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Caffeine, generally known as a stimulant of gastric acid secretion

(GAS), is a bitter-tasting compound that activates several taste

type 2 bitter receptors (TAS2Rs). TAS2Rs are expressed in the

mouth and in several extraoral sites, e.g., in the gastrointestinal

tract, in which their functional role still needs to be clarified. We

hypothesized that caffeine evokes effects on GAS by activation of

oral and gastric TAS2Rs and demonstrate that caffeine, when

administered encapsulated, stimulates GAS, whereas oral admin-

istration of a caffeine solution delays GAS in healthy human

subjects. Correlation analysis of data obtained from ingestion of

the caffeine solution revealed an association between the magni-

tude of the GAS response and the perceived bitterness, suggesting

a functional role of oral TAS2Rs in GAS. Expression of TAS2Rs, in-

cluding cognate TAS2Rs for caffeine, was shown in human gastric

epithelial cells of the corpus/fundus and in HGT-1 cells, a model for

the study of GAS. In HGT-1 cells, various bitter compounds as well

as caffeine stimulated proton secretion, whereby the caffeine-

evoked effect was (i) shown to depend on one of its cognate receptor,

TAS2R43, and adenylyl cyclase; and (ii) reduced by homoeriodictyol

(HED), a known inhibitor of caffeine’s bitter taste. This inhibitory

effect of HED on caffeine-induced GAS was verified in healthy

human subjects. These findings (i) demonstrate that bitter taste

receptors in the stomach and the oral cavity are involved in the

regulation of GAS and (ii) suggest that bitter tastants and bitter-

masking compounds could be potentially useful therapeutics to reg-

ulate gastric pH.

gastric acid secretion | caffeine | homoeriodictyol | bitter taste receptors |
TAS2Rs

Caffeine, a bitter-tasting methylxanthine alkaloid present in
coffee and tea beverages, is the world’s most frequently con-

sumed psychoactive drug that functions as a stimulant of the au-
tonomic and central nervous system (CNS) (1). It is also an
activator of gastric acid secretion (GAS) (2–5). Although part of
caffeine’s effect appears to be mediated by antagonizing aden-
osine receptors and inhibition of phosphodiesterases (PDEs) (1),
the observation that several other bitter-tasting compounds, such
as denatonium benzoate (6); hop-derived beer bitter acids; α-, β-,
iso-α-acids (7); and catechin and procyanidin B2 (8) cause gastrin
release (6) or GAS (7, 8) indicates that bitter substance-evoked
chemosensory mechanisms may be involved. Chemosensation
potentially plays a role at three sites to regulate GAS: (i) bitter
substances could excite oral taste cells and mediate their effects
through cephalic regulation of gut physiology (9) or (ii) a bitter
compound could also act in the gut through induction of gastrin
and/or histamine release from enteroendocrine cells and/or (iii) by
modulating acid production in GAS-producing parietal cells (10).
Bitter tastants elicit bitterness through a family of oral taste

type 2 bitter receptors (TAS2Rs) (11). Humans express approxi-
mately 25 TAS2 receptors, of which five TAS2Rs, TAS2Rs 7, 10,

14, 43, and 46, can be activated by caffeine (12). In addition to
the mouth, TAS2Rs have also been identified in nongustatory
tissues, including airway epithelia (13), brain (14), intestinal cells
(15, 16), and the gastric epithelia of rats and mice (17, 18). Be-
yond their chemosensory function, extraoral TAS2Rs are in-
volved in nonsensory processes to expel or neutralize toxins in
the upper and lower airways as well as in the gastrointestinal
tract (19). Furthermore, the TAS2R pathway in the gut is in-
volved in the regulation of food intake, digestion, and satiation
(15, 16, 20, 21). Whereas, in the stomach, the endocrine effect of
bitter substances on ghrelin secretion has been well described
(20), a bitter compound-mediated exocrine function on acid
production in parietal cells had not yet been discovered to our
knowledge. Parietal cells can be activated by histamine or ace-
tylcholine binding to their cognate histamine H2 or acetylcholine
M3 receptors (22). Activation of these receptors results, either
by Gs- and adenylyl cyclase/cAMP- or by Gq- and phospholipase
C (PLC)/IP3/Ca

2+-dependent pathways, in the activation of the
H+,K+-ATPase, which pumps protons into the stomach lumen (22).
In taste cells located on the tongue, the signaling cascade of TAS2Rs
also includes a cAMP-dependent and a PLCβ2/IP3/Ca2+-dependent
pathway (23). Initiation of the latter major pathway leads to cal-
cium release from intracellular compartments, which in turn
activates transient receptor potential M5 ion channels. These
channels mediate an influx of sodium ions and membrane de-
polarization (23), leading to ATP release and bitter perception.
The α-subunit of gustducin has been described to stimulate
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PDEs, resulting in low cAMP levels and PKA activities, which
keep the IP3 type 3 receptor hypophosphorylated and sensitized
(24). Therefore, the tonic activity of α-gustducin regulates taste
cell responsivity. Transducin, a similar G protein also present in
taste cells, can replace the function of α-gustducin (25, 26).
TAS2R-expressing cells in the gastrointestinal tract have been
reported to coexpress the downstream taste signaling components,
suggesting that similar signal transduction pathways could also
mediate gastrointestinal physiology (27). However, the detailed
signal transduction pathways in extraoral chemosensitive cells
are yet unknown.
This study investigated whether gastric and oral TAS2Rs

contribute to the regulation of caffeine-induced mechanisms of
GAS in humans. To study this hypothesis, the effect of caffeine
on GAS was investigated in a human intervention trial, taking
into account taste receptor activation in the mouth and the stom-
ach. The underlying gastric mechanisms were studied by TAS2R
expression analysis and by means of the validated HGT-1 cell cul-
ture model, which maintains the relevant characteristics of human
parietal cells (28, 29).

Results

Oral Bitter Perception Reduces GAS in Human Subjects. Real-time
gastric pH measurements were performed after caffeine adminis-
tration in human subjects by means of Heidelberg pH diagnostic
capsules (29–32). Heidelberg pH capsules are used to determine
gastric acid secretory ability under conditions simulating the in-
gestion of food or beverages by means of radiotelemetry. For the
measurements, overnight-fasted subjects swallow the pH capsule,
followed by a saturated sodium bicarbonate solution. Ingestion of
the bicarbonate solution triggers an increase in stomach pH and
a subsequent attempt by the parietal cells to reestablish acidity.
The impact of foods or beverages on the reacidification time can
be analyzed by administration of the test material before or after
the pH challenge. In this study, subjects swallowed a caffeine
solution with or without a bitter-masking compound, homoer-
iodictyol (HED) (33, 34) 5 min after or 25 min before the bi-
carbonate challenge. Reacidification time was measured for
three distinct delivery protocols (1–3), each of which assesses
different sites of TAS2R activation (Fig. 1A). The subjects un-
derwent the following interventions in 11 consecutive study site
visits (Fig. 1B): For the first 8 visits, test compounds were ad-
ministered 5 min after the bicarbonate solution. In delivery
protocol (1), subjects drank 125 mL water, a caffeine solution
(37.5, 75, or 150 mg caffeine in 125 mL water) with or without
30 mg HED, or an HED solution (30 mg HED in 125 mL water),
thereby stimulating oral and gastric TAS2Rs (Fig. 1B). For de-
livery protocols 2 and 3, a dose of 150 mg caffeine was adminis-
tered along with 125 mL water, either encapsulated to selectively
stimulate gastric TAS2Rs, or as a sip-and-spit solution to activate
only oral TAS2Rs, respectively (Fig. 1B).
During the final three visits, subjects were asked to drink

125 mL water or 150 mg caffeine with or without 30 mg HED in
125 mL water (delivery protocol 2) 25 min before the bicarbonate
challenge to evaluate the effect of administration time. The in-
tervention time of 25 min was chosen according to previous
publications that demonstrated that caffeine starts to stimulate
gastric acid after 30 min (2, 5).
Drinking the volume water control solution 5 min after the

bicarbonate challenge resulted in a mean reacidification time of
23 ± 1 min (individual representative gastrogram shown in Fig.
1C). Oral application of caffeine by sip-and-spit or drinking led
to prolongations (P < 0.05) of reacidification time by delta
reacidification time values (reacidification timetest compound −

reacidification timewater) of 20 ± 6 min and 8 ± 2 min, re-
spectively, compared with administration of a volume water
control solution, indicating a delay of GAS (Fig. 1D). Stimula-
tion of gastric sites only by encapsulated caffeine resulted in a

shorter delta reacidification time of 5 ± 3 min relative to sip-and-
spit administration (P < 0.05; Fig. 1 C and D). Individual gas-
trograms were quantified by determining the slope after the
onset of reacidification. A higher slope indicates that, when
reacidification has started, the gastric pH returns to its initial pH
faster. The slope of the gastrogram (relative to water control)
obtained after administration of encapsulated caffeine was
higher (0.20 ± 0.16 pH units per min) compared with the slope
calculated after drinking (−0.20 ± 0.10 pH units per min) and
sip-and-spit intervention (−0.39 ± 0.05 pH units per min),
whereby stimulation of oral receptors occurred (Fig. 1E). To
extend the time period over which the effect of caffeine on GAS
could be measured, we repeated the experiments with encapsu-
lated caffeine administered with 125 mL water 25 min before the
alkaline challenge. This intervention allows gastric pH changes
to be recorded over a time period of 25 min to approximately
85 min after caffeine administration and revealed a stimulation
of GAS, indicated by a reduced delta reacidification time of
−23 ± 4 min by caffeine (Fig. 2B) compared with control treat-
ment (empty capsule plus 125 mL water reacidification time,
41 ± 4 min; P < 0.01).

HED Reduces the Caffeine-Evoked Effects on GAS in Human Subjects.

To determine if TAS2R bitter-taste receptors mediate the effect
of caffeine on GAS, 125 mL water containing 150 mg caffeine
and/or 30 mg of the bitter-masking compound HED (33, 34)
were swallowed 5 min after the alkaline challenge (delivery
protocol 1). Administration of HED alone resulted in a reac-
idification time of 21 ± 2 min, comparable to that of water (24 ±

1 min) as volume control.
Unexpectedly, concomitant administration of HED and caf-

feine resulted in accelerated gastric emptying in 4 of 10 subjects,
as indicated by passing of the Heidelberg capsule into the duo-
denum before complete reacidification. The same effect was
observed in 2 of 10 subjects after drinking a solution of 30 mg
HED dissolved in 125 mL water. When HED and caffeine were
administered encapsulated (delivery protocol 2), reacidification
times could be analyzed in only six subjects, as four subjects
demonstrated accelerated gastric emptying as seen after oral and
gastric delivery (protocol 1). These results raised the question
whether the bitter-masking compound HED promotes gastric
motility by stimulating gastric relaxation. Experiments using
strips of dissections of human stomach biopsy specimens
revealed that treatment with 1 mM HED in an organ bath
induced a maximum relaxation after 40 min, with mean tension
values of 45.4 ± 6.7%, compared with water control values of
107 ± 5.7% (Fig. S1 A and B).
In those subjects who were subjected to delivery protocol

1 and did not respond with accelerated gastric emptying, HED
largely reversed the effects of caffeine on reacidifcation time:
whereas drinking of the caffeine solution 5 min after alkaline
challenge resulted in a delta reacidification time of 8 ± 2 min,
concomitant caffeine and HED administration revealed a mean
value of 1 ± 1 min (Fig. 2 A and B), but showed no effect on the
slope of the gastrogram (Fig. 2C). In contrast, gastric adminis-
tration of encapsulated caffeine 25 min before alkaline challenge
(delivery protocol 2) induced GAS compared with administration
of water, resulting in a delta reacidification time of −23 ± 4 min
(Fig. 2 D and E). Although the reversing effect of HED on the
caffeine-mediated reacidification shown in Fig. 2D did not reach
statistical significance in terms of reacidification time (P = 0.087;
Fig. 2E), concomitant application of HED and caffeine reduced
the slope of the gastrogram compared with caffeine administra-
tion, with mean respective values of 0.18 ± 0.13 pH units per min
and 0.64 ± 0.26 pH units per min (P < 0.05; Fig. 2F).
The potent attenuation of caffeine’s effects on GAS by the

bitter-masking agent HED suggests that TAS2Rs are critically
involved in caffeine’s action in the mouth and the stomach.
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Sensory Evaluation. To verify that the subjects were capable of
sensing caffeine bitterness, the bitter recognition threshold of the
same subjects who underwent the gastric pH measurements was
determined by means of a threshold test, which yielded a result
of 117 ± 44 mg/L for caffeine. In addition, the subjects rated the
bitterness of 1,200 mg/L caffeine in the absence or presence of
240 mg/L HED in a blinded duo sensory test and confirmed the
bitter-masking effect of HED reported by Ley et al. (33):
Whereas the mean bitterness rating (±SD) for the caffeine so-
lution was 7.5 ± 1.7, ratings for caffeine plus HED revealed
mean values of 5.8 ± 1.9, corresponding to a −20 ± 8% reduction
of caffeine-mediated bitterness by HED (Fig. S2A). The subjects’
caffeine bitterness scores correlated with reacidification time
(correlation coefficient, 0.66; P = 0.03; n = 10; Fig. S2 B and C)
after caffeine administration by drinking (delivery protocol 1,
5 min after alkaline challenge), as well as with reacidification
time after caffeine plus HED administered by drinking (corre-
lation coefficient, 0.89; P < 0.05; n = 6; 5 min after alkaline
challenge). No statistically significant correlation between bitter
intensity rating and reacidification time was calculated after ad-
ministration of encapsulated caffeine (delivery protocol 1; P > 0.05).

TAS2R Expression in HGT-1 Cells and Human Gastric Tissue. The
mRNA expression of 25 human TAS2Rs in the HGT-1 cell line
was investigated by quantitative RT-PCR (RT-qPCR) studies.
The genes for the five TAS2Rs known to be activated by caf-
feine, TAS2Rs 7, 10, 14, 43, and 46 (12), as well as several other
TAS2R genes, are expressed at similar or even higher levels than
the M3 acetylcholine receptor CHRM3 gene, a major regulator
of GAS (Table 1). Although TAS2R5 and TAS2R14 are the most
highly expressed TAS2Rs, TAS2R8, 45, and 60 mRNAs were not
found in HGT-1 cells. HGT-1 cells also express mRNAs for
TAS2R downstream signaling proteins PLCβ2, transducin
(GNAT2), and α-gustducin (GNAT3) (11, 23) (Table 1). Like
the parietal cell line HGT-1, the human gastric epithelium
contains transcripts for the five cognate caffeine bitter receptors
TAS2R7, TAS2R10, TAS2R14, TAS2R43 and TAS2R46 at
levels similar to those of the M3 acetylcholine receptor, with ratios
relative to that receptor of 0.76 ± 0.039, 0.97 ± 0.190, 1.16 ± 0.025,
0.62 ± 0.017, and 0.83 ± 0.071, respectively.
The presence of the broadly tuned, caffeine-sensitive TAS2R10

receptor (12) in the gastric epithelium was confirmed by immu-
nohistochemical staining of stomach surgical specimens from the
antrum and fundus/corpus region. The specificity of the TAS2R10
antibody was verified in transiently transfected HEK-293T cells
(Fig. S3). In gastric mucosa, cell types were identified by H&E
staining (Figs. S4 and S5). Parietal cells are localized in the glands
of gastric fundus and body, and are scattered in the middle and, to
a lesser extent, in the bottom part of the mucosa (Fig. S4). They
are characterized by broad pink cytoplasms. Chief cells stain with
basophilic cytoplasm and are mainly located in the bottom parts
of the mucosa (Fig. 3A and Fig. S4). Localization of TAS2R10
staining was confined to parietal cells and to gastric chief cells in
the fundus/corpus, showing strong cytoplasmic granular re-
activity (Fig. 3 A, a and b). Staining of glandular cells in the
gastric antrum was faint, consisting of very weak cytoplasmic and
focal intermediate membranous reaction (Fig. 3 A, e and f). In
contrast, mucus-producing foveolar cells in the fundus/corpus
(Fig. 3 A, a and b) and antrum (Fig. 3 A, e and f) did not show

Fig. 1. Results of the gastric pH measurements demonstrate that the effect

of caffeine (CAF) on reacidification time is influenced by the type of ad-

ministration. (A) Overview of the different administration types in the hu-

man intervention trial. (B) Overview of the study procedure. (C) Gastrograms

of different Heidelberg capsule measurements from one test subject com-

bined in one graphic show that 150 mg caffeine diluted or administered

with 125 mL water (blue line) administered by sip and spit (3) prolongs the

reacidification time (i.e., time until the original pH is reached again) more

than administration via drinking (2) or in encapsulated form (1). (D) Delta

reacidification time of gastrograms show that sip-and-spit administration

resulted in the highest prolongation of reacidification time compared with

gastric and gastric plus oral administration. (E) Delta slope of the gastro-

grams indicate that encapsulated administration (gastric delivery) strongly

stimulate GAS when reacidification has started. Data are displayed as

mean ± SEM, n = 5–10; one-way ANOVA with Holm–�Sídák post hoc test;

significant (P < 0.05) differences are indicated by distinct letters [*P < 0.05,

significant vs. water control (basal = 0) tested with paired Student t test].
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expression of TAS2R10. Blocking experiments showed a clear
staining reduction (Fig. 3 A, c, d, g, and h), supporting the epi-
tope specificity of the antiserum. Like TAS2R10, the down-
stream signaling molecule transducin was localized in parietal
and chief cells of the corpus/fundus, indicating that TAS2R10
and transducin are coexpressed in a substantial fraction of these
cells. In addition, transducin immunoreactivity is present in the
membranes of foveolar cells in gastric fundus/corpus (Fig. 3 A, i
and j), but not in the antrum (Fig. 3 A, m and n). TAS2R10 and
transducin expression was also detected in almost all HGT-1 cells
(Fig. 3B), indicating that both proteins are coexpressed. Together,
our data show that the mRNAs for caffeine’s cognate TAS2Rs
and at least one bitter receptor polypeptide are present in the
human stomach and HGT-1 cells.

Effect of Bitter and Bitter-Masking Compounds on Proton Secretion in

HGT-1 Cells.Following our hypothesis that bitter compounds induce
mechanisms of GAS via TAS2Rs, various bitter compounds, such
as theobromine, tannic acid, yohimbine, denatonium benzoate,
sodium benzoate, and aristolochic acid were tested and verified
for their stimulating effects on proton secretion in HGT-1 cells
(Fig. 4A). The concentrations of the tested compounds were
chosen based on preliminary experiments to elicit the strongest
effect on proton secretion without impairing cellular viability [>90%
compared with nontreated controls (100%)]. The responses were
similar in magnitude, or even more pronounced, compared with
those elicited by histamine, a major activator of proton secretion in
parietal cells (10). These responses to bitter compounds indicate
that several TAS2Rs could be activated in HGT-1 cells. Treatment
of HGT-1 cells with 0.3–3,000 μM caffeine increased proton se-
cretion, with 3,000 μM caffeine showing the highest effect (Fig. S6 A
and B). The bitter-masking compounds HED and eriodictyol (ED),
which have been described to reduce the bitter taste of caffeine in
human sensory panels (33, 34), also reduced the caffeine-evoked
proton secretion in HGT-1 cells (Fig. 4B and Fig. S6C).

Antagonistic or Agonistic Effect of HED and ED on TAS2Rs-Induced

Ca2+ Mobilization in HEK-293T Cells. To identify the TAS2Rs that
are targeted by HED and its structural analog ED, Ca2+-mobi-
lization in the presence of these compounds by transiently
transfected HEK-293T cells was analyzed with or without cos-
timulation with specific agonists of TAS2Rs (12). HED and ED
were identified as agonists for TAS2R14 and as antagonists for
TAS2Rs 43, 20, and 50 (Table S1). HED is also an antagonist for
TAS2R31 (Table S1). As TAS2R43 can be activated by caffeine
(12), the effect of caffeine and HED was further investigated in
HEK-293T cells transiently transfected with TAS2R43. TAS2R43
in these cells was then activated by aristolochic acid or caffeine for
the performance of calcium imaging experiments in the presence
of increasing concentrations (0.03−30 μM) of HED and ED. Both
compounds reduced TAS2R43 responses to aristolochic acid or
caffeine (Fig. 4C).

Caffeine-Induced Proton Secretion Is Reduced in TAS2R43 KO HGT-1

Cells. To determine whether TAS2R43 is involved in mechanisms
of caffeine-induced GAS, a homozygous 13-bp deletion in the
TAS2R43 gene (Fig. S7) of HGT-1 cells was induced by using a
CRISPR-Cas9 CD4-vector (i.e., TAS2R43-KO). As negative
control (NC), HGT-1 cells were treated in parallel with the same
vector containing a nontargeting scrambled guide RNA (gRNA).
Off-target effects of the transfected gRNA were excluded by a whole-
genome sequencing analysis. The stimulating effect of caffeine and
the TAS2R43 agonist aristolochic acid on proton secretion in
HGT-1 cells was substantially reduced in TAS2R43-KO cells com-
pared with NC cells (Fig. 4D). These data demonstrate that TAS2R43
is involved in caffeine’s action on proton secretion in HGT-1 cells.
Considering that caffeine’s effect on proton secretion in HGT-1

cells is sensitive to TAS2R43 and HED, and that TAS2R43 is
blocked by HED in TAS2R43-transfected HEK-293T cells, the
data strongly suggest that caffeine mediates its effect through at
least one TAS2Rs (TAS2R43) if not more.

Fig. 2. Addition of HED reduces the caffeine-evoked effects on reacidification time or the slope in gastric pH measurements via administration by drinking

150 mg caffeine (CAF) with or without 30 mg HED dissolved in 125 mL water (A–C) or by encapsulated test compounds in combination with 125 mL water

25 min before alkaline challenge (D–F). (A and D) Gastrograms of Heidelberg capsule measurements according to the three different delivery protocols from

one test subject are presented in one graphic. (B and E) Delta reacidification time of gastric pH measurements in subjects after consumption of CAF or CAF

plus HED (basal = 0). (C and F) Delta slope of gastric pH measurements in subjects after consumption of CAF or CAF plus HED (basal = 0). Data are displayed as

mean ± SEM: (B and C) CAF, n = 10; CAF plus HED, n = 6; (E and F) CAF, n = 7; CAF plus HED, n = 6 (*P < 0.05 and **P < 0.01 indicate significant differences by

Student’s t test).
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Effect of Pharmacological Blockers on Caffeine-Induced Proton Secretion.

Caffeine-evoked proton secretion was reduced by neither the
PLCβ2 inhibitor U73122 nor the IP3 inhibitor neomycin (Fig.
4E). In contrast, it was reduced by the adenylyl cyclase inhibitor
NKY80 (−22.5 ± 7.4%; P < 0.01), suggesting that cAMP but not
Ca2+ signaling is involved in TAS2R-mediated regulation of acid
secretion in HGT-1 cells.

Effect of Caffeine and HED on cAMP Levels in HGT-1 Cells. To confirm
that adenylyl cyclase mediates proton secretion in HGT-1 cells
via caffeine-dependent TAS2R stimulation, intracellular cAMP
levels were determined in response to treatment with caffeine
and HED (Fig. 4F). Treatment of HGT-1 cells for 10 min with
3.0 mM caffeine increased cAMP levels by 12 ± 4.6% (P < 0.05)
in comparison with the treatment with DMEM (control, 100 ±

2.0%). However, coapplication of caffeine and HED (83.3 ± 2.7%;
P < 0.01) and HED alone (84.9 ± 5.1%; P < 0.05) reduced cAMP
levels in HGT-1 cells. Treatment with forskolin, a stimulator of
adenylyl cyclase, increased cAMP levels to 131 ± 10.3% (P < 0.05)
in HGT-1 cells in comparison with treatment with the solvent
control ethanol (i.e., EtOH). These observations confirm that caf-
feine activates TAS2Rs signaling through changes in cAMP levels.

Discussion

Acid secretion in the stomach is a fundamental process that is
finely regulated at different levels. Initial activation of GAS is
regulated by the CNS when food is smelled and tasted (10, 35).

When food enters the stomach, mechanical or chemical recep-
tors (i) initiate GAS via activation of afferent/efferent fibers
connected to the CNS, (ii) stimulate the gastrin-producing G
cells or the histamine-producing enterochromaffin-like cells,
or (iii) directly stimulate the HCl-producing parietal cells. Caf-
feine stimulates GAS, and, so far, it has been assumed that it acts
via inhibition of PDE or by antagonizing adenosine receptors
in gastric parietal cells (1). As caffeine activates five of the
25 human TAS2Rs (12), we hypothesized that its bitterness
also contributes to its stimulating effect on GAS via activation
of TAS2Rs.
First, we found that oral consumption of caffeine delayed

GAS in healthy subjects, whereas caffeine that was administered
encapsulated, being released in the stomach, accelerated this
process compared with oral administration. The delay induced
by oral caffeine presentation might be explained by findings
reported by McMullen et al. (36). They demonstrated that caffeine
in a coffee drink accelerated the heart rate without increasing the
vascular tonus in comparison with caffeine administered encapsu-
lated concomitantly to a decaffeinated coffee drink. The increase in
heart rate was likely induced by vagal withdrawal instead of sym-
pathetic activation. This finding is important, considering that the
cephalic-phase response during digestion is thought to activate the
vagus nerve to enhance digestion (36). The study of McMullen et al.
(36) along with the present results suggest that orally sensed caf-
feine elicits vagal withdrawal that would reduce rather than enhance
the digestive capacity, for example by delaying GAS. An expla-
nation why the delaying effect of caffeine has not been discussed
earlier might be that most of the previous studies investigating
the effect of caffeine on GAS used gavages to bypass oral cavity
receptors (2, 3, 5) and therefore did not take into account an
inhibitory effect of caffeine on GAS by oral perception. Fur-
thermore, we demonstrated that TAS2R bitter receptors in the
stomach are involved in the caffeine-induced secretion of gastric
acid. This conclusion is based on the observation that the bitter-
masking compound HED similarly reduced caffeine’s bitterness
as well its effects on GAS evoked by combined oral/gastric or
gastric-only caffeine application. The finding that concomitant
oral ingestion of caffeine and HED accelerated passing of the
Heidelberg capsule into the duodenum in 4 of 10 subjects
compared with caffeine administration indicates that HED might
induce gastric emptying. This hypothesis has been verified by
measuring the effect of HED on gastric motility in strips of
stomach dissections in an organ bath. Avau et al. (37) demonstrated
that bitter compounds such as denatonium benzoate increased
contractility in gastric strips of mice and caused an impairment of
gastric relaxation after intragastric infusion. Whether a bitter-
masking compound has opposite effects by causing gastric re-
laxation is an open question. The data presented here did not
show any effects of HED on gastric secretion in humans, nor on
proton secretion in HGT-1 cells at the concentrations tested.
However, HED induced gastric relaxation, indicating physio-
logical targets other than GAS.
To confirm that caffeine induces GAS via gastric TAS2Rs, we

demonstrated that the mRNA of 22 of 25 TAS2Rs as well as
transducin is present in HGT-1 cells, and that the five TAS2Rs
that can be activated by caffeine are present in the stomach
mucosa. These findings were corroborated by immunohisto-
chemical detection of TAS2R10 and transducin in different gastric
cell types for which useful antisera were available. So far, to our
knowledge, only one validated antibody against human TAS2R38
(38) is known. Neither caffeine nor HED bind to TAS2R38. An
antibody against TAS2R43 (OSR00171W; Thermo Fisher Scien-
tific) was tested. Unfortunately, during validation in transfected
HEK-239T cells, this antibody turned out to be unspecific. Nev-
ertheless, we could demonstrate data for the validation of an an-
tibody targeting TAS2R10 (Fig. S3) and show the expression of
TAS2R10 on a protein level in gastric mucosa and HGT-1 cells.

Table 1. mRNA expression of TAS2Rs in HGT-1 cells normalized

to the expression of the acetylcholine receptor (CHRM3)

Receptor/gene

HGT-1

Mean SEM

CHRM3 1.00 0.035

TAS2R1 0.20 0.050

TAS2R3 9.87 0.848

TAS2R4 5.66 0.765

TAS2R5 12.08 0.822

TAS2R7 0.32 0.073

TAS2R8 No specific product

TAS2R9* 0.12 0.019

TAS2R10 0.97 0.100

TAS2R13 1.69 0.144

TAS2R14 12.39 1.347

TAS2R16 0.71 0.239

TAS2R19 4.40 0.678

TAS2R20 9.09 1.139

TAS2R30 8.02 0.717

TAS2R31 4.00 1.767

TAS2R38 0.14 0.045

TAS2R39 3.64 0.807

TAS2R40 0.51 0.052

TAS2R41 0.66 0.143

TAS2R42 2.24 0.444

TAS2R43 6.47 0.316

TAS2R45 Not detected

TAS2R46 2.59 0.421

TAS2R50 2.91 0.290

TAS2R60 No specific product

PLCB2 2.47 0.110

GNAT2 7.16 0.557

GNAT3 0.04 0.014

Data are shown as mean ± SEM; n = 3–4 biological replicates, tr = 3 tech-

nical replicates. The mRNA of TAS2Rs is similarly or even more highly

expressed compared with the mRNA of CHRM3 in HGT-1 cells.

