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Introduction

Rebaudioside A from Stevia rebaudiana stimulates
GLP-1 release by enteroendocrine cells via bitter
taste signalling pathways
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Sven Rouschop, (2 ° Jeroen van Arkel,® Maarten Jongsma,® Renger Witkamp,
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b

Glucagon-like peptide 1 (GLP-1) is a multifaceted intestinal hormone with diverse physiological functions
throughout the body. Previously, we demonstrated that the steviol glycoside rebaudioside A (rebA) from
Stevia rebaudiana stimulates the release of GLP-1 from mouse intestinal organoids and pig intestinal seg-
ments. To further unravel the underlying mechanisms, we examined the involvement of sweet- and bitter
taste receptors and their associated signal transduction pathways. Experiments with mouse and human
intestinal enteroendocrine cell lines (STC-1 and HuTu-80, respectively) confirmed that rebA stimulates
GLP-1 release in a concentration-dependent manner. Experiments with selective inhibitors of sweet sig-
nalling in both the murine as well as the human enteroendocrine cells showed that the GLP-1-induced
release by rebA occurs independently of the sweet taste receptor. Functional screening of 34 murine
bitter taste receptors (Tas2rs) revealed an activation response with Tas2r108, Tas2r123 and Tas2rl34.
Moreover, we found evidence in human HuTu-80 cells, that TAS2R4 and TRPM5 are involved in rebA-
induced GLP-1 secretion, suggesting a role for bitter taste signaling in gut hormone release. Interestingly,
the rebA-dependent GLP-1 release may be modulated by GABA and 6-methoxyflavanone present in the
diet. Together, our findings warrant further characterization of the specific metabolic effects of rebA
among the non-caloric sweeteners.

Despite their abundant use in foods and beverages, the
effects of steviol glycosides on glucose homeostasis and energy

Since the approval of steviol glycosides from the plant Stevia
rebaudiana in Europe and the US, their use as non-caloric
sweeteners in foods and beverages has considerably
increased." The numerous steviol glycosides differ in sweet
sensation intensity.” Stevioside, rebaudioside A (rebA) and
rebaudioside D display low sweet taste thresholds when tested
by sensory panels, and demonstrate comparable relative poten-
cies in cell-based assays functionally expressing sweet taste
receptors.® Next to their intense sweet taste, steviol glycosides
such as rebA and stevioside induce a notorious bitter
aftertaste.™®
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intake are not completely clear, with studies reporting diverse
outcomes, either beneficial or neutral.® A randomized con-
trolled 12-week human intervention study comparing different
low-caloric sweeteners with sucrose showed a significant
increase in body weight in the groups receiving sucrose and
saccharin compared to rebA.” However, the intervention did
not affect postprandial blood glucose response. Other studies
also found no effects of rebA and stevioside on fasting glucose
and insulin levels or energy intake in type-2 diabetic (T2D)
patients and healthy subjects when compared to placebo.®*™°
Still, these results differ from those of other studies performed
in lean and obese subjects where stevia consumption resulted
in reduced postprandial blood glucose and insulin plasma
concentrations in comparison to the aspartame and the
sucrose conditions."" Similar results were found in T2D sub-
jects where 1 g of stevioside compared to placebo (maize
starch), reduced post-prandial blood glucose by 18% after a
standard meal in an acute, paired crossed-over study.'” In rats,
Fujita et al. found no effects of stevia on glucose levels in a
glucose tolerance test or on the plasma levels of incretins glu-
cagon-like peptide-1 (GLP-1) and gastric inhibitory polypeptide

This journal is © The Royal Society of Chemistry 2023
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(GIP),™ while others did report effects of stevioside and rebA
on glucose and/or insulin in healthy and diabetic rodents.'*"
Whether steviol glycosides modulate appetite, food intake and
satiety remains unclear. In humans, a rebA-based product con-
tributed to decreased ad libitum food intake after intraduode-
nal infusion of a sweet-umami combination containing rebA
as the sweet tastant.’® Additionally, appetite and total energy
intake during a lunch decreased following consumption of a
rebA containing beverage.'”

After ingestion, steviol glycosides remain intact throughout
the small intestine. Only upon contact with bacteria in the
colon, the glycosidic bonds are hydrolyzed and free steviol is
subsequently absorbed.'® Thus, presumably these stevia com-
ponents interact as glycosides with G protein-coupled taste
receptors (GPCRs) expressed on enteroendocrine cells (EECs)
located in the small intestinal tract.'®*° Enteroendocrine cells
produce and secrete hormones, such as GLP-1, peptide YY
(PYY) and cholecystokinin (CCK) upon being activated by
nutritional components and other compounds such as bile
acids.>* The gut-derived GLP-1 is a pleiotropic hormone with
numerous physiological functions, including regulating
glucose homeostasis, gastric emptying,”” and appetite.”® It is
released by a subpopulation of enteroendocrine L-type cells
and can signal in a paracrine manner via receptors located on
sensory nerve endings, as well as in an endocrine manner.”*
Circulating GLP-1, of which 95% is derived from the proximal-
and distal intestinal tract,”® acts as incretin by inducing
glucose-dependent insulin release from the pancreas.”
Various dietary components and microbial metabolites can
induce the release of GLP-1 from EECs, irrespective of their
nutritional value, including molecules that induce a sweet,
bitter or umami taste.>*’

