belgium) for 5 h. The
average optical density of the blank from each reading was sub-
tracted from the corresponding OD of the bacterial culture.
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Bacterial growth curves were generated by plotting the average OD
of the cultures at different time intervals.

2.2. Relative gene expression analysis

E. coli cells in log phase were inoculated in LB medium con-
taining either 0 or 6 mg/mL of aspartame, acesulfame potassium or
sucralose and incubated at 37 �C at 135 rpm for 5 h. The pH of the
media was kept at 5.2. After 5 h of incubation, 2 mL aliquots of
bacterial culture were taken into nuclease-free micro-centrifuge
tubes and centrifuged at 5000 rpm for 3 min to collect the cell
pellets. Cells were washed with phosphate-buffered saline (PBS)
(137mMNaCl, 2.7mMKCl,10mMNa2HPO4 and 1.8mMKH2PO4) at
10,000�g for 2 min, re-suspended in 100 mL of lysozyme (62971,
Sigma-Aldrich) solution in PBS and incubated at 37 �C for 15 min.
Cells were disrupted using syringe and 21-gauge needle. Total RNA
was extracted from the bacterial cell lysates using FavorPrep™
Tissue Total RNA Mini Kit (FATRK001, Favorgen®) following the
manufacturer’s protocol. RNA was treated with RNase-free DNase I
(18068015, Invitrogen™) solution in column to eliminate genomic
DNA contamination. RNA was eluted in nuclease free water. Con-
centration and purity of RNAweremeasured using OneDropMicro-
Volume Spectrophotometer (Biometrics Technologies). The integ-
rity of RNA was checked following electrophoresis in a 1% agarose
gel in 0.5x TAE buffer. Fusion Pulse 6 gel documentation system
(Vilber) was later used to visualize the RNA bands.

SuperScript™ III First-Strand Synthesis kit (18080051, Invi-
trogen™) was used to synthesize the first-strand cDNA following
the manufacturers’ protocol. 5 mg of total RNA from each sample
was used with 1 mL of random hexamers to prime cDNA synthesis.
The reaction mixtures were finally treated with 1 mL of RNase H
(18080051, Invitrogen™) to remove RNA.

Nine key regulatory enzymes (aceE, adk, fabI, glgC, lpd, pfkA,
pfkB, tdk1 and thyA) that control important metabolic pathways
[37] in E. coli were selected from the Rate-Limiting Enzyme data-
base (RLEdb) [38] for corresponding gene expression analysis. The
gene encoding DNA gyrase (gyrA) was used as the reference to
normalize gene expression data. Relevant information about the
primers is given in Refs. [37]. Gene expression levels in the presence
of different NAS were compared using relative quantitative PCR
with PowerUp™ SYBR™ GreenMasterMix (A25780, Thermo Fisher
Scientific) in StepOnePlus™ Real-Time PCR machine (Applied Bio-
systems). Reaction mixtures were set in final volume of 15 mL with
equal quantity of template cDNA in each well of MicroAmp™ Fast
8-Tube Strip (4358293, Applied Biosystems™). Overall the
composition of each reaction mixture was as follows: PowerUp™
SYBR™ Green Master Mix 7.5 mL, 0.6 mL of forward and reverse
primer mix (5 mM each), PCR grade-water 4.9 mL, sample cDNA
2.0 mL. The amplification programme was as follows: UDG activa-
tion at 50 �C for 2 min, DNA polymerase activation at 95 �C for
2 min, then 40 cycles each with denaturation at 95 �C for 15 s
followed by annealing and extension at 60 �C for 1 min. Amplifi-
cation data were collected at the end of each extension step.
Amplification specificities were assessed by melt curve analysis
after the end of each amplification programme. Specificities of the
amplicons were also assessed in 1% agarose gel following electro-
phoresis. Primer efficiencies were calculated from the slopes of the
standard curves and the relative gene expression levels were cor-
rected for primer efficiencies following the method described by
Pfaffl [39]. Cycle threshold (Ct) value of amplification for each gene
sample was set manually.