*In one of three replicates, no product was detected.
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As TAS2R10 was highly expressed in parietal cells, as detected
by immunohistological staining, we focused on the cellular
mechanisms in HGT-1 cells, which exhibit the characteristics of
parietal cells (28, 29). Nevertheless, we cannot exclude that other
cell types or gastrointestinal hormones may have contributed to
the detected effects in the human intervention study. We dem-
onstrated here that the bitter-masking agent HED reduced the
stimulatory effect of caffeine on proton secretion in healthy
subjects and in HGT-1 cells. As TAS2R43 is the only one of the
five TAS2Rs that can be activated by caffeine and antagonized
by HED, we also performed a CRISPR-Cas9 approach to knock
out TAS2R43 in HGT-1 cells. In these TAS2R43-KO cells, the
effect of caffeine on proton secretion was reduced in comparison
with control cells. To further confirm our hypothesis that
TAS2Rs are involved in mechanisms regulating GAS, TAS2R43
was transiently transfected into HEK-293T cells, which do not
normally express any TAS2Rs. In this cell model, we demon-
strated that HED antagonized caffeine-stimulated responses in
TAS2R43-transfected cells. These results strongly indicate that
TAS2R43 is involved in the proton secretory effect of caffeine.
Nevertheless, involvement of other TAS2Rs or signaling path-
ways, such as adenosine receptors, or PDE inhibition cannot
be excluded.
HED is also an agonist for TAS2R14, which is highly

expressed in HGT-1 cells. The interaction of agonistic and an-
tagonistic effects on TAS2Rs and the further activation of
downstream signaling pathways seem highly complex, and not

every TAS2R might be connected to the same downstream sig-
naling cascade. One downstream signal for the induction of
proton secretion is cAMP. Here, we show that caffeine increased
cAMP levels in HGT-1 cells, an effect that was inhibited by
HED. HED itself reduced the cAMP level in HGT-1 cells, but
did not affect proton secretion in HGT-1 cells. Therefore, it
remains unclear whether or which signaling pathways are af-
fected by HED. Caffeine signaling via cAMP is supported by the
fact that the adenylyl cyclase inhibitor NKY80 reduced the
caffeine-evoked stimulation of proton secretion. Caffeine-
induced activation of PLCβ2 and IP3 signaling can be excluded
by the failure of the specific inhibitors U73122 (PLCβ2) and
neomycin (IP3) to reduce proton secretion. Experiments in
which caffeine and HED were tested in combination with the
inhibitors showed no difference in proton secretion in compari-
son with caffeine and HED tested alone. That leaves the ques-
tion of how caffeine can stimulate GAS via TAS2Rs. So far, only
for sweet and glutamate taste receptors (TAS1R1/3) has an in-
crease of cAMP levels via activation of adenylyl cyclase been
demonstrated (39). The signaling cascade of bitter taste recep-
tors has been proposed to reduce cAMP levels by activation of
PDE via α-gustducin or transducin (23, 26, 40).
Based on our results, we hypothesize that bitter perception of

caffeine in the mouth generates a signal of aversion, which leads,
via vagal withdrawal, to inhibition of GAS (41). However, when
bitter compounds reach the stomach, increased GAS could aid
degradation or removal of the potential toxins. This hypothesis is

Fig. 3. (A, a–p) Immunochemical localization of TAS2R10 and GNAT2 in (A) gastric tissue and (B) HGT-1 cells with and without preincubation with a blocking

peptide. (a) In the gastric corpus/fundus, cytoplasmic reactivity of TAS2R10 in parietal and chief cells (one arrow) was detected whereas foveolar cells were

negative (two arrows). Detail (b) shows parietal and chief cells. In the gastric antrum (e and f), very faint cytoplasmic and focal membranous reactivity of

TAS2R10 in glandular cells was detected (one arrow). Foveolar cells are negative (two arrows). (f) Detail showing glandular cells. GNAT2 was localized in the

gastric fundus (i and j) parietal and chief cells (one arrow, j). Foveolar cells demonstrate membranous staining (two arrows, j). (m and n) In gastric antrum,

membranous reactivity of GNAT2 in glandular cells (one arrow,m and n) was detected whereas foveolar cells were negative (two arrows, m). (c, d, g, h, k, l, o,

and p) Corresponding negative controls. (B) Staining of HGT-1 cells with TAS2R10 and GNAT2 antisera (green) with and without specific blocking peptide and

cell-surface labeling with con A (red).
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supported by previous studies demonstrating that extraoral
TAS2Rs are probably involved in defense mechanisms in other
parts of the gastrointestinal tract and form a “chemofensor
complex” (18, 19, 42). The differential effect of site-specific
TAS2R activation on GAS we demonstrated has not been
reported so far to our knowledge and warrants further investi-
gations. The expression of TAS2Rs in murine goblet cells (18), a
cell type that secretes mucus to protect the epithelium, and the
fact that bitter substances increase anion transport and fluid
secretion in human and rat colon tissue (42), indicate defense-
related functions of bitter taste receptors. Furthermore, in in-
testinal cells, Jeon et al. (43) identified a TAS2R38-dependent
activation of the ATP-binding cassette B1 (ABCB1) via phen-
ylthiocarbamide (PTC). As ABCB1 is an efflux transporter lo-
cated on the apical membrane of intestinal epithelial cells to
limit absorption of toxic substrates contained in food, TAS2R
signaling has been assumed to limit the absorption of potentially
hazardous bitter-tasting substances in the intestine (43).
Our results clearly demonstrate that the route of application

of caffeine determines its effects on GAS, and suggest that other
bitter tastants and bitter-masking compounds are also potentially
useful therapeutics to regulate gastric pH. Finally, our results

support the pleiotropic functions of taste receptors far beyond
their role in taste.

Materials and Methods
Chemicals. The sodium salt of HED (3′-methoxy-4′,5,7-trihydroxyflavanone)

and ED was provided by Symrise. All other chemicals were obtained from

Sigma-Aldrich unless stated otherwise.

Identification of the Influence of Bitter Taste on GAS in Vivo. The human in-

tervention study was designed as a single-blinded, randomized, controlled,

longitudinal trial and was performed in accordance with good clinical prac-

tice guidelines and the Declaration of Helsinki. The experimental protocol

was reviewed by the ethics committee of the city of Vienna (registration no.

EK 13–180–VK_NZ), and the study has been registered at ClinicalTrials.gov

(ID code NCT02372188). The subjects provided written informed consent

after they had been given a detailed oral and written description of the

study. The 13 healthy test subjects had no gastrointestinal complaints, were

nonsmokers, did not take antibiotics for 2 mo before the test, and were

between 21 and 32 y of age, with a body mass index between 19 and 25 kg/m2.

Helicobacter pylori infection was excluded by an immunochromatographic rapid

capillary blood test (Diagnostik Nord). Average habitual caffeine consumption

was 125 mg/d and determined by a food frequency questionnaire of caffeine-

containing food and beverages. The Heidelberg capsule measurements

were carried out at the Department of Nutritional and Physiological

Fig. 4. Bitter tastants increase proton secretion in human gastric cells. Studies were performed with cultured HGT-1 cells loaded with the pH-sensitive

fluorescent dye SNARF-1-AM and treated with test compounds for 10 min (A, B, and D). Results are presented as the IPX. A lower IPX value indicates increased

proton secretion. Data displayed as mean IPX ± SEM. (A) IPX of HGT-1 cells after treatment with histamine (HIS; 1 mM), yohimbine (YO; 30 μM), denatonium

benzoate (DB; 30 μM), caffeine (CAF; 3.0 mM), theobromine (TH; 0.3 mM), tannic acid (TA; 3 μM), aristolochic acid (AA; 0.3 μM), and sodium benzoate (SB;

3.0 mM) in comparison with untreated cells (i.e., control; marked as “C”) or 0.1% DMSO-treated cells [solvent control for yohimbine; n = 3–16; six technical

replicates (tr)]. (B) Coadministration of HED reduces the stimulating effect of caffeine on proton secretion (n = 4–37; tr = 6). (C) Inhibition curves of

TAS2R43 assessed through calcium imaging experiments in transfected HEK-293T cells. Cells were costimulated with 0.03 μM aristolochic acid (Arist. Ac.) or

caffeine 1 mM and increasing concentrations of the inhibitors HED or ED. Caffeine and aristolochic response amplitudes (ΔF/F0) were 0.14 and 0.39, re-

spectively. Concentrations were chosen based on preliminary experiments to elicit the strongest effect. (D) IPX of HGT-1 cells transfected with nontargeting

gRNA (NC) or HGT-1 cells with KO of TAS2R43 by CRISPR-Cas9 deletion treated with histamine (HIS; 1 mM), aristolochic acid (AA; 0.3 μM), caffeine (CAF;

3.0 mM), or 3.0 mM caffeine and 0.3 mM HED (n = 5–6; tr = 6). (E) Percentage inhibition of 3 mM caffeine effect on IPX of HGT-1 cells in comparison after

treatment with 3 mM caffeine in combination with 0.3 mM HED, 5 μM U73122, 100 μM neomycin, or 30 μM NKY80 (n = 3–6; tr = 6). (F) cAMP concentration

in HGT-1 cells after 10 min treatment with 3 mM caffeine, 0.3 mM HED, or in combination in comparison with DMEM, EtOH 0.1%, or forskolin 10 μM (n = 4;

tr = 2). (A–E) Data presented as mean ± SEM. (C) Data presented as mean ± SD. Statistics: (A, B, and F) one-way ANOVA with Holm–�Sídák post hoc test

(F) vs. DMEM and (A and C–F) Student’s t test. Significant (P < 0.05) differences are indicated by letters or as follows: ###P < 0.001 vs. DMSO 0.1%; ***P < 0.001,

**P < 0.01, and *P < 0.05.
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Chemistry, University of Vienna, Austria. At each visit, subjects were sub-

jected to one treatment, meaning that subjects who took part in all ad-

ministration types and treatments completed 11 visits (Fig. 1B). Before the

intervention, the trial subjects had to fast from food and liquid for 10 h. For

the noninvasive measurement of gastric pH, the Heidelberg Detection Sys-

tem (Heidelberg Medical) was applied as described before (29, 30). When

the subject arrived in the morning, the pH capsule was prepared by activa-

tion for 5 min in a sterile 0.9 NaCl solution and, as indicated by the Hei-

delberg Detection System software, the capsule was calibrated at pH 1 and

pH 7. After calibration, the capsule was swallowed by the subject. When a

pH of approximately 1–2 was stable over a period of 3 min, a stable position

of the capsule in the stomach was considered to have been achieved. During

the measurement, the subjects had to lie down on their left side to make

sure that the capsule remained in the stomach. Each trial started with

the administration of 5 mL of a saturated sodium bicarbonate solution

(NaHCO3), triggering an increase in gastric pH to values between pH 6 and

pH 7 and subsequently leading to the secretion of stomach acid by the pa-

rietal cells. At the first 8 visits, 125 mL water (control), 37.5/75/150 mg caf-

feine diluted in 125 mL water, or 150 mg caffeine encapsulated in a gelatin

capsule (Coni-Snap size 1; Capsugel) with 125 mL water were administered

5 min after the alkaline challenge (Fig. 1B). A total of 150 mg caffeine in

combination with 30 mg HED or 30 mg HED alone, diluted in 125 mL, were

administered by drinking 5 min after the alkaline solution. At visits 9–11,

three new subjects joined to replace dropouts. There, an empty gelatin

capsule (Coni-Snap size 1; Capsugel), 150 mg caffeine encapsulated, or

150 mg caffeine encapsulated with 30 mg HED were administered with

125 mL water 25 min before the alkaline solution. For exclusive activation of

TAS2Rs in the mouth (delivery protocol 3), the subjects swallowed 125 mL

water and rinsed their mouth with 150 mg caffeine diluted in 125 mL water

without swallowing the caffeine 5 min after swallowing the alkaline solu-

tion. Reacidification time (i.e., time until original pH is reached again after

administration of the alkaline challenge) as well as the slope of the gas-

trogram were analyzed by using Heidelberg Detection System software and

ImageJ software (National Institutes of Health). Delta reacidification time was

calculated by substraction of the reacidification time of the water or empty

capsule control from the reacidification time after the treatment. The slope

was calculated between the point when pH decreases and the point at which

the original pH is reached again.

Organ Bath of Human Stomach Biopsy Specimens. Human stomach was

obtained at surgery for obesity at Homerton University Hospital (London,

United Kingdom) after ethical approval (REC 15/LO/2127) and informed

written consent. Mucosa-free tissue from the fundus region of human

stomachs was dissected parallel to the circular muscle fibers into strips (5–8 ×

15 mm). Strips were tied up and mounted in organ bath chambers that

contained a Krebs solution at 37 °C aerated with 5% CO2 in O2. After 1 h

equilibration, the nerves were excited by electrical field stimulation (EFS) at

200 mA for 0.5 ms; 5 Hz were given for 10 s every 1 min. When there was a

stable response to EFS, a frequency response with 1, 2, 5, 10, 15, and 20 Hz

was generated. After switching back to 5 Hz and reaching a stable signal,

NaHED was applied in a concentration of 1 mM for at least 50 min. Double-

distilled (dd)H2O was used as a vehicle control. Isometric force transducers

(calibrated at 2 g; AD Instruments) and the software AcqKnowledge (Biopac)

detected changes in muscle changes. Data are presented as percent changes

in baseline tension. The number of patients is given as an n value.

Sensory Study. Taste sessions were carried out in the morning hours, and the

13 untrained panel subjects were asked not to consume anything besides

water 30 min before the sensory duo test. The bitter recognition threshold of

the subjects was determined by using a standardized test system startingwith

water and followed by nine solutions with increasing concentrations of caf-

feine, from 25 to 225mg/L. Furthermore, the subjects had to rank the bitterness

of a caffeine solution (150mg/125mL) and a caffeine (150mg/125mL) plus HED

(30 mg/125 mL) solution by sip-and-spit on a scale of 1 (nothing) to 10 (ex-

tremely strong). This dual testwas repeated four times in randomized order and

under colored light. Statistical significance was calculated by Student’s t test

(double-sided, paired).

HGT-1 Cell Culture. The human gastric tumor cell line HGT-1 was obtained

from C. Laboisse (Laboratory of Pathological Anatomy, Nantes, France) and

cultured under standard conditions as described previously (8). Cytotoxicity

of the tested substances and treatment reagents was excluded by MTT test

as described before (8), and cell viability was determined by trypan blue

staining. Tested cells had at least 90% cell viability.

Immunohistochemical Staining of Gastric Tissues. Histological specimens were

obtained from two patients from the Pathologisch-Bakteriologisches Institut,

Sozialmedizinisches Zentrum Ost–Donauspital, Vienna, Austria. The gastric

fundus was derived from a sleeve gastrectomy of a 42-y-old adipose but

otherwise healthy patient. The gastric antrum was derived from a 71-y-old

patient undergoing distal partial gastrectomy for a benign gastrointestinal

stroma tumor. Immunohistochemistry was performed on 5-μm-thick formalin-

fixed, paraffin-embedded whole tissue sections. Slides were processed in the

fully automated staining instrument Benchmark ULTRA by using an ultraView

Universal DAB Detection Kit (VentanaMedical Systems). The following primary

antibodies were applied: TAS2R10 (OSR00158W; Thermo Scientific), 1:750 for

28 min at 37 °C after heat-mediated antigen retrieval using EDTA buffer,

pH 8.0, at 95 °C for 36 min (CC1 buffer; Ventana Medical Systems) and GNAT2

(transducin α-2 chain; AP11077c; Abgent), 1:50 for 28 min at 37 °C after heat-

mediated antigen retrieval using EDTA buffer, pH 8.0, at 95 °C for 64 min

(CC1 buffer; Ventana Medical Systems) and amplification at 95 °C (Amplifi-

cation Kit; Ventana Medical Systems). All counterstaining was performed

with hematoxylin. Blocking experiments to control for unspecific staining

were performed by using the TAS2R10 control peptide (GST00040P; Thermo

Scientific) and GNAT2 antibody blocking peptides (BP11077c; Abgent). For

the TAS2R10 taste receptor, the blocking experiment consisted of the con-

trol peptide, 1:200, incubated together with TAS2R10 antibody, 1:750, for

120 min at 4 °C, and thereafter, incubation of the slide at 37 °C for 28 min.

The GNAT2 antibody blocking peptide, 1:10, was incubated together with

GNAT2 antibody, 1:50, for 120 min at 4 °C, and, thereafter, incubation of the

slide for 28 min at 37 °C. All other steps were performed similarly to the

staining procedure as described earlier.

Immunocytochemical Staining of HGT-1 Cells and HEK-293T-Gα16gust44 Cells.

Transiently transfected HEK-293T-Gα16gust44 cells (TAS2R10 or TAS2R16)

were prepared as described previously (19), and HGT-1 cells were seeded on

coverslips 24 h before the staining procedure. Cells were fixed and stained as

described previously (18) by using anti-HSV (1:15,000; Novagen), anti-

TAS2R10, and anti-GNAT2 antibodies (Immunohistochemical Staining of

Gastric Tissues) for 1 h at room temperature. Specificity of labeling was

ensured as described in Immunohistochemical Staining of Gastric Tissues,

and detection was carried out as described previously (18). Preabsorption of

the anti-TAS2R10 and anti-GNAT2 antibody was performed with the corre-

sponding immunogenic peptide (Immunohistochemical Staining of Gastric

Tissues; Fig. S3). The HSV epitope was detected with anti-mouse antibodies

conjugated with Cy3 (1:2,000; Sigma), biotin-labeled concanavalin A (con A)

with streptavidin Alexa Fluor 633 (1:1,000; Molecular Probes), and TAS2R10

or GNAT2 with Alexa Fluor 488 goat anti-rabbit IgG (1:1,000; Molecular Probes).

Intracellular pH Measurement in HGT-1 Cells Indicating Proton Secretion. In-

tracellular pH, as indicator for proton secretion in HGT-1 cells, was measured

using the pH-sensitive fluorescence dye 1,5 carboxy-seminaphto-rhodafluor

acetoxymethylester (SNARF-1-AM; Life Technologies) as described before

(8, 29). The intracellular proton index (IPX) in the cells was calculated by log2

transformation of the ratio between treated and untreated (i.e., control)

cells. The lower the IPX, the fewer protons are in the cell, indicating a higher

secretory activity in HGT-1 cells.

mRNA Expression of Bitter Taste Receptors in HGT-1 Cells and Human Biopsies

Using RT-qPCR. Total RNA was extracted from HGT-1 cells and two human

biopsy specimens by using the peqGold Total RNA Kit (Peqlab). Quantity and

quality were checked spectrophotometrically. Reverse transcription was

carried out with 2 μg RNA and the High Capacity cDNA Reverse Transcription

Kit (Thermo Fisher Scientific). Real-time PCR was performed with an Applied

Biosystems StepOneplus Real Time PCR system and Fast SYBR Green Master

Mix (Thermo Fisher Scientific). Primers were designed using the National

Center for Biotechnology Information (NCBI) primer designing tool (using

Primer 3 and BLAST; Table S2). Cycling conditions were 20 s/95 °C (activa-

tion), 3 s/95 °C (denaturation), 30 s/60 °C (annealing), and 15 s/67 °C (elon-

gation with fluorescence measurement). The PCR products were verified by

melting curve analysis, agarose gel electrophoresis, and sequence analysis

(Eurofins Genomics). Sequences were checked by using the NCBI BLASTn

tool. Primers showing no product in HGT-1 in at least one of the three

replicates (TAS2Rs 8, 9, 45, and 60) were tested with cDNA derived from a

human tongue biopsy provided by J.-D. Raguse (Charité, Berlin, Germany).

Whereas primers for TAS2Rs 8, 9, and 60 could be verified, TAS2R45 was not

detected. For TAS2R45, high-frequency copy-number variants are known,

and some people do not possess the tested variant of the mRNA for this

gene (44). TAS2R46 could not be detected in the second human biopsy

sample. The open-source software LinRegPCR was used for quantitative PCR
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data analysis. This software enables the calculation of the starting concen-

tration (N0) of each sample, expressed in arbitrary fluorescence units. The

calculated starting concentrations of the TAS2Rs were compared with the

starting concentrations of the acetylcholine receptor (CHRM3), with pre-

viously described primers (8), which is typically expressed in parietal cells on

a functional level.

Generation of TAS2R43 Homozygous KO HGT-1 Cell Line Using CRISPR-Cas9. A

total of 40,000 cells were seeded in a 24-well plate. After approximately 24 h,

cells were transfected with 495 ng GeneArt CRISPR Nuclease (CD4 Vector;

A21175; Invitrogen) containing the gRNA targeting TAS2R43 gene TTTTTT-

GGCAAATGAGGTAC (5′–3′) or, as a control, a scrambled gRNA GTGGACG-

GTCGTGCGCTGT (5′–3′) with no target by using the transfection reagent

Viromer RED (Lipocalyx) according to the manufacturer’s protocol. Trans-

fection efficiency was approximately 25%, verified with a CD4 monoclonal

antibody (07-0403; Invitrogen/Thermo Fisher Scientific) by using a Guava

soft-flow cytometer (Millipore) on the basis that only positively transfected

cells express a CD4 protein. Cells were transferred in a six-well plate to in-

crease cell number. After 3 d, CD4-positive cells (i.e., positively transfected

cells) were enriched by using the Dynabeads CD4 Positive Isolation Kit

(Thermo Fisher Scientific) according to the manufacturer’s protocol. Cells

were analyzed with a Genomic Cleavage detection kit (Thermo Fisher Scien-

tific) according to the manufacturer’s protocol. For genomic cleavage detection,

the following primers were used: forward primer AGACTGCCATTGGGTCAAAGA

(5′–3′) and reverse primer GATGTTGTTGGGGCCTTTGC (5′–3′). The following

temperature protocol was used: 95 °C/10 min, 40 cycles of 95 °C/30s, 58 °C/30 s,

72 °C/30 s, and finally 72 °C for 7 min. A genomic cleavage of approximately

22% was detected. Single cells were isolated by serial dilution of positively

transfected cells into two 96-well plates and observed for colony forming for

2 wk. Total cells of 39 wells in which clearly only one colony formed were

harvested by trypsin/EDTA and first transferred to a 48-well plate, and, after

confluence, to a 12-well plate to increase cell number. From each clone, half of

the cells were frozen and the other half were used to extract DNA with a

PureLink Genomic DNA Mini Kit (Life Technologies) according to the manu-

facturer’s protocol. Before Sanger sequencing by Eurofins Genomics, the DNA

extracts of 20 clones were amplified with AmpliTaqGold 360 Mastermix

(Thermo Fisher Scientific), and PCR was carried out as described earlier for the

genomic cleavage detection. Of 20 clones, 15 showed no deletion, four a

heterozygous deletion, and one a homozygous deletion. Deletion on an

mRNA level was also analyzed by means of Sanger sequencing following

total RNA isolation of the WT, cells transfected with the scrambled gRNA,

and the TAS2R43-KO cells as described earlier (Fig. S7).

Exclusion of Off-Target Effects Using Whole-Genome Sequencing. The quality-

checked DNA was fragmented with a Covaris ultrasonicator. The resulting

DNA fragments were purified, end-blunted, A-tailed, and adaptor-ligated.

The concentration of the libraries was quantified by Bioanalyzer and real-

time PCR. Each library was sequenced with Illumina’s X Ten system with

paired-end 125-bp read length according to the manufacturer’s instructions.

Sequencing-derived raw image files were processed by Illumina’s basecalling

software to yield raw data files in Fastq format. Reads were mapped to the

human reference genome (GRCh37/hg19) using Burroughs–Wheeler Aligner

(v0.7.12). Duplicate reads were removed from mapped data by using Picard

tools (v1.118). SNPs and small insertions and deletions (InDels) were identi-

fied by using the Genome Analysis Toolkit (GATK; v3.3.0). Recommended

best practices for variant analysis were followed, including InDel re-

alignment and base quality score recalibration. The genomic variations were

detected by using GATK’s HaplotypeCaller. Variant quality score recalibra-

tion in GATK was applied to obtain high-confidence variant calls. Copy

number variants were called by using CNVnator (v0.2.7). Structural variants

(SVs) were detected by using Breakdancer or CREST. The SV annotation was

done with SnpEff (v4.0). The University of California, Santa Cruz, LiftOver

tool was used to get the corresponding coordinates from genome build

38 to build 37. Filtering of shared variants was done with GATK’s Select-

Variants tool. Reads mapping to off-target regions were extracted with

SAMtools (v0.1.19).

cAMP Measurements in HGT-1 Cells. cAMP in HGT-1 cells was measured with

the ELISA kit from R&D Systems according to the protocol.

Calcium Imaging Experiments in HEK-293T Cells. Calcium imaging experiments

using HEK-293T cells transiently expressing TAS2Rs and stably expressing the

chimeric G protein subunit Gα16gust44 were essentially done as described

previously (12). Aristolochic acid was dissolved in C1 buffer at 0.03 μM con-

centration and caffeine at 1 mM concentration. Cells were exclusively stimu-

lated with agonists and increasing concentrations of the antagonists in the

concentration range of 0.03–30 μM. For screening which TAS2Rs are activated

or inhibited by HED or ED, they were applied alone as well as coapplied with

suitable TAS2R agonists. Intracellular Ca2+ concentration increases were mea-

sured to monitor changes in TAS2Rs activation upon coapplication of the

putative inhibitors. Potential antagonistic/blocking activity of the compounds

was addressed comparing the signals elicited by cells exclusively stimulated

with the cognate agonists with signals elicited from cells costimulated with

HED or ED in two test concentrations (10 and 100 μM) and the agonists. In-

hibition curves were calculated with SigmaPlot 11 software after correcting

signal responses and normalization to background fluorescence.

Statistical Analysis. Data shown are representative of at least three biological

replicates. All data are expressed as mean ± SEM unless stated otherwise. All

data have been verified for normality distribution, and statistically signifi-

cant differences were considered if the P value was less than 0.05, de-

termined by one-way ANOVA with Dunn’s or Holm–�Sídák post hoc test using

SigmaPlot 11.0 software. Correlation analysis according to Spearman was

calculated by SigmaPlot 11.0 software.
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Appetite-Inducing Effects of Homoeriodictyol: Two
Randomized, Cross-Over Interventions

Christina M. Hochkogler, Kathrin Liszt, Barbara Lieder, Verena Stöger, Anna Stübler,

Marc Pignitter, Joachim Hans, Sabine Widder, Jakob P. Ley, Gerhard E. Krammer,

and Veronika Somoza*

Scope: Anorexia of aging, characterized by a decrease in appetite and/or food

intake, is a major risk factor of under-nutrition and adverse health outcomes

in elderly people. Recent in vitro evidence suggests homoeriodictyol (HED), a

naturally occurring, bitter-masking flavanone, as a promising agent to

increase appetite and food intake.

Methods and results: In two cross-over intervention trials, 30 mg NaHED,

either solely (n = 10, Study I) or in combination with a 75 g glucose load

(n = 17, study II) were administered to healthy adult subjects. Ratings of

hunger were assessed at fasting and either 30 min (Study I) or 120 min (Study

II) post intervention. Ad libitum energy intake from a standardized breakfast

and plasma changes in hunger-/satiety-associated hormones PYY, GLP-1,

ghrelin and serotonin were determined after blood drawings. Effects were

more pronounced when NaHED was administered in combination with 75 g

glucose since ad libitum energy (+ 9.52 ± 4.60%) and protein

(+ 7.08 ± 7.97%) intake as well as plasma �AUC ghrelin values increased in

study II solely, whereas plasma serotonin concentrations decreased after both

interventions.

Conclusions: NaHED demonstrated appetizing effects in healthy adults when

administered with a glucose load. Long-term intervention studies are

warranted to verify these effects in compromised subjects.

1. Introduction

Beside the worldwide growing problem of obesity, another phe-
nomenon called ‘anorexia of aging’ coexists. This condition is
characterized by a loss of appetite and a reduced food intake,
promoting weight loss and adverse health outcomes in the
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elderly. A decrease in body weight from
the age of 65 years is recognized as an
independent predictor of morbidity and
mortality.[1]

Although especially nursing home res-
idents and hospitalized elderly are at risk,
also about 30% of community-dwelling
elderly people are suffering from a
loss of appetite,[2] sometimes leading
to symptoms of severe protein-energy
malnutrition, which are associated with
several co-morbidities like dementia,
heart disease and diabetes.[3]

Regulation of energy intake is a con-
trolled process, including the feeling of
hunger, which triggers meal initiation,
due to acute energy depletion, and
satiation, which determines the size of a
meal.[4] In contrast, appetite is excited by
the accessibility of food and the pleasure
of eating, comparable to food reward,
which also determines the intake of
food.[5]

From a physiological perspective, the
central nervous system and the gastroin-
testinal tract play the pivotal role in the

control of energy homeostasis by secreting hormones regulating
the complex cascade of hunger and satiety.[6] Central nervous sys-
tem serotonin is well-known to exert anorexigenic effects, and
also peripheral serotonin (5-hydroxytryptamine) released by en-
terochromaffin cells is hypothesized to promote satiation and
satiety.[7]

The most important and widely studied gastrointestinal
hormones promoting satiation include glucagon-like-peptide-1
(GLP-1) and peptide YY (PYY3–36), whereas the stomach-derived
hormone ghrelin, discovered in 1999, is the only gastrointestinal
hormone exhibiting orexigenic effects.[8] Two different forms of
circulating ghrelin are known: acyl-ghrelin and the more abun-
dant des-acyl ghrelin. The mechanism of action is mainly at-
tributed to the acylated form, which exerts its effects by binding
to the growth hormone secretagogue receptor (GHSR-1alpha).[9]

However, there is evidence that also the non-acylated form of
ghrelin plays a role in appetite stimulation, independent from
binding to GHSR-1alpha.[10]

A loss of appetite is often accompanied by a change
in plasma concentrations of both, orexigenic as well as
anorexigenic hormones.[11] Interestingly, plasma levels of these
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hormones seem to be influenced by age, since elderly people
demonstrate lower fasting plasma ghrelin concentrations in com-
parison to younger adults,[12] whereas the postprandial release of
PYY after energy intake is enhanced compared to younger control
group.[13]

A poor appetite and an unintentional loss of body weight
might not only occur during aging, but also in other circum-
stances in life, including moderately vigorous exercises[14] and
states of diseases, like cancer, where malnutrition is caused ei-
ther by the therapeutic regimen, or the cancer itself,[15] or psy-
chological disorders, like stress or depression,[16] as well as ex-
posure to extreme environmental conditions, like high altitudes
>3600 m.[17]

For any of these conditions characterized by an unintentional
decrease in food intake and loss of body weight, dietary ap-
proaches to enhance nutrient intake by increasing appetite are
promising, although not very well studied. Pharmacological in-
terventionswithmedications, e.g.,megestrole acetate[18] or cypro-
heptadine hydrochloride,[19] effectively increased appetite, but
are also known for various adverse effects like irritability, hy-
peractivity and drowsiness. Naturally occurring food compounds
which promote appetite in populations at risk to counteract un-
intentional weight loss without side effects, have yet not been
identified since most research in this area is focused on com-
pounds that reduce appetite. Polyphenols, in particular, have
been widely studied for their effects on glucose metabolism,
which plays a crucial role in the regulation of satiety.[20,21]

The tasteless polyphenol Homoeriodictyol (3‘-methoxy-4’,5,7-
trihydroxyflavanone, HED) belongs to the class of flavanones
which have been described for their bitter-masking effects.[22]

HED is isolated from the Herba Santa shrub (Eriodictyon califor-
nicum), a plant which mainly grows in the Sierra Nevada, Cal-
ifornia coastal ranges and the Southern Oregon mountains. In
ancient times, alcoholic liquid extracts of this plant were used to
mask the bitter taste of quinine, and as natural remedy for treat-
ment of the common cold and asthma. More recently, a concen-
tration of 100 mg L−1 HED was shown to reduce the bitterness of
a 500mg L−1 caffeine solution by 43% in a sensory study, without
exhibiting any side tastes.[23] In addition to the bitter masking ef-
fect, in vitro experiments carried out in our working group have
shown that NaHED, the more water soluble sodium salt of HED,
may also have the potential to stimulate mechanisms regulat-
ing hunger as it affected glucose uptake and serotonin release in
Caco-2 cells.[24] Another recent study demonstrated that bolus ad-
ministration of 18 mg quinine hydrochloride, a bitter taste recep-
tor agonist, reduced ad libitum calorie intake in healthy adults,[25]

providing evidence that bitter taste receptors may be involved in
the regulation of food intake. We, therefore, hypothesized that
bitter-masking agents, like HED, might exert opposite effects.
Following this hypothesis, we studied the effect of a bolus admin-
istration of 30 mg NaHED to healthy adult subjects, either with-
out (Study I) or with (Study II) a caloric load on ad libitum energy
intake from a standardized breakfast, on the subjective feelings of
hunger, and on plasma concentrations of satiety-regulating hor-
mones. The two study designs were chosen as it was not clear
from the literature whether NaHED would have an impact on
food intake and associated plasma hormones in the presence or
absence of a standardized caloric load. The study design has been

chosen according to recently published works revealing the im-
pact of another aroma compound, nonivamide, on food intake
and satiety-associated hormones in healthy adults.[26]

2. Experimental Section

2.1. Human Intervention Study I

For Study I, 10 healthy test subjects were recruited: all were non-
smokers, and were between 20 and 35 years of age, with a body
mass index between 19 and 25 kg/m2. Each volunteer was fully
informed about the test, gave written consent, and was treated
following the ethical principles of the declaration of Helsinki.
The experimental protocol was reviewed by the ethics committee
of the city of Vienna (registration no. EK 13–180–VK_NZ). The
study was part of the intervention ‘Influence of a Bitter Compound
and Bittermasking Compound on Gastric pH’ which has been reg-
istered at clinicaltrials.gov, registration number NCT02372188.
Prior to the intervention, subjects had to fast from food and liquid
for 10 h, except for 200 mL of tap water that were allowed during
this time period. Subjective feelings of hunger were recorded by
means of visual analog scales (VAS). The volunteers had to make
a sign on a 100 mm long scale, ranging from 0 (not hungry) to
100 (very hungry). Either 30mgHED sodium salt (NaHED, Sym-
rise product, purity>95%, prepared according to[22]) dissolved in
125 mL tap water or 125 mL tap water as control were adminis-
tered. Since NaHED is more soluble in aqueous solutions com-
pared to HED, and no difference between NaHED and HED in
their ability to increase glucose uptake in differentiated intestinal
Caco-2 cells was detected in previous in vitro studies,[24] NaHED
was used for the experiments.
After �30 min blood was drawn and the volunteers received

a standardized breakfast, which consisted of 4 rolls, 3 slices of
dark bread, 100 g strawberry jam, 60 g honey, 4 slices of ham, 4
slices of cheese, 180 g berry yogurt, 80 g creamery butter, 20 g
sugar and 40 g coffee creamer as well as 200 mL of tea or coffee
and water ad libitum. Mean total energy content of the breakfast
was around 12.1 MJ, with a mean total macronutrient content of
335 g carbohydrates, 126 g fats, and 79.2 g proteins. Volunteers
consumed the breakfast until satiation. The remaining food was
weighed, and ad libitum energy intake as well as macronutrient
intake was calculated bymeans of the German Food code and nu-
trient data base ‘Bundeslebensmittelschlüssel BLS II’ according
to Hochkogler et al.[26]

2.2. Human Intervention Study II

This blinded, randomized, controlled, cross-over trial was per-
formed in accordance with good clinical practice guidelines and
the Declaration of Helsinki and approved by the Ethics Commit-
tee of the University of Vienna (no. UNIVIE00097). The volun-
teers provided written informed consent after receiving a detailed
oral and written description of the study.
In total, 27 metabolically healthy, normal-weight (BMI be-

tween 18.5 and 25.0 kg/m²) sensorially untrained volunteers
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Table 1. Characteristics of the study participants of study II.