Previously, we showed that rebA elicits GLP-1 and PYY
release in a location-specific manner using 2D intestinal
murine organoids and small intestinal-porcine tissue
segments.’®?? Another study reported that rebA activated three
human GPCRs in a transfected HEK (human embryonic
kidney) cell-reporter assay, namely the sweet taste receptor
TAS1R2/TAS1R3, as well as the two bitter taste receptors
TAS2R4 and TAS2R14.> Additionally, steviol glycosides (includ-
ing rebA) were reported to potentiate TRPM5 channel activity
and influence TRPM5-mediated depolarizing currents in
HEK293T cells as assessed by whole-cell patch-clamp.*°
TRPMS5 is a Na' transient receptor potential channel gated by
intracellular calcium located at the cell membrane. Its
expression is enriched on taste cells where it plays a role in
taste transduction of bitter and sweet molecules.*"*?
Currently, it is not known whether the sweet- or the bitter taste
receptor, or/and the TRPMS5 is involved in mediating the effect
of steviol glycosides on intestinal hormone release. Therefore,
we investigate the involvement of the intestinal sweet- and
bitter taste receptors, as well as of the TRPM5 membrane
channel, in rebA-induced GLP-1 release. Following up our
research with mouse intestinal organoids,*® we first examined
underlying mechanism(s) by rebA-elicited effects in the
murine enteroendocrine STC-1 cell line. These findings have
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subsequently been confirmed in human enteroendocrine
HuTu-80 cells where the involvement of human taste receptors
and associated signal transduction pathways has been further
unraveled.

Methods

Materials

The following materials were used for cell culture: Dulbecco’s
modified Eagle’s medium (DMEM 41966029 and 42430025;
Gibco, Paisley, Scotland), fetal calf serum (FCS; Lonza, Verviers
SPRL, Belgium), foetal bovine serum (FBS; HyClone, Logan,
Utah, USA), Penicillin-Streptomycin 10000 U mL™" and
10000 pg mL™" 100x, MEM Non-essential amino acids solu-
tion 100x (NEAA), Hank’s Balanced Salt Solution (HBSS) pH
7.0 to 7.4, and HEPES 1 M pH 7.4. Chemical compounds, such
as rebaudioside A (>96% purity), stevioside (>95% purity),
sucralose, saccharin, ionomycin, poly-L-lysine, phenylmethane-
sulphonyl fluoride (PMSF), MDL-12330A, colchicine, 4-hydro-
xyanisol, flufenamic acid, y-aminobutyric acid (GABA), 2-(p-
methoxyphenoxy)propionic ~ acid  (lactisole),  triphenyl-
phosphine oxide (TPPO), and neutral red (NR) dye, were pur-
chased from Merck (Darmstadt, Germany). Gurmarin was
kindly provided by Dr. Loic Briand (INRAE, Dijon, France).
Acetoxymethyl(AM)-ester of Fura-2 was obtained from Life
Technologies (Carlsbad, USA). 6-Methoxyflavanone (6MF) was
purchased from ABCR GmbH (Karlsruhe, Germany). Water-
soluble probenecid and TRIzol™ Reagent were acquired from
Invitrogen (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). RNeasy mini kit and on column DNase
treatment used are from Qiagen (Venlo, The Netherlands).
LDH Cytotoxicity Detection Kit and an XTT Cell Proliferation
Kit II are from Roche Applied Science (Almere, The
Netherlands). GLP-1 kits active (EGLP-35K) and total
(EZGLP1T-36K) were from Merck (Darmstadt, Germany), and
CCK-8 RIA kits (EURIA-CCK, RB302) from Euro-diagnostica,
(Malmo, Sweden).

Cell culture

The STC-1 (ATCC, LGC Standards, Teddington, UK) is an enter-
oendocrine cell line derived from a double-transgenic mouse
(small intestine). STC-1 cells were cultured in DMEM contain-
ing 10% FCS, at 37 °C, 5% CO, and 90-95% humidity. The
cells were passaged when reaching 80% confluence. Passage
numbers between 25-50 were used. Human duodenal enter-
oendocrine HuTu-80 cells (ATCC® HTB-40, LGC Standards,
Teddington, UK) were maintained in DMEM (without pyruvate)
supplemented with 10% FBS, 1% NEAA, and Penicillin-
Streptomycin (100 U mL™'-100 pg mL™"), at 37 °C, 5% CO,
and 90-95% humidity. Passage numbers between 10-22 were
used.

Preparation of the stimuli

The sweet- and bitter compounds rebaudioside A, stevioside,
sucralose, saccharin, colchicine, 4-hydroxyanisol, and flufe-

Food Funct., 2023, 14, 6914-6928 | 6915


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo00818e

Open Access Article. Published on 03 July 2023. Downloaded on 10/24/2025 4:06:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

namic acid were all dissolved in assay buffer (see "secretion
studies") at room temperature (RT), in a concentration 10-10°
times higher than the final concentrations, by mixing and vor-
texing briefly. Stock solutions obtained in this way were all
homogenous and clear and then subjected to filter-steriliza-
tion (0.4 pm pore size). Further dilution steps (in assay buffer)
to reach final concentrations for stimulation were performed
under sterile conditions. Final dilutions were prewarmed at
37 °C for 10 min before being supplied to the cells.

Secretion studies

STC-1 cells were seeded at 2 x 10° cells per mL and grown in
24-well plates (500 pL per well) for 48 hours in culture media,
until reaching 80% confluence. Next, medium was removed
and cells were rinsed with HBSS containing 10 mM HEPES
(assay buffer). Subsequently, cells were incubated in assay
buffer alone or supplemented with rebA, stevioside or sucra-
lose at 37 °C, 5% CO, and 90-95% humidity. After 2 hours of
incubation, assay buffers were removed, mixed with PMSF
(final concentration 100 pM), centrifuged to remove cell
debris, and stored at —20 °C for analysis. The cAMP antagonist
MDL-12330A was used at 10 pM and added without preincu-
bation. STC-1 cells were pre-incubated for 30 min with/without
various concentrations of purified recombinant gurmarin
(half-maximal inhibitory concentration of 0.030 pg mL™"),*
and subsequently incubated with/without rebA with gurmarin
for 2 hours.