2.3. Metabolic profiling and pathway identification

500 mL of the same bacterial culture, which was used for the
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gene expression analysis, was added to a micro-centrifuge tube and
quenched by adding twice the amount (1 mL) of cold (�48 �C) 60%
methanol (HPLC grade) to quench internal cellular processes
without leeching metabolites in to the medium. Samples were
centrifuged at 4800�g for 10 min at �8 �C to pellet cellular mass.
Cell media was removed and re-centrifuged at 4800�g for 10 min
at �8 �C followed by the removal of the residual quenching media.
The cell biomass was suspended in 1 mL of cold (�48 �C) 80%
methanol. The dissolved pellet was transferred to a pre-chilled
Eppendorf tube, snap frozen in liquid nitrogen for 1 min and then
allowed tomelt on ice. Upon thawing, the solutionwas vortexed for
30 s and then the snap freezing step was repeated 2 more times.
The solutionwas centrifuged at�8 �C at 14,500�g for 5min and the
supernatant was transferred into a fresh pre-chilled Eppendorf
tube. 500 mL of extraction solvent (80% methanol at �80 �C) was
added and the steps described above were repeated, followed by
addition of the extracted solution to a 2 mL Eppendorf tube. The
extracted metabolites were stored at �80 �C following snap
freezing in liquid nitrogen.

Extracted metabolites were diluted using a 1:1 HPLC-grade
methanol and water mixture. 0.1% formic acid was added to the
mixture. The samples were 100 times diluted by mixing 20 mL
extracted sample with 1980 mL of the dilution solution. A reference
solution was made using Pierce™ Reserpine Standard for LC-MS
(88326, ThermoFisher Scientific). A stock reference contained
1 pg/mL of reserpine in 50% methanol and 0.1% formic acid. This
stock was diluted further to create 0.1 pg/mL and 0.01 pg/mL working
solution. Diluted samples were kept submerged in ultrasonic water
bath for 10 min to remove the soluble gases in the solution. The
degassed samples were injected into the 3200MD QTRAP MS/MS
System (SCIEX) using direct infusion method (at 10 mL/min flow
rate) and ion-spray ionization (IonSpray Voltage 4500) for global
Q1 mass analysis.

Metabolic data were processed and analyzed using the tools at
the online platform MetaboAnalyst 4.0 [40]. All the m/z peak in-
tensities were filtered by the corresponding values in the blank.
Data from each sample were normalized by total ion current fol-
lowed by log transformation and autoscaling. The global metab-
olomic profiles of different NAS treatments were compared using
supervised and un-supervised multivariate analyses- Principal
Component Analysis (PCA) and Partial Least Squares Discriminant
Analysis (PLS-DA). Metabolites with significantly different in-
tensities (False discovery rate <0.05) between paired groups (un-
treated vs aspartame treated, untreated vs acesulfame potassium
treated, and untreated vs sucralose treated) were used to identify
the associated pathways in Escherichia coli K-12 MG1655 based on
the KEGG pathway database using Mummichog program via
Metaboanalyst.

2.4. Statistical analysis

Raw data were processed using Microsoft Excel. Bacterial
growth curves and gene expression bar graphs were generated and
statistically analyzed using GraphPad Prism 6. Primer efficiencies
were calculated from plots of serial dilution of templates. Metabolic
data were analyzed using tools at MetaboAnalyst 4.0 [40].

3. Results and discussion

3.1. In vitro analysis of the effects of acesulfame potassium,
aspartame and sucralose on E. coli growth

To assess the effects of non-cloric artificial sweeteners on E. coli
growth, we incubated the bacteria in the presence of either
aspartame, acesulfame potassium or sucralose for 5 h. E. coli
3

showed different growth patterns in the presence of different
sweeteners (Fig. 1). For the first 2.5 h, none of the sweeteners
seemed to affect E. coli growth much. After 2.5 h, the presence of
aspartame and sucralose inhibited E. coli growth compared to the
control. But after 3.5 h, there appeared to be a decrease in the
inhibitory effect of sucralose and after 5 h no difference could be
observed between growth in the sucralose treated and the control
groups. Aspartame continued to inhibit bacterial growth for rest of
the incubation period. On the other hand, acesulfame potassium
continued to increase E. coli growth after 2.5 h of incubation period.
But growth seemed to slow down after 4.5 h of incubation. As a
whole, E. coli growth was largely inhibited by aspartame and
induced by acesulfame potassium, while the effect of sucralose on
growth was less prominent.