Female (n = 11) Male (n = 6)

Age [y] 26.1 ± 3.70 25.4 ± 5.68

BMI [kg/m²] 21.4 ± 2.22 21.9 ± 2.36

Fasting glucose [mg/dL] 74.3 ± 9.69 76.9 ± 10.1

Creatinine [mg/dL] 0.79 ± 0.11 0.93 ± 0.14

SGOT [U/L] 22.5 ± 7.27 26.0 ± 4.90

SGPT [U/L] 23.0 ± 8.65 26.0 ± 9.54

ALP [U/L] 68.2 ± 24.7 80.4 ± 34.4

GGT [U/L] 13.1 ± 4.61 18.9 ± 7.97

Cholesterol [mg/dL] 153 ± 30.9 162 ± 35.5

LDL [mg/dL] 77.3 ± 28.4 93.0 ± 27.5

HDL [mg/dL] 65.1 ± 5.58 52.6 ± 11.0

Chol/HDL 2.37 ± 0.49 3.17 ± 0.98

TG [mg/dL] 55.0 ± 23.2 82.0 ± 51.5

between 20 and 45 years, without reported tobacco consump-
tion, alcohol or drug abuse were recruited via notices at black-
boards at the University and via social media in March 2015. All
subjects underwent a medical screening (hemogram, transami-
nases aspartate aminotransferase, alanine aminotransferase, al-
kaline phosphatase, and gamma glutamyl transpeptidase as well
as the blood lipids triglycerides, total, HDL and LDL cholesterol,
creatinine, thyroid-stimulating hormone, and fasting and 1 and
2 h blood glucose) prior to their enrollment, in order to assess
their eligibility. Thus, in total three venous blood samples were
drawn. An oral glucose tolerance test (oGTT) was performed
to ascertain the absence of metabolic diseases. Moreover, body
weight was assessed by a digital scale in light clothes to the near-
est of 0.1 kg. Body height was determined by a stadiometer, and
blood pressure was measured on the upper left arm. Themedical
screening revealed 24 volunteers being eligible for the study. Due
to personal reasons and some irregularities in blood drawings,
seven participants dropped out. Plasma analyses for the med-
ical screening were carried out by a commercial blood labora-
tory (Blutlabor Dr. Greiner, Wagramerstraße 122, 1220 Vienna,
Austria). Baseline characteristics of the volunteers are shown in
Table 1.
The study protocol included two visits, each separated by

7 days. Participants were asked to come to the study center at 8
a.m. after an overnight fast. After randomization, volunteers re-
ceived either a glucose solution solely or a glucose solution sup-
plemented with 30 mg NaHED. For the glucose+NaHED inter-
vention, 75 g of glucose were dissolved in water, corresponding to
a performance of a standard oral glucose tolerance test (oGTT).
Since NaHED has a slight yellow color, bottles were wrapped in
dark paper for blinding. To assess the subjects’ feeling of hunger,
participants were asked to mark their momentary hunger in a
visual analog scale, as described above, before and 120 min af-
ter administration of the glucose solution. Two hours after ad-
ministration of the glucose solution, a standardized breakfast as
described above was served to evaluate the short-term effect of
NaHED on food intake.

2.3. Blood Sample Collection and Quantitation of Satiety
Hormones

In Study I, venous blood samples were drawn at fasting and about
30 min after administration of NaHED in EDTA coated tubes
(Sarstedt, Numbrecht, Germany) for the determination of ghre-
lin, GLP-1, PYY and serotonin. In Study II, venous blood samples
were drawn by means of a venous catheter at fasting and 15, 30,
60, 90, 120 min after consumption of the glucose solution in ei-
ther EDTA coated tubes for determination of ghrelin, GLP-1, PYY
and serotonin, or EDTA- and fluoride coated tubes for determina-
tion of glucose concentrations. Samples were centrifuged (1800
xg at 4 °C for 15 min) immediately for the preparation of plasma.
Another centrifugation step (7000 × g at 4°C for 1 min) was nec-
essary for those plasma samples, which were used for determina-
tion of serotonin concentrations in order to secure platelet-poor
plasma.
Blood samples for the ghrelin assay were treated with AEBSF

(4-(2-aminoethyl) benzene sulfonyl fluoride, Merck Millipore,
Darmstadt, Germany) prior centrifugation. For stabilization,
plasma samples were acidified with hydrochloric acid to a final
concentration of 0.05 mol/L.
For determination of PYY concentrations, AEBSF as well as

a dipeptidyl peptidase protease inhibitor (DPP IV, Merck Milli-
pore, Darmstadt, Germany) were added to the whole blood sam-
ple prior to centrifugation.
A commercially available, colorimetric assay (Cayman Europe,

Tallinn, Estonia) was used for the determination of plasma glu-
cose concentrations. Total ghrelin, PYY and GLP-1 concentra-
tions were quantified by means of sandwich ELISAs purchased
from Merck Millipore, Darmstadt, Germany. Serotonin concen-
trations were assessed by a competitive ELISA (DLDDiagnostika,
Hamburg, Germany).
All assays were carried out following the instructions written

in the manufacturer’s protocols.

2.4. Quantitation of NaHED in Plasma by LC-MS

In seven volunteers participating in Study I, NaHED plasma con-
centrations were quantified by means of LC-MS 30 min after ad-
ministration of 30 mg NaHED dissolved in 125 mL tap water.
Quantitation of HED was performed by using eriodictyol

(Carl Roth, HPLC purity>95%, Karlsruhe, Germany) which was
added 400 μL of each plasma sample in an amount of 1.44 μg.
Protein precipitation was induced by 400 μL formic acid (10%,
v/v). The supernatant was loaded on a C18 SPE column (StrataX
30mg, Phenomenex, Aschaffenburg, Germany), which had been
preconditioned with 1 mL methanol and 1 mL water. After a
washing step with 1 mL aqueous methanol (5%, v/v), HED was
eluted twice with 500μLmethanol acidified with 2% formic acid.
The eluted fraction was dried with nitrogen and reconstituted
in 250 μL methanol. Prior to LC-MS analysis, the samples were
passed through a 0.2 μm polyvinylidene fluoride membrane fil-
ter, and injected on a C18 column (Symmetry, 250 × 4.6 mm,
5 μm, Waters, Vienna, Austria) as part of an LC-MS system
(LCMS-2020, Shimadzu, Korneuburg, Austria). The samples
were chromatographically separated at 25°C using a flow rate
of 1 mL/min, and a gradient starting with 30% methanol/70%
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Figure 1. Administration of NaHED alone did not change energy intake but reduced plasma serotonin concentrations. Results of study I presenting the
mean changes after administration of 30 mg homoeriodyctiol sodium salt (NaHED) after a time period of

�
30 min of (A) feeling of hunger, (B) energy

intake, blood plasma (C) serotonin, (D) GLP-1, (E) ghrelin and (F) PYY. Data presented as box plot, means are shown as dotted lines, n = 10. Statistic:
Student’s t-test. *p < 0.05.

water and ending with 80% methanol/20% water after 30 min.
The mobile phases were acidified with 0.1% (v/v) formic acid.
The interface, desolvation line and heat block temperature of the
mass spectrometer were set to 350, 100, and 100°C, respectively.
The nebulizing and drying nitrogen gas flow were adjusted to 1.5
and 10 L/min, respectively. HED and eriodictyol were monitored
in the SIMmode as [M-H]- ions at m/z 301 and 287, respectively.
The recovery was calculated to be 97.4 ± 17.3%. The LOD was
determined by a signal-to-noise ratio of 3 to be 0.36 ± 0.02 nM.

2.5. Statistics

Statistical analyses were performed using SigmaPlot 11.0 (Systat
Software GmbH). Statistically significant differences were deter-
mined on the basis of a power of 80% and a niveau of 5%. Nor-
mality of the data was assessed by performing the Shapiro-Wilk
test.
Differences between the two treatments (control versus Na-

HED) for the mean delta values (tx - t0) were calculated by a two-
way repeated measures ANOVA for time points and treatment.
A Student-Newman-Keuls test was performed as a post hoc test.
Total area under curve (AUC) and delta AUC (�AUC) were cal-

culated over time for plasma hormones, and tested within and
between the groups for statistical significance (p < 0.05) by con-
ducting a one-sample/two-sample Student’s t-test or, in case of
non-normally distributed data, theWilcoxon Signed rank test was
performed.
Pearson correlation analyses were performed to determine the

correlation between ad libitum energy intake from breakfast and
the change of satiety hormone concentrations after administra-
tion of glucose solution calculated as �AUC.

3. Results

The effects of a bolus administration of NaHED on food in-
take and hormones involved in mechanisms regulating satiety
were investigated in two separate studies. In study I, we exam-
ined whether administration of NaHED alone unfolds appetite-
enhancing effects, whereas in study II, we investigated the effects
in the presence of a standardized caloric load by conducting an
oral glucose tolerance test.

3.1. Study I

In study I, in which NaHED was administered without a caloric
load, no effect of 30 mg NaHED on the feeling of hunger,
food intake or the plasma levels of PYY, GLP-1 or ghrelin
have been detected in ten healthy subjects (Figure 1A, B, D, E
and F).
However, administration of 30 mg NaHED reduced plasma

serotonin concentrations by 19.2 ± 3.34 ng/mL, corresponding
to a mean decrease of 38.2 ± 13.1 % (p < 0.001). Comparison of
the delta serotonin levels after administration of NaHED versus
water revealed a significant reduction (p < 0.05) as well (Figure
1C). In contrast, administration of 125 mL water as control did
not significantly reduce absolute serotonin levels (- 6.81 ± 3.36
ng/mL, p > 0.05).

3.2. Plasma Concentrations of HED

Administration of 30 mg NaHED dissolved in 125 mL tap water
resulted in amean plasma concentration of 38.9± 22.1 nMHED,
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Figure 2. Administration of a glucose solution supplemented with NaHED enhanced food intake. Total ad libitum energy intake from a standardized
breakfast (A) served 2 h after administration of glucose solution solely (Control) and supplemented with 30 mg NaHED and mean values in the feeling
of hunger (B) determined by a 100 mm visual analogue scale (VAS) before and 2 h after oGTT (n = 17). Statistical difference (p < 0.05) between the two
treatments was assessed by a one-sample student’s t-test. Means are shown as dotted lines. Values for hunger feeling are shown as mean ± SEM.

Table 2.Meanmacronutrient intake of healthy volunteers from a standard-
ized breakfast 2 h after administration of 75 g glucose without (Control)
or with supplementation of 30 mg NaHED.

Control (n = 17) NaHED (n = 17) % change p-value

Fat [g] 46.3 ± 5.04 46.9 ± 4.92 2.87 ± 5.80 0.15

Proteins [g] 37.8 ± 3.62 39.9 ± 3.79 7.08 ± 7.97 0.03

Carbohydrates [g] 104 ± 11.7 113 ± 5.56 7.55 ± 5.98 0.07

Values are shown as mean ± SD. Statistical difference (p < 0.05) between control

and NaHED treatment was determined by means of a paired Student’s t-test.

which was determined 30 min post load by means of LC-MS in
blood plasma in 7 healthy subjects.

3.3. Study II

3.3.1. Ad libitum Energy Intake and Subjective Hunger Feeling

Ad libitum energy intake from the standardized breakfast
(Figure 2A) consumed 2 h after the performance of the oGTT
increased by 9.52 ± 4.6% from 1016 ± 83.7 kcal to 1099 ± 90.6
kcal (p< 0.05) after oral administration of 30mgNaHED in com-
parison to the intervention with glucose solely (control). This in-
crease was largely attributed to protein intake since it increased
by 7.08± 7.98 % (Table 2). Fat and carbohydrate intake remained
unchanged between the treatments.
Subjective hunger feeling was assessed at fasting and 2 h after

administration of the glucose solution by means of a visual ana-
log scale ranging from 0 to 100mm.However, hunger feeling did
not change significantly (Figure 2B).

3.4. Changes in Plasma Glucose Concentrations

Glucose concentrations were assessed only in Study II in order
to investigate the effects of consumption of 75 glucose with or

without NaHED. Administration of the glucose solution supple-
mentedwithNaHED enhanced glucose levels at t90 by 7.63± 3.77
% (p < 0.05), delta values changed from −2.67 ± 4.06 mg/dL to
6.51 ± 6.07 mg/dL in comparison to the fasting levels. Neither
calculated AUC nor delta AUC differed between the treatments
(data not shown).

3.5. Changes in Plasma Ghrelin Concentrations

Results of the changes of the plasma ghrelin levels after adminis-
tration of the glucose solution in comparison to the fasting con-
centrations are presented in Figure 3. The two-way ANOVA re-
vealed a less pronounced decrease of plasma ghrelin after con-
sumption of 30 mg of NaHED at the time points t30, t60, t90 and
t120 compared to glucose solution solely. Calculated�AUC values
showed a statistical trend (p= 0.09) to be higher after administra-
tion of 30 mg NaHED when added to the glucose solution (con-
trol −30,143 ± 4587, NaHED −20,219 ± 3185). Mean delta val-
ues of plasma ghrelin concentrations were positively correlated
with ad libitum energy intake from breakfast (r= 0.42, p< 0.01).

3.6. Changes in Plasma PYY and GLP-1 Concentrations

Postprandial plasma PYY and GLP-1 responses after administra-
tion of the glucose solution w/o NaHED did not differ between
the treatments at any of the time points (Figure 4A and B).

3.7. Changes in Plasma Serotonin Concentrations

Plasma serotonin release was decreased 30, 90, and 120min after
administration of the glucose solution supplemented with Na-
HED in comparison to glucose solution solely. Delta AUC val-
ues were reduced from 219 ± 139 for the control treatment to
−186 ± 78.4 after NaHED intervention (Figure 5A). A negative
correlation was calculated (Figure 5B) between ad libitum energy
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Figure 3. Administration of a glucose solution supplemented with NaHED increased plasma concentration of ghrelin. Mean changes in plasma ghrelin
concentrations (A) 15, 30, 60, 90, and 120 min after administration of 75 g glucose without (Control) and with supplementation of 30 mg NaHED
(NaHED) (n = 17) and correlation between delta AUC ghrelin and total energy intake (B). Values are shown as mean ± SEM. Statistical difference
(p < 0.05) was determined by two-way repeated measures ANOVA for time and treatment. Pearson correlation coefficient was computed from the delta
AUC for plasma ghrelin concentrations and between total energy intake (n = 17). Correlation were considered significant at p < 0.05.

Figure 4. Administration of a glucose solution supplemented with NaHED did not change plasma concentrations of GLP-1 and PYY. Mean changes in
plasma GLP (A) and PYY (B) concentrations 15, 30, 60, 90, and 120 min after administration of 75 g glucose without (Control) and with supplementation
of 30 mg NaHED (NaHED) (n = 17). Statistical difference (p < 0.05) was determined by two-way repeated measures ANOVA for time and treatment.

intake from the standardized breakfast and delta AUC values of
plasma serotonin levels (r = −0.37, p = 0.04).

4. Discussion

In two human intervention studies, we studied the short-term ef-
fects of a bolus administration of 30 mg NaHED when adminis-
tered alone or concomitantly with 75 g glucose on ad libitum food
intake and satiety-associated plasma hormones. Themain results
of this study suggest that bolus administration of the flavanone
HED enhances appetite, as indicated by an increased ad libitum
energy intake from breakfast which was accompanied by elevated
plasma ghrelin when consumed in combination with a caloric
load. Moreover, plasma serotonin concentrations decreased after
HED administration, independent of the caloric load.

Ghrelin is mainly produced in the oxyntic glands of the gas-
tric fundus.[9] It became popular for its orexigenic effects since
its plasma concentrations were shown to decrease postprandially
and to increase with a rising feeling of hunger.[27] Recent evidence
suggests that the two forms inwhich ghrelin occurs in the plasma
show similar effects, as acyl-ghrelin and non-acylated ghrelin ex-
erted similar changes in response to meals in fasted subjects.[28]

Here, we investigated the changes in plasma concentrations of to-
tal ghrelin. In Study I, administration of 30 mg NaHED without
a caloric load had no effect on ghrelin release. This finding is in
accordance with another study conducted in healthy volunteers,
showing that filling of the stomach due to the consumption of
225 mL of water did not change ghrelin concentrations.[29] How-
ever, a less pronounced postprandial decrease in plasma ghrelin
concentrations (calculated delta AUC for the control treatment
−30,143 ± 4587, for NaHED treatment −20,219 ± 3185, corre-
sponding to an increase by 8.82 ± 14.1 %) was determined after
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Figure 5. Administration of a glucose solution supplemented with NaHED decreased �AUC of plasma serotonin. Calculated delta AUC values for
plasma serotonin concentrations (A) and correlation between delta AUC serotonin and total energy intake (B). To determine the difference between
delta AUC the Wilcoxon signed rank test was performed. Statistical significant difference (p < 0.01) is indicated as "**". Means are shown as dotted
lines. Pearson correlation coefficient was computed from the delta AUC for plasma serotonin concentrations and between total energy intake (n = 16).
Correlation were considered significant at p < 0.05.

concomitant administration of 30 mg NaHED and 75 glucose,
indicating an orexigenic effect of HED.
The performance of an oral glucose tolerance test has been

evaluated as a suitable tool to investigate the ghrelin secre-
tion in humans.[26,29] Our data indicate that HED exerts its
appetizing effects only when it is administered in combination
with a caloric load. We also hypothesize that increased ad libi-
tum energy intake from the standardized breakfast might at least
partly be attributed to changes of plasma ghrelin, since an inverse
correlation for both outcome measures was calculated.
The enteroendocrine anorexigenic hormones PYY3-36 and

GLP-1 are both secreted by intestinal L-cells. Plasma concentra-
tions of PYY3-36 as well as GLP-1 did not change after adminis-
tration of NaHED, neither in combination with water nor with
glucose load. However, postprandial release of GLP-1 was as-
sessed after the consumption of glucose solution, reaching peak
plasma concentrations at the time point t15, whereas PYY reached
its peak concentrations after 30 min, similar to data as reported
earlier.[30]

In vitro experiments revealed that incubation with NaHED in
different concentrations increased the sodium-coupled glucose
transporter SGLT-1-mediated glucose uptake in fully differenti-
ated human intestinal Caco-2 cells.[24] Since the here presented
data show that postprandial plasma glucose levels were increased
by 7.63± 3.77 % after administration of NaHED 90min after the
glucose load, our results point to a potential impact on glucose
metabolism, which has to be verified in future studies.
Besides the well-known satiating effects of central serotonin

in the brain, mainly mediated by the receptors 5-HT1A, 5-HT1B,
5-HT2A and 5-HT2C, the knowledge about the involvement of pe-
ripheral serotonin in mechanisms regulating satiety is sparse.[31]

Themajority (about 95%) of total body’s serotonin is stored in en-
terochromaffin cells in the intestines, and is released after food
intake to affect intestinal motility.[32] In the last years, evidence
emerged that peripheral serotonin also plays a role in energy bal-
ance regulation, although it is discussed controversially whether
peripheral plasma exhibits orexigenic or anorexigenic effects.[7,33]

However, it has been shown that peripherally injected serotonin
induces hypophagia in rats.[34]

We demonstrate here that a bolus administration of 30 mg
NaHED dissolved in water decreases plasma serotonin levels by
39.6 ± 17.4 %. When consumed in combination with a glucose
load, a decrease in the delta AUC values of plasma serotonin by
381 ± 143 % in comparison to control treatment was detected.
We hypothesize that not only central but also peripheral sero-
tonin might induce satiation signals, since an inverse correlation
was calculated for plasma serotonin and energy intake from the
standardized breakfast.
To our knowledge, the here presented study shows for the first

time that a bolus administration of a polyphenol in an amount of
30mg exerts appetizing effects, as shown by an increase of the ad
libitum energy intake from a standardized breakfast by 9.52± 4.6
% when administered concomitantly with a caloric load. Since
the subjects’ feeling of hunger, determined by a VAS, did not dif-
fer between the two treatments, we hypothesize that enhanced
appetite contributed to the observed increase in food intake. Ap-
petizing agents may be used as a treatment for underweight in
older adults, since about 25–30% of the elderly population is suf-
fering from underweight, a condition which is called ‘anorexia
of aging’.[35] Although it is still unclear if the decreased energy
intake is only a consequence or the cause of this problem, in a
recent study, it has been shown that an increase of 137 kcal of the
daily energy consumption for a period of two months increased
bodyweight by 1.6% in institutionalized older adults.[36] Thus, the
observed mean increase of the energy intake of 83.2 ± 36.0 kcal
from the standardized breakfast may contribute to weight gain in
the long term.
Nutrient recommendations for elderly people (> 65 years) re-

garding the daily protein intake have been revised recently since a
decreased protein intake is associated with a higher risk for frailty
and sarcopenia.[37] Accordingly, the older population should con-
sume 1.0 to 1.2 g proteins per kg of body weight daily, instead of
0.8 g proteins per kg of body weight recommended for adults.[37]

In this study, administration of a glucose solution supplemented
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with 30 mg NaHED has been shown to enhance mainly the pro-
tein intake from a standardized breakfast, which might make
HED a promising natural compound to counteract protein mal-
nutrition. Moreover, protein hydrolysates are often used in el-
derly nutrition in order to meet nutrient recommendations, to
support good health, and to prevent age-relatedmusclemass loss.
Furthermore, in comparison to proteins, protein hydrolysates are
more easily digested and absorbed faster,[38] whereas their dietary
intake is largely limited due to its bitter-tasting attributes.[28] In
this context, it is conceivable that HED may not only act as an
appetizing agent, but might also be beneficial as an additive in
bitter-tasting proteins[39] since it has been shown to have bitter-
masking properties, at least in aqueous solutions.[22]

Our studieswere conducted as ‘proof-of-concept’ trials in order
to provide initial information about the effects of a bolus adminis-
tration of 30mg NaHED on appetite and energy intake in healthy
adults (age between 20 and 45 years). Studies with compromised
elderly subjects are warranted to confirm the observed appetizing
effect of HED when administered as bolus dose. Furthermore,
long-term human intervention studies with vulnerable groups
are essential in order to elucidate whether the observed short-
term effects sustain and contribute to weight gain. Moreover, the
relevance of lemon fruits might be further investigated in depth,
since they contain the flavonoid glycoside eriocitrin which can be
metabolized into HED through Phase II enzyme activity.[40]

5. Conclusion

Polyphenols have been widely studied for their anti-obesity mode
of action. Here, we provide original evidence that phenolic com-
pounds may act also as appetite-inducing agents: When ingested
concomitantly with a caloric load of 75 g glucose, bolus admin-
istration of NaHED enhanced food intake from a standardized
breakfast, increased plasma total ghrelin concentrations and in-
creased peripheral serotonin levels in normal weight subjects.
Bitter masking compounds like HED are commercially added to
pharmaceuticals or non-caloric, bitter-tasting foods like tea, but
not used in high-caloric foods and beverages, like, e.g. soft drinks,
since these products do not warrant bittermasking. That said, the
use of HED as an appetizing compound would be limited to tar-
geted applications. However, it has to be elucidated in long-term
intervention studies whether HED is a promising botanical that
may help to combat underweight in the elderly population.
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ABSTRACT: The noncaloric sweeteners (NCSs) cyclamate (Cycl) and acesulfame K (AceK) are widely added to foods and
beverages. Little is known about their impact on gastric acid secretion (GAS), which is stimulated by dietary protein and bitter-
tasting compounds. Since Cycl and AceK have a bitter off taste in addition to their sweet taste, we hypothesized they modulate
mechanisms of GAS in human gastric parietal cells (HGT-1). HGT-1 cells were exposed to sweet tastants (50 mM of glucose,
D-threonine, Cycl, or AceK) and analyzed for their intracellular pH index (IPX), as an indicator of proton secretion by means of a
pH-sensitive dye, and for mRNA levels of GAS-associated genes by RT-qPCR. Since the NCSs act via the sweet taste-sensing
receptor T1R2/T1R3, mRNA expression of the corresponding genes was analyzed in addition to immunocytochemical
localization of the T1R2 and T1R3 receptor proteins. Exposure of HGT-1 cells to AceK or D-threonine increased the IPX to
0.60 ± 0.05 and 0.80 ± 0.04 (P ≤ 0.05), respectively, thereby indicating a reduced secretion of protons, whereas Cycl demon-
strated the opposite effect with IPX values of −0.69 ± 0.08 (P ≤ 0.05) compared to controls (IPX = 0). Cotreatment with the
T1R3-inhibitor lactisole as well as a TAS1R3 siRNA knock-down approach reduced the impact of Cycl, AceK, and D-thr on
proton release (P ≤ 0.05), whereas cotreatment with 10 mM glucose enhanced the NCS-induced effect (P ≤ 0.05). Overall, we
demonstrated Cycl and AceK as modulators of proton secretion in HGT-1 cells and identified T1R3 as a key element in this
response.