HuTu-80 cells were seeded at a concentration of 2.5 x 10°
cells per mL (160 pL per well) and grown in 96-well plates for
48 hours till they reached 80% confluence. Cells were washed
twice with HBSS and subsequently incubated for 2 hours with
sweet compounds (rebA, sucrose, sucralose and saccharin) or
the bitter compounds (colchicine, 4-hydroxyanisol and flufe-
namic acid), or ionomycin in HBSS supplemented with 10 mM
HEPES (assay buffer) at 37 °C, 5% CO, and 90-95% humidity.
The pre-incubation times with inhibitors proceeded as
detailed: GABA, 6MF (or a combination thereof), and lactisole
(pH 7.7) were added 40 min in advance; TPPO was added
5 min before. Solvent control e.g. DMSO never exceeded 0.1%
during stimulation. All pre-incubations occurred at 37 °C, 5%
CO, and 90-95% humidity, and non-harmful concentrations
of single and combined chemicals were employed. Samples
were collected on ice, combined with PMSF (final concen-
tration of 0.625 mM), centrifuged to remove cell debris, and
stored (—80 °C) for GLP-1 analysis.

Cytotoxicity

Effects of the test compounds on the viability of the STC-1
cells were assessed using the LDH cytotoxicity detection
method, according to the manufacturer’s instructions. Briefly,
cells were first incubated with the test compounds for 2 hours.
Thereafter, the levels of the enzyme lactate dehydrogenase
(LDH) were measured in supernatants to assess cell membrane
damage and cell death. Triton 1% was used as a control of
total cell lysis. For HuTu-80 cells, a Neutral Red (NR) test was
performed after each stimulation. NR test relies on the colori-
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metric quantification of the lysosomes-incorporated dye of
viable cells, whereas non-viable cells cannot actively transport
it.** For this, a precipitate-free solution of 40 g mL™" of NR in
assay buffer was incubated with the cells for 2 hours. After dye
extraction with a solution of 0.05 M NaH,P0,/96% ethanol
(1:1), absorbance was measured at 540 nm. False positive
detection of GLP-1 release due to cell membrane damage was
discarded by LDH test. For cytotoxicity data see ESI S1.f

Gut hormone measurements

GLP-1 active and GLP-1 total levels were determined using
ELISA kits EGLP-35K and EZGLP1T-36K, respectively, accord-
ing to the manufacturer’s instructions. GLP-1 active (7-36
amide and 7-37 active forms) was determined by employing
STC-1 cell samples, and GLP-1 total was determined in HuTu-
80 cell samples. GLP-1 total ELISA detects active and inactive
GLP-1 in the amide form. Concentrations of CCK-8 (CCK 26-
33) were analyzed with a validated commercial RIA kit
(EURIA-CCK). Radioactivity of [125I]-CCK-8 was measured by
liquid scintillation.

STC-1 intracellular calcium ion measurements

First, STC-1 cells stably expressing the Cameleon YC3.6
calcium reporter protein*® were cultivated in DMEM sup-
plement with 10% FBS, 1x Pen/Strep and 1x NEAA in the pres-
ence of the selection marker geneticin (50 pg mL™"). Cells were
employed to examine sweet receptor activity by cytoplasmic
calcium ion changes upon sucrose stimulus with/without
sweet receptor blocker (gurmarin). For the experiment cells
were seeded on 15 x 45 mm? borosilicate cover slides (coated
with 100 pg mL ™" poly-i-lysine) at a density of 3 x 10° cells per
mL in DMEM containing 5.5 mM glucose, and grown at 37 °C
and 5% CO, for 24 h. Subsequently, the slides were mounted
in a flow cell (Micronit Microfluidics B.V., Enschede, The
Netherlands),*” and cells were imaged with a Leica M205 FA
Fluorescence Stereo Microscope equipped with CFP and FRET
excitation/emission filters (excitation CFP 436/20 nm, emission
CFP 480/40 nm, FRET emission YFP 535/30 nm), and images
were analyzed using Image] software (open source, NIH).
Slides with a constant flow of 100 pL min™" received injected
stimuli by a 50 pL sample loop.

In addition, STC-1 cells were plated onto clear bottom black
96-well plates (BD Biosciences, Erembodegem, Belgium) at a
density of 4 x 10° cells per mL (100 pL). The next day cells were
washed with HBSS and loaded with 5 pM Fura-2 for 30 min at
37 °C. After a subsequent wash with HBSS, the plate was incu-
bated in the BD pathway™ 855 bioimager (BD Biosciences,
Erembodegem, Belgium), and kept at 37 °C and 5% CO,.
Measurements were performed with excitation at 340 and
380 nm for ratiometric analysis, and images were acquired
using 20x magnification. Cells were automatically identified as
regions of interest and changes in 340/380 fluorescence emis-
sion ratio for these regions were analyzed using BD Attovision
software (BD Biosciences, Erembodegem, Belgium). Stimuli
(rebA or control buffer) were applied in a fully automated
manner, adding 20 pL of 10x-concentrated solution.

This journal is © The Royal Society of Chemistry 2023
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Functional screening of mouse bitter response to rebaudioside
A: HEK293T calcium ions flux

Functional expression of mouse Tas2rs was done as
before.>>*® Briefly, HEK293T cells stably expressing the chi-
meric G protein Galé6gust44 were seeded onto 96-well plates
and transiently transfected with ¢cDNA-constructs of 34 out of
the 35 mouse Tas2rs*® using Lipofectamine 2000. After 24 h
cells were loaded with the calcium sensitive dye Fluo4-am in
the presence of probenecid, washed with assay buffer (130 mM
NacCl, 5 mM KCl, 2 mM CaCl,, 10 mM glucose, 10 mM HEPES;
pH 7.4) and placed in a fluorometric imaging plate reader
(FLIPR®™). The changes in fluorescence after automated
application of 1 and 3 mM rebA were monitored. For negative
controls, empty vector transfected cells were treated identi-
cally. Receptors exhibiting rebA responses were selected for the
establishment of dose-response relationships using the same
procedures. Graphs showing the dose-dependent curves were
obtained with SigmaPlot software (Inpixon Inc., USA).