An earlier study also reported less inhibitory effect of sucralose
on E. coli compared to acesulfame potassium and aspartame [41].
Splenda, which is a combination of sucralose andmaltodextrin, was
reported to promote E. coli growth in SAMP mice [42]. However, a
recent study showed strong inhibitory effects of both sucralose and
acesulfame potassium at concentrations of 12.5 and 25mg/mL [43].
We did not use such high concentrations in our study and differ-
ences in artificial sweetener dose can generate different results
about their effects on gut microbiome [44]. Wang et al. [43] re-
ported a drastic reduction in OD at 600 nmwhen the concentration
of sucralose was doubled from 12.5 mg/mL to 25 mg/mL. It clearly
indicated increased inhibition of growth with increasing sucralose
concentration. The study also reported 98% decrease in E. coli K-12
growth at 25 mg/mL of acesulfame potassium after 5 h of incuba-
tion. In our study, we observed reduced growth of E. coli K-12 after
5 h of incubation in 7 mg/mL acesulfame potassium compared to
6 mg/mL of acesulfame potassium (Fig. 1A). So, it is possible that
inhibitory effects of acesulfame potassium on E. coli K-12 becomes
prominent at high concentrations. Hence, in case of both sucralose
and acesulfame potassium, the strong inhibitory effects on E. coli
growth could be due to their high concentrations.

Changes in the abundance of gut E. coli are associated with
multiple diseases. Its increased abundance is associated with T2DM
[24], Hashimoto’s thyroditis [45], cystic fibrosis [46], inflammatory
bowel diseases [47], Crohn’s Disease [34], atheroscleorsis [48],
asthma [33], etc. Decrease in its abundance is associated with
Helicobacter pylori infection [49]. Altered abundance of E. coli also
plays an important role in the development of chronic kidney
disease, although the exact pattern of alteration is not yet clear
[50,51]. So, enrichment of E. coli in the gut may be associated with
more diseases than its reduced abundance.

In the present study, acesulfame potassium was the only
sweetener that strongly stimulated E. coli growth during the in-
cubation period. Long-term consumption of acesulfame potassium
may accelerate atherosclerosis and senescence [52]. It may play a
strong role in intestinal glucose uptake [52]. Acesulfame potassium
consumption has been associated with glucose intolerance and
adipose tissue dysfunction in pregnant mice [53]. The effects of
acesulfame potassium on the abundance of E. coli in the gut may
explain some of its health effects. However, under in vivo condi-
tions, cecal and colonic bacteria are unlikely to be exposed to high
concentrations of acesulfame potassium due to its fast absorption
and urinary excretion [54]. This must be taken into account while
assessing the roles of acesulfame potassium in diseases in this
context.

In our study, sucralose did not strongly affect E. coli growth. This
is also in agreement with the previous findings on the effects of
sucralose on human health. Its consumption does not affect glucose
homeostasis and short-term glucose control in diabetic patients
[55]. It may not affect glucose homeostasis and short-term hunger
signaling in non-diabetic individuals either [56].



Fig. 1. Growth of E. coli in LB media supplemented with different NAS. (A) Acesulfame K, (B) Aspartame and (C) Sucralose.
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In this study, aspartame inhibited E. coli growth. Aspartame does
not affect satiety, energy intake, postprandial glucose and insulin
mostly in healthy individuals [57,58]. It is well-tolerated by non-
insulin-dependent diabetic patients [59]. But it may be associated
with greater obesity-related glucose intolerance [60]. Obese in-
dividuals suffer from gut dysbiosis [61]. So, possible aspartame-
mediated inhibition of E. coli growth may have complex effects
on an already imbalanced gut microbiota.