KEYWORDS: cyclamate, acesulfame K, gastric acid secretion, sweet taste receptor, KATP-channels, HGT-1 cells

■ INTRODUCTION

Noncaloric sweeteners (NCSs) are widely used as sugar substi-
tutes to increase the sweetness of foods and beverages without
contributing to their caloric load. NCSs are known agonists of
the human sweet taste receptor (T1R2/T1R3), which consists of
the subunits T1R2 and T1R3 that respond to a variety of com-
pounds, including natural sugars, sweet-tasting D-amino acids,
and artificial sweeteners, such as cyclamate (Cycl) and acesul-
fame K (AceK).1,2 Cycl and AceK are classified as high-intensity
sweeteners since their sweet taste is 30 and 200 times more
intense than that of sucrose, respectively, whereas glucose evokes
a 30% less intense sweet sensation compared to sucrose (see
review by Edwards et al., 2016).3 Lactisole, a sweet taste receptor
antagonist, inhibits sweet taste by acting on T1R3.4 Previous
studies have been aimed at identifying the yet not fully elucidated
binding sites for sweet tastants on the sweet taste receptor.
On one hand, it has been reported that Cycl and AceK, e.g., act
on the heteromeric T1R2/T1R3.2,5 On the other hand, it has
been hypothesized that the homodimeric T1R3 receptor may
respond to sweet-tasting compounds in various cell lines6−8 and
in humans.9

Apart from their molecular mechanism of action, the health
effects of NCSs beyond their impact on sweet taste perception
are also still controversial.10 One concern is that regular intake of
NCSs may stimulate food intake through their impact on the
release of orexigenic and anorexigenic peptides in the gastro-
intestinal tract,11 thereby contributing to the global increase of
obesity and associated degenerative diseases.10

From a physiological perspective, the gastrointestinal tract and
the central nervous system play a pivotal role in the control of
energy homeostasis, not only by secreting hormones regulating
the complex cascade of hunger and satiety12 but also by regu-
lating gastric motility and gastric acid secretion (GAS).13 Hyper-
secretion of gastric acid may cause gastric discomfort accom-
panied by symptoms like epigastric pain, reflux, or heartburn16

and may result in accelerated gastric emptying which counteracts
satiation due to reduced gastric distention.17 Satiating foods,

Received: February 4, 2018
Revised: April 15, 2018
Accepted: April 17, 2018
Published: April 17, 2018

Article

pubs.acs.org/JAFCCite This: J. Agric. Food Chem. 2018, 66, 4842−4852

© 2018 American Chemical Society 4842 DOI: 10.1021/acs.jafc.8b00658
J. Agric. Food Chem. 2018, 66, 4842−4852

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

IC
H

IG
A

N
 A

N
N

 A
R

B
O

R
 o

n 
Ju

ne
 1

7,
 2

01
8 

at
 1

6:
14

:5
1 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

57



in particular dietary proteins and amino acids,14 but also
endogenous satiating compounds, such as the sugar acid
2-buten-4-olide,15 have been shown to suppress GAS via reduc-
tion of activity of the vagus nerve and gastric-related hypotha-
lamic neurons. However, the effects of NCSs on mechanisms
regulating gastric acid release still have to be elucidated.
One cell model to study the mechanisms of GAS in vitro is the

HGT-1 cell line, established from the primary tumor of a 60-year-
old patient18 and known to express the principal transport
proteins facilitating GAS.19 Recently, HGT-1 cells have been
verified as a suitable model for the identification of bitter and
bitter-modulating compounds,20 showing a high correlation
between the proton secretory potential of a bitter compound and
its sensory bitter perception,20 whereas the associations between
sweet-tasting substances and proton release have not been
studied. Since some NCSs show a bitter off taste, we hypoth-
esized that NCSs modulate mechanisms of GAS in HGT-1 cells
and aimed at elucidating whether the sweet taste sensing receptor
proteins (T1R2/T1R3) are involved in this response. Following
this hypothesis, we investigated the proton secretory potentials
of NCS Cycl, AceK, and the sweet-tasting amino acid D-thr in
HGT-1 cells and studied the impact of the T1R3 antagonist
lactisole and a TAS1R3-siRNA knock down. Moreover, involve-
ment of cAMP and glucose in the regulation of NCS-stimulated
proton secretion as well as the regulation of gastric acid asso-
ciated genes, the H+/K+-ATPase alpha-subunit (ATP4A), the
histamine H2 receptor (HRH2), the somatostatin receptor
(SSTR2), the acetylcholine receptor M3 (CHRM3), and the
identified bitter taste receptors of impact TAS2R1, TAS2R38,
TAS2R31, and TAS2R4321 were also studied.

■ MATERIALS AND METHODS

Chemicals. All the chemicals, including sodium cyclamate,
acesulfame potassium, D-threonine, and histamine, were purchased
from Sigma-Aldrich (Austria), unless stated otherwise. GIV3727 and
lactisole (99%) were provided by Symrise (Germany). Substances
insoluble in water were dissolved in 0.1% (v/v) DMSO.
Cell Culture. The human gastric cells HGT-1 (passage number 56)

were obtained from Dr. C. Laboisse (Laboratory of Pathological
Anatomy, Nantes, France) and were cultured in Dulbecco’s Modified
Eagle Medium (DMEM), containing 4 g/L of glucose, supplemented
with 10% fetal bovine serum, 2% L-glutamine, and 1% penicillin/
streptomycin and cultivated applying standard conditions of 37 °C
temperature in a humidified atmosphere of 95% air with 5% CO2, as
described previously.22

Cell Viability. Analysis of cytotoxic effects of the selected
compounds was performed by staining the cells with 3-(4,5-dimethyl
thiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) reagent, as
described earlier.22 Briefly, cells were seeded in a 96-well culture plate
24 h before use. Cells were treated with the test compounds dissolved in
DMEM for up to 60 min. Absorbance was measured at 550 nm and the
reference wavelength at 690 nm by means of an Infinite 200 Pro Plate
Reader (Infinite M200 Plate Reader, Tecan, Switzerland). As a con-
sequence, the cell viability was determined in relation to the medium-
only treated control cells (untreated controls = 100%). Only the
treatments exceeding 90% viability in comparison to untreated control
were used.
Intracellular pH Measurement in HGT-1 Cells. The intracellular

pH in HGT-1 cells was quantitated as proxy for proton secretion using
the fluorescent pH indicator 1,5-carboxy-seminaphtorhodafluor acetox-
ymethyl ester SNARF-1-AM (SNARF, Invitrogen, Austria).20−26 This
assay in HGT-1 cells has been described previously.21−24 Briefly, 1× 105

HGT-1 cells were seeded in a black 96-well plate. After 24 h, cells were
washed once with Krebs−Ringer-HEPES−buffer (KRHB; 10 mM
HEPES, 4.7 mM KCl, 130 mM NaCl, 1.3 mM CaCl2, 1.2 mM MgSO4,
and 1.2 mM KH2PO4, adjusted to a pH of 7.4 with 5 M KOH) and

stained with 3 μMSNARF-1 in KRHB for 35 min under standard condi-
tions. Later cells were treated for 10 min with test substances dissolved
in Dulbecco’s modified Eagle medium (DMEM) containing 4.5 g L−1 of
glucose. For the experiments investigating the effect of glucose, sub-
stances were dissolved in non-nutritive DMEM. Histamine (1 mM) was
used as a positive control. Control cells were treated with DMEM only.
Additionally, DMEM containing 0.1% DMSO was used as solvent
control. Fluorescence was measured at 580 and 640 nm emission after
excitation at 488 nm by means of an Infinite 200 Pro plate reader. After
analyzing the intracellular pH values using a calibration curve, the
concentration of intracellular H+ was calculated. The ratio between
treated samples and control cells (DMEM only or DMEM containing
0.1% DMSO) was calculated. After log2 conversion, the intracellular
proton index (IPX) was calculated. The lower the IPX values, the more
H+ ions have been secreted by the HGT-1 cells.20−24

RNA Isolation, cDNA Synthesis, and Real-Time Quantitative
Polymerase Chain Reaction (RT-qPCR).HGT-1 cells, at a density of
7 × 105, were seeded in 6-well culture plates 24 h before the experiment.
Cells were washed once with phosphate-buffered saline (PBS) and
treated with 50 mM Cycl, AceK, D-thr, glucose, and 10 μM forskolin or
0.1% DMSO (control) for 10, 20, or 60 min under the standard
conditions described above. After washing with ice-cold PBS on ice, cells
were lysed, and total RNA content was collected using the peqGOLD
Total RNA Isolation Kit (Peqlab) following the manufacturer’s
protocol. RNA quantity and quality were spectrophotometrically ana-
lyzed at 260 and 280 nm, followed by calculating the ratio of the two
wavelengths using the NanoQuant Plate by means of the Infinite 200
PRO Plate Reader. Isolated RNA samples showed a ratio ranging
between 1.8 and 2.2. A total of 2 μg of RNA was used for transcription
into cDNA by applying the High Capacity cDNA Kit (Applied Bio-
systems, Austria) according to the manufacturer’s protocol. Real-time
PCR was performed with 100 ng of cDNA amplified with Fast SYBR
Green Master Mix (Applied Biosystems, Austria). The sequences of the
reverse and forward primers are shown in Table 1. Primer pairs for
human TAS1R1 (Assay ID: qHsaCID0013443), human TAS1R2 (Assay
ID: qHsaCID0016106), and human TAS1R3 (qHsaCED0002321)
were purchased from BIO-RAD (Austria). The remaining sequences
were designed with NCBI Primer Blast, and the following oligonucleo-
tide primers for human SUR1, Kv11.1, and SLC2A1 (encoding GLUT1)
were purchased from Sigma: for human SUR1, 5′-GCTGTCCAAAGG-
CACCTACT-3′ (forward) and 5′-TGAATGTCCTTCCGCACCTG-
3′ (reverse); for human Kv11.1, 5′-CACCTTCCTGGACACCATCA-
3′ (forward) and 5′-AAGCCGTCGTTGCAGTAGAT-3′ (reverse); for
human SLC2A1, 5′-ATTGGCTCCGGTATCGTCAAC-3′ (forward)
and 5′-GCTCAGATAGGACATCCAGGGTA-3′ (reverse). Analyses
were carried out in triplicate by means of the StepOnePlus Real-Time
PCR System (Applied Biosystems, Austria). The measured mRNAs
(N0 values) and efficiencies were calculated for each reaction setup with
LinRegPCR v.12.8. Results of target genes were normalized to the
geometric mean of two internal standard genes TATA-box binding
protein (TBT) and peptidylprolyl isomerase A (PPIA).22 The effects of
treatments on gene expression were analyzed in comparison to non-
treated control cells. Cycling conditions in the system were: 20 s/93 °C
(activation), 3 s/95 °C (denaturation), 30 s/60 °C (annealing), and
15 s/72 °C (elongation).

Immunocytochemical Staining of HEK-293T-Gα16gust44
and HGT-1 Cells. Transient transfection of HEK-293T-Gα16gust44
cells was conducted as described before.27 Briefly, HEK-293T-
Gα16gust44 cells were seeded onto glass coverslips in 24-well plates
24 h before transiently transfecting the cells by using Lipofectamine
2000 (Invitrogen, Germany) with cDNA coding for human sweet
receptor subunits TAS1R2 and TAS1R3. HGT-1 cells were seeded
onto coverslips 24 h before the immunocytochemical detection. Cells
were fixed with methanol:acetone (1:1, v/v) and stained as described
previously,27 using antibodies against the C-terminal epitope tags
(anti-FLAG antiserum for T1R2 (1:2000) and anti-HSV antiserum for
T1R3 (1:15000) (Novagen, Germany)), goat anti-T1R2 (1:100), and
rabbit anti-T1R3 (1:100) (Santa Cruz Biotechnology, USA). Detec-
tion was performed as reported previously,27 and preabsorption of the
anti-T1R2 antibody with the specific blocking peptide (1:100)
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(Santa Cruz Biotechnology) was carried out. The FLAG and HSV epi-
topes were detected by means of IgG-conjugated antimouse and
antigoat antibodies (1:2000) (Molecular Probes, USA), respectively,
biotin-conjugated concanavalin A (1:2000) with Streptavidin Alexa
Fluor 633 (1:1000) (Molecular Probes), T1R2 with Alexa Flour 488
donkey antigoat IgG (1:2000) (Molecular Probes), and T1R3 with
Alexa Fluor 488 goat antirabbit IgG (1:2000) (Molecular Probes).
To visualize the nuclei, cells were stained with DAPI (4′,6-diamidino-
2-phenylindole). Finally, immunofluorescent pictures were taken by
confocal laser-scanning microscopy (Leica TCS-SP8, Germany).
Small Interfering RNA (siRNA) Knockdown of TAS1R3 Gene

Expression in HGT-1 Cells.TAS1R3 expression levels were reduced in
HGT-1 cells by treatment with siRNA. Gene-specific siRNA targeting of
TAS1R3 (5′-GCCUGAAGAUCCGCUGGCA-3′) was purchased from
Sigma (Austria). 3× 104 cells were seeded 24 h prior to transfection with
the HiPerFect Transfection Reagent (Qiagen, Austria) using mock
transfection or a transfection reagent containing either 1−10 nM
TAS1R3 siRNA (toxicity was excluded by MTT) or All-stars Negative
Control siRNA (Qiagen, Austria), according to the manufacturer’s
protocol (Qiagen). Transfections were performed at 37 °C, 5% CO2, in
a humidified atmosphere. After 48 h transient transfection of TAS1R3
siRNA, the knockdown efficiencies were assessed bymeans of RT-qPCR
(Supporting Information Figure 1).
cAMP Measurement. Cells were seeded in 96-well plates at a

density of 1 × 105 per well under standard conditions 24 h before the
experiment. Prior to performing the experiment, the culture medium
was discarded, washed once with PBS, and treated with test substances
dissolved in KRHB or KRHB containing 0.1% DMSO under standard
conditions at 37 °C in a humidified atmosphere of 95% air with 5% CO2

for 10 min. Cyclic AMP levels were determined by means of a cAMP
assay kit, cAMP-Glo (Promega, Germany). The assay was performed
according to the manufacturer’s instructions. Cyclic AMP values were
calculated from the external standard curve.
Statistical Analysis. Sigma Plot software 11.0 (Sytat Software) was

used for all statistical analysis. Data are shown as the mean ± standard
error of the mean (SEM). A minimum of three biological and two
technical replicates were conducted in all cell culture experiments. The
statistical analyses are stated in the legend of the corresponding table or
figure, applying a one-way ANOVA Holm-Sidak post hoc test for
comparison between control and various concentrations of the tested
substance, and two-way ANOVA for comparison between control and
time-dependent treatments. Treated overcontrol values are demon-
strated as T/C (C = 100%). P-values ≤0.05 were considered as
statistically significant.

■ RESULTS

Effects of Cycl, AceK, and D-Thr on H+ Release in HGT-1
Cells. Treatment of HGT-1 cells with Cycl, AceK, or D-thr in a
concentration of 50 mM for 10 min resulted in a stimulation of
proton secretion, as shown by reduced IPX values of −0.69 ±

0.08 (Cycl) or an inhibition as shown by increased IPX values

0.60 ± 0.05 (AceK) and 0.80 ± 0.04 (D-thr) in relation to
nontreated control cells (0.02 ± 0.08) (P ≤ 0.05, Figure 1).

Treatment with 50 mM D-leucine (D-leu), sucrose (Suc), and
glucose did not affect the intracellular pH (P > 0.05, Figure 1).
Concentration-dependent treatments revealed the highest
concentration (50 mM) of test compounds to elicit the highest
impact on proton release in HGT-1 cells (Figure 2).

Impact of Glucose, Cycl, AceK, D-Thr, and Forskolin on
mRNA Expression of Targeted Genes Involved in
Mechanisms Regulating Proton Secretion in HGT-1
Cells. The cDNA transcripts generated from HGT-1 RNA by
gene-specific oligonucleotide primers for TAS1R1, TAS1R2, and
TAS1R3, as well as the primers mentioned in Table 1, were
amplified by means of RT-qPCR.
Glucose had no impact on the targeted genes of interest

(P > 0.05, Table 2). Apart from SSTR2, ATP4A, and TAS1R1
(P > 0.05), Cycl induced the mRNA expression of TAS1R3 and
HRH2 at all three treatment times, whereas CHRM3mRNA was
reduced after 10 min of Cycl exposure (P ≤ 0.05, Table 2). Cycl
and AceK are known to have a bitter aftertaste in addition to their

Figure 1. IPX after treatment of the cells with positive control histamine
(His, 1 mM), D-leucine (D-leu, 50 mM), D-threonine (D-thr, 50 mM),
cyclamate (Cycl, 50 mM), acesulfame K (AceK, 50 mM), sucrose (Suc,
50 mM), or glucose (Glu, 50 mM) for 10 min. Results are displayed as
IPX and illustrated in comparison to untreated cells (Control, C) as the
mean ± SEM, n = 3−4; tr = 5−6. (Statistics: one-way ANOVA Holm-
Sidak post hoc test; significance differences are marked with the letters,
P ≤ 0.05).

Table 1. Sequences of All Primer Pairs Used in the RT-qPCR Experiments21,23,24a

target amplicon size 5′ → 3′ sequence target amplicon size 5′ → 3′ sequence

PPIA 144 F:CCACCAGATCATTCCTTCTGTAGC TAS2R1 172 F:AAATGGCTCCGCTGGATCTC

R:CTGCAATCCAGCTAGGCATGG R:GTGGCAAGCCAAAGTTCCAA

TBT 130 F:CCCGAAACGCCGAATATAATCC TAS2R38 216 F:CCCAGCCTGGAGGCCCACATT

R:GACTGTTCTTCACTCTTGGCTC R:TCACAGCTCTCCTCAACTTGGCA

ATP4A 176 F:CGGCCAGGAGTGGACATTCG TAS2R31 218 F:TTGAGGAGTGCAGTGTACCTTTC

R:ACACGATGGCGATCACCAGG R:ACGGCACATAACAAGAGGAAAA

CHRM3 117 F:AGCAGCAGTGACAGTTGGAAC TAS2R43 148 F:ATATCTGGGCAGTGATCAACC

R:CTTGAGCACGATGGAGTAGATGG R:CCCAACAACATCACCAGAATGAC

HRH2 154 F:TGGGAGCAGAGAAGAAGCAACC

R:GATGAGGATGAGGACCGCAAGG

SSTR2 189 F:TCCTCCGCTATGCCAAGATGAAG

R:AGATGCTGGTGAACTGATTGATGC
aF: Forward, R: Reverse.
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sweet-tasting character. The identified bitter taste responsive
receptors for Cycl are T2R1 and T2R38,28 while those are T2R31
and T2R43 for AceK.29 We, therefore, studied the potential
involvement of these respective T2Rs in proton release. Cycl
down-regulated mRNA expression of the bitter receptors
TAS2R1 and TAS2R38 after 20 and 60 min exposure, respec-
tively (P ≤ 0.05, Table 2). Treatment of the cells with AceK also
regulated ATP4A, HRH2, SSTR2, TAS1R1, TAS1R3, TAS2R31,
and TAS2R43 expression (P ≤ 0.05, Table 2). Apart from
ATP4A, D-thr also demonstrated an impact on the targeted genes
at various times of treatment (P ≤ 0.05, Table 2). Likewise,
except for SSTR2, forskolin caused changes of the mRNA
expression level of the genes shown in Table 2. Notably, forskolin
(10 μM), dissolved in 0.1% DMSO (v/v), did not show a
regulative effect when compared to cells treated with the solvent
control, consisting of cell culture media with 0.1% DMSO (v/v)
only (data not shown, P > 0.05). HGT-1 gene expression of
TAS1R2 was below the limit of detection, with ΔcTTAS1R2 values
above 35 (RT-qPCR amplification, running 40 cycles; No values
of TAS1R2 calculated from LinRegPCR v.12.8 were normalized
over theNo values of PPIA; 3.6 × 10−3± 5.1 × 10−4 (as the mean
± SEM, n = 3; tr = 3)).
Immunocytochemical Detection of the T1R2 and T1R3

Receptor Proteins in HGT-1 Cells. To test the specificity of
the antibodies directed against T1R2 or T1R3 receptor proteins,
HEK 293T-Gα16gust44 cells were transiently transfected with
cDNA of TAS1R2 and TAS1R3 (Figure 3). Antibodies (FLAG-
tag, green) selective for the T1R2 receptor protein (red) and
(HSV-tag, green) the T1R3 receptor protein (red) were used to
stain transfected HEK 293T-Gα16gust44 cells (Figure 3). Both
T1R2 and T1R3 receptor proteins were detected by using the
anti-FLAG and anti-HSV antisera indicating the specificity of the
antisera (Figure 3). Subsequently, HGT-1 cells were analyzed
with the validated antiseras against T1R2 and T1R3 receptor
protein (green) and concanavalin A (ConA, red) directed toward
cell surface glycoproteins. Signals gained for T1R2 were relatively
weak in comparison to that for T1R3 (Figure 3, green). In addi-
tion, preincubation with the specific T1R2/T1R3 antisera
reduced the staining signals (Figure 3).
Impact of Lactisole on Cycl- and AceK-Induced Proton

Release in HGT-1 Cells. IPX values were analyzed after treating

the cells with Cycl, AceK, or D-thr in the presence or absence of
T1R3 antagonist lactisole.
Coincubation of 50mMCycl, AceK, D-thr, and 50 μM lactisole

for 10 min most effectively reduced the effects of Cycl, AceK, and
D-thr, revealing IPX values of−0.27± 0.05;−0.69± 0.08, 0.30±
0.05; 0.60 ± 0.05, and 0.56 ± 0.06; 0.80 ± 0.04, respectively, in
relation to control cells (0.02 ± 0.08) (P ≤ 0.05, Figure 2).
Treatment of the HGT-1 cells with lactisole alone showed no
significant effect on proton release (P > 0.05, Figure 2A).

Impact of Cycl and AceK on Proton Release in TAS1R3

Knock-Down HGT-1 Cells. In order to clarify the involvement
of T1R3 in Cycl- and AceK-induced changes in proton secretion,
the mRNA expression of TAS1R3 was knocked down by treat-
ment of the cells with TAS1R3 siRNA (10 nM). Mean knock-
down efficiency, assessed by means of RT-qPCR, was 51.0 ±

3.1% (Supporting Information, Figure 1). Moreover, the effects
of Cycl and AceK on proton release were reduced by 39.0 ±

5.1% and 51 ± 3.8% in TAS1R3 knocked-down cells com-
pared to mock transfected, nontargeted control cells (P ≤ 0.05,
Figure 4).

Role of cAMP in Cycl, AceK, and D-Thr-Induced
Changes in Proton Release inHGT-1 Cells. In order to deter-
mine the role of T1R3 downstream signaling on Cycl-, AceK-,
and D-thr-induced changes in proton secretion, and to elucidate
whether these effects are mediated via elevated [cAMP]i, the
cAMP activator forskolin and its inhibitor NKY80 were used.
Treatment of HGT-1 cells with 10 μM forskolin for different
time points from 10 to 55 min resulted in a stimulation of proton
secretion (P ≤ 0.05), which was decreased by 3 μM NKY80 as
indicated by AUC10−55 min values (n = 4; tr = 5 statistics: one-way
ANOVA Holm-Sidak post hoc test, P ≤ 0.05, data not shown).
HGT-1 exposure to NKY80 and 0.1% DMSO had no effect on
proton release in HGT-1 cells (P > 0.05, data not shown).
Treatment of the cells with 50 mM Cycl, AceK, or D-thr in the

presence of 3 μM NKY80 reduced the effect of Cycl and AceK
(P ≤ 0.05, Figure 5), whereas for D-thr, the level of a statistical
significant difference was not reached (P = 0.127, Figure 5).

Impact of Cycl, AceK, Glucose, and Forskolin on the
Intracellular cAMP Concentration ([cAMP]i) in HGT-1
Cells. Apart from glucose, Cycl, AceK, and forskolin induced an
increase in [cAMP]I, which was reduced by treatment of the cells

Figure 2. IPX of HGT-1 cells after treatment with (A) cyclamate (Cycl, 50 mM), in the presence or absence of lactisole, or lactisole alone,
(B) acesulfame K (AceK, 50mM), in the presence or absence of lactisole, and (C) D-threonine (D-thr, 50mM), in the presence or absence of lactisole for
10 min. Findings are depicted as IPX and demonstrated in comparison to the untreated cells (Control, C) as the mean ± SEM, n = 3−4; tr = 5−6.
(Statistics: one-way ANOVA Holm-Sidak post hoc test; significant differences are shown with the letters, P ≤ 0.05).
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with the adenylate cyclase inhibitor NKY80. In addition, lactisole
attenuated the impact of Cycl and AceK on [cAMP]i (P ≤ 0.05,
Table 3), whereas neither lactisole nor NKY80 demonstrated a
significant effect on [cAMP]i (P > 0.05, Table 3).
Impact of Glucose on Cycl- and AceK-Induced Proton

Release in HGT-1 Cells. In order to further elucidate the mech-
anisms of T1R2/T1R3, we studied caloric sweetener glucose in
NCS-induced proton release. Cells treated with 50 mMCycl and
5 or 10 mM glucose for 10 min showed IPX values of −0.24 ±
0.07, −0.35 ± 0.06, and −0.46 ± 0.04, respectively, in relation to
the control cells (0.05 ± 0.05) (P ≤ 0.05, Figure 6A). Cotreat-
ment with 50 mM AceK and 5 or 10 mM glucose resulted in
IPX values of 0.52 ± 0.13, 0.70 ± 0.19, and 0.84 ± 0.08, respec-
tively, in relation to the control cells (0.09 ± 0.21) (P ≤ 0.05,
Figure 6B). The effect of 10 mM glucose coincubated with
50 mM Cycl or AceK was significantly reduced by addition of
30 μM glibenclamide, a KATP inhibitor, resulting in IPX values of
−0.18± 0.06;−0.46± 0.04, and 0.51± 0.09; 0.84± 0.08, respec-
tively, compared to nontreated control cells (0.05 ± 0.05 and

0.09 ± 0.21, respectively) (P ≤ 0.05, Figure 6A, 6B). Cotreat-
ment of 1 mM histamine and with 10 mM glucose resulted in
an IPX value of −0.80 ± 0.05 in relation to the control cells
(−0.05 ± 0.03) (P ≤ 0.05, Figure 6C). Glucose did not change
the histamine-induced proton secretion (P > 0.05, Figure 6C).
Histamine-induced proton release was suppressed by glibencla-
mide with IPX values of −0.80 ± 0.05 and −0.36 ± 0.06 in rela-
tion to the control cells (−0.05 ± 0.03) (P ≤ 0.05, Figure 6C).
Additionally, 30 μM glibenclamide alone inhibited the H+

release, with an IPX value of 0.18 ± 0.04 in relation to the
control cells (−0.05 ± 0.03) (P ≤ 0.05, Figure 6).

Impact of Glucose, Cycl, and AceK on mRNA
Expression of SUR1, Kv11.1, and SLC2A1 in HGT-1 Cells.
After exposing the cells to 50 mM glucose, Cycl, or AceK for 10,
20, and 60 min, mRNA expression profiles of SUR1, Kv11.1, and
SLC2A1 were measured by means of RT-qPCR.
Glucose did not show any effect on the expression level of all

targeted genes (P > 0.05, Table 4), except for SLC2A1 at the time
points of 10 and 20 min (P ≤ 0.05, Table 4). Cycl revealed a

Table 2. RT-qPCR Results of HGT-1 Cells Treated with 50 mM Glucose, Cyclamate, Acesulfame K, D-Threonine, or 10 μM
Forskolina

target treatment 10 min 20 min 60 min

ATP4A glucose 1.12 ± 0.07 1.20 ± 0.08 0.97 ± 0.09

DMSO 1.00 ± 0.07 0.90 ± 0.04 0.96 ± 0.08

cyclamate 1.00 ± 0.04 1.06 ± 0.05 1.06 ± 0.09

acesulfame K 0.80 ± 0.04* 1.31 ± 0.08* 0.88 ± 0.07

D-threonine 1.00 ± 0.08 1.10 ± 0.05 0.93 ± 0.03

forskolin 0.96 ± 0.08 0.75 ± 0.02* 1.04 ± 0.05

HRH2 glucose 0.88 ± 0.10 0.96 ± 0.06 0.89 ± 0.03

DMSO 0.87 ± 0.08 0.84 ± 0.04 0.97 ± 0.05

cyclamate 1.11 ± 0.03* 1.14 ± 0.08* 1.20 ± 0.10*

acesulfame K 1.07 ± 0.10 1.21 ± 0.05* 1.15 ± 0.11

D-threonine 1.24 ± 0.07* 1.24 ± 0.05* 1.08 ± 0.08

forskolin 0.97 ± 0.04 0.80 ± 0.03* 1.10 ± 0.05*

CHRM3 glucose 1.11 ± 0.06 0.93 ± 0.09 0.86 ± 0.04

DMSO 1.10 ± 0.06 1.01 ± 0.05 0.90 ± 0.06

cyclamate 0.73 ± 0.09* 1.01 ± 0.23 0.96 ± 0.23

acesulfame K 0.65 ± 0.07* 1.77 ± 0.06* 0.87 ± 0.09

D-threonine 0.70 ± 0.05* 1.22 ± 0.20 1.30 ± 0.36

forskolin 1.51 ± 0.08* 1.10 ± 0.10 0.64 ± 0.14*

SSTR2 glucose 1.00 ± 0.02 1.00 ± 0.01 1.00 ± 0.01

DMSO 1.03 ± 0.02 1.05 ± 0.02 0.94 ± 0.02

cyclamate 0.98 ± 0.04 1.01 ± 0.05 0.98 ± 0.02

acesulfame K 0.92 ± 0.03 0.88 ± 0.04* 1.03 ± 0.04

D-threonine 0.81 ± 0.03* 0.96 ± 0.03 1.02 ± 0.01

forskolin 1.02 ± 0.03 1.02 ± 0.02 1.02 ± 0.04

TAS1R1 glucose 0.89 ± 0.07 1.11 ± 0.10 1.10 ± 0.11

cyclamate 1.16 ± 0.06 0.90 ± 0.03 0.98 ± 0.07

acesulfame K 1.13 ± 0.06 0.71 ± 0.14* 1.12 ± 0.12

D-threonine 1.12 ± 0.06 0.70 ± 0.13* 0.98 ± 0.07

TAS1R3 glucose 1.15 ± 0.10 1.19 ± 0.06 1.19 ± 0.22

cyclamate 1.34 ± 0.15* 1.45 ± 0.16* 1.51 ± 0.20*

acesulfame K 0.74 ± 0.08* 1.34 ± 0.08* 1.52 ± 0.18*

D-threonine 1.05 ± 0.06 1.35 ± 0.10 1.40 ± 0.25

TAS2R1 cyclamate 0.87 ± 0.20 0.65 ± 0.11* 0.67 ± 0.23

TAS2R38 cyclamate 0.99 ± 0.19 0.55 ± 0.18 0.36 ± 0.07*

TAS2R31 acesulfame K 0.96 ± 0.06 0.88 ± 0.10 0.96 ± 0.04

TAS2R43 acesulfame K 1.07 ± 0.10 1.03 ± 0.06 1.32 ± 0.06*
aData are indicated as average ± SEM in comparison to untreated control (set to 1), and forskolin results were analyzed over DMSO (0.1%, v/v)
treatment. Calculations were made from at least three biological replicates. Statistics; two-way ANOVA Holm-Sidak post hoc test; significant
difference between treatments over control are depicted as *; P ≤ 0.05.
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regulatory influence on the mRNA expression level of SUR1,
Kv11.1, and SLC2A1 at the time points of 10, 10, and 60 min,
respectively (P ≤ 0.05, Table 4). AceK most effectively regulated
SUR1, Kv11.1, and SLC2A1 (P ≤ 0.05, Table 4).