Microarray analysis: gene expression levels

STC-1 cells were incubated for 2 hours without (control) or
with 1 mM rebaA, in three biological repetitions. In brief, RNA
isolation followed by microarray hybridization was performed
according to the manufacturer’s instructions. First, TRIzol and
RNeasy mini kit with on-column DNase treatment were
employed. Thereafter, the hybridization, washing and scan-
ning steps of the Affymetrix GeneChip Mouse Gene 1.1 ST
array employed, were carried out according to the Affymetrix
protocol. Analysis of the arrays included normalizing using the
Robust Multi-array Average method.*”*® Mouse Tas1r2, Tas1r3,
Gnat3, Tas2r108, Tas2ri23 and Tas2ri34 genes (gene IDs
83770, 83771, 242851, 57253, 353167, and 387511, respectively)
were reviewed and normalized average gene intensities
(unlogged scale) were represented in bar plots (arbitrary units).

For HuTu-80 cells, the expression levels of the human
genes TASIR2, TAS1R3, TAS2R4, TAS2R14, GNAT3 and TRPM5
(gene IDs 80834, 83756, 50832, 50840, 346562, and 29850,
respectively) were derived from the publicly available microar-
ray dataset GSE36139,”° from the GEO repository (Gene
Expression Omnibus, NCBI). Briefly, the mRNA expression
analysis has been obtained by employing the microarray plat-
form GPL15308, from a study on unstimulated cells cultured
according to the vendors’ instructions.”® Unfortunately, the
Entrez gene ID 83756 for the TAS1R3 gene of one monomer of
the sweet taste receptor is not included in this particular
microarray type (GPL15308), therefore its expression level
could not be studied.

Statistical analysis

Normalized data of hormone detection in cell supernatants
were plotted in GraphPad Prism 9.3.0 software for Windows
(San Diego, California USA), and statistical analyses for dose-
response curves were conducted using one-way ANOVA with
Dunnett’s post hoc test for multiple comparisons against the
control. Blocking experiments were analyzed by one-way
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ANOVA and Bonferroni’s post hoc test comparing selected
pairs. Uncorrected Fisher’s LSD test was employed for multiple
pairs comparisons (against the control). Confidence intervals
and p-values for each comparison are given in the ESI (S2).T
For every data set, normality of residuals was checked by
Anderson-Darling and/or D’Agostino Pearson tests, and hom-
ogeneity of variance by QQ plot. P values <0.05 were con-
sidered statistically significant, with 95% confidence interval.

Results

Rebaudioside A and stevioside induce GLP-1 and CCK
secretion from STC-1 cells

Dose-response relationships for GLP-1 and CCK release were
assessed by stimulating STC-1 cells with rebA, stevioside and/
or sucralose (Fig. 1A-C). The low-caloric sweeteners rebA and
stevioside elicited a significant dose-dependent GLP-1 release
(Fig. 1A and B) compared to the control. Specifically, 0.5 and
1 mM rebA evoked a 1.9 + 0.4 and 2.3 * 0.2-fold increase,
respectively, while 5 mM stevioside induced a 3.4 + 0.5-fold
rise in GLP-1 release. By contrast, sucralose did not induce
GLP-1 secretion within a 0.001 to 10 mM range (Fig. 1C).
Furthermore, only rebA elicited, in a concentration-dependent
manner, CCK release (Fig. 1D). Interestingly, a significant
increase of CCK release was already observed at a 5-fold lower
concentration (0.1 mM) compared to the rebA concentration
needed to induce GLP-1 release.

The Tas1r2/Tas1r3 antagonist gurmarin does not block rebA-
induced GLP-1 release in murine STC-1 cells

We aimed to investigate whether the sweet taste receptor Tas1r2/
Tas1r3 is involved in the rebA-induced effect on GLP-1 release.
Therefore, first the expression levels of the mouse Tas1r2, Tas1r3,
and Gnat3 (a-gustducin) genes were determined by microarray
analysis of STC-1-mRNA. The two monomers and the G-protein
subunit a-gustducin were found expressed and gene expression
levels did not change by a 2 hours exposure to 1 mM rebA
(Fig. 2A). Notably, Tas1r3 transcripts were expressed at a higher
level than Tas1r2 and Gnat3 transcripts.

Next, we confirmed the ability of gurmarin to block Tas1r2/
Tas1r3 in our STC-1 cell model. STC-1 cells stably expressing
the Cameleon YC3.6 calcium reporter protein responded to
100 mM sucrose by showing a significant [Ca®']; signal
(Fig. 2B), which was strongly inhibited by gurmarin. Finally, a
concentration series ranging from 0.03 to 3 mM gurmarin was
combined with 1 mM rebA to assess the involvement of
Tas1r2/Tas1r3 in rebA-elicited GLP-1 release. At none of the
concentrations tested, gurmarin inhibited the rebA-induced
GLP-1 release (Fig. 2C), indicating no involvement of the sweet
taste receptor.

Rebaudioside A activates Tas2r108, Tas2r123 and
Tas2r134 mouse bitter taste receptors

To elucidate if rebA-mediated effects on GLP-1 might involve
the bitter taste signalling pathway, we first aimed to identify

Food Funct, 2023, 14, 6914-6928 | 6917
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Fig. 1 Hormone secretion by STC-1 cells in response to sweeteners. GLP-1 (active) release after 2-hours of incubation with increasing concen-
trations of (A) rebaudioside A, (B) stevioside, and (C) sucralose. CCK hormonal release after 2-hours incubation with (D) rebaudioside A, and (E) ste-
vioside. Concentrations tested were 0.001, 0.01, 0.1, 0.5, and 1 mM of rebA; 0.001, 0.01, 0.1, 0.5, 1 and 5 mM of stevioside; and 0.001, 0.01, 0.1, 1, 5
and 10 mM of sucralose. Relative values indicate hormone release normalized by the basal release without sweetener (assay buffer). Values are
means of separate biological experiments performed on different days, +SEM: n = 4 for rebA, n = 3 for stevioside and n = 7 for sucralose. *p < 0.05,