3.2. Acesulfame potassium, aspartame and sucralose modulate
expression of key metabolic genes in E. coli

We assessed the relative expression of nine genes encoding the
key enzymes that regulate important metabolic pathways [37].
Among these the relative expressions of adk, fabI, lpd, pfkA, pfkB and
tdk were significantly altered (P < 0.05) by at least one of the
artificial sweeteners used in this study (Fig. 2 and Table 1). Ace-
sulfame potassium had the most prominent effects on E. coli gene
expressions. Expressions of five (adk, fabI, pfkA, pfkB and tdk) out of
nine regulatory enzymes were significantly altered (P < 0.05) by
acesulfame potassium. Adenylate kinase (adk), thymidine kinase
(tdk) and thymidylate synthase (thyA) are involved in nucleotide
biosynthesis. Significant reduction (P < 0.001) in adk expression
and significant increase (P < 0.0001) in tdk expression in the
presence of acesulfame potassium may indicate reduced involve-
ment of de novo and increased involvement of the salvage pathway
of nucleotide biosynthesis. ThyA expression did not significantly
differ with respect to the control. 6-phosphofructokinase -1 (pfkA)
and �2 (pfkB), lipoamide dehydrogenase (lpd), E1component of
pyruvate dehydrogenase (aceE) and glucose-1-phosphate adeny-
lyltrasnferase (glgC) are involved in carbohydrate metabolism and
FabI protein (encoded by fabI), an enoyl-ACP reductase, plays a
determinant role in the completion of fatty acid biosynthesis [62].
Both Pfk-1 and -2 can catalyze the phosphorylation of fructose-6-
phosphate, but these do not share sequence similarity [63]. Be-
sides, Pfk-1 catalyzes >90% of this reaction, while Pfk-2 is respon-
sible for <5% of total phosphofructokinase activity [64]. Although
the expression of both enzymes were increased by acesulfame
potassium, expression of pfkA was increased at a higher level
4

(P < 0.001) than that of pfkB (P < 0.01) compared to the control. So,
there was an increased production of fructose-1,6-bisphosphate,
which is indicative of increased breakdown of glucose to pyruvate
through the glycolytic pathway. Glycolysis and Entner-Doudoroff
(ED) pathway are necessary for intestinal colonization by E. coli
[65]. Expression of glgC was also slightly reduced by acesulfame
potassium. This enzyme is responsible for glycogen accumulation,
inversely related to growth rate and most active during stationary
phase [66]. Glycogen synthesis and accumulation may be reduced
by acesulfame potassium as it affects the glucose transport system
of bacteria [67].

Aspartame and sucralose significantly reduced (P < 0.05) adk
expression. But their effects on its expression were less prominent
than acesulfame potassium. Tdk expression was significantly
increased (P < 0.001) by sucralose, but not significantly altered by
aspartame. ThyA expression was not significantly altered by either
of the sweeteners. These expression patterns are consistent with
the observation that E. coli growth was continuously increased and
decreased by sucralose and aspartame, respectively, after 3.5 h
compared to the control. Expression patterns also indicate that the
salvage pathway of nucleotide biosynthesis may play a greater role
than the de novo pathway in E. coli growth in the presence of
sucralose. Although aceE expressionwas not significantly altered by
either aspartame or sucralose, lpd expression was significantly
increased (P < 0.05) by both of these. Besides the pdh promoter
(which regulates expression of pyruvate dehydrogenase compo-
nents), lpd expression is co-regulated with sdh promoter (which
regulates the expression of 2-oxoglutarate dehydrogenase com-
ponents) [68]. ArcA mediates this co-regulation [68], but does not
strongly control the pdh promoter [68]. This may impact lysine
metabolism [69]. Expression of the other genes associated with
carbohydrate metabolism was not altered significantly by aspar-
tame and sucralose. It suggests that these two artificial sweeteners
may have less impact on E. coli carbohydrate metabolism than
acesulfame potassium.

fabI expression was significantly increased (P < 0.001) by ace-
sulfame potassium and sucralose, but was unaltered by aspartame.
Its expression is associated with growth rate of bacteria [70].
Although not statistically significant, its apparently higher