■ DISCUSSION

The secretion of gastric acid is essential for protein digestion and
absorption of calcium, iron, and vitamin B12, preventing bacte-
rial overgrowth and enteric infections, and helping to reduce or

Figure 3. Specific immunostaining of the transiently transfected HEK 293T-Gα16gust44 cells expressing human T1R2 and T1R3 is exhibited by the
epitope (green) tagged specific anti-T1R2 and -T1R3 antibodies (red). Nuclei of the cells are visualized with DAPI (blue). In HGT-1 cells, T1R2 and
T1R3 receptor proteins are visualized by the anti-TAS1R2 and -TAS1R3 antiserums (green). Anti-T1R2 antibody preincubated with the specific
blocking peptide (T1R2+BP). As a negative control for the anti-T1R3 staining,−1° (T1R3) represents the treatment of HGT-1 cells without anti-T1R3
antibody. Cell surface labeling is demonstrated with concanavalin A (ConA, red). Scale bar: 50 μm.
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eliminate the allergenicity of foods and is among the key factors
regulating food intake. The control of acid secretion is accom-
plished by a complex interaction of neurocrine, paracrine, and
hormonal pathways.30 One of our recent studies has demon-
strated that activation of oral and gastric bitter receptors by
caffeine stimulates the secretion of gastric acid in healthy subjects
and that this effect is reduced by the bitter masking compound
homoeriodictyol. In vitro studies using a CRISPR-Cas9 approach
in HGT-1 cells demonstrated a key role for the bitter receptor
TAS2R43 targeted by caffeine and homoreiodictyol, respec-
tively.21 Apart from its reducing effects on caffeine-stimulated
GAS, we also showed that the bitter-masking/bitter receptor
(T2R43) inhibiting compound homoeriodictyol increased food
intake in healthy subjects when administred as a bolus of 30mg.31

The impact of NCS on food intake andmechanisms regulating
satiety is still controversial. In addition, how NCS affects GAS is
unknown. Here, we demonstrate that Cycl and AceK are
modulators of GAS in human parietal cells (HGT-1 cells).

HGT-1 cells have been established as an in vitro model for
studying mechanisms of GAS.18−24,32,33 These cells express all
functional proteins responsible for proton secretion19 which is
analyzed by quantitating the intracellular concentration of
protons using a fluorescent dye that shows a characteristic pH-
dependent fluorescence.
In this mechanistic study, treatment of HGT-1 cells with

50 mM Cycl increased proton secretion, whereas the same con-
centrations of AceK and D-thr showed a reducing effect
compared to untreated control cells. At low concentrations
(≤1 mM), neither NCS evoked proton release in HGT-1 cells
(data not shown). RT-qPCR analyses demonstrated a regulation
of mRNA expression of prosecretory gene encoding for the H+/
K+-ATPase (ATP4A), the histamine (HRH2), and the acetlycho-
line (CHRM3) receptor and the antisecretory somatostatin
receptor (SSTR2) for Cycl, AceK, and D-Thr, whereas treatment
of HGT-1 cells with glucose had no effect, either on the mRNA
expression of the selected genes or on proton secretion.
Coincubations of Cycl and AceK with lactisole, a known antag-
onist for T1R3,4 diminished the effect of both NCS compounds.
To clarify whether the T1R2/T1R3 is involved in this response,
mRNA expression of TAS1R2 and TAS1R3 as elements of the
heterodimer sweet taste receptor2 were analyzed by RT-qPCR.
Whereas the mRNA level of TAS1R2 was below the limit of
quantification, Cycl and AceK regulated the mRNA expression
level of TAS1R3. Overall, a down-regulation or an up-regulation
of a prosecretory gene does not necessarily result in a decreased
proton release or vice versa, although it provides some evidence
that these proteins play a role in the cellular response. To follow
up on this hypothesis, protein expression of T1R2 and T1R3 in
HGT-1 cells was analyzed by immunocytochemistry, using com-
mercially available antibodies which were validated in transfected
HEK-293T cells. Staining signals for T1R3 dominated over those
for T1R2. Here, we hypothesize that the structure of the T1R2/
T1R3 heterodimer in parietal cells is different in the tongue taste
cells2 and in HGT-1 cells, although data accurately characterizing
the protein structure are lacking. Thus, we cannot exclude that
the receptor in HGT-1 cells is not a heterodimer but rather a
T1R3 homodimer. This might be an actual possibility in view of
the fact that such homodimers have been found and recognize
sugars, as demonstrated for insulating secreting-pancreatic
β-cells,6 adipocytes 3T3-L1 cells,7 and GLP-1-secreting Hutu-
80 cells.8 On the other hand, another possibility is that HGT-1

Figure 4. Effect of Cycl and AceK on H+ release in TAS1R3 knocked-
down cells (TAS1R3 kd). TAS1R3 was knocked down 51.0 ± 3.1% by
using siRNA (10 nM). IPX of HGT-1 cells transfected with non-
targeting negative control siRNA (NC) orHGT-1 cells with knockdown
of TAS1R3 by siRNA, treated with histamine (His, 1 mM), cyclamate
(Cycl, 50 mM), or acesulfame K (AceK, 50 mM) for 10 min. Results are
calculated in comparison to nontargeting negative control siRNA
(C, NC) as the mean± SEM, n = 3; tr = 5−6. (Statistics: Student’s t test;
significant differences are expressed with **; P ≤ 0.001,*; P ≤ 0.05).

Figure 5. IPX of HGT-1 cells after coincubation of cyclamate (Cycl,
50 mM), acesulfame K (AceK, 50 mM), D-threonine (D-thr, 50 mM),
and NKY80 for 10 min. Findings are exhibited as IPX and demonstrated
in comparison to untreated cells (control cells, set to 0) or 0.1%DMSO-
treated control cells (solvent control for NKY80, set to 0) as the mean±
SEM, n = 3−4; tr = 5−6. (Statistics: one-way ANOVAHolm-Sidak post
hoc test; significant differences are expressed with *, P ≤ 0.05).

Table 3. cAMP Formation after Treatment with Cyclamate,
Acesulfame K, Glucose, or Forskolin in the Presence and
Absence of NKY80 or Lactisole for 10 mina

NKY80 Lactisole

3 μM 50 μM

control 100 ± 2.4a 94.3 ± 6.4a

cyclamate 50 mM 181 ± 9.6b 128 ± 5.4c 151 ± 3.3d

acesulfame K 50 mM 195 ± 8.7b 113 ± 2.8c 154 ± 6.7d

glucose 50 mM 110 ± 8.1a 105 ± 3.2a 107 ± 6.1a

0.1% DMSO control 100 ± 3.5a 87.2 ± 5.6a

forskolin 10 μM 266 ± 38b 136 ± 8.2c

aData are displayed as [%T/C], average ± SEM in relation to control
(set to 100%, marked with “a”) or control containing 0.1% DMSO for
forskolin and NKY80 (set to 100%), n = 3; tr = 2. Statistics: one-way
ANOVA followed by Holm−Sidak post hoc test was employed, and
significant differences between treatment over control are calculated
and compared to their respective measurement and marked with
letters; P ≤ 0.05.
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cells express both hetero- and homodimers, with a prevalence of
homodimers. Future studies are warranted to elucidate the
protein structure of the T1R2/T1R3 receptor in HGT-1 cells
and in gastric tissues. However, our hypothesis is confirmed by
results from the TAS1R3 siRNA knockdown approach: in HGT-1
cells showing a 51% lower TAS1R3 mRNA level compared to
nontransfected cells, the effect of Cycl and AceK on proton
secretion was significantly reduced. This suggests the involve-
ment of T1R3 in NCS-induced proton release, although it also
indicates additional cell surface proteins are involved in this
response. This hypothesis is supported by our data showing
opposite effects of Cycl and AceK on proton secretion. Cycl,
reported to also target the bitter receptors T2R1 and T2R38,28

stimulates the secretion of protons, whereas AceK, an agonist of
T2R31 and T2R43,29 shows a reducing effect compared to
control cells. We demonstrated involvement of T2R43 by using
the T2R43 antagonist 4-(2,2,3-trimethylcyclopentyl) butanoic
acid (GIV3727)34 which decreased the AceK-evoked response
(Figure S2). A sensory study by Sẃiaḑer et al.35 demonstrated
that the sweet taste intensity of Cycl and AceK in water solutions
increased with higher concentrations in comparison to equi-
sweet concentrations of sucrose, whereas at lower concen-
trations, up to about 0.5 ppm, AceK demonstrated a less intense
bitter off-taste compared to Cycl. The human T1R2/T1R3
heterodimer possess various ligand-binding sites for sweeteners.
AceK, e.g., binds to the amino-terminal domain of T1R2,5

whereas Cycl acts on the transmembrane helical domain of T1R3
as an agonist.36 There is, however, evidence demonstrating that a
T1R3 homodimer is functional in response to AceK in Hutu-80

cells.8 Nevertheless, we do not exclude the potential involvement
of T1R2. Future studies are needed to discriminate between the
efficacy of T1R and T2R by means of T1R and T2R targeted
knock-down approaches. The outcome from a sensory study by
Galindo-Cuspinera et al.37 suggests that the transmembrane
helical domain of the T1R3 section of the sweet taste receptor
also functions as an allosteric binding site for saccharin for which
lactisole is a known antagonist. The authors also demonstrated
that saccharin at high concentrations (>25 mM) elicits a bitter
taste character and suppresses the sweet response, whereas Cycl
at high concentration exhibits a bitter and sweet character.
Another explanation for the opposite effects of Cycl and Acek
apart from the involvement of additional cell surface receptors
and concentration-dependent responses might be antagonistic
effects: A recent publication by Behrens et al.38 demonstrated
antagonistic activities for Cycl and saccharin on each other’s
bitter responsive T2Rs. However, we can not explain the oppo-
site effects by Cycl and AceK on proton secretion in HGT-1 cells
yet, neither by our current nor by previous findings where the
stimulating effect of the bitter tasting caffeine, targeting T2R7,
T2R10, T2R14, T2R31, and T2R4332 on proton secretion, was
reduced by the T2R43 antagonist homoeriodictyol.21 Although
the 50 mM concentrations of Cycl and AceK applied to HGT-1
cells in this mechanistic work are comparatively high, it can not
be excluded that in gastric cells the density of taste receptors is
lower than that on the tongue, requiring higher concentrations of
NCS to elicit a similar response. Future studies are needed to
clarify whether antagonistic activities of Cycl and AceK on
TAS2Rs, beyond their role as agonists for T2R1/T2R3832 and

Figure 6. Enhancing effect of 5 and 10 mM glucose on 50 mM cyclamate-, acesulfame K-, or 1 mM histamine-induced H+ secretion. IPX of HGT-1 cells
treated with (A) cyclamate, (B) acesulfame K, or (C) histamine in the presence or absence of glibenclamide for 10 min. Data are presented as IPX and
expressed treated over untreated control cells as the mean ± SEM, n = 3; tr = 5−6. (Statistics: one-way ANOVA Holm-Sidak post hoc test; significant
differences are shown with the letters, P ≤ 0.05).

Table 4. RT-qPCR Results of HGT-1 Cells Treated with 50 mM Glucose, Cyclamate, or Acesulfame Ka

target treatment 10 min 20 min 60 min

SUR1 glucose 1.03 ± 0.10 0.90 ± 0.08 0.84 ± 0.08

cyclamate 0.65 ± 0.09* 0.96 ± 0.18 1.18 ± 0.21

acesulfame K 1.68 ± 0.38* 1.46 ± 0.27* 1.31 ± 0.23*

Kv11.1 glucose 1.00 ± 0.13 1.12 ± 0.12 1.15 ± 0.22

cyclamate 1.29 ± 0.19* 0.96 ± 0.12 1.61 ± 0.22*

acesulfame K 1.60 ± 0.27* 1.70 ± 0.20* 1.34 ± 0.25

SLC2A1 glucose 1.20 ± 0.10* 1.21 ± 0.13* 1.00 ± 0.11

cyclamate 0.98 ± 0.14 1.18 ± 0.16 1.53 ± 0.15*

acesulfame K 1.35 ± 0.18* 1.30 ± 0.12* 1.54 ± 0.20*
aData are indicated as average ± SEM in comparison to untreated control (set to 1). Calculations were made from at least three biological replicates.
Statistics: two-way ANOVA Holm−Sidak post hoc test; significant difference between treatments over control are depicted as *; P ≤ 0.05.
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T2R31/T2R43,33 respectively, might help to explain the con-
trary effects of these NCSs on proton secretion. In addition,
involvement of other cell-surface proteins cannot be excluded.
Therefore, the role of T1R3 was further elucidated by analyzing
NCS-associated downstream signaling pathways.6−8 First, the
impact of Cycl and AceK on intracellular cAMP was studied by
using the adenylate cyclase activator forskolin39 and its inhibitor
NKY80.40 Increased cAMP concentrations analyzed after expo-
sure of HGT-1 cells to forskolin and either of the NCSs tested
were reduced by NKY80 cotreatment. In addition, glucose did
not evoke a response. Involvement of T1R3 was verified by
lactisole, which also lowered the cAMP increase by Cycl and
AceK. Although the opposite response of HGT-1 cells to Cycl
and AceK on proton secretion is not reflected by comparable
effects of these compounds on cAMP, our results indicate a link
between T1R3 activation and proton secretion. This hypothesis
is supported by effects of NKY80, which reduced the Cycl and
AceK-evoked response on proton secretion.
T1R3-expressing cells have been shown to also express glucose

transporters (GLUTs) and KATP-sensitive K+ channels (KATP)
which are considered cellular “glucose sensors”.41 Conducting
RT-qPCR experiments, we observed a regulation of the mRNA
expression level of these genes by Cycl and AceK in HGT-1 cells.
Since Sidani et al.42 demonstrated that glibenclamide inhibits H+,
K+-ATPase-mediated and histamine-induced acid secretion in
isolated gastric glands from wild-type mouse, we also tested the
impact of the KATP inhibitor glibenclamide41 which markedly
diminished the effect of Cycl and AceK on proton secretion in
HGT-1 cells. Since the transport of K+ is directly linked to H+

exchange, these results support our hypothesis of Cycl and AceK
as modulators of GAS. Assuming that the cations gained from
cyclamate (Na+) and acesulfame (K+) would also contribute to

this opposite effect on proton release, the cells treated with
50 mM NaCl and KCl showed no effect on Cycl- and AceK-
induced proton secretion (data not shown). To elucidate
whether Cycl and AceK not only act through binding to the
sweet taste receptor but also via activation of GLUTs, we studied
glucose in coincubation experiments as suggested by Yee et al.41

who described that a mixture of NCSs and a caloric sweet tastant
(glucose) augment the cellular NCS response. This hypothesis is
supported by our data demonstrating that glucose did enhance
the impact of Cycl and AceK on proton secretion, while not
showing an effect when cells where treated with glucose solely.
Consistent with our results, Li et al.43 demonstrated that a much
higher concentration of glucose (>50 mM) is required to stim-
ulate the canonical sweet taste receptor in taste buds. Moreover,
it has been hypothesized that the sweet taste receptor in β-cells is
not identical to the canonical sweet taste receptor expressed in
the taste buds of the tongue, as a relatively high concentration of
NCS was required to stimulate the sweet taste receptor in
β-cells.44 In addition, the heterodimeric sweet taste receptor is
known to detect the sweet taste of caloric sugars, for example
sucrose at the EC50 = 100mM,43 whereas it senses the sweet taste
of Cycl at EC50 = 2.2 mM and AceK at EC50 = 120 μM.45 Since
the 10 min 50 mM glucose exposure in this work also did not
alter intracellular cAMP concentrations nor mRNA expression of
TAS1R3, future experiments will be needed to elucidate the
different pathway kinetics of NCS and glucose. Although glucose
is a known agonist of the sweet taste receptor2 and a substrate for
ATP formation upon cellular uptake by GLUTs,46 these cellular
responses might follow different kinetics as compared to those of
NCS, which are many times sweeter than glucose and may have,
therefore, significantly different T1R3 binding kinetics than
glucose. Glucose is assumed to bind to the amino-terminal

Figure 7. Illustrative proposed mechanism of sweetener-induced H+ secretion in HGT-1 cells. The main T1R3 stimulatory pathway as well as T2Rs is
elicited in dark blue and glowed with red. The glucose-dependent mechanism is demonstrated in orange. T1R3 agonists and AC activator forskolin are
shown in blue. Inhibitors, as well as TAS1R3 siRNA knockdown, are depicted in red. Activation of T1R3 is followed by induction of the secondary
signaling cascade through cAMP. cAMP activates protein kinase A (PKA) which subsequently stimulates the H+, K+-ATPase that is accompanied by H+

Cl− secretion. Other signaling mechanisms, which might presumably be activated during H+ secretion induced by NCS, are illustrated in the
background, such as histaminic (light blue, H2), cholinergic (purple, M3), and somatostatin (black, SS) receptors.
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domain of both subunits, T1R2 and T1R3, with distinct binding
affinities.47 Cycl has been shown to bind to the transmembrane
domain of T1R3,36 while the amino-terminal domain of T1R2 is
the binding site for AceK.5 Therefore, we hypothesize that the
enhancing effect of glucose on the cellular response to Cycl and
AceK predominantly depends on an initial T1R3 activation by
the NCS compounds. However, we cannot exclude an enhancing
effect on cAMP concentrations via metabolic transformations of
glucose through gylcolysis, the Krebs cycle, and oxidative phos-
phorylation reactions, finally increasing ATP as the primary
substrate for the adenylate cyclase to form cAMP48 (Figure 7).
The contrary effects of Cycl and AceK on proton secretion in

HGT-1 cells might also be explained by different kinetics. In our
mechanistic studies, which were intended to prove the hypoth-
esis that NCSs have an impact on mechanisms regulating GAS
via sweet taste receptor, both NCS compounds were used
at equal concentrations, although AceK is about 7 times sweeter
than Cycl (in relation to sucrose),3 which are higher than those
commonly added to foods and beverages. The European Union
(EU) allows maximum doses for Cycl in various foods from
250 mg/L to 2500 mg/kg, with typical carbonated soft drinks
containing up to 1.4 mM. For AceK, the doses range from
25 mg/L to 2500 mg/kg.49

In summary, our study demonstrates that (i) T1R3 is a major
functional part of the T1R2/T1R3 receptor and that (ii) Cycl
and AceK are T1R3-dependent modulators of proton secretion
in HGT-1 cells. However, future studies are needed to identify
their efficacy of Cycl and AceK on GAS in vivo when applied in
food-representative concentrations.
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Impact of free N
ε-carboxymethyllysine, its precur-

sor glyoxal and AGE-modified BSA on serotonin
release from human parietal cells in culture

Ann-Katrin Holik,a Verena Stöger,b Kathrin Hölz,c Mark M. Somozac and

Veronika Somoza *a,b

Advanced glycation end products (AGEs) are frequently encountered in a western diet, in addition to their

formation in vivo. N-Epsilon-carboxymethyllysine (CML), one of the chemically diverse compounds

formed in the reaction between reducing carbohydrates and amines, is often used as a marker of

advanced glycation, and has been shown to stimulate serotonin release from cells representing the

central (SH-SY5Y cells) and the peripheral (Caco-2 cells) serotonin system in vitro. Here, we investigated

the effect of glyoxal, free CML, and protein-linked AGE-BSA on serotonin release from human gastric

tumour cells, which originate from an adenocarcinoma of the stomach and have recently been shown to

be capable of serotonin synthesis and release. Microarray experiments showed both CML and glyoxal to

alter genes associated with serotonin receptors. Furthermore, treatment with glyoxal resulted in a small

change in RAGE expression while CML did not alter its expression. On a functional level, treatment with

500 μM CML increased extracellular serotonin content by 341 ± 241%, while treatment with 1 mg mL−1

AGE-BSA led to a reduction by 49 ± 11% compared to non-treated cells. The CML-induced serotonin

release was reduced by the HTR3 antagonist granisetron. Incubation with the RAGE antagonist FPS-ZM1

abolished the effect of AGE-BSA on serotonin release, while no impact on CML-induced serotonin

release was observed. Furthermore, treatment with 5 mM CML stimulated proton secretion as a functional

outcome measure, assessed using a pH sensitive dye. Taken together, these results indicate a likely

HTR3-mediated, RAGE-independent effect of free CML on serotonin release and a RAGE-dependent

mechanism for the protein linked AGE-BSA.

Introduction

Advanced glycation end products (AGEs) are formed by

thermal processing of foods at high temperatures. In addition

to the formation of AGEs, the high thermal heat treatment

encountered in many typical western diets, may alter other

food properties such as energy density. A study by Birlouez-

Aragon et al.,1 testing a standard diet high in AGEs and a

steamed diet low in AGEs, reported the standard diet to have a

higher energy density compared to the steamed diet. In

addition, consumption of the standard diet high in AGEs

resulted in a higher total energy intake compared to the low

AGE meals.1 By regular ingestion as part of a typical western

diet, AGEs partially enter systemic circulation.1–4 Nε-

Carboxymethyllysine (CML) is a stable and well-characterized

AGE which is often used as a marker for AGEs in foods5–7

and has been detected in human plasma, centring at a con-

centration around 3 μM.8 In addition to CML, one of its pre-

cursors, glyoxal, has been identified in human plasma at

concentrations around 0.3 μM.9 Both forms, protein-bound

and free CML, have been investigated in several studies, the

latter to lesser extent. A study on HEK-293 cells indicated

protein-linked CML and free CML to induce p38 MAPK acti-

vation. This study used HEK-293 cells only expressing the

extracellular domain of RAGE, and thus lacking the ability

to intracellularly transduce RAGE-mediated signals. Zill

et al.10 suggested a RAGE-mediated pathway for both

protein-bound and free CML. A RAGE-depended pathway

has also been described by Schmid et al.11 in experiments

on the expression of heat shock proteins in which Caco-2

cells were incubated with casein-linked or free CML.

Furthermore, free CML is known to stimulate serotonin
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release from cells representing central and peripheral sero-

tonin.12,13 Serotonin is an important neurotransmitter in

the regulation of feeding and satiety.14 The activation of

several serotonin receptors has been described to increase

or decrease food intake, for some of which alterations in

gene expression have been shown after CML treatment.13

Several amino acids also influence satiety; a study on adult

male Sprague-Dawley rats on an amino acid supplemented

diet indicated CML’s precursor amino acid, lysine, increases

satiety.15

While the effects of AGEs have been studied in several cell

lines and their accumulation in diverse tissues in vivo have

been assessed, less information is available on the potential

effects on the stomach. In a study by Morioka et al.,16 positive

Glycer-AGE immunostaining was observed in the stomachs of

healthy rats. Argirova and colleagues17 assessed the effects of

water-soluble Maillard reaction products (MRPs), derived from

different model systems, on the mechanical activity of the

gastric smooth muscle from rats. Several of the compounds

applied in this work led to contractions, among which the

reaction products formed between glucose and arginine pro-

duced the strongest effect. Furthermore, the authors reported

the precursor carbohydrates and amino acids not to have an

impact on the mechanical gastric smooth muscle activity.

AGEs have also been reported to interfere with the expression

of gastric smooth muscle contractile markers involving RAGE

and NF-κB in streptozotocin-induced diabetic rats.18 In a study

by Wang et al.19 gastric muscle tissue from patients under-

going gastric surgery was collected and the expression of con-

tractile proteins correlated with the CML levels of individuals

in a diabetic and a control group. Decreased expression of con-

tractile proteins and phosphorylation levels of proteins

involved in the contractile regulation were found in the dia-

betic group. In addition, this group showed increased CML

concentrations in the gastric muscle layer. Fujiwara et al.20

have shown dietary uptake of compounds possessing a cate-

chol group to enhance the formation of CML. In their experi-

ments, CML was shown to accumulate at the surface area of

the gastric epithelial cells in the stomach of streptozotocin-

induced diabetic mice which received 500 mg kg−1 day−1

epicatechin.

The human gastric tumour cell line (HGT-1), derived from a

poorly differentiated adenocarcinoma of the stomach, was

introduced by Laboisse and co-workers in 1982.21 This cell line

has since been shown to possess the transporters required in

gastric acid release22 and consequently been used in the deter-

mination of a test compound’s effect on proton secretion

using the fluorescent properties of a pH sensitive dye.23,24 As

little information is available on the effects of dietary derived

AGEs on the stomach and HGT-1 cells have been shown to

release serotonin upon stimulation25 (unpublished data), we

used this cell line in assessing the effects of free CML, its pre-

cursor glyoxal and protein-linked AGE-BSA on serotonin

release. Further, we investigated a potential HTR3 link as sero-

tonin has been suggested to alter gastric acid release via HTR3

receptors.26

Materials and methods
Materials

Synthetic CML, free from proteins and hydrochloride, was

obtained from Iris Biotech (Markredwitz, Germany). AGE-BSA

and FPS-ZM1 were ordered from Merck Millipore. Glyoxal and

all other reagents required were ordered from Sigma-Aldrich

(Austria).

Cell culture

HGT-1 cells were received from C. Laboisse (Laboratory of

Pathological Anatomy, France) and cultured in Dulbecco’s

modified Eagle medium (DMEM). The medium was sup-

plemented with 10% fetal bovine serum, 4 mM L-glutamine

and 1% penicillin/streptomycin. Cells were maintained at

37 °C in a humidified incubator at 5% CO2 and sub-cultured

at 90% confluence.

Viability assay

Negative effects of any of the treatments on metabolic activity

was excluded by MTT-assay (3-(4,5-dimethylthiazolyl-2)-2,5-

diphenyltetrazolium bromide). Briefly, HGT-1 cells were

seeded in 96-well plates at a density of 100 000 cells per well

and left to settle overnight. Next, the medium was aspirated

and test compounds added dissolved in either Krebs-Ringer

HEPES buffer or serum-free medium. After incubation for 20

to 90 min, the compounds were removed and MTT working

solution (diluted in serum-free medium to a final concen-

tration of 1 mg mL−1) added. After formation of purple forma-

zan crystals (approx. 15 min), the MTT-working solution was

replaced by DMSO and the absorbance recorded at 570 nm.

Gene expression

DNA microarrays. DNA microarrays were prepared using a

maskless synthesis approach as described previously.27 Two

microarrays were synthesized at once as described by Sack

et al.28 HGT-1 cells were seeded in 6-well plates prior to incu-

bation with either CML (500 μM, 5 mM) or glyoxal (0.3 μM,

3 μM) for 90 min in serum-free medium.12 RNA was isolated

using the RNeasy Mini Kit (Qiagen). To verify no DNA co-puri-

fication occurred and to check the integrity of the isolated

RNA, agarose gel electrophoresis was carried out in addition to

determining A260/230 and A260/280 ratios photometrically. Using

the SuperScript III Kit (Invitrogen) and random nonamer

primers carrying a Cy3-tag (Tebu Bio), 10 μg RNA were reverse

transcribed29 and cleaned up using the QIAquick PCR purifi-

cation kit (Qiagen). The hybridization solution consisted of

the generated Cy3-tagged cDNA, synthetic quality controls

(25mer, 2× 60mer), BSA, herring sperm DNA and MES buffer.

After allowing the DNA to hybridize for 20 h at 42 °C under

constant rotation in the dark, the microarrays were washed.

Afterwards, the microarrays were scanned using an Axon

GenePix 4400A device (Molecular Devices). The scanned

images were analyzed using NimbleScan 2.1 (NimbleGen) and

normalized using robust multichip analysis. After extracting

normalized intensities, fold-changes of CML/glyoxal-treatment
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to the untreated control were calculated and genes reaching

either 1.2 up- or down-regulation input into the DAVID

pathway analysis software (http://david.abcc.ncifcrf.gov), which

was used for identifying potential candidates30 for further

analysis.

qPCR

HGT-1 cells were seeded into 24-well plates at a density of 1.5 ×

105 cells per well 24 h prior incubation with CML (500 μM) or

glyoxal (3 μM) for 15–90 min. RNA was isolated using the

PeqGold Total RNA kit (Peqlab), a spin-column based kit

which employs DNA-removing columns in the first isolation

step. RNA isolation was followed by reverse transcription using

the high capacity cDNA kit (Life Technology). SYBR green

master mix (Life Technology) was used in the qPCR reaction

on a StepOnePlus device (Applied biosystems). The sequences

of all primers used are shown in Table 1.13,31 Data analysis was

carried out using LinReg v2013.0 32,33 and normalized to the

expression of TBP (TATA-box binding protein) and PPIA (pepti-

dylprolyl isomerase A).

Serotonin release

The serotonin concentration after stimulation with CML

(5–5000 μM), glyoxal (0.03–30 μM), lysine (5–5000 μM), BSA

(0.5–1 mg mL−1) or AGE-BSA (0.5–1 mg mL−1) was determined

by ELISA (serotonin high sensitive, DLD Diagnostika) as

described previously34 with the following modification: the

incubation time was extended from 5 min to 20 min.

CML concentration

The CML concentration of AGE-BSA and BSA was determined

after hydrolysis as described by Teerlink et al.8 Briefly, the

protein (0.2–4 mg) was dissolved in water and sodium boro-

hydride (100 mM in 200 mM sodium borate buffer pH 9.2)

added. The mixture was incubated in a Pyrex glass reaction

tube with a Teflon-lined screw cap for 2 h at room temperature

before TFA (200 g L−1) was added and the protein pelleted by

centrifugation at 2000g for 10 min. The supernatant was

removed prior to addition of another aliquot of TFA (100 g L−1)

and a further centrifugation step. After the removal of all TFA,

HCl (6 M) and internal standard (13C-CML, kindly provided by

Dr John Baynes) were added. After heating the mixture to

110 °C for 20 h, the acid was evaporated and the solid material

dissolved in LC-MS/MS starting eluent. The starting conditions

were 90% acetonitrile and 10% of a 6 mM ammonium formate

buffer (pH 2.2). Gradient component A was acetonitrile sup-

plemented with 6 mM ammonium formate and gradient com-

ponent B was aqueous 6 mM ammonium formate buffer (pH

2.2). The following gradient was set: 0–2 min 90% B, 3–5 min

87% B, 9–15 min 30% B, 20–30 min 90% B. The flow rate was

set to 0.4 mL min−1. The analysis was carried out on a

Shimadzu 8040 LC-M/MS using a Luna 3 μm HILIC 200 A

column (100 × 3 mm, Phenomenex) equipped with a HILIC 4 ×

2.00 mm SecurityGuard pre-column. A total of 10 μL sample

and standards was injected and a valve used for only allowing

effluent between 9 and 15 min of the run time to enter the MS.

The MS interface settings were as follows: nebulizing gas flow

3 L min−1, DL temperature 170 °C, heat block temperature

350 °C, drying gas flow 13 L min−1. Lysine, CML and 13C-CML

were detected in positive MRM mode. Table 2 shows the

corresponding settings. The transition from 205 m/z to 83 m/z

was used in the quantification of CML. The calibration range

was 100–10 000 ng mL−1 for CML and 250–10 000 ng mL−1 for

lysine.