**p < 0.01, ***p < 0.001 (Dunnett's multiple comparisons test).

those Tas2rs that potentially respond to rebA. To this end, we
screened HEK293T-Galé6gust44 cells transfected with 34
different mouse Tas2r-constructs*® by calcium mobilization
assays. Of these receptors tested, only three, Tas2r108,
Tas2r123, and Tas2r134 responded (Fig. 3A) to rebA at the
used concentrations of 1 and 3 mM. These rebA-responsive
receptors were subsequently stimulated with a range of rebA
concentrations to obtain dose-response relationships (Fig. 3B).
Whereas the highest concentration of rebA (3 mM) that could
be tested without resulting in receptor-independent artefacts,
elicited similar responses for all three receptors, the Tas2r123
showed higher responses at lower concentrations compared to
the other two receptors, indicating higher sensitivity of this
receptor. Separately, microarray analysis of STC-1 cells con-
firmed the expression of Tas2r108, Tas2r123 and Tas2r134
(Fig. 3C). Withal, mRNA expression levels of Tas2r108 were

6918 | Food Funct, 2023, 14, 6914-6928

relatively higher than those of Tas2r123 and Tas2r134 in our
murine model.

GLP-1 release induced by rebA involves cAMP signalling

To investigate intracellular mechanisms of rebA-induced gut
hormone release, the involvement of possible second messen-
gers was investigated by employing STC-1 cells. To this end,
cytosolic calcium ion fluctuations were measured by an intra-
cellular [Ca**] indicator. The calcium ionophore ionomycin,
used as a control, effectively increased the [Ca®']; levels.
However, upon stimulation with rebA (2.5 mM) no rise in
[Ca®]; was observed (Fig. 4A). Subsequently, we investigated
the role of cAMP using MDL-12330A, a specific inhibitor of
adenylate cyclase. Combining MDL-12330A with 1 mM rebA
resulted in a 77.1% reduction in GLP-1 release compared to
rebA treatment alone (Fig. 4B), providing evidence that cAMP

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Role of the murine sweet taste receptor Taslr2/Taslr3 in rebA-induced GLP-1 response. (A) Gene expression levels (Robust multi-array
Average normalized intensity) of STC-1 cells assessed by microarray analysis, after 2 hours of incubation with/without rebA (1 mM), of the murine
Taslr2, Taslr3 and of a-Gustducin (Gnat3). Values are means + SEM, n = 3. ns non-significant (Limma regularised paired t-test (control versus rebA)).
(B) Superimposed response chart of the effect of the murine Tas1r2/Tas1r3 blocker gurmarin on sucrose-induced cytoplasmic Ca* levels in STC-1
cells stably expressing the Cameleon YC3.6 calcium reporter protein. Cells were exposed to 100 mM sucrose (S1-S9) before (S1-S3) and after gur-
marin injections (57—-S9) of 0.3 pM gurmarin alone (S4-S6, see ESI Fig. S31) and co-administered with 100 mM sucrose (S7-S9); find injections series
in ESI Fig. S2.1 The ionomycin (ion) injection (10 uM) works as a positive control for the calcium reporter. Injections at t = 0 reached cells approxi-
mately 16.25 seconds later (normalization point = 1 fluorescence ratio, greyed time zone). Shown are the global averages of all imaged cells (1315
ROIs). (C) GLP-1 release after 2 hours of incubation of STC-1 cells with rebA (1 mM) combined with a concentration series of gurmarin, and the
control series. The cells were pre-incubated with the blocker for 30 min. Values represent (active) GLP-1 release relative to the basal level (control).

Values are means + SEM, n = 3. ns non-significant (Bonferroni's multiple comparisons test).

is involved in the cell signalling pathway leading to rebA-
induced GLP-1 release.

Rebaudioside A induces higher GLP-1 release than other sweet
compounds in HuTu-80 EECs and rebA’s secretion is not
blocked by lactisol

As we considered a human approach to be of preeminent
value, the human duodenum-derived enteroendocrine cell line
HuTu-80 was explored for its gut hormonal response to rebA
and the outcomes were compared with the findings in murine
STC-1 cells. The results in STC-1 EECs suggest that the murine
sweet receptor is not involved in the rebA-elicited GLP-1
release while pointing towards a possible role of bitter signal-
ling pathways. Therefore, we subsequently used a pharmaco-
logical approach to study the potential involvement of the
bitter taste receptor cascade, thereby relying on available
inhibitors of human TAS2Rs.

First, these EECs were tested for their ability to respond to
rebA by showing GLP-1 release in a similar way as observed
with STC-1 cells. To this end, HuTu-80 cells were stimulated
with a concentration series of rebA and other sweet com-
pounds. As shown in Fig. 5A, a concentration series of 250 uM
rebA and higher elicited a significant dose-dependent release
of GLP-1. Additionally, we studied the effects of sucrose and
the non- (low-) caloric sweeteners saccharin and sucralose
(Fig. 5B and C). At the concentrations tested, saccharin did not
elicit any GLP-1 secretion, whereas 80 mM sucrose induced
GLP-1 release significantly. Sucralose at 60 pM generated a
small but significant response, comparable to the response to
sucrose (Fig. 5C).

This journal is © The Royal Society of Chemistry 2023

In addition, as calcium is a known second messenger in
TAS1R2/TAS1R3 signalling, we explored GLP-1 release when
HuTu-80 cells were treated with ionomycin. This membrane-
permeable calcium ionophore triggers cytoplasmic Ca**
influx.’® Tonomycin did not generate a GLP-1 release. Of note,
cell viability assays showed that sucralose and ionomycin
became cytotoxic at higher concentrations (120 pM and
7.5 UM, respectively) (ESI S1D and S1E, Ff).

The involvement of the TAS1R2/TAS1R3 in rebA-induced
GLP-1 secretion was tested in HuTu-80 cells by using lactisole,
a selective antagonist of the human sweet taste receptor.’™>?
Fig. 5D shows the absence of an inhibitory effect with two con-
centrations of lactisole (1 and 2 mM). Notably, lactisole caused
a small GLP-1 increase at a concentration of 2 mM. Altogether,
also in HuTu-80 cells, our results point to the absence of invol-
vement of TAS1R2/TAS1R3 (sweet) receptors in mediating the
effect of rebA on GLP-1 release by EECs.