Fig. 2. Relative gene expression in E. coli following treatment with 6 mg/ml of aspartame, acesulfame K and sucralose. Expression levels were compared using Dunnett’s multiple
comparison test (*, **, *** and **** denote p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively).
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expression in presence of sucralose than acesulfame potassium
may be explained by steeper growth at 5 h compared to the growth
at 4.5 h. Over-expression of fabI in E. coli may cause production of
butyrate [71]. Butyrate may play protective roles against conditions
like obesity, cancer, diabetes, inflammatory bowel diseases, etc.,
cause epigenetic changes in the host and may also modulate
behavior of the host [61,72,73].
5

3.3. Acesulfame potassium, aspartame and sucralose modulate
metabolic pathways in E. coli

Global metabolic profiles (of Q1 mass) of 6 mg/ml aspartame,
acesulfame potassium and sucralose treated E. coli cells were
generated and compared using both supervised and unsupervised
multivariate methods (Fig. 3). The cells in PLS-DA plot appear to



Table 1
Genes with significant difference in relative expression level in the non-caloric artificial sweetener treated cells compared to the untreated cells and associated pathways.

Gene with significant difference in relative expression

Affected pathways

Aspartame Acesulfame potassium Sucralose

Genea Pathways Genea Pathways Genea Pathways

adk Purine metabolism (eco00230) adk Purine metabolism (eco00230) Adk Purine metabolism (eco00230)
Thiamine metabolism (eco00730) Thiamine metabolism (eco00730) Thiamine metabolism (eco00730)
Nicotinate and nicotinamide metabolism
(eco00760)

Nicotinate and nicotinamide metabolism
(eco00760)

Nicotinate and nicotinamide metabolism
(eco00760)

_ _ fabI Fatty acid biosynthesis (eco00061) fabI Fatty acid biosynthesis (eco00061)
_ Biotin metabolism (eco00780) Biotin metabolism (eco00780)

Lpd Valine, leucine and isoleucine degradation
(eco00280)

_ _ Lpd Valine, leucine and isoleucine degradation
(eco00280)

Citrate cycle (TCA cycle) (eco00020) _ Citrate cycle (TCA cycle) (eco00020)
Glycolysis/Gluconeogenesis (eco00010) _ Glycolysis/Gluconeogenesis (eco00010)
Glycine, serine and threonine metabolism
(eco00260)

_ Glycine, serine and threonine metabolism
(eco00260)

Glycerophospholipid metabolism (eco00564) _ Glycerophospholipid metabolism (eco00564)
Pyruvate metabolism (eco00620) _ Pyruvate metabolism (eco00620)
Glyoxylate and dicarboxylate metabolism
(eco00630)

_ Glyoxylate and dicarboxylate metabolism
(eco00630)

Propanoate metabolism (eco00640) _ Propanoate metabolism (eco00640)
_ _ pfkA Glycolysis/Gluconeogenesis (eco00010) _ _

_ Biosynthesis of amino acids (eco01230) _
_ Pentose phosphate pathway (eco00030) _
_ Fructose and mannose metabolism (eco00051) _
_ Galactose metabolism (eco00052) _
_ Methane metabolism (eco00680) _
_ RNA degradation (eco03018) _

_ _ pfkB Glycolysis/Gluconeogenesis (eco00010) _ _
_ Biosynthesis of amino acids (eco01230) _
_ Pentose phosphate pathway (eco00030) _
_ Fructose and mannose metabolism (eco00051) _
_ Galactose metabolism (eco00052) _
_ Methane metabolism (eco00680) _
_ RNA degradation (eco03018) _
_ tdk1 Pyrimidine metabolism (eco00240) tdk1 Pyrimidine metabolism (eco00240)

a Gene with significant difference in relative expression.
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form more distinct clusters as these exploit the information added
as class identifier in the input file. In both PCA and PLS-DA, sucra-
lose treated cells appeared to cluster closer to the untreated cells.
Sucralose is highly stable and resistant to hydrolysis and unlikely to
cause metabolic adaptations in gut microbiota [54]. Acesulfame
potassium treated cells clustered farthest away from the control,
which may be consistent with the finding that it significantly
upregulated or downregulated (P < 0.05) five of the nine rate
Fig. 3. Multivariate analysis with metabolomic data. A. Principal com

6

limiting regulatory enzymes of E. coli assessed in this study (Fig. 2).
The aspartame treated cell cluster was closer to the sucralose
treated ones. It is in agreement with the observation that alter-
ations in gene expressions by aspartame was more similar to those
casued by sucralose (Fig. 2).