Proton secretion

HGT-1 cells were seeded in a 96-well plate (FluoroNunc™ F96

MicroWell™, VWR) at a density of 100 000 cells per well. After

allowing the cells to settle for 24 h, the cells were washed with

Krebs-HEPES buffer (10 mM HEPES, 11.7 mM D-glucose,

4.7 mM KCl, 130 mM NaCl, 1.3 mM CaCl2, 1.2 mM MgSO4,

and 1.2 mM KH2PO4, adjusted to pH 7.4 with 5 M KOH). Then,

the cells were stained with the pH-sensitive fluorescent dye

1,5-carboxy-seminaphtorhodafluor acetoxymethylester (3 μM,

SNARF-1-AM, Life Technologies) for 30 min before washing

twice and adding test compound (100 μL, 500 μM CML, 5 mM

CML) or standard (pH calibration pH 7.2–8.2, potassium,

buffer calibration solution: 20 mM HEPES, 18 mM D-glucose,

110 mM KCl, 20 mM NaCl, 1 mM CaCl2, 1 mM MgSO4). The

fluorescence was measured using an Infinite 200 Pro

Plate reader (Tecan) with the excitation wavelength set to

488 nm and the emission recorded at 580 nm and 640 nm for

30 min. The intracellular proton index (IPX) was calculated

using the pH calibration generated and the emission ratio and

performing a log2 transformation.

Table 1 Sequences of the primers used in qPCR

Target Forward primer Reverse primer Product length (bp)

TBP CCCGAAACGCCGAATATAATCC GACTGTTCTTCACTCTTGGCTC 130
PPIA CCACCAGATCATTCCTTCTGTAGC CTGCAATCCAGCTAGGCATGG 144
RAGE ACTACCGAGTCCGTGTCTACC GGAACACCAGCCGTGAGTT 79

Table 2 MRM settings used for the quantification of CML in AGE-BSA

and BSA

Analyte
Precursor
(m/z)

Product
(m/z)

Dwell
time
(ms)

Q1 pre
bias
(V) CE

Q3 pre
bias
(V)

CML 205 84 400 −12 −19 −13
CML 205 130 200 −16 −14 −20
Lys 147 84 100 −12 −10 −13
13C-CML 207 130 100 −16 −14 −20
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Statistical analysis

All data are displayed as average with standard deviation as

stated in the corresponding table or figure legend. Data shown

as fold-change (denominated T/C in the figures) were calcu-

lated in relation to the control which was set to 1 or 100%. For

statistical analysis SigmaPlot 11 was used.

Results
Cell viability

None of the treatments applied had any negative effects on cel-

lular viability as determined by MTT-assay (data not shown).

Gene expression

In the microarray experiments, HGT-1 cells were treated with

CML (500 μM, 5 mM) or glyoxal (0.3 μM, 3 μM) for 90 min.

The scatterplots of log2 intensities of treatment vs. control

(Fig. 1) show a stronger impact on gene regulation by treat-

ment with CML (1A, B) compared to glyoxal treatment (1C, D)

as illustrated by a wider distribution of probes. A solid diag-

onal line represents a fold-change of 1, i.e. no difference

between control and treatment. The scatterplots suggest treat-

ment with 5 mM CML to have the biggest impact of the con-

ditions tested. In the next step, probes reaching a fold-change

of 1.2 up- or down-regulation were further assessed using the

free online tool DAVID. The first cluster obtained after DAVID

analysis is shown in Table 3 for CML (A: 500 μM, B: 5 mM)

and in Table 4 for glyoxal (A: 0.3 μM, B: 3 μM). All four clusters

were found to contain serotonin receptors, reaching similar

enrichment scores each.

The mRNA expression of RAGE was analysed by qPCR after

incubation with 500 μM CML or 3 μM glyoxal for 15, 30, 60 or

90 min (Table 5). Treatment with glyoxal resulted in alterations

in RAGE expression at 30 min (0.73 ± 0.15, p < 0.05). The other

incubations did not yield any changes in RAGE expression

compared to the control.

Serotonin release

Exposure of HGT-1 cells to 500 μM or 5 mM CML increased

the extracellular serotonin concentration to 341 ± 241% (p <

0.05, Fig. 3A) and 1247 ± 438% (p < 0.05, Fig. 2A), respectively,

while glyoxal did not induce changes in the serotonin levels at

any of the concentrations tested (Fig. 2B). The effect of 500 μM

CML was not changed by co-incubation with the RAGE antag-

onist FPS-ZM1 (100.5 ± 39%, CML set to 100%, n = 7). Co-incu-

bation with the HTR3 inhibitor granisetron decreased the

CML-induced serotonin release by 36% (Fig. 3). Incubation

with AGE-BSA at concentrations of 0.5 or 1 mg mL−1 decreased

the serotonin concentration in the extracellular supernatant to

60 ± 23% (p < 0.05, Fig. 2D) and 49 ± 11 (p < 0.05, Fig. 2D),

respectively. These effects were abolished in a co-incubation

Fig. 1 Scatterplots of log2 transformed intensities of microarray data for control and treatment (A, B: CML; C, D: glyoxal), data are shown as average

of at least three independent biological replicates.
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experiment with FPS-ZM1. The co-incubation resulted in

values of 79 ± 28% and 108 ± 60% for 0.5 and 1 mg mL−1

AGE-BSA. Unmodified BSA used at the same concentration did

not alter serotonin release compared to the control (p > 0.05,

data not shown). Similarly, FPS-ZM1 did not show any effects

by itself (p > 0.05, data not shown). The treatment with 5, 50,

500 or 5000 μM lysine also did not change the extracellular

serotonin concentration, leading to values of 148 ± 108%,

149 ± 86%, 108 ± 22% and 98 ± 22%, respectively (Fig. 2C).

Proton secretion

Incubation of HGT-1 cells with 500 μM CML did not induce

any changes in proton secretion as calculated using the intra-

cellular proton index (IPX), leading to an IPX value of −0.1203

± 0.0382 (SEM) vs. control cells receiving buffer only. However,

incubation with 5 mM CML resulted in a slight stimulation of

proton secretion (Fig. 4), giving an IPX value of −0.1554 ±

Table 3 Microarray data after treatment with 500 μM CML (A) or 5 mM CML (B), showing the cluster with the highest enrichment score after DAVID

pathway analysis. Probes reaching a fold-change below 0.8 or above 1.2 in all three biological replicates were used in the analysis

p-Value Benjamini

A: 500 μM CML
Serotonin receptor signalling pathway 1.7 × 10−8 8.0 × 10−5

G-protein coupled serotonin receptor activity 4.4 × 10−6 6.5 × 10−3

Serotonin binding 7.1 × 10−6 5.3 × 10−3

5-Hydroxytryptamine receptor family 4.6 × 10−5 1.1 × 10−1

Neurotransmitter receptor activity 8.5 × 10−5 2.5 × 10−2

Behaviour 6.1 × 10−4 3.6 × 10−2

Regulation of behaviour 8.0 × 10−4 5.3 × 10−1

Release of sequestered calcium ion into cytosol 1.5 × 10−3 5.1 × 10−1

Serotonergic synapse 1.1 × 10−2 2.1 × 10−1

Vasoconstriction 2.0 × 10−2 8.6 × 10−1

Adenylate cyclase-inhibiting G-protein coupled receptor signalling pathway 3.6 × 10−2 9.2 × 10−1

Positive regulation of phosphatidylinositol biosynthetic process 5.0 × 10−2 9.5 × 10−1

B: 5 mM CML
SM01381 1.1 × 10−10 4.3 × 10−8

Neuroactive ligand–receptor interaction 1.4 × 10−9 3.8 × 10−7

Receptor 5.2 × 10−8 1.3 × 10−5

Lipid moiety-binding region: S-palmitoyl cysteine 1.3 × 10−4 1.1 × 10−1

G-protein coupled receptor 4.3 × 10−4 1.9 × 10−2

Transducer 2.0 × 10−3 6.3 × 10−2

G-protein coupled receptor, rhodopsin-like 4.9 × 10−3 9.6 × 10−1

GPCR, rhodopsin-like, 7TM 8.3 × 10−3 9.7 × 10−1

G-protein coupled receptor signaling pathway 2.9 × 10−1 1.0
G-protein coupled receptor activity 7.4 × 10−1 1.0

Table 5 RAGE mRNA expression assessed by qPCR after treatment

with glyoxal (3 μM) or CML (500 μM) for 15–90 min, data are shown as

average and standard deviation of at least three independent biological

replicates, statistics: two-way ANOVA vs. control, * = p < 0.05

90 min 60 min 30 min 15 min

Control 1.00 ± 0.06 1.00 ± 0.04 1.00 ± 0.08 1.00 ± 0.07
CML 1.01 ± 0.09 0.97 ± 0.02 0.93 ± 0.14 0.79 ± 0.08
Glyoxal 1.01 ± 0.05 0.82 ± 0.13 0.73 ± 0.15* 1.02 ± 0.24

Table 4 Microarray data after treatment with 0.3 μM glyoxal (A) or

3.0 μM glyoxal (B), showing the cluster with the highest enrichment

score after DAVID pathway analysis. Probes reaching a fold-change

below 0.8 or above 1.2 in all three biological replicates were used in the

analysis

p-Value Benjamini

A: 0.3 μM glyoxal
Neuroactive ligand–receptor interaction 1.4 × 10−11 1.3 × 10−9

SM01381 1.7 × 10−8 1.1 × 10−6

Receptor 8.2 × 10−8 1.5 × 10−5

G-protein coupled receptor 7.9 × 10−7 7.3 × 10−5

Transducer 1.9 × 10−6 1.2 × 10−4

Topological domain: extracellular 3.6 × 10−6 1.2 × 10−3

G protein-coupled receptor, rhodopson-like 8.3 × 10−5 2.2 × 10−2

GPCR, rhodopsin-like, 7TM 1.0 × 10−4 1.4 × 10−2

Transmembrane helix 2.0 × 10−4 9.4 × 10−3

Transmembrane 2.2 × 10−4 8.1 × 10−3

Topological domain: cytoplasmic 2.7 × 10−4 4.5 × 10−2

Integral component of plasma membrane 3.8 × 10−4 5.8 × 10−2

Glycosylation site: N-linked 1.1 × 10−3 9.0 × 10−2

Cell membrane 1.3 × 10−3 3.0 × 10−2

Transmembrane region 2.0 × 10−3 1.3 × 10−1

Plasma membrane 5.6 × 10−3 3.6 × 10−1

Glycoprotein 5.9 × 10−3 9.6 × 10−2

Membrane 6.0 × 10−3 8.9 × 10−2

Disulfide bond 8.2 × 10−3 1.1 × 10−1

Disulfide bond 9.1 × 10−3 4.0 × 10−1

Integral component of membrane 7.8 × 10−2 8.4 × 10−1

G-protein coupled receptor activity 1.8 × 10−1 9.7 × 10−1

B: 3.0 μM glyoxal
G-protein coupled serotonin receptor activity 4.6 × 10−7 1.6 × 10−4

Serotonin receptor signaling pathway 9.6 × 10−6 5.9 × 10−3

Serotonergic synapse 1.0 × 10−4 8.2 × 10−3
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Fig. 2 Serotonin release from HGT-1 cells after 20 min treatment with CML (A, 5 μM–5 mM), glyoxal (B, 0.03–30 μM), lysine (C, 5 μM–5 mM) or

AGE-BSA (D, 0.5–1 mg mL−1) determined by ELISA, data are shown as average with corresponding standard deviation from at least three indepen-

dent biological replicates, statistics: Kruskal–Wallis one-way analysis of variance on ranks, multiple comparisons vs. control (Dunn’s method).

Fig. 3 Serotonin release after treatment with 500 μM CML or co-incu-

bation of HTR3 antagonist granisetron (10 μM) and 500 μM CML, data

are shown as average with corresponding standard deviation and calcu-

lated in relation to CML treatment (set to 100%), Statistics: Mann–

Whitney rank sum test CML vs. control (p = 0.002; not depicted in

graph), t-test CML vs. granisetron (* = p < 0.001).

Fig. 4 Proton secretory activity after treatment of HGT-1 cells with

500 μM or 5 mM CML; n = 3, data are shown as average with corres-

ponding standard error of the mean, one-way ANOVA followed by

Holm-Sidak post hoc test.
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0.0323 (p < 0.05, one-way ANOVA followed by Holm-Sidak post

hoc test).

CML concentration

The analysis of AGE-BSA and BSA by LC-MS/MS showed CML

to be present in both modified and unmodified protein. A

CML concentration of 10.2 ± 0.65 mmol mol−1 lysine (n = 3)

was found in the AGE-BSA tested and a concentration of 0.15 ±

0.08 mmol mol−1 lysine (n = 3) was detected in the BSA

sample.

Discussion

Advanced glycation end products are ingested on a regular

basis as part of a western diet. The advanced glycation end

product CML and its precursor glyoxal are detectable in

human plasma,8,9 both in increased concentrations in individ-

uals suffering from diabetes.9,35 CML is predominantly found

in a protein-linked state in plasma, but free CML has also

been detected in concentrations up to 100 nM.36 As such, most

in vitro studies into the effects of CML are carried out using

either modified BSA or casein. However, recently, a conversion

of free CML to protein-linked CML in vivo has been suggested

in a study on the long-term exposure of rats on a high fat diet

to large quantities of free CML.37 In addition, several studies

showed comparable effects of free and protein-linked CML in

different cell lines.10,11 As CML formation in the stomach has

been reported to increase in the presence of catechols,20 and

several Maillard reaction products have been indicated to exert

influence on the mechanical activity of the gastric smooth

muscle,17 we assessed the effect of CML on human parietal

cells in culture, deriving from an adenocarcinoma of the

stomach (HGT-1 cells). Furthermore, we have recently shown

this cell line to be capable of serotonin biosynthesis and

release upon stimulation.25 In our previous work on human

SH-SY5Y cells, used as a model system of central serotonin, we

could show treatment with 500 μM CML to increase serotonin

release.13 Similarly, we have reported treatment with 500 μM

CML to increase serotonin release from Caco-2 cells,12 indicat-

ing CML to influence serotonin release from peripheral

sources, thus leading us to test whether CML also influenced

gene expression of serotonin related genes and serotonin

release from HGT-1 cells, representing cells from another peri-

pheral site. First, we analysed the genome-wide impact of free

CML and its precursor glyoxal on the gene expression of

HGT-1 cells by microarray. Cluster analysis revealed both CML

and glyoxal to influence the expression of serotonin receptors.

As RAGE has been described to be overexpressed in gastric

cancer cells compared to adjacent non-cancerous tissue,38 we

analysed RAGE gene expression by qPCR. This experiment

showed RAGE to be expressed by HGT-1 cells and glyoxal to

alter its gene expression. CML, however, had no impact on

RAGE gene expression. Next, we assessed the impact of glyoxal

and CML on extracellular serotonin levels. This showed CML

to have a strong impact on extracellular serotonin levels, while

glyoxal showed no effect. However, the potential degradation

of serotonin was not assessed, and whether the enzyme

required for serotonin degradation, MAO-A, is expressed in

HGT-1 cells is unknown. As a result, the total serotonin con-

centration may be underestimated, and it is unknown whether

glyoxal or CML have any impact on a potential serotonin

degradation, which may also result in an increased or

decreased serotonin release compared to untreated control

cells.

In order to test whether the increase in serotonin release

after treatment with CML is related to RAGE, we carried out

co-incubation experiments with the RAGE antagonist

FPS-ZM1. This, however, unlike our experiments on Caco-2

cells,12 had no impact. As we used a longer incubation time

compared to our Caco-2 study, and RAGE protein expression

seems likely from our qPCR results, we next set out to eluci-

date whether a RAGE-mediated mechanism could be shown

using a commercially available RAGE ligand, AGE-BSA, thus

demonstrating that the cell system used in this study is

capable of showing RAGE-related mechanisms. Unexpectedly,

this experiment revealed the opposite effect on serotonin

release compared to free CML. The treatment with AGE-BSA

decreased serotonin release from HGT-1 cells and was revers-

ible by co-incubation with the RAGE antagonist, indicating a

RAGE-mediated pathway.

In order to exclude the impact of AGE-BSA to be caused by

the protein itself regardless of the degree of modification, we

analysed native BSA. BSA did not to have any influence on

serotonin release, indicating, like the experiment using the RAGE

antagonist, the effect of AGE-BSA is caused by the protein

modification. Next, we determined the CML concentration in

the modified and unmodified BSA. This showed, as expected,

that the modified protein contained significantly higher

amounts of CML. However, the highest concentration of free

CML used, 5 mM, roughly corresponds to 1 mg mL−1 which is

identical to the highest concentration of AGE-BSA used, thus

making the CML concentration in the AGE-BSA incubation sig-

nificantly lower than used in the incubations with free CML.

However, a number of other modifications may be present in

the AGE-BSA, which may also explain the opposite effect com-

pared to the incubation with free CML. To test if the CML-

induced serotonin release was caused by the amino acid itself

rather than the lysine-modification, we incubated the cells

with L-lysine in the same concentration range as CML.

However, treatment with lysine could not induce the effects

observed after incubation with CML. Recently, the amino acid

L-arginine has been described to induce serotonin release

from HGT-1 cells in a likely HTR3-mediated manner25 (unpub-

lished data). In an attempt to clarify whether, similarly to

L-Arg, the CML-induced serotonin release is HTR3-related, we

carried out co-incubation experiments with the HTR3 inhibitor

granisetron. In this case, the effect of 500 μM CML on seroto-

nin release were counteracted, indicating a HTR3-related

pathway. This pathway may be further analysed to elucidate

the differences between AGE-BSA and free CML in terms of ser-

otonin release. A study by Collison et al.39 described a link
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between RAGE activation and Ca2+ mobilization. Furthermore,

a link between AGE, RAGE and Ca2+ homeostasis of the myo-

cardium has been shown. This study by Petrova et al.40 showed

myocardial overexpression of RAGE to reduce the systolic and

diastolic Ca2+ concentration. Calcium ions and their role in

neurotransmitter release are well described (see review by

Augustine41) and differences in Ca2+ mobilization after treat-

ment with free CML or AGE-BSA may be involved in the seroto-

nin release induced by these compounds. Furthermore, HTR3

receptors are ion channels42 and, thus, form an exception

compared to the G-protein coupled HTR receptors. In this

study, we only investigated the involvement of HTR3, thus it

cannot be excluded that other HTRs may also be involved and

account for the discrepancy in observed serotonin release.

SERT activity and potential 5-HT degradation were not ana-

lysed and should also be taken into consideration in further

experiments as the 5-HT degradation product 5-hydroxyindole

acetic acid has been reported to be biologically active. For

instance, it has been demonstrated to decrease glucose

uptake in a study on isolated rat soleus muscle.43 Differences

in the intracellular signalling cascade utilizing mediators

such as Ca2+, cAMP or pERK/ERK will also have to be

addressed in future studies. However, we consider the effect

of CML on HTR3-mediated pathways as physiologically rele-

vant, in particular because an HTR3-related link between

serotonin and gastric acid release has been suggested by Lai

et al.26 In addition, the unmodified amino acid L-Lys has

been reported to delay gastric emptying in a dose dependent

manner in both rats and humans.44 As a result, we assessed

the impact of CML on proton secretion. This showed the

highest concentration tested, 5 mM to have a small, yet sig-

nificant, stimulating effect, suggesting the influence of CML

on factors involved in proton secretion to be further exam-

ined in future studies.

In conclusion, our current work shows AGE-BSA to reduce

serotonin release in a likely RAGE-dependent manner.

Furthermore, we show a likely HTR3-mediated, RAGE-indepen-

dent impact of free CML on serotonin release in HGT-1 cells,

in addition to showing an effect of free CML on cellular proton

secretion.
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ABSTRACT: Secretion of gastric acid, aimed at preventing bacterial growth and aiding the digestion of foods in the stomach, is
chiefly stimulated by dietary intake of protein and amino acids (AAs). However, AAs’ key structural determinants responsible
for their effects on mechanisms regulating gastric acid secretion (GAS) have not been identified yet. In this study, AAs have
been tested in the parietal cell model HGT-1 on GAS and on mRNA expression of genes regulating GAS. AAs’ taste intensities
from 0 (not bitter at all) to 10 (very bitter) were assessed in a sensory study, in which ARG (L: 6.42 ± 0.41; D: 4.62 ± 0.59) and
ILE (L: 4.21 ± 0.43; D: 2.28 ± 0.33) were identified as bitter-tasting candidates in both isomeric forms. Pearson correlation
showed that GAS in HGT-1 cells is directly associated with the bitter taste quality (r: −0.654) in combination with the
molecular weight of L-AA (r: −0.685).

KEYWORDS: parietal cells, gastric acid secretion, HGT-1, amino acids, bitter

■ INTRODUCTION

The secretion of gastric acid (GAS) provides a chemical barrier
against pathogens in the stomach, aids the absorption of iron,
calcium, and vitamin B12, and the digestion of food.1 Hence,
food intake stimulates GAS, with protein-rich meals being
most effective, and dietary fat delaying the acid secretory
response.2 Although proteins and proteinogenic canonical
amino acids (AAs) have been widely studied for their impact
on GAS and associated mechanisms regulating food digestion
and food intake through modulation of anorexigenic and
orexigenic pathways,3−7 the question of whether structural
requirements or taste qualities of AAs play a role in this gastric
response has not been elucidated yet. In foods like beer,
cheese, and ripened ham, as well as fruits and vegetables, free
AA concentrations are lower than in proteins but may reach up
to about 100 mg/100 g.8,9 Moreover, amino acid controlled
formula diets, e.g., those for infants, are limited in their protein
contents and contain higher amounts of free amino acids.10

GAS by parietal cells in the fundus region of the stomach is
mediated by the proton pump H+/K+-ATPase. Upon
activation of prosecretory cell surface receptors, such as G-
protein coupled receptors (GPCRs), the histamine H2
receptor (HRH2), or the acetylcholine receptor M3
(CHRM3) by histamine or acetylcholine, respectively, calcium
is mobilized from the endoplasmic reticulum. Intracellular Ca2+

mobilization activates the cAMP-dependent kinase cascade,
provoking a movement of the H+/K+-ATPase to the apical
surface. This proton pump actively secretes H+ ions in
exchange for K+ ions on the apical side of the cell, leading to

gastric acidification in the presence of Cl− ions. GAS is down-
regulated by binding of somatostatin to its corresponding
receptor (SSTR2).11

The secretion of gastric acid together with enzyme activity
by pepsin, and peristaltic movements of the stomach facilitate
protein degradation, resulting in degradation to smaller
peptides and free AAs. The low pH evoked by GAS activates
the gastric proteolytic enzyme pepsin which preferably cleaves
protein structures next to hydrophobic and aromatic AAs like
tryptophan and phenylalanine.12 However, there is recent
evidence for cleavage specificity of pepsin that shows a broader
target range,13 suggesting that pepsin cleaves not only peptide
bonds but also nucleic acids. McArthur and colleagues14

demonstrated that proteins stimulate GAS when applied in
form of milk to healthy volunteers.14 Intragastric titrations after
application of milk revealed a mean maximum acid output of
115% in comparison to a H2O control, which induced 40%
mean maximum acid output.14 Apart from protein-rich foods,
there is also evidence that free AAs can induce GAS. In a
human intervention study with healthy volunteers, Taylor and
colleagues3 identified the aromatic AAs L-TRP and L-PHE as
the most potent stimulators of gastric acid secretion among 19
tested proteinogenic canonical AAs, applied via nasogastric
tube in concentrations of 50−100 mM3.
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Beside proteins and AAs, also bitter-tasting compounds have
been identified as stimulators of GAS, for example, the hop-
derived α-, β-, and iso-α-bitter acids in beer15 or the bitter-
tasting phenolic wine constituents catechin, syringic acid, and
procyanidin B.16 In healthy volunteers, coffee17 and its main
bitter tastant caffeine18 stimulated GAS which was measured in
real-time by a pH-sensitive Heidelberg capsule. There is
emerging evidence for the presence and regulating function of
extraoral bitter taste receptors in human tissues.19,20 One of
our recent studies revealed that caffeine evoked its stimulating
effect on GAS via activation of the bitter taste receptors
TAS2R10 and TAS2R43. The bitter-masking compound
homoeriodictyol (HED)21 was shown to reduce the caffeine-
evoked mechanism of gastric acid secretion in parietal cells in
culture, whereas it also ameliorated the caffeine-induced bitter
perception in a nontrained sensory panel.22 HED is a plant
flavanoid extracted from Eriodictyon californicum and is known
to decrease bitter taste by targeting TAS2R43.22

Since these previous studies demonstrated involvement of
TAS2Rs in mechanisms regulating GAS, we hypothesized
bitter taste-active AAs to be GAS stimulants. In general, L-
forms of several AAs have mainly been considered as more
bitter, whereas the D-forms have been evaluated mostly as
sweet.15,16 Since high molecular weight AAs have also been
described as more bitter than low molecular weight AAs,23−25

we also hypothesized the molecular weight playing a role in
AAs’ potential to stimulate GAS. However, no consistent
sensory data on taste qualities of taste-active proteinogenic
AAs are available in the literature. Although previous sensory
studies have identified different outcome parameters like
relative taste, taste threshold, or taste recognition level,23,26,27

taste intensities have not been published so far. Moreover,
most D-AAs have not been sensorial characterized, as they were
not available as a free form at the time point when the sensory
study was carried out.
Kawai and colleagues25 described the taste intensities of AAs

by means of a labeled magnitude scale and identified at which
tested concentrations AAs are perceived as a certain taste
quality, ranging from barely detectable to strongest imaginable.
Results revealed that most of the AAs not only have one
dominant overall taste quality but also show additional other
taste qualities.25 Although Kawai and colleagues25 provided
important data on the overall taste qualities of AAs, sensory
studies using concentrations of AAs which can be linked to
their functional impact on mechanisms regulating GAS are
missing.
Apart from the taste quality, we also were interested whether

a structural component of an AA might determine its impact
on GAS. Generally, investigated proteinogenic AAs are
characterized by a 2-aminocarboxylic moiety.25 AAs greatly
vary in their molecular weights and chemical characteristics.23

Moreover, AAs exist in L- and D-configurations. L-AAs are
considered to be the physiologically dominant form in humans,
as only this enantiomeric form is proteinogenic and can be
found mostly in animal or plant derived food. The D-
enantiomers are only generated by prokaryotes, e.g., in
fermented food such as cheese since bacteria therein are able
to transform D-AAs from L-AAs. In the here presented study,
structural characteristics as well as the molecular weight and
hydrophobicity of AAs were tested for their impact on
mechanisms regulating GAS in HGT-1 (human gastric
tumor cell line-1) cells, a well-established cell model for
parietal cells which has been used to identify GAS modulating

compounds in wine,28 beer,15 and coffee.17,22,29 This parietal
cell model expresses relevant genes that regulate GAS:
histamine receptor 2 (HRH2), acetylcholine receptor
(CHRM3), somatostatin receptor (SSTR2), and the H+/K+-
proton pump (ATP4A)30 as well as bitter taste receptors.18

Moreover, inhibitors for sweet (lactisole)31 and bitter taste
receptors 4-(2,2,3-trimethylcyclopentyl)butanoic acid
(TMPB)32 and sodium salt of HED)28 were used to elucidate
if bitter (T2Rs) and/or sweet (T1R2/R3) signaling is involved
in the mechanism of GAS on a functional level

■ MATERIALS AND METHODS

Chemicals. L- and D-amino acids (synthesis grade, purity ≥98.5),
cell culture media Dulbecco’s modified Eagle’s medium (DMEM) and
its supplements (L-glutamine, penicillin and streptomycin), as well as
the primer oligonucleotides were purchased from Sigma-Aldrich,
except D-forms of ALA, SER, VAL and ILE were obtained from
Carbolution Chemicals GmbH (Germany) and fetal bovine serum
(FBS) from Gibco (USA). Phosphate-buffered saline 1× (PBS) was
bought from Biozym Biotech Trading GmbH (Austria). Cell viability
was tested by means of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) obtained from Carl Roth GmbH + Co.
KG (Austria). For the sensory study, L-ILE and L-ARG were
purchased from Fagron GmbH & Co KG (Germany). The
fluorescence dye 1,5 carboxy-seminaphto-rhodafluor acetoxymethy-
lester (SNARF-1-AM) was obtained by Thermofisher Scientific
(USA) and also RT-qPCR reagents. Lactisole, HED, and TMPB
(purity each 99%) were provided by Symrise AG, (Germany). In cell
culture studies, TMBP and HED were used as blockers for TAS2Rs in
HGT-1 cells. In the context of sensory studies these compounds were
defined as bitter taste maskers.

Cell Culture. The human gastric tumor cells (HGT-1),2215,28,33

were cultivated with DMEM, supplemented with 10% FBS, 2 mM L-
glutamine, and 1% penicillin and streptomycin in a 37 °C humidified
environment and 5% CO2. Per well, 100 000 cells were seeded in
either a transparent (for cytotoxicity assays) or a black 96-well plate
(for the proton secretion assays), 1 day prior to the test. For detection
of gene expression levels, 700 000 cells were seeded per well in 6-well
plates.

Cell Viability. MTT16 dye was used for determining metabolic
activity of HGT-1 cells. HGT-1 cells were incubated with the tested
substances for different time points (10 to 180 min). Afterward,
substances were washed off with PBS solution and incubated with
MTT in a concentration of 0.83 mg/mL for 30 min. Absorbance of
the formazan salt, dissolved in dimethyl sulfoxide (DMSO), was
measured at 570 nm, and the reference wavelength was 630 nm using
a Tecan Infinite M200 Pro plate reader (Tecan, Switzerland).