Involvement of human bitter receptor TAS2R4 in rebA-induced
GLP-1 response

Next, we explored a possible role for bitter taste receptors in
rebA-induced effects on GLP-1 in HuTu-80 cells. TAS2R4, the
human ortholog of the mouse Tas2r108, and TAS2R14 are
known to be activated by rebA in a HEK cell line overexpressing
either TAS2R4 or TAS2R14.> The involvement of these two
TAS2Rs in HuTu-80 cells was investigated using known block-
ers: GABA for TAS2R4,>* and 6-MF for TAS2R14;>* and known
bitter ligands: colchicine (TAS2R4), 4-hydroxyanisol (TAS2R14),
and flufenamic acid (TAS2R14).>>°° However, the agonists of
TAS2R4 or TAS2R14 did not induce GLP-1 release from HuTu-
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Fig. 3 Rebaudioside A activates the 3 mouse bitter taste receptors Tas2rl08, Tas2r123, and Tas2rl34. (A) Fluorescence traces of Tas2rl108,
Tas2r123, and Tas2r134 transfected HEK 293T-Gal6gust44 cells stimulated with 3 mM (black traces), 1 mM (dark gray traces), or control medium
(light gray traces). Substance application is indicated by arrows. (B) Dose—response relationships of Tas2r108, Tas2r123, and Tas2r134 transfected
HEK 293T-Gal6gust44 cells stimulated with increasing concentrations of rebA. The relative changes of fluorescence (AF/F) are indicated on the
y-axis, the logarithmically scaled x-axis shows the applied rebA concentration in mM. (C) Gene expression levels of Tas2r108, Tas2r123 and Tas2r134
in STC-1 cells assessed by mRNA isolation and microarray analysis after incubation with assay buffer (control, white bar) or 1 mM rebA for 2 hours
(grey bar). Values are the means + SEM (n = 3), ns non-significant (Limma regularised paired t-test (control versus rebA)).

80 cells in our hands (Fig. 6A). Next, our pharmacological
approach revealed that co-incubation with 1 uM GABA signifi-
cantly reduced the rebA-induced GLP-1 release by 21%
(Fig. 6B), while none of the 6-MF concentrations tested
blocked the effect of 750 uM rebA. Instead, 6-MF caused an
increase of the rebA-induced GLP-1 secretion of up to 57% and
51% with 50 nM and 100 nM, respectively (Fig. 6C).

Then, it was assessed whether the combination of GABA
and 6-MF could affect rebA-mediated GLP-1 release. As shown
in Fig. 6D, preincubation with a combination of both 1 pM
GABA and 25 nM, 50 nM or 100 nM 6-MF resulted in a signifi-
cant increase of rebA-induced GLP-1 release at 25, 50 and 100
nM. However, in the presence of GABA, rebA-induced GLP-1
secretion was found to be lower than with 6-MF alone (50%
less enhancement than with 50 nM 6-MF). Combined incu-

6920 | Food Funct, 2023, 14, 6914-6928

bation with both GABA and 6-MF did not affect GLP-1
secretion in the control, and had no effects on cell viability
(ESI Fig. S1Lf}). Altogether, these results point to a partial
involvement of TAS2R4 in the GLP-1 secretion induced by
rebA.

TRPMS5 forms part of the mechanism underlying rebA-induced
GLP-1 release

The intracellular calcium-activated membrane receptor TRPM5
is known to perform an important role in canonical taste
signalling.””®° We therefore investigated whether TRPM5
would contribute to GLP-1 secretion by HuTu-80 cells. The
expression of TRPM5, determined by microarray data analysis
in HuTu-80 cells was low, but within the levels of the pre-
viously observed taste signalling molecules and receptors (ESI

This journal is © The Royal Society of Chemistry 2023
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of incubation with increasing concentrations of rebA. (B) GLP-1 release upon exposure to sucrose and saccharine, compared to 750 uM rebA. (C)
Effects of a concentration range of sucralose and ionomycin on GLP-1 release. (D) GLP-1 release after 2 hours of incubation with 750 uM rebA com-
bined with the sweet taste receptor blocker lactisole (1 and 2 mM) and the control series. The cells were pre-incubated with the inhibitor for 40 min.
Values are means + SEM, n = 3; in (A—C) values are relative to the basal GLP-1 release in assay buffer (set at 1), and in (D) basal level of the assay
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Modulation of GLP-1 response to rebA by (B) TAS2R4-inhibitor GABA, and by
(C) the TAS2R14-inhibitor 6-MF, after pre-incubation with the inhibitor and
2-hours stimulation with 750 pM rebA with/without inhibitor. (D) Combined
experiment with both TAS2R4/R14 bitter inhibitors consisting of a set con-
centration of 1 uM GABA plus increasing concentrations of 6-MF. White bars
show the control series with the corresponding mixtures of inhibitors and
the solvent control (v). (B), (C) and (D) values are means + SEM, n = 3, relative
to the GLP-1 response to rebA (GLP-1 release — basal release); v (C and D) =
0.1% DMSO. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (one-way
ANOVA followed by uncorrected Fisher's LSD for selected pairs).
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response in HuTu-80 cells. Modulation of the GLP-1 response to rebA
by 5 and 50 pM of the TRPMS5 inhibitor TPPO, after 5 min pre-incubation
with the inhibitor and 2 hours of stimulation with 750 pM rebA with
inhibitor or vehicle (v). Values are means + SEM, n = 3, relative to the
GLP-1 response to rebA (GLP-1 release — basal release); v = 0.05%
DMSO, **p < 0.01 (one-way ANOVA and uncorrected Fisher's LSD for
comparison of selected pairs).