Several pathways of E. coli (fatty acid metabolism, pentose
phosphate pathway, propanoate metabolism, phosphonate and
phosphinate metabolism and biosynthesis of several amino acids
ponent analysis. B. Partial least squares discriminant analysis.
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including lysine and aromatic amino acids) were affected by all
three sweeteners (Table 2). Acesulfame potassium and sucralose
significantly increased (P < 0.001) fabI expression (Fig. 2). So, fatty
acid metabolism are supposed to be affected by these [74].
Although aspartame did not significantly alter fabI expression, it
significantly increased (P < 0.05) lpd expression. So, alterations in
TCA cycle, which is linked to fatty acid metabolism, may be
observed. Since fatty acids are essential in producing phospholipids
for cell membrane, alterations in its metabolism can have effects on
bacterial growth rate. Pentose phosphate pathway is, however, not
essential for intestinal colonization [65]. Aspartame, acesulfame
potassium and sucralose affected metabolism of propanoate, which
is one of the most abundant short-chain fatty acids (SCFA) pro-
duced by gut micrbiota [75]. SCFAs (<8 carbon atoms) produced by
gut microbiome through dietary carbohydrate metabolism
immensely influence host’s intestinal integrity, energy homeosta-
sis, glucose and lipid metabolism, insulin sensitivity, appetite and
immune responses [76e78]. It was previously shown that artificial
sweeteners may alter fibre fermentation capacity of gut micro-
biome [79]. Level of serum lipids may depend on acetate to prop-
anoate ratio [78]. Propanoate protects host from pathogens
probably by altering the intracellular pH of pathogens [80]. It also
plays an important role in blood pressure regulation [81]. So, al-
terations in its metabolism may have substantial impact on an in-
dividual’s health. Biosyntheses of lysine and aromatic amino acids
appeared to be affected by all artificial sweeteners. Lysine biosyn-
thesis is closely related to energy metabolism [82]. Changes in ar-
omatic amino acid metabolism of gut microbiome are associated
with diseases of the liver, renal system, cardiovascular system,
central nervous system, and inflammatory bowel diseases [83].

Biotin metabolism was affected by aspartame and sucralose
(Table 2). Its synthesis depends on fatty acid biosynthesis pathways
[84]. Since fatty acid biosynthesis did not appear to be affected by
sucralose, increased expression of fabI in its presence could actually
increase biotin synthesis by E. coli [85]. Gut microbiome is an
important source of biotin [86]. Alterations in its metabolism are
associated with multiple human conditions including obesity and
diabetes [87]. In fact, the lack of biotin-associated microbiome may
be one of the most robust prostate cancer-associated indicators
[88]. Acesulfame potassium and sucralose affected riboflavin
metabolism. It is related to purine metabolism and pentose phos-
phate pathway, since it requires GTP and ribulose-5-phosphate
[89]. Changes in riboflavin metabolism of gut microbiota may
modulate proinflammatory responses in host [89].

Some pathways were affected by only one of the sweeteners.
Aspartame affected porphyrin, glyoxylate and dicarboxylate
metabolism. Glyoxylate bypass is essential for bacterial growth on
acetate or fatty acids as carbon sources [90]. Changes in porphyrin
Table 2
The pathways affected by aspartame, acesulfame K and sucralose.