Proton Secretion. Determination of proton secretion was carried
out as described in HGT-1 cells previously.15,22 HGT-1 cells
represent a well-established model for identifying bitter compounds
with a modulating effect on proton secretion,28 via activation of
extraoral bitter taste receptors.18 In brief, cells were washed with
Krebs−Ringer−HEPES buffer (KRHB) and stained with 3 μM
intracellular pH indicator 1,5 carboxy-seminaphto-rhodafluor acetox-
ymethylester (SNARF-1-AM) for 30 min under standard conditions
(37 °C, 5% CO2). Subsequently, cells were washed again with KRHB
and treated with AAs in L-and D- configurations in a concentration
range from 5 to 50 mM for 10 min. These concentrations in a
millimolar range have been chosen according to receptor binding
studies in transfected HEK cells.34,35 AAs were selected to consider
aliphatic, aromatic, hydroxylated, and basic characteristics for the
proton secretion assay. Threonine (THR), proline (PRO), serine
(SER), alanine (ALA), arginine (ARG), phenylalanine (PHE), valine
(VAL), leucine (LEU), isoleucine (ILE), and tryptophan (TRP) as
well as 0.5 mM HED, 5 + 50 μM lactisole and 10−100 μM TMPB
were diluted in DMEM. As positive control, 1 mM histamine was
used. For each experiment, appropriate solvent controls have been
used. Measurement was done using an Infinite 200 Pro plate reader
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(Tecan, Switzerland). Excitation wavelength was 488 nm and the
emission wavelengths were 580 and 640 nm. For calibration, intra-
and extracellular pH was set by 2 μM nigericin in potassium buffer
(20 mM NaCl, 110 mM KCl, 1 mM CaCl2, 1 mM MgSO4, 18 mM D-
glucose, and 20 mM HEPES) with a pH range from 6.8 to 8.2. The
intracellular proton index (IPX) was calculated as the log2 data of the
580/640 ratio and compared to the untreated control. The lower the
IPX, the more protons are secreted by the cell. The measurement of
the intracellular proton concentration enables to test also acidic or
basic food constituents, for example, ARG.
Sensory Study. A (quantitative) sensory profiling for the

evaluation of bitter and sweet taste of L- and D-AAs by means of a
nonstructured scale was carried out.36,37 Test concentrations for the
scale training were determined in preliminary experiments. A
concentration of 0.03% caffeine was used as a bitter reference for 5
mM L-TRP, and 0.6% sucrose was used as a reference compound for
sweet with an equal intensity for 1 mM D-TRP. A method-trained
sensory panel of 6 male and 13 female assessors (mean age 31.5 ± 5.6
years) evaluated 10 AAs in a concentration of 25 mM. Pilot tests with
50 mM concentrated TRP revealed this concentration as too high for
bitter and sweet intensity tests as the sensory perceptions were too
intense. These selected amino acids are described in literature as taste-
active AAs.23,25,38 All assessors signed an informed consent on the first
study day, and ethical principles for research involving subjects
developed by the World Medical Association (WMA) in the
Declaration of Helsinki were followed for the sensory tests.39 Before
each session, all panelists completed a scale (10 cm, nonstructured)
training them by tasting the references for no taste (water), bitter
(intense: 5 mM L-TRP, very intense: 25 mM L-TRP, and sweet
(intense: 1 mM D-TRP, very intense: 25 mM D-TRP). In each session,
five AAs were assessed without retasting, so that every AA was
assessed four times by 19 panelist. Each assessor was asked to do a
mouth rinse with a 20 mL of solution, which was spewed out
afterward. The assessors received 20 mL of each sample in a
randomized order. All solutions were prepared with nonsparkling
mineral water (“Vittel”), which was also used as a control solution.40

Between samples, the assessors rinsed their mouth with water.
mRNA Expression. After incubation of the cells with 50 mM L-

ARG or L-ILE at the time points 15, 30, 60, and 180 min, cells were
washed with ice-cold PBS. RNA isolation was carried out using the
peqGold Total RNA Kit (Peqlab Biotechnology GmbH, Germany),
according to the manufacturer’s protocol. RNA concentration was
determined spectrophotometrically at 260 and 280 nm. High-

Capacity cDNA Reverse Transcription Kit (Life Technologies,
Austria) was used for the generation of cDNA. Quantitative PCR
was carried out on a StepOneplus Real Time PCR system (Applied
Biosystems, Thermo Fisher Scientific, Vienna, Austria) using the
following temperature program: 20 s/95 °C for activation, 3 s/95 °C
for denaturation, 30 s/65 °C for annealing, and 15 s/72 °C for
elongation. RT-qPCR data was analyzed with the open access
software LinRegPCR 11.041 to determine hypothetical mRNA starting
concentrations, called “N0”. Primer sequences for the genes HRH2,
ATP4A, CHRM3, and SSTR2 and the housekeeping gene PPIA have
previously been published.15,16

Statistical Analysis. Cell culture experiments were carried out
with at least 3−4 biological replicates. Each biological replicate was
carried out with 3−6 technical replicates, each referring to one well in
a microtiter test plate or to a cell culture dish. The sensory study was
carried out with 19 panelists who tested each AA four times. Results
were analyzed with SigmaPlot 12.0 and are given as mean fold
changes (in %) ± SEM. Outliers haven been detected by means of
Nalimov’s test. Significant differences were tested by one- or two-way
ANOVA followed by Holm-Sidak method post hoc or by using
Student’s t-Test. By means of Shapiro Wilk, normality of the data has
been tested. If there was no normality given, then significances have
been detected by one-way ANOVA on Ranks. The level of
significance was set at p < 0.05. The Pearson Product Moment
method was applied to identify correlations between the structural
characteristics (molecular weight, stereochemical configuration and
taste quality) of the AAs and their impact on the IPX.

■ RESULTS

Cell Viability of HGT-1 Cells after Treatment with L-
and D-AAs. Neither the tested L- or D-AAs nor their
combination with HED, 4-(2,2,3-trimethylcyclopentyl)-
butanoic acid (TMPB) or lactisole affected the cells’ viability
in the tested concentrations at any time point as assessed by
means of MTT assays (data not shown).

Sensory Study. Figure 1 shows the bitter and sweet taste
intensities evaluated by the panel for the tested AAs that are
described as taste-active in literature.23,25,38 L- and D-AA were
tested in concentrations of 25 mM. TRP in the form of both
isomers was used as a reference compound for the bitter and
sweet scale in comparison to a test compound. The taste

Figure 1. AAs are ranked from the most to the least bitter-tasting L-amino acid according to its assessed intensities from the sensory study. Bitter
taste intensities are depicted as dark bars and sweet taste as light gray bars. L-TRP was the most bitter-tasting, and D-TRP the sweetest-tasting
amino acid. Data are represented as the mean of the absolute intensities ± standard error of the mean (SEM) as well as in grouped bar charts for
3−4 technical replicates. In this sensory study, 19 panelists completed the study.
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recovery rate of the panel was around 90%, meaning that the
assessors detected the L- and D-TRP with the highest intensity
of 10. Water has been used as reference. Figure 1 depicts L-
TRP as most bitter, with a relative intensity of 9.16 ± 0.20.
The second most bitter AA was L-PHE (7.18 ± 0.34), followed
by L-ARG (6.42 ± 0.41) and L-ILE, the most bitter branched
chained amino acid (BCAA) with an intensity of 4.21 ± 0.43.
D-TRP was ranked as sweetest, with an intensity of 9.65 ±

0.10, followed by D-PHE with 7.18 ± 0.13 and D-LEU assessed
with 4.27 ± 0.44. The BCAA D-VAL was still assessed as sweet
with an intensity of 2.17 ± 0.34. Overall, the first six AAs listed
in Figure 1 were assessed as being more bitter-tasting in their
L- than compared to their D-form (p < 0.05). The other AAs
tested (PRO, THR, SER, and ALA) were assessed as slightly

bitter and sweet, without any significant difference between
stereoisomers. Overall, statistical analyses by means of a two-
way ANOVA revealed that the L-form of TRP, PHE, ARG,
ILE, VAL, and LEU are more bitter taste-active AAs compared
to their respective D-isomers and the other AAs (p < 0.001,
except L-LEU p-value: 0.01). Also, for D-isomers, the sweetest
taste-active AAs assessed by the sensory panel were TRP, PHE,
VAL, and LEU (p < 0.001), although D-ARG (p < 0.001) and
D-ILE (p < 0.01) were assessed as bitter-tasting.

Impact of L- and D-AAs on Proton Secretion in HGT-1
Cells. Table 1 represents the impact of the tested AAs on
proton secretion in HGT-1 cells according to their revealed
bitter taste intensity. By means of the proton secretory assay,
AA were tested in their L- and D-configuration in a

Table 1. AAs Sorted according to Their Bitter Taste Intensity of the L-Configurationa

aAAs were sorted according to their bitter taste intensity of the L-configuration and characterized by their chemical structure, functional group
molecular weight, and the intracellular proton index (IPX), which is defined as the log2 data of the 580/640 ratio, indicates high proton secretion
with low IPX values. The effect on the IPX in HGT-1 cells after 10 min incubation time of 50 mM AA, is given for the L- and D-forms. Significances
of the tested AAs against media control are marked as bold and with an asterisk. Data are represented as mean fold change in percent ± SEM
obtained from 3 to 4 biological replicates.
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concentration of 50 mM, as it was shown for some AAs to
activate T2Rs in a millimolar range.34,35 All tested AAs except
TRP, induced a significantly different effect on proton
secretion in comparison to media controls (p < 0.05). For
TRP, it has to be noted that the experimental protocol had to
be adapted due to its strong autofluorescence: Whereas for all
other AAs, fluorescence of the intracellular pH-indicator
SNARF was measured after a 10 min exposure in the presence
of the AA, TRP had to be removed by an extra washing step
following the incubation. This additional step could have
weakened the effect of TRP on proton secretion in HGT-1
cells. The additional washing step was verified by means of
histamine of which the effect was decreased by 42.9 ± 0.07%
(data not shown). Beside the AAs PRO and THR, all AA
induced an enantiospecific effect (Table 1). Moreover, results
for a two-way-ANOVA analysis depicted in Figure S1 showed
that proton secretion was mostly stimulated by the L-ARG and
L-TRP (IPX: −2.71 ± 0.11; −0.66 ± 0.23, p < 0.05), whereas
L-THR and L-SER (IPX: 1.43 ± 0.10; 1.40 ± 0.12; p < 0.05)
had the strongest inhibitory potential. In contrast to the L-
isomers, the D-ARG and D-ILE equally with D-VAL and D-ALA
(IPX: −2.37 ± 0.05, −0.40 ± 0.04, −0.44 ± 0.17, −0.35 ±

0.08) most effectively stimulated the proton secretion, whereas
D-PHE (IPX: 1.58 ± 0.10) and D-THR (IPX: 1.57 ± 0.05)
most effectively reduced the most proton secretion followed by
D-LEU, D-PRO, and D-SER (IPX: 1.10 ± 0.13, 0.63 ± 0.09, p <
0.05, 0.87 ± 0.10, Table 1).
Correlation of Structural Characteristics and Taste

Qualities of the Tested AAs with the Intracellular
Proton Index. IPX induced by L-AAs in HGT-1 cells
negatively correlated with their respective bitter-taste inten-
sities (Figure 2A) (r: −0.654, p < 0.05) but not their sweet
taste intensities. Furthermore, Pearson correlation analysis
revealed a negative correlation of the IPX and the molecular
weight of the tested L-AAs (r: −0.685, p < 0.05) (Figure 2B).
There was also a correlation between the MW and bitter as
well as sweet taste intensities of L- and D-AAs (data shown in
supplemental Figure S3A,B). However, there was no
correlation between the IPX induced by D-AAs and bitter
intensities or sweet intensities (p = 0.385, Figure S4). A
correlation between an AA’s carbon as well as hydrogen
content and bitter taste of all tested AAs was also detected (r:
0.559, p < 0.01; r: 0.543, p < 0.01). However, there was no
statistically significant difference between L- and D-enantiomers
(data not shown).
Co-Incubation with the Bitter Modulating Com-

pound HED. Since Pearson correlation analysis revealed a
significant association between bitter-tasting L-AAs and the
IPX (p < 0.05, Figure 2), involvement of bitter-taste of AAs on
the IPX in HGT-1 cells was studied in coincubation
experiments using the bitter-masking compound HED.21

HED was used in a micromolar range, as it has been shown
in a sensory study that a maximum of 300 μM HED partially
masked the bitterness of 1 mM caffeine up to 40%.21 HED has
been tested at one-hundredth of the AA concentration.22 L-
THR, the most inhibiting, and L-ARG, the most stimulating
AAs of proton secretion, were used for these coincubation
experiments. Moreover, L-ILE, which was bitter-tasting in both
enantiomeric forms as well as the nonbitter but sweet taste-
active AA L-SER were applied to HGT-1 cells. Incubation with
HED did not have an impact on L-TRP-induced proton
secretion (Figure S2). However, due to the autofluorescence
signal of TRP, this effect was not further investigated. Addition

of 0.1 mM HED to 10 mM L-THR treated HGT-1 cells
increased the IPX up to 0.72 ± 0.11 in comparison to L-THR
alone (IPX: 0.38 ± 0.06; p < 0.05). Addition of 0.1 mM HED
to L-SER did not point to an involvement of bitter taste
receptor signaling in the mechanism of proton secretion
induced by L-SER (P = 0.145) (Figure 3A,B); however, this
needs to be verified in future studies. A combination of 0.5
mM HED and 50 mM L-ARG increased the IPX (−1.98 ±

0.14; p < 0.05) in comparison to treatment with L-ARG alone
(IPX: −2.68 ± 0.12). The same effect was observed when 50
mM L-ILE was coapplied with 0.5 mM HED, since the
combination of HED and L-ILE increased the IPX up to 0.90 ±
0.18 (p < 0.05) compared to 50 mM L-ILE (IPX: 0.25 ± 0.07)
(Figure 3C,D).

Time-Dependent mRNA Expression Induced by L-
ARG and L-ILE on Genes Regulating GAS. L-ARG. ATP4A
gene expression was downregulated after 30 min until 180 min
of exposure of the HGT-1 cells to L-ARG (fold changes: 0.84
± 0.08; 0.77 ± 0.08; 0.72 ± 0.14; p < 0.05) (Figure 3E). After

Figure 2. (A) Correlation of the bitter taste intensities and the IPX
after incubation with 50 mM L-AAs in HGT-1 cells. Correlation was
done with Pearson Product Moment method, r: −0.654, p < 0.05. (B)
Correlation of the molecular weight and the IPX induced by L-AAs in
HGT-1 cells. Correlation was done with Pearson Product Moment
method (r: −0.685, p < 0.05).
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180 min of treatment, SSTR2 gene expression increased to
1.24 ± 0.15 in comparison to the untreated control cells set to
1 (p < 0.05).

L-ILE. mRNA expression of CHRM3 in HGT-1 cells after 60
min exposure to 50 mM L-ILE increased up to a fold change of
1.21 ± 0.30 compared to untreated controls (= 1, p < 0.05)
(Figure 3F), whereas SSTR2 expression was down-regulated to
0.92 ± 0.12 after 15 min (p < 0.05). An SSTR2 up-regulation
in the presence of L-LEU was detected after 180 min (fold
change: 1.13 ± 0.14; p < 0.05). HED had no effect on genes
regulating GAS (data not shown).
Co-Incubation with the T2R Inhibitor TMPB and the

T1R3 Inhibitor Lactisole. As there is evidence that (i) L-TRP
targets T2R434,35 and (ii) TMPB is an inhibitor for T2R4,32

both compounds were tested in coincubation experiments. The
results validated that bitter-taste signaling via T2Rs contributes
to proton secretion when AAs are applied to HGT-1 cells.
Since Kohl and colleagues showed that 10 mM L-TRP
activated T2R4,34 the same concentrations were chosen for
this experiment. After 10 min of exposure to TMPB (25 μM/
100 μM) and 10 mM L-TRP, the stimulating effect of L-TRP

on proton secretion was reduced (IPX: L-TRP: −0.14 ± 0.05;
L-TRP + 25 μM TMPB: −0.03 ± 0.06; L-TRP + 100 μM
TMPB: −0.03 ± 0.05; Figure 4A and 3B).
For analysis of the sweet signaling cascade, the sweet taste

inhibitor lactisole31 was used. D-PHE, which was assessed as a
very sweet taste-active AA, and L-SER, which was neither
bitter- nor sweet-tasting in both isomeric forms in the sensory
evaluation, were analyzed for their impact on proton secretion.
Figure 5 represents delta IPX values for HGT-1 cells exposed
to either 50 mM L-PHE (A) or 50 mM L-SER (B). Delta IPX
values of the coincubation of 5 μM lactisole and 50 mM L-PHE
(ΔIPX: 0.03 ± 0.04) showed no change of the inhibitory effect
of L-PHE alone. The same effect was detected when L-PHE was
applied together with 50 μM lactisole (ΔIPX: 0.07 ± 0.05, p >
0.05). A comparison of the ΔIPX values between 5 and 50 μM
of the inhibitor lactisole alone (ΔIPX 5 μM: 0.35 ± 0.03; 50
μM: 0.34 ± 0.03) and the coincubations with 50 mM D-PHE
showed a statistical difference (p < 0.001, Figure 5A). For L-
SER, a coincubation with lactisole in concentrations of 5 μM
(ΔIPX: 0.15 ± 0.05) induced no change on the inhibiting
effect of L-SER alone; on the contrary, 50 μM lactisole

Figure 3. (A and B) Impact of bitter taste on proton secretion was tested with the bitter-masking compound HED. A coincubation with 0.1 mM
HED, 10 mM L-THR, and 10 mM L-SER was done. Data are represented as mean fold change ± SEM 3−4 biological replicates. Results were tested
by one-way ANOVA, p < 0.05. (C and D) Proton secretion was reduced when L-ARG in a concentration of 50 mM, was coincubated with 0.5 mM
HED. The inhibiting effect of 50 mM L-ILE increased by addition of 0.5 mM HED. (E and F) Time-dependent mRNA expression in HGT-1 cells
for 15/30/60 and 180 min after incubation with L-ILE and L-ARG is shown as mean fold changes ± SEM deviation. Effects were tested for 3−4
biological replicates with one-way ANOVA and Holm Sidak method post hoc. Overall significance level was p < 0.05.
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inhibited proton secretion (ΔIPX: 0.21 ± 0.03) in comparison
to the effect of L-SER alone (p < 0.01; Figure 5B).

■ DISCUSSION

The secretion of gastric acid helps to prevent bacterial
overgrowth and enteric infections, is essential for the
absorption of calcium, iron, and vitamin B12, and aids the
digestion of dietary protein.42 At low gastric pH, gastric
pepsinogen released by the chief cells is activated to pepsin
that enzymatically cleaves protein structures into peptides and
some free AAs. Dietary intake of protein-rich foods and
aromatic L-AAs have been demonstrated to stimulate GAS in
healthy volunteers.3,43 However, it has not been elucidated
whether and which structural characteristics or taste qualities
of dietary proteins and AAs are responsible for their
stimulating effect on GAS.
Most of the proteinogenic AAs are described as bitter-tasting

in their L-form, whereas their corresponding D-forms frequently
taste sweet.23,44 In a recent publication, we show that the
bitter-tasting compound caffeine stimulates GAS in healthy
volunteers by activation of a T2R bitter signaling cascade.22,28

We here hypothesize that bitter-tasting AAs could be
modulators of mechanisms of GAS demonstrated in human
parietal cells (HGT-1). In accordance with our hypothesis a
pronounced bitter-taste quality was identified as key
determinant of AAs to stimulate proton secretion in parietal
cells. In addition, we found that a high molecular weight of L-
AAs is also favorable for increasing secretion of protons. To
summarize, our data demonstrate that bitter-tasting and large

AAs induce proton secretion in parietal cells in culture. This
finding is in accordance with reports from the literature,
showing that bitter taste-active L-AAs have a high molecular
weight and that smaller AAs are sweet-tasting.23−25

As there is no homogeneous literature on bitter and sweet
taste intensities for AAs, we started with a sensory study with
method-trained panelist. In previous publications, taste
qualities of some AAs have not been assessed in their free
uncharged form because these AAs were only available as
racemates, e.g., D-ARG and D-PRO.26,38 Also procedures of the
sensory tests applied were quite different regarding outcome
measures, e.g., relative taste45 or taste threshold level.44 Here,
we aimed at identifying taste intensities of D- and L-AAs. When
TRP was administered, panelists validated that this AA was
very bitter-tasting in its L-form and very sweet-tasting in its D-
form in accordance with current literature.23,24 An enantiose-
lective taste perception was also determined in our sensory
study for PHE, VAL, and LEU but not for ARG and ILE.
A correlation of proton secretion in HGT-1 cells and the

bitter perception has been demonstrated as a reliable predictor
for taste-active compounds.28 Therefore, a taste-dependent,
diverse impact of the AAs subjected to our sensory study on
proton secretion in HGT-1 cells has been hypothesized. As a
result, an enantioselective modulation on proton secretion in
HGT-1 cells has been identified for TRP, PHE, ARG, ILE,

Figure 4. (A) Impact of different concentration of the T2R inhibitor
TMBP on proton secretion in HGT-1 cells. (B) TMBP inhibited
proton secretion induced by L-TRP in HGT-1 cells after 10 min
incubation time. Data are represented as mean fold change ± (SEM)
of 3−4 biological replicates. Results were tested by one-way ANOVA,
p < 0.05.

Figure 5. (A and B) Impact of 50 mM of the sweet-tasting amino
acids D-PHE and L-SER in addition with the sweet taste receptor
inhibitor lactisole (5 μM/50 μM) were tested on proton secretion.
Graph depicts ΔIPX values referred to either D-PHE or L-SER alone.
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VAL, LEU, SER, and ALA but not for PRO and THR. Among
all tested AAs, both enantiomers of ARG were most
stimulating on proton secretion in HGT-1 cells. This effect
might be associated with the guanidino moiety of ARG, since a
regulation on GAS by nitrogen oxide formed enzymatically
from L-ARG by nitric oxide oxidases (NOS) was shown by
Pique and colleagues46 as well as Konturek and colleagues.47

The authors of both of these studies hypothesized GAS was
modulated by a mediating effect of NO on gastric mucosal
vasodilation46 and by a change of the release of the GAS
hormones gastrin and somatostatin.47 Furthermore, Sakai and
colleagues found that the vasodilator ecabapide, directly
stimulated the opening of Cl− channels in rabbit gastric
parietal cells.48 One might speculate that also TRP regulates
GAS because of its aromatic ring structure; however, these
findings have to be verified in future studies.

L-THR is the most potently IPX-inducing L-AA, thereby
demonstrating a strong diminishing effect on proton secretion
in HGT-1 cells, which could be due to its OH group which
possibly serves as a proton donor. In contrast to other AAs, D-
THR modulated proton secretion to the same extent as its L-
enantiomer, indicating characteristics other than only the
isomeric form as determinants of GAS. This is supported by
other results on the effects of L- and D-AAs on proton secretion
in HGT-1 cells which revealed no homogeneous picture for
the effect of L- versus D-AAs. In contrast to the effects on IPX,
bitter-taste intensities of L-AAs correlated quite well with the
IPX, whereas this was not the case for sweet taste intensities
and D-AAs. The first outcome, demonstrating a correlation
between a compound’s bitter taste and its potential to induce
proton secretion in HGT-1 cells, is in accordance with
literature evidence on caffeine, beer, or wine constitu-
ents.15,16,22 However, for the second outcome, no literature
evidence for an enantioselective and bitter taste-active
modulation on GAS induced by AAs is available.
Next, the question was addressed whether bitter or sweet

taste of AAs is involved in the mechanism of proton secretion
in HGT-1 cells. L-PHE, as the second bitter-tasting AA, did not
show a stimulating effect on the IPX. Whether the aromatic
ring of this AA plays a role in IPX modulation needs to be
addressed in future studies. Therefore, L-ARG and L-ILE, two
bitter taste-active AAs with contrary effects on proton
secretion, were each coincubated with the known bitter-taste
inhibitor HED. As a negative control, two nontaste active AAs
(L-THR, L-SER) were also tested. L-ARG as well as L-ILE
increased the IPX by 26.9 and 55.2%, respectively, when HED
was added. A cotreatment of L-THR with HED increased the
IPX by 52.8%, whereas the IPX effect induced by L-SER was
not influenced by HED. An influence of the flavanone HED
alone on the proton pump cannot be excluded as there is
evidence for an inhibiting effect on H+,K+-ATPase by
flavonoids.49 This data indicates that bitter-taste receptors
may regulate proton secretion in HGT-1 cells after treatment
with L-ILE and L-ARG. However, whether HED not only
masks the bitterness of caffeine21 but also bitter-tasting AAs
and peptides has to be tested in future sensory studies.
Furthermore, PCR analysis of mRNA expression of genes
regulating GAS in HGT-1 cells demonstrated that expression
of SSTR2 was upregulated by L-ARG and L-ILE, whereas only
L-ARG downregulated expression of ATP4A. According to one
of our previous studies,17 these modifying effects on expression
of genes regulating GAS indicate that secretion of protons is
modulated by L-ILE and L-ARG.

Recently, we showed in a human intervention study that the
stimulating effect of caffeine on GAS was reduced when
coadministered with HED.22 Moreover, in sensory studies with
untrained and trained panelists, the bitter-taste of caffeine was
masked by 20 ± 8% when assessed by untrained panelists and
43% assessed by trained panelists.22,50 Furthermore, HED has
been published to be an antagonist for the bitter-taste receptor
T2R43 and an agonist for T2R39.28 There is also evidence that
TRP and PHE activate TAS2R 1/4/39, independent of their
enantiomeric form in receptor-activating studies in HEK
cells.34,35 Thus, we examined TMPB32 as an antagonist and
L-TRP34 as an agonist for T2R4. Since these results showed
that TMPB partly prevented the stimulatory effect of L-TRP,
we suggest T2R4 is involved in the mechanism of proton
secretion. On the basis of data of proton secretion after
application of L-AAs in combination with the bitter maskers
HED22 or TMPB,32 it can be assumed that a bitter-masking
effect in sensory studies is associated with a modulating effect
on proton secretion by parietal cells.
To exclude involvement of the sweet taste of AAs, lactisole,

targeting T1R3 as antagonist, was used.21 When D-PHE, whose
sweet intensity was rated very high, and L-SER, a nontaste
active AA, were coincubated with lactisole, no influence on the
AA-evoked effect on proton secretion was shown. These data
indicate a negligible role of the sweet receptor activation. Thus,
sweet taste and D-isomers of AAs might not be crucial for
secretion of protons in HGT-1 cells.
Beside taste and isomerism, the molecular weight of the

tested AAs was also identified as a determinant of proton
secretion, shown by a correlation between the IPX induced
only by L-configurated AAs and their molecular weight. This
correlation indicates that a large molecular weight of L-AAs is
preferable for a stimulating effect on proton secretion in HGT-
1 cells. In the context of protein digestion, GAS is essential for
protein degradation.8 With these results, the present study
significantly broadens the existing knowledge on AAs’
structural requirements for stimulating GAS. However,
whether HED masks the bitterness of not only caffeine21 but
also bitter-tasting AAs and peptides has to be tested in future
sensory studies.
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Abstract 

This study aimed at identifying whether the bitter-tasting amino acids L-arginine 

(L-ARG) and L-isoleucine (L-ILE) differentially regulate mechanisms of gastric acid 

secretion (GAS) in human parietal cells (HGT-1 cells) via activation of bitter taste 

sensing receptors (T2Rs). In a first set of experiments, involvement of T2Rs in L-ARG 

and L-ILE-modulated proton secretion was demonstrated by co-treatment of HGT-1 

cells with T2R antagonists. Subsequent whole genome screenings by means of cDNA 

arrays revealed T2R1 as a prominent target for both amino acids. Next, the functional 

role of T2R1 was verified by means of a T2R1 CRISPR-Cas9 knock out approach. 

Here, the effect of L-ARG on proton secretion decreased by 65.7 ± 21.9 % and the 

effect of L-ILE increased by 93.2 ± 24.1 % in HGT-1 T2R1 ko vs. HGT-1 wt cells 

(p<0.05). Overall, our results indicate differential effects of L-ARG and L-ILE on proton 

secretion in HGT-1 cells and our molecular docking studies predict distinct binding for 

these amino acids in the binding site of T2R1. Further studies will elucidate whether 

the mechanism of differential effects involves structure-specific ligand-biased 

signalling of T2R1, or additional cellular targets.
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Introduction

Dietary proteins and amino acids (AAs) have been shown to act on metabolic targets 

involved in mechanisms regulating satiety, energy expenditure, and body composition, 

although structure-based evidence is scarce.1 In general, consumption of plant 

proteins, considered of lower nutritional quality than animal proteins, is increasing due 

to interest in ecological footprint reduction, although most plant proteins show taste 

deficits, e.g. bitter off-notes. On the other hand, bitter tasting food constituents, i.e. 

bitter tasting amino acids, have been demonstrated to stimulate mechanisms of gastric 

acid secretion in parietal cells2 as an outcome measure of stimulated gastric digestion 

and satiation.   

Parietal cells are the primary acid secretory cells of the stomach. The regulation of acid 

secretion by these cells is highly complex and not yet fully elucidated since many 

receptor-ligand interactions are required. The classical pathway of acid secretion 

involves the release of gastrin which is induced from antral G cells, causing a 

subsequent efflux of histamine from enterochromaffin-like cells. The released 

histamine binds to its cognate receptor on the basolateral membrane of the parietal 

cell, thereby inducing a cascade of events, including a rise in cytosolic Ca2+ and cAMP 

levels, which then trigger chloride and H+ effluxes from the apical cell surface via a 

chloride channel and the H+-K+-ATPase.3-7 Upon activation by stimulants like 

histamine, gastrin or acetylcholine, the H+-K+-ATPase, located on cytosolic tubular 

vesicular elements, traffics to the apical cell surface where the vesicles fuse with 

canaliculi along the apical membrane to secrete protons, which is essential for the 

formation HCl in the gastric lumen.5-7 In one of our previous works, we demonstrated 

bitter receptors (T2Rs) are not only being localized on human parietal cells but also 

involved in the regulation of proton secretion.8 Using caffeine to target the human bitter 
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receptors T2R7, 10, 14, 43 and 64,9 a regulatory role for T2R10 and T2R43 has been 

shown by means of an siRNA and CRISPR-Cas9 approach, respectively.8 

T2Rs of parietals cell in the stomach are potential targets for all bitter-tasting food 

constituents, including respective proteins and peptides for which gastric acid plays an 

essential role in the process of digestion into amino acids. Although promoting effects 

on gastric acid secretion by proteins have been widely studied,10-12 the role of T2Rs as 

nutrient sensors in this process is largely unknown. Recently, we identified molecular 

weight and bitter taste intensity as key determinants responsible for the effects of a 

subset of proteinogenic L-amino acids on mechanisms regulating gastric acid secretion 

in the human parietal cell model HGT-1.13 In that study, involvement of T2Rs was 

tested by means of the bitter masking compound homoeriodictyol,14 which is known to 

target several T2Rs8, 15 and to reduce the effect of the bitter tasting amino acids 

L-arginine (L-ARG) and L-isoleucine (L-ILE) on proton secretion.13 However, whether 

L-ARG and L-ILE elicit their effects through agonistic or antagonistic activities on 

specific T2Rs, as demonstrated for sesquiterpenes and lactones by Brockhoff and 

colleagues16 or whether other cellular targets are involved has not yet been elucidated. 