S4t). By the use of TPPO, a selective inhibitor of TRPM5,% the
GLP-1 release in HuTu-80’s was significantly reduced (27%)
(Fig. 7). TPPO concentrations did not affect the control series,
nor cell viability (ESI Fig. SIMt). By exploring this, we showed
that the TRPMS5 ion channel is (partly) involved in the release
of GLP-1 elicited by rebA.

Discussion

Low-calorie (non-nutritive) sweeteners are a structurally
diverse group of substances that stimulate sweet receptors,
and their biological heterogeneity should be considered in
view of their metabolic and off-target effects. Previously, we
reported that rebA stimulates GLP-1 and PYY secretion in 2D
mice organoids®® and porcine gut explants.’® Our present
study confirms these findings in human and murine EECs and
demonstrates that the bitter taste receptor signalling pathway
plays a role in the rebA-induced GLP-1 release. Our data
further indicate that rebA does not exert this effect via the
sweet taste receptor (TAS1R2/TAS1R3) but instead interacts
with bitter signalling pathways in EECs by acting on TAS2R4
and possibly also via the TRPM5 channel.

Steviol glycosides are known to be potent ligands for the
human sweet taste receptor,” and in mice, Tas1r2/Tas1r3 is
essential for stevia tasting.®’ Beyond the taste bud cells, the
sweet taste receptor is expressed in many extra-oral tissues
including the pancreas and intestines,”> where it is co-
expressed with GLP-1 and GIP positive cells.>**®* Cell-based
studies provide evidence for the involvement of the sweet taste
receptor in mediating gut hormone release. For example,
GLP-1 secretion in response to sucralose and glucose in colon-
derived human NCI-H716 cells was reduced by the TAS1R2/
TAS1R3 inhibitor lactisole and this process was dependent on
signalling via a-gustducin G protein.”® Similarly, in murine

This journal is © The Royal Society of Chemistry 2023
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GLUTag cells, sucralose-stimulated GLP-1 and GIP release was
inhibited by gurmarin.®* Also, high glucose-stimulated GLP-1
secretion in STC-1 cells has been reported to be attenuated by
downregulation of Tas1r2/Tas1r3 signalling.®®> However, there
are also studies in which no direct involvement was observed.
For example, studies showed that glucose-induced GLP-1
release was mediated primarily via SGLT-1-dependent trans-
port and closure of ATP-dependent potassium channels, and
secondary by GLUTZ2 transport."®® Additionally, in small
intestinal primary cells or perfused tissue, no effect of sucra-
lose on GLP-1 release was observed.?**”"%° In our work, we
found a small increase in the release of GLP-1 with sucralose
(60 uM) and sucrose (80 mM) in HuTu-80 cells, but no effect of
saccharin. The lack of a GLP-1 response to sucralose in STC-1
cells points to differences between mouse and human, or to
differences in sensitivity between cell models.

At first, we investigated whether the sweet taste receptor is
involved in rebA-induced hormone secretion. Our study
showed that gurmarin, a specific Tas1r2/Tas1r3 antagonist*®
inhibited intracellular [Ca**] in response to sucrose in STC-1
cells, but did not attenuate rebA-elicited GLP-1 release.
Similarly, lactisole, a specific TAS1R2/TAS1R3 antagonist,”* did
not reduce GLP-1 release in HuTu-80 cells exposed to rebA.
The action of lactisole relies on its interaction with the trans-
membrane domains of TAS1R3 receptor.” Although it did not
block the effect of rebA in HuTu-80, earlier studies did show
lactisole mediated inhibition of GLP-1 secretion stimulated by
glucose or by non-nutritive sweeteners, though those were
based on other cell models such as the human NCI-H716- or
murine GLUTag cells.?®®* Therefore, the induction of GLP-1
secretion by sweet-tasting compounds may involve multiple
mechanisms, operating either dependently or independently
of the luminally expressed sweet taste receptor.

We also provide evidence that the rebA-induced GLP-1
release is dependent on cAMP signalling. MDL-12330A, has
previously been shown to reduce cAMP production and block
cAMP-dependent GLP-1 release in STC-1 cells.”’”? Also in our
hands, it reduced GLP-1 secretion, elicited by rebA. Cyclic AMP
has been shown to trigger GLP-1 release in colonic murine
GLUTag cells,”® suggesting that cellular cAMP plays a role in
the signalling of rebA-mediated effects on GLP-1 secretion. We
did not observe changes in [Ca®"]; levels upon stimulation of
rebA in STC-1. The absence of a rise in [Ca®>']; in combination
with increased intracellular cAMP levels was reported pre-
viously for different low-calorie sweeteners in intestinal cells®®
as well as in pancreatic p-cells’? and in taste bud cells,”® indi-
cating a pathway independent from intracellular calcium
fluxes.

Apart from their sweetness, steviol glycosides are also
known for their bitter taste. Steviol glycosides activate two
human bitter taste receptors, TAS2R4 and TAS2R14.> Many
bitter receptors are expressed along the GI tract’® and their
activation has been related to GLP-1 and CCK
secretion.>3%7778 Here, we show that out of 34 mouse Tas2rs,
rebA activates three bitter taste receptors, namely Tas2r108,
Tas2r123 and Tas2r134. All three were found to be expressed

This journal is © The Royal Society of Chemistry 2023
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in STC-1 cells, although Tas2r123 and Tas2r134 at a much
lower expression level than Tas2r108. The Tas2r108 has been
linked before to GLP-1 release.*® Kok et al. showed that the
bitter isohumulone KDT501 induced GLP-1 secretion in a
Tas2r108-dependent manner, and improved glucose tolerance
when orally administered to pre-diabetic mice.*® Also, another
Tas2r108 agonist (emetine) lowered blood glucose.*®
Interestingly, the rebA-responsive human TAS2R4 is the ortho-
log of the murine Tas2r108. However, it has been observed
that orthologous bitter taste receptors of human and mouse
rarely share similar response profiles.*®

Subsequently, in the absence of established antagonists for
the murine bitter taste receptors, we explored in HuTu-80 the
effects of available inhibitors for human TAS2R4 and TAS2R14.
Previously, GABA was shown to inhibit TAS2R4 quinine-
induced activation.” In our set-up, GABA significantly blocked
GLP-1 release in rebA-stimulated HuTu-80 cells, by maximally
21% at 1 pM. This concentration is around the IC50 value of
3.2 pM as previously determined in TAS2R4-overexpressing
HEK293 cells.”® Modeling studies with TAS2R4 receptors
located a GABA binding site at the more intracellular
regions,”® compared to the extracellular binding sites pre-
dicted for rebA.”®®® This might explain why preincubation
with GABA was a necessity and we did not have full inhibition
of rebA-mediated effects on GLP-1 release.