Affected pathways

Aspartame Acesulfame potassium

Biotin metabolism Chlorocyclohexane and chlor
Fatty acid biosynthesis Cysteine and methionine me
Fatty acid degradation Fatty acid biosynthesis
Glyoxylate and dicarboxylate metabolism Fatty acid degradation
Lysine biosynthesis Lysine biosynthesis
Pentose phosphate pathway Pentose phosphate pathway
Phenylalanine, tyrosine and tryptophan biosynthesis Phenylalanine, tyrosine and t
Phosphonate and phosphinate metabolism Phosphonate and phosphina
Porphyrin and chlorophyll metabolism Propanoate metabolism
Propanoate metabolism Riboflavin metabolism
Starch and sucrose metabolism Starch and sucrose metabolis

Toluene degradation

7

metabolism of gut microbiota may be associated with allergic
rhinitis [91]. Acesulfame potassium affected cysteine and methio-
nine metabolism. Sulfur-containing metabolites produced through
gut microbial metabolism of cysteine and methionine are associ-
ated with both male and female reproductive fitness [91]. Possible
role of acesulfame potassium in the development of maternal
metabolic dysfunction has been shown [53]. More studies are
needed to fully elucidate the effects of this NAS on the reproductive
health of parents and their offspring. In the present study, sucralose
affected arginine and proline metabolism. Downregulation of the
metabolism of these amino acids by gut microbiota was shown to
be associated with T2DM [92].

Xenobiotic metabolism by E. coli may also be altered by non-
caloric artificial sweeteners (for example, chlorocyclohexane and
chlorobenezene degradation by acesulfame potassium and sucra-
lose, toluene degradation by acesulfame potassium). Microbiome
plays a crucial role in xenobiotics metabolism of the host [93].
There is currently an incomplete understanding of this process [94].
More studies are needed to explore the effects of non-claoric arti-
ficial sweeteners on the ability of gut microbiome to degrade
xenobiotic compounds. Finally, non-claoric artificial sweeteners
also seemed to affect the ability of E. coli to synthesize natural
products (phosphonate and phosphinate metabolism). Besides,
fatty acid metabolism and polyketide biosynthesis pathways are
interrelated [95]. So, effects of non-claoric artificial sweeteners on
the synthesis of natural products by microbiome should be further
studied.

4. Conclusion

The gut commensals are closely associated with human health
andwell-being. Composition as well as metabolism of these diverse
microorganisms are influenced by the dietary intakes. The non-
caloric artificial sweeteners like aspartame, acesulfame potassium
and sucralose have gained much global popularity, especially
among the diabetic and obese individuals, due to their often over-
pronounced health benefits. Studies in the recent years have,
however, reported alteration of gut microbiota by these artificial
sweeteners. Here, we investigated the effect of aspartame, acesul-
fame potassium and sucralose on the growth and metabolism of
omnipresent gut habitant Escherichia coli by analyzing the relative
expression levels of the key genes that encode the rate limiting
enzymes of important metabolic pathways as well as the global
metabolite profiles. Among these three popular non-caloric artifi-
cial sweeteners, sucralose seems to have the least deviating impact
on E.coli growth and metabolism under in vitro condition. On the
contrary, acesulfame potassium treated E. coli showed the largest
deviation in the gene expression and metabolite profiles compared
Sucralose

obenzene degradation Arginine and proline metabolism
tabolism Biotin metabolism

Chlorocyclohexane and chlorobenzene degradation
Fatty acid degradation
Lysine biosynthesis
Pentose phosphate pathway

ryptophan biosynthesis Phenylalanine, tyrosine and tryptophan biosynthesis
te metabolism Phosphonate and phosphinate metabolism

Propanoate metabolism
Riboflavin metabolism

m
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to the untreated cells. The data presented in this study may help
understanding the influence of aspartame, acesulfame potassium
and sucralose on the metabolism of gut microbes. Further studies
are needed to assess the effects of these non-caloric artificial
sweeteners on the abundance and growth of E. coli alongwith other
gut bacteria under in vivo condition. In the context of the data
presented in this study and previous findings regarding the effects
of artificial sweeteners [41,53,55,96], sucralose appears to have less
pronounced effects on gut microbiome and human health and thus
may be safer for consumption.
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