By contrast, the reported TAS2R14 antagonist 6-MF>* did
not inhibit, but instead augmented GLP-1 secretion at concen-
trations far lower than the IC50 of around 500 uM as shown
for HEK293 cells functionally overexpressing TAS2R14.>*
Remarkably, we found that 6-MF in a concentration range
between 1 nM and 50 nM largely enhanced, up to 55%, rebA-
stimulated GLP-1-release. It should be further studied how
lower concentrations of 6-MF in combination with rebA can
elicit the robust increase seen. Interestingly, GABA seemed to
inhibit the enhancement of 6-MF on the rebA-induced GLP-1
release. Altogether, this suggests that GABA attenuates rebA-
mediated GLP-1 secretion involving TAS2R4, and that
TAS2R14-activation either contributes to rebA-mediated effect
on GLP-1 or exerts some modulation on TAS2R4 as well.
However, while rebA-induced GLP-1 release in HuTu-80 was
partly inhibited by GABA, we found no effects of colchicine, a
human TAS2R4 agonist, on GLP-1 release. Among the 33
ligands listed in BitterDB, the database of bitter compounds,>?
there is no specific ligand for TAS2R4. Colchicine is a ligand
that activates TAS2R4 and two other human bitter taste recep-
tors (TAS2R39 and TAS2R46),%" but it shows highest affinity for
TAS2R4.>® There are 151 reported ligands for TAS2R14, which
is a known promiscuous receptor.®>®* The two ligands tested
in our study, 4-hydroxyanisol and flufenamic acid are reported
to uniquely activate TAS2R14,%" with flufenamic acid having a
higher affinity than 4-hydroxyanisol (0.01 pM and 300 pM,
respectively). Nevertheless, none of these bitter ligands elicited
GLP-1 secretion in HuTu-80 cells. Of note, we cannot rule out
that ligand-receptor activation in EECs differs from HEK-
screening models in underlying signalling cascades.
Therefore, further research is warranted to investigate the
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interactions and subsequent signalling processes of rebA with
specific taste receptors.

Except for TAS2R4, we studied another candidate poten-
tially involved in the rebA-induced GLP-1 release, namely
TRPM5. TRPM5 plays a central role as intrinsic signalling
element in the taste transduction cascade of chemosensory
cells,** and has also been found to be extra-orally
expressed.”®*° Philippaert and collaborators have shown that
steviol glycosides enhance pancreatic p-cell function by poten-
tiation of TRPM5 channel activity.*® Also, the authors have
shown the involvement of TRPM5 in the effect of stevioside
preventing high fat diet-induced glucose intolerance in mice.
For that reason, we included TRPM5 in our search for path-
ways possibly involved in the rebA-stimulated release of GLP-1
by EECs. The specific antagonist TPPO attenuated rebA-
induced GLP-1 release in human HuTu-80 cells (27%). It is not
clear if an effect of rebA on TRPM5, being located downstream
in the bitter taste signalling cascade,*"*>#* is a result of taste
receptor activation or of a direct interaction with the TRPM5
channel. Philippaert et al.*® suggested an interplay between
rebA and the TRPM5 channels at the cell membrane of the
B-pancreatic cell. We observed only a non-significant small
trend in GLP-1 release when using the ionophore ionomycin,
suggesting that calcium-ion transport from the endoplasmic
reticulum towards the cytosol may not be the exclusive trigger
for rebA-induced GLP-1 secretion, and therefore, supports the
idea of a direct interplay of rebA with TRPM5, thereby poten-
tiating the Na* channel TRMP5.

The concentrations of rebaudioside A used in our cellular
experiments are in line with the levels reached with normal
consumption of stevia-containing products. The European
Food Safety Authority (EFSA) has established an acceptable
daily intake of 1 g day " of rebA (>97% purity) for an 80 kg
person.” Therefore, the effective concentration of 750 pM rebA
used in vitro would be equivalent to the use of 172 mg rebA in
a medium coffee cup (barista standard cup of 8 fl. oz., or
237 mL, with 3-4 drops of liquid stevia). Our findings also
suggest that rebA-induced effects on GLP-1 can be modulated
by other compounds present in the diet. For example, GABA,
present in tomatoes®>®® and potatoes®”’*® and 6-MF, as a con-
stituent of citrus fruits,®® can have opposite effects on rebA-
mediated effects. These data highlight the potential for inter-
actions of dietary constituents with rebA at the taste receptor
level, which warrants further investigation.

In conclusion, while both humans and mice can taste rebA
via bitter- and sweet taste receptors, our data suggest that the
stimulation of GLP-1 release from EECs by rebA occurs
through interaction with bitter taste signalling, and not via
sweet taste receptors. Specifically, our findings implicate that
TAS2R4 and TRPM5 can act as modulators of rebA-elicited
GLP-1 release, suggesting that these receptors could be targets
to enhance incretin GLP-1 release through nutrition.
Moreover, interactions with other food constituents, such as
GABA, can influence rebA-mediated effects on GLP-1 and
should be considered when studying dietary effects of rebA. In
summary, the bitter taste of rebA which humans perceive as a
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lingering aftertaste appears to be relevant for enteroendocrine
secretion of GLP-1.
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