Differential effects of these amino acids seem likely due to the following reasons: 

50 mM L-ARG was more effective than L-ILE in stimulating proton secretion in HGT-1 

cells, and was also evaluated to be approximately 30% higher bitter intensity than L-ILE 

by a non-trained sensory panel.13 These results, in addition to previous studies of our 

group8, 17 demonstrate the HGT-1 cell line as a valuable model for the identification of 

bitter tasting and bitter taste modulating compounds.

T2Rs belong to the group of G-Protein Coupled Receptors (GPCRs). Upon activation, 

the heterodimeric complex is separated into two complexes: G and 1, 13 gustducin. 

The first complex stimulates the enzyme phosphodiesterase which cleaves the 

phosphodiester bond of cyclic adenosine monophosphate (cAMP). The other complex 
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activates the phospholipase C 2 (PLC 2), which generates the second messenger 

phosphatidylinositol-4,5-diphosphate (PIP2), resulting in the formation of 

inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG), and a Ca2+ release from the 

endoplasmic reticulum.18 In oral-tissues, this Ca2+ release causes a depolarisation and, 

thereby, activation of taste buds via neurotransmitters. In gastrointestinal tissues, 

paracrine and endocrine secreting mechanisms are induced and an activation of 

proton pumps is hypothesized.19 The human parietal cell line HGT-1 has been shown 

to express all of the known 25 T2Rs8 and the functional proteins regulating the activity 

of the ATP-driven proton pump H+,K+-ATPase,20, 21 and has been established for the 

identification of bitter tasting and bitter taste modulating compounds via modulation of 

proton secretion.17

Activation of T2Rs by amino acids in native cells has not been widely studied so far. 

Bassoli and colleagues22 and Kohl et al.23 demonstrated the bitter tasting L-tryptophan 

and L-phenylalanine to activate T2Rs in transfected HEK cells by means of Ca2+ 

mobilisation, whereas no activation was obtained for L-ARG.23 The authors 

hypothesized that this difference was due to cytotoxic effects in the T2R transfected 

HEK-293 cell model, limiting the response to concentrations lower than those applied 

in sensory tests.23 Bitter-tasting peptides and L-phenylalanine were previously shown 

to activate T2R1 receptor in transfected HEK-293 cells.24 Furthermore, molecular 

docking predicted that these peptides bind within the same binding pocket at the T2R1 

receptor, but in different orientations.24 

Besides activation of T2Rs, amino acids target a variety of other receptors in the 

gastrointestinal tract, e.g. the GPCR GPRC6A, the Calcium Sensing Receptor (CASR), 

the metabotropic glutamate receptor (mGLUR) and the umami receptors T1R1 and 

T1R3.25 For L-ARG, there is evidence to target the widely expressed receptors 

GPRC6A,26, 27 CASR,28 mGLUR,29 and the umami taste receptors (T1R1/T1R3),30 
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whereas L-ILE has so far been associated with umami receptors solely.31 Although 

both amino acids have been described for their bitter taste,2, 32, 33 only for L-ARG is 

there evidence that its bitter taste is mediated via T2R38 activation. This has been 

shown in a sensory study investigating the bitterness perception of L-ARG and 

6-n-propylthiouracil (PROP), with PROP perception primarily being controlled by 

polymorphisms in the T2R38 gene whereas no specific T2R targeted by L-ARG could 

have been identified so far.34-36 

Major dietary sources of L-ARG are seafoods, garlic and broccoli, whereas high 

amounts of L-ILE are found in cheese and ham.37 Besides their role as essential amino 

acids for the synthesis of proteins, L-ARG has been shown to improve endothelial 

functions, wound healing, and gastrointestinal functions,38 whereas L-ILE lowered 

blood glucose levels by decreasing liver glucose production.39 Both amino acids were 

also demonstrated to differentially modulate proton secretion in HGT-1 cells,13 

although their mechanism of action herein is still unknown. Since there is evidence for 

bitter tasting peptides (e.g. Trp-Trp-Trp) and L-phenylalanine to activate T2R1 in 

transiently transfected HEK-293 cells,23, 24 we hypothesized (i) that T2Rs are targeted 

by L-ARG and L-ILE in HGT-1 cells and (ii) that GPCR signalling is differentially 

regulated since there is evidence that GPCRs activate different transduction systems 

in a native environment.40 In a first step, effects of commercially available T2R 

antagonists on proton secretion in HGT-1 cells were tested. Since the results indicated 

involvement of T2Rs, a whole genome screening of HGT-1 cells exposed to either L-

ARG or L-ILE was conducted to elucidate mRNA differences for T2R associated genes 

and genes related to GPCR signalling pathways. Results indicated major involvement 

of one T2R, of which its functional impact on L-ARG and L-ILE-mediated proton 

secretion was demonstrated in a CRISP-Cas9 knock down experiment. Overall, these 

Page 6 of 37

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry

147



results will help to understand the mechanism of action of bitter tasting food 

constituents in parietal cells which are responsible for gastric acid secretion as key 

determinant of protein digestion and gastric motility as important gastric satiety signal. 

Methods & Materials

Chemicals. L-ARG and L-ILE (synthesis grade, purity  98.5 %), DMEM, L-glutamine, 

penicillin, streptomycin, probenecid, benzamil hydrochloride hydrate, NPS2143 

hydrochloride and primer oligonucleotides for T2R expression were purchased from 

Sigma Aldrich (Austria). PBS (1×) was obtained from Biozym Biotech Trading GmbH 

(Austria). Fetal bovine serum (FBS) was purchased from Gibco (USA). Cell viability 

was tested by means of 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT, Carl Roth GmbH & Co. KG in Austria). For detection of the proton secretory 

activity, the fluorescence dye 1,5 carboxy-seminaphtorhodafluor acetoxymethylester 

(SNARF-1-AM) was obtained from Thermo Fisher Scientific (USA). From this company 

also, RT-qPCR reagents were obtained. Reagents for droplet digital-PCR (ddPCR) 

were ordered from Bio-Rad (Austria). For T2R1 knock out Opti-MEM I Reduced Serum 

Medium, transfection reagent Lipofectamine™ CRISPRMAX™ Cas9 Transfection 

Reagent, TrueCut™ Cas9 Protein v2 and GeneArt Genomic Cleavage Detection Kit 

were obtained from Thermo Fisher Scientific (Austria). For Western Blot, RIPA buffer 

supplemented with protease inhibitor cocktail, PMSF and, sodium vanadate (all 

substances from Sigma Aldrich), T2R1 Polyclonal Antibody (1:300) from Invitrogen, 

Signal Fire Chemiluminescence reagent (New England Biolabs). T2R inhibitors 

4-(2,2,3-trimethylcyclopentyl)butanoic acid (TMBP) and 6-Methoxyflavaonone were 

provided by Symrise AG. 
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Cell Culture. Human gastric tumour (HGT-1) cells provided by Dr. C. Laboisse, Nantes 

(France), were cultivated with DMEM containing 4 g/L glucose and supplemented with 

10 % fetal bovine serum, 2 % L-glutamine and 1 % penicillin and streptomycin. Cells 

grew in a humid atmosphere with 5 % CO2 in a 37 °C incubator. 

Cell vitality. Cell viability was detected by staining with the yellow tetrazole MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent for 15 min after 

seeding in a 96-well plate 24 and incubated with test substances. The method was 

carried out as described previously.2 

cDNA Microarrays. Gene expression analysis by means of microarray analysis were 

performed as described previously.41, 42 HGT-1 cells in a concentration of 

700,000 cells / 2.5 mL were grown for 24 h in 9.4 m² dishes and incubated with either 

50 mM L-ARG or L-ILE for 3h. RNA purity was analyzed at A260/230 nm and 

A260/280 nm as well as by agarose gel electrophoresis. RNA was reverse transcribed 

according to Ouellet et al43 by using SuperScript III (Invitrogen) and Cy3-labeled 

random nonamer primers (Tebu Bio). After purification of the samples (QIAquick 

purification columns, Qiagen), microarray hybridization was performed under constant 

rotation (42 °C for 20 h). The hybridization mix consisted of 3 µL herring sperm DNA 

(10 mg/mL), 15 µL acetylated BSA (10 mg/mL), 135 µL 2× MES buffer, 10 µL QC25 

(Cy3-labeled, 100 nM), 10 µL ECO1BioA1 (Cy3-labeled, 100 nM), 10 µL ECO1BioD2 

(Cy3-labeled, 100 nM) and the Cy3-labeled cDNA in 85 µL RNase-free water, with 

QC25, ECO1BioA1 and ECO1BioD2 serving as quality controls and reference 

sequences. Subsequent to the hybridization, microarrays were washed for 2 minutes 

in non-stringent wash buffer (SSPE; 0.9 M NaCl, 0.06 M phosphate, 6 mM EDTA, 0.01 

% Tween20), for 1 minute in stringent wash buffer (100 mM MES, 0.1 M Na+, 0.01 % 
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Tween20) and for about 5 seconds in final wash buffer (0.1× saline-sodium citrate 

buffer). After drying the microarrays in a microarray centrifuge, they were scanned at 

2.5 µm resolution using a Axon GenePix 4400A microarray scanner (Molecular 

Devices). Data was extracted and intensities were determined by NimbleScan 2.1 

(Roche NimbleGen). 

RT-qPCR. In 9.4 m² dishes 700,000 cells were seeded and incubated with 50 mM 

L-ARG or 50 mM L-ILE for different time points (0/15/30/60/180 min). RNA isolation 

was done with PeqLab total RNA kit obtained from Peqlab (Austria). RNA integrity was 

analyzed by the A260/280 absorbance ratio using the nanoquant plate for the Infinite 

200 PRO Plate Reader. All RNA samples had a ratio between 1.8 - 2.2. Reverse 

transcription was carried out using the High capacity RNA to cDNA Master Mix kit from 

Applied Biosystems (Germany). Primers for the internal control peptidylprolyl 

isomerase A (PPIA), and T2R1/4/20/39/43/50 were designed by using PrimerBlast and 

PCR products were verified by melting curve analysis, agarose gel electrophoresis, 

and sequence analysis (Eurofins Genomics). Sequences are provided in Table 1.8 

Predesigned primers were used for the epithelium sodium channel  (Quantitect 

primer assay, Qiagen, Germany). The open source software LinReg v2013.0 was used 

for data analysis. 

Digital Droplet (dd)-PCR

HGT-1 cells were treated with 50 mM L-ARG or L-ILE in a time-dependent manner. 

RNA isolation and cDNA synthesis were carried out according to the same protocol as 

described for the RT-qPCR experiments. EvaGreen Supermix was used as reaction 

reagent for calcium sensing receptor (CASR) and PPIA expression. For analyzing 

CASR expression, non-diluted HGT-1 samples were used whereas for PPIA cDNA 
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analysed, samples were diluted 2.5 times. Droplet Generation Oil for Evagreen was 

used for droplet generation by pipetting 20 µL of the cDNA and 70 µL into the cartridge 

and put it into the droplet generator. Afterwards, droplets were transferred onto a 

96-well microtiter plate (Eppendorf) and PCR was carried out at a temperature of 58.1 

°C on a C1000 thermocycler. Data analysis was done by QuantaSoft.Ink software and 

droplet threshold was set at 30,000 droplets.   

T2R1 protein expression

Western Blot analysis was performed as described previously.44 HGT-1 cells were 

grown in 6-well plates for 24 hours. Afterwards, cells were washed with ice-cold PBS 

and lysed with RIPA buffer supplemented with a protease inhibitor cocktail, 

Phenylmethylsulfonyl fluoride (PMSF) and sodium vanadate. In the supernatant, 

protein concentration was determined by the Bradford assay. On a 16 % 

polyacrylamide SDS-gel, 20 µg of the protein or 3 µL prestained protein standard 

obtained from New England Biolabs were loaded and subjected to electrophoresis, 

Afterwards, the proteins were transferred onto an PVDF membrane which was 

activated for 2 min by methanol and for 5 min using the blotting buffer. After blocking 

the membrane for 1 h with 5 % BSA, the primary antibody (rabbit anti T2R1, 1:300, 

Thermo Fisher Scientific or rabbit anti- -actin, 1:2000, Santa Cruz) was added over 

night at 4 °C. The secondary antibody was added after 4× of washing (goat anti-rabbit, 

1:2000, CST cell signalling). Before Signal Fire Chemiluminescence reagent was 

pipetted onto the membrane, the membrane was washed four times. 

Chemiluminescence was detected by Fusion FX7 device (Vilber) and image analysis 

was carried out using ImageJ.45

ELISA
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cAMP. Cells were seeded in cell culture dishes in a concentration of 2.5 million in 4 mL 

DMEM. Afterwards, cells were incubated with 50 mM L-ARG or 50 mM L-ILE for 

10 min, subsequently washed 2x with cold (PBS) and lysed by the cell lysis buffer from 

the ELISA kit from R&D Systems. cAMP concentration was quantitated according to 

the supplier’s protocol (R & D Systems). Absorbance was detected at 450 nm by the 

Infinite 200 PRO Plate Reader.

IP1. 24 h before assay, HGT-1 cells were seeded in a 24-well plate (400,000 

cells / 500 µL DMEM) and incubated for 1 h with 50 mM L-ARG or 50 mM L-ILE solved 

in stimulation buffer provided by the IP1 ELISA kit from CISBIO. All other steps were 

carried out according to the suppliers’ manual of CISBIO. Absorbance signal was 

detected at 450 nm and reference wavelength was set at 620 nm.

Proton secretory activity. Detection of proton secretion was performed as described 

previously.2, 13 Briefly, this method is based on the quantification of intracellular 

protons. The lower the intracellular proton concentration, the higher the number of 

protons excreted.46, 47 Experimentally, HGT-1 cells were seeded in a 96-well plate 

(FluoroNunc™ F96 MicroWell™, VWR) in a concentration of 100,000 cells / 200 µL 

DMEM 24 h before starting the assay. For the experiment, cells were stained for 30 min 

with 3 µM of the pH-sensitive SNARF-1-AM. Afterwards, cells were treated with L-ARG 

and L-ILE alone and in combination with inhibitors (TMBP, probenecid, 6-

Methoxyflavanone, benzamil, NPS2143). Changes of the intracellular proton 

concentrations were detected at 580 nm and 640 nm. For detecting the intracellular 

pH, a calibration curve was generated by treating the cells with potassium buffer 

solutions in a pH range between 6.8 to 7.6. Intracellular H+ concentrations were 

determined by calculating a linear calibration curve. Equilibration of the intra- and 

extracellular pH was achieved by means of a 2 µM Nigericin solution. Resulting data 
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were calculated as intracellular proton index (IPX), and expressed as ratio between 

media control and compound treated HGT-1 cells. Final data were log2 transformed. 

Knock out. T2R1 knock out was done by means of CRISPR/Cas9, starting with 15,000 

HGT-1 cells grown in a 96-well plate for 24 h. A total of 50 ng gRNA of the non-targeting 

control and the gRNA of T2R1 (UUAUGGUCCCAUACUUCCUA) was allowed to form 

a complex with 250 ng of Cas9 Protein v2 and the Lipofectamine™ CRISPRMAX™ 

transfection reagent. After 48 h, a genomic cleavage detection was done according to 

the manufacturer’s manual. As forward (5’-3’) reverse primer (3’-5’), the following 

sequences ACAGGATAGACAGCAACGCGC and GGTGGTGAATGGCATTGACTTG 

were used, respectively. The cleavage efficiency was approximately 30 %. 

Protein Modelling. Initial T2R1 models were built using the servers of 

GPCR-ModSim48, I-TASSER49 and Medeller.50 The performance of the models was 

evaluated by enrichment with known actives and inactives sourced from BitterDB.51 

The best model was obtained by Induced fit docking (IFD; performed using Maestro52) 

(see ‘Molecular docking’ section below) performed using the GPCR-ModSim server 

model. An area under the curve (AUC) was generated by using SigmaPlot 12 software 

and Glide docking scores from known actives and inactives docked to the T2R1 model. 

The AUC generated from the enrichment was improved by IFD from 0.68 to 0.75. The 

extracellular loop 2 (ECL2) of this IFD-modified T2R1 model was sampled for 1000 

conformations using Modeller53, GalaxyLoop54, ModLoop55, and DaReUs-Loop.56 

Amino acid side chain conformations were predicted with SCWRL4.57 Protein 

structures were prepared using the Protein Preparation Wizard available within 

Maestro52 (assigned bond orders, added hydrogens, created disulfide bonds) and the 

protonation state of all side chains determined at pH 7 ± 2. Energy minimization of 
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hydrogen atoms only was carried out using default constraints of 0.3 Å RMSD in the 

OPLS3e force field. Binding sites were automatically identified using SiteMap.58 A 

pairwise sequence alignment was done by using Jalview 2.11.059 between the model 

sequence and the template sequence (PDB: 2vt4).

Molecular docking. In total, 39 actives and 104 inactives for T2R1 were obtained from 

BitterDB.51 Ligands were enumerated to 3-D conformers using LigPrep60 at pH 7 ± 2. 

Receptor grid calculations were centered on the binding sites identified by SiteMap. 

Docking was performed using Glide Standard Precision (SP) mode.58, 60-62 Ligands 

were docked flexibly, sampling nitrogen inversions and ring conformations, and a 

single pose generated per ligand. 

Statistical Analysis. Data are presented as means ± standard error of the mean 

(SEM). All experiments were calculated from 2-4 biological replicates. Nalimov outlier 

test was performed prior ANOVA or Student’s t test. Significant differences between 

untreated control and different treatments were determined using One- or Two-Way 

ANOVA with Holm-Sidak post hoc. Comparison of two groups (control/treatment) was 

performed with Student’s t Test. Significances were set at a p-value of 0.05 and marked 

with letters or asterisks. 
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Results

Proton secretory activity (IPX). (Table 2) TMBP and 6-methoxyflavanone (MXO) 

were used as antagonists of T2R4/7/14/20/31/39/40/43. Combination of 25 µM TMBP 

and 50 mM L-ARG induced a mean  of 0.51 ± 0.11 % compared to L-ARG 

treatment, whereas an opposite effect was detected for L-ILE and TMBP 

 -0.97 ± 0.08%, p < 0.001). A different regulation of proton secretion induced by 

L-ARG and L-ILE was also demonstrated in co-incubation experiments with 5 µM of 

the T2R antagonist MXO (L-ARG + MXO:  + 0.51 ± 0.35 % vs. L-ILE + MXO: 

 -0.93 ± 0.14 %; p < 0.01) (Table 2).

cDNA Microarray. A genome wide screening was performed after incubation of 

HGT-1 cells with 50 mM L-ARG or 50 mM L-ILE for 3 h.  log2 data (treatment - control) 

are depicted in Figure 2 and demonstrate that cDNA expression was differentially 

regulated by the amino acids (One Way ANOVA on Ranks followed by Student-

Newman-Keuls Method, post hoc, p < 0.05). Control was set to 0. A different regulation 

by L-ARG and L-ILE on known targets (GPCR6A, CASR, mGLUR) was not detected 

(Figure S1). In Figure 2B, data with a fold change between 0.5 – 2 were further 

analysed by means of DAVID pathway analysis (http://david.abcc.ncifcrf.gov), resulting 

in the displayed cluster with the highest annotation. (C) Pearson Product Moment 

Correlation analysis between fold changes (T/C) induced by L-ARG and L-ILE 

indicates a regulating role of T2R1 (r: 0.637; p < 0.001). 

Western Blot & RT-qPCR. In HGT-1 cells the protein of T2R1 was detected 

(Figure S6). In Figure 3, the influence of L-ARG as well as L-ILE on T2R1 mRNA 

expression in HGT-1 cells over time (L-ARG: 13.54 ± 0.57 to 8.54 ± 0.45, L-ILE: 

6.44 ± 0.30 to 4.76 ± 0.58, p < 0.05) is depicted. HGT-1 cells showed a significantly 
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more pronounced regulation of T2R1 mRNA expression after L-ARG exposure in 

comparison to treatment with L-ILE (p < 0.001). No regulation was seen for the 

ENAC  after incubation with 50 mM L-ARG or L-ILE over time. (Figure S2)

dd-PCR. mRNA expression of the CASR in HGT-1 cells was differentially regulated 

when comparing L-ARG and L-ILE treatment after 60 min and 180 min (fold change 

L-ARG: 1.02 ± 0.86, 0.95 ± 0.13, and L-ILE: 0.18 ± 0.04, 0.18 ± 0.03, p < 0.01) 

(Figure S3).

Impact of T2R1 knock out on L-ARG and L-ILE-modulated proton secretion. The 

effect on proton secretion induced by L-ARG (IPX -71.7 ± 14.0 % compared to HGT-1 

WT = 0 %) decreased by 65.7 ± 21.9 % after T2R1 KO (Figure 4A). For L-ILE, in 

contrast, the T2R1 KO in HGT-1 cells increased the effect of L-ILE on proton secretion 

by 93.2 ± 24.1 % in comparison to HGT-1 WT cells (p < 0.05) (Figure 4B).

In Figure S4A, glide docking of L-ARG to T2R1 predicted that S6.60, AECL2 and C3.29 

are interacting with the ligand via hydrogen bonds. For L-ILE there was one interaction 

suggested with S6.60 (Figure S4B), which is also one of the predicted binding residues 

for docking of L-ARG to T2R1. A sequence alignment and the T2R1 model with known 

conserved motifs are depicted in Figure S5. 

ELISA. Incubation with 50 mM L-ARG induced a stronger decrease of cAMP 

concentrations by -83.5 ± 9.07 % than the treatment of HGT-1 cells with 50 mM L-ILE 

by -33.48 ± 10.5 %. Effects induced by L-ARG and L-ILE were significant in 

comparison to untreated controls, which were set to 100 % (p < 0.01) (Figure 5A). IP1 

concentrations increased by 37.2 ± 21.02 % in HGT-1 cells after incubation with 
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50 mM L-ILE, whereas L-ARG induced a mean decrease by -3.88 ± 39.78 % (p < 0.05) 

(Figure 5B).
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Discussion

Bitter taste receptors (T2Rs) have been shown to be expressed in many different 

extra-oral tissues, like the airway, urethra or gastrointestinal tract,19 and to regulate 

various metabolic pathways. In the gastro-intestinal tract, activation of gastric T2Rs by 

quinine increased plasma levels of the satiating hormone cholecystokinin, and reduced 

total energy intake from a subsequent meal,63 Our group also showed a satiating 

potential of gastric T2R activation in healthy subjects who demonstrated an increased 

GAS after caffeine administration.8 Moreover, in the gastric acid producing parietal cell 

line HGT-1, T2R10 and T2R43 signalling has been shown to be involved in caffeine-

induced proton secretion.8 

Dietary proteins are known for their satiating effects, which are mediated by a variety 

of gastrointestinal signals, including GAS. Plant proteins, in particular, as well as some 

protein hydrolysates and amino acids present a bitter off-taste, which limits consumer 

acceptance. We recently demonstrated the bitter taste of L-AAs to correlate with proton 

secretion in HGT-1 cells, although the underlying mechanisms still need to be 

elucidated.2 As L-ARG and L-ILE were evaluated as bitter tasting by a sensory panel, 

but induced a contradictory effect on proton secretion in HGT-1 cells, these AAs were 

chosen as candidates for the here presented study. 

The lack of complete correlation between activation of T2Rs in cell systems and 

sensory data has been addressed before, although no conclusive answer has been 

found yet. Brockhoff and colleagues16 also reported inconsistent results for 

bitter-tasting and structurally related sesquiterpene lactones on T2R-dependent 

calcium signalling in T2R46 transiently transfected HEK-293 cells. The T2R signalling 

is complicated by the fact that the orthosteric binding site can be shared by agonists 

and antagonists.64 Synergistic and antagonistic effects of compounds targeting 

multiple T2Rs9 or even other cell surface receptors might contribute to cellular 
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responses which do not necessarily correlate with the bitterness perceived by sensory 

panels. 

For the bitter tasting AAs L-ARG and L-ILE, there is evidence for an activation of 

T2R-linked GPCRs,26, 65  although it was not known whether and which T2R is targeted. 

L-ARG has been shown to be involved in T2R signalling by enhancing the bitterness 

of PROP, which is a bitter substance commonly used for detection of T2R38 

polymorphisms.36 For L-ILE, a distinct bitterness has been reported,32, 33, 66 although 

the T2R responsible is unknown.23 

In this study, we demonstrated involvement of T2Rs in L-ARG- and L-ILE-modulated 

proton secretion in HGT-1 cells by means of the T2R antagonists TMBP, MXO and 

probenecid.

TMPB binds at the orthosteric sites of T2R4/7/20/31/40/43 with high selectivity, known 

to target lysine in the sequence of the transmembrane helix 7 of T2R31/43.67 The T2R 

antagonist MXO targets T2R14 and T2R39. Its efficacy depends on the C6 methoxy 

group of the A-ring, and the size, electronegativity and the electron withdrawing effect 

of the B-ring.68 The third T2R antagonist chosen is probenecid for which an allosteric 

inhibition of T2R16/38 and 43 has been reported,69 indicating its binding to the receptor 

site being distinct from the orthosteric ligand binding site.70 In order to test our 

hypothesis that T2Rs are involved in the modulating effect of L-ARG and L-ILE on 

proton secretion in HGT-1 cells, a range of T2R antagonists were tested in co-

incubation experiments. These co-incubation experiments using TMBP or probenicid 

in combination with L-ARG or L-ILE revealed significant changes of the effect on proton 

secretion demonstrated for the individual AA, indicating involvement of the T2Rs 

targeted by the respective antagonist. Co-treatments of the cells with L-ARG or L-ILE 

and MXO revealed similar results, although the level of statistical significance was not 

met for L-ARG experiments (p = 0.37).  
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Based on these results, a cDNA microarray screening was performed to identify any 

of the 25 T2Rs representative GPCRs (see supplemental material) were regulated by 

L-ARG and L-ILE. Scatter plot analyses and David pathway analyses revealed L-ILE 

as the more potent AA to regulate overall mRNA levels and, specifically, TAS2R mRNA 

expression, with T2R1 cDNA increasing most markedly. Next, involvement of T2R1 in 

the observed effects on proton secretion was studied. Since none of the commercially 

available T2R antagonists targets T2R1, a knock out approach by means of 

CRISPR/Cas9 was performed. Treatment of T2R1 knock out cells with L-ARG or L-ILE 

revealed significantly different effects on proton secretion compared to HGT-1 WT 

cells: the stimulating effect induced by L-ARG in HGT-1 WT cells2 decreased in HGT-1 

T2R1 KO cells, and the inhibiting effect on proton secretion by L-ILE2 was significantly 

reduced in HGT-1 T2R1 KO cells. A different regulation on a functional level mediated 

by T2R1 was also published by Upadhyaya and colleagues,24 who demonstrated that 

for bitter-tasting amino acids and peptides different EC50 concentrations are necessary 

to activate T2R1 in transfected HEK-293 cells.24

The presence of the T2R1 protein in HGT-1 cells was detected by western blot method. 

These results provide further evidence for a potential role of T2R1 in the L-ARG and 

L-ILE evoked effects mechanism on proton secretion in HGT-1 cells. 

The hypothesis that T2R1 might be targeted by the amino acids L-ARG and L-ILE is 

supported by previously published results which demonstrated T2R1 activation by 

L-phenylalanine22, 23 and by peptides containing L-ILE.23 However, there is also 

evidence from transiently transfected HEK-293 cells, that L-ARG and L-ILE may not 

target T2Rs at physiologically relevant concentrations.23 As discussed by Kohl and 

colleagues23, the reason for these diverging results could be that it was not possible to 

use the same concentrations tested in sensory studies. Another hypothesis could also 
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be that the use of a heterologous cell model in which only one T2R is expressed vs. a 

native cell model which does express all 25 T2Rs, is able to carry out T2R interactions. 

Assuming that these molecules do interact with T2R1 directly, molecular docking 

studies predict one shared binding interaction (S2486.60) for L-ARG and L-ILE and the 

T2R1 receptor model. Furthermore, L-ARG is suggested to also interact with C823.29 

and A164 in the ECL2. The different binding interactions predicted for L-ARG and L-ILE 

and the T2R1 model, might contribute to the different effects on downstream signalling 

and eventually on proton secretion in HGT-1 cells. This outcome would go along with 

results published by Upadhyaya and colleagues24, who found that certain amino acids 

and bitter-tasting peptides activate the T2R1 to a different extent, and their receptor 

studies predict overlapping as well as different binding residues.24 There is evidence 

that antagonists for T2R bind to the same binding sites as agonists, therefore they are 

called competitive antagonists and indicate a single binding pocket for T2R 

activation.71 In a recent publication on advanced glycation end-products (AGEs), AGEs 

were shown to activate as well as inhibit T2R4 activity, associated with polar 

interactions with N164, N165, and T166 present in ECL2.72

Apart from T2Rs, L-ARG and L-ILE might target other cell surface receptors that are 

involved in proton secretion by HGT-1 cells. E.g., the stimulating effect induced by 

L-ARG might be mediated by the formation of nitric oxide, which has recently been 

demonstrated by Kitay and colleagues73. Authors of this study suggest that after 

transportation of L-arginine into the parietal cell, L-arginine is converted into NO by 

endothelial nitric oxide synthetase (eNOS), which subsequently results in a stimulation 

of the proton pump mediated via soluble guanylyl cyclase (sGC) and cyclic guanosine 

monophosphate (cGMP).73 

Moreover, L-ARG has been described as a ligand for the CASR.28 To elucidate a 

possible involvement of this receptor, HGT-1 cells were treated with L-ARG or L-ILE, 
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and tested for their CASR mRNA expression by means of ddPCR (since qRT-PCR 

was not sensitive enough to quantify the very low expression levels). CASR mRNA 

levels were differentially regulated by L-ARG and L-ILE after 60 and 180 min 

treatments, indicating the CASR as a potential target for these AAs (Figure S1C). 

Binding of agonists or antagonists to the CASR or to T2Rs results in changes of 

GPCR-mediated signalling pathways. Signal transduction is mediated via the second 

messengers cyclic adenosine monophosphate (cAMP) and/or inositol-1,4,5-

triphosphate (IP3), which is degraded to IP1.18, 74 In contrast to literature evidence,27 

L-ARG most potently decreased cAMP levels in HGT-1 cells in the current work, 

although it stimulated proton secretion at a higher level than L-ILE. These results 

indicate activation of the PDE pathway solely, because IP1, a stable downstream 

metabolite of the PLC 2 pathway was, not affected. 

Treatment of HGT-1 cells with L-ILE reduced cAMP concentrations less pronounced 

than L-ARG and increased IP1 levels compared to controls. The different GPCR 

signalling induced by L-ARG and L-ILE, might explain their divergent effects on proton 

secretion as cAMP was more potently regulated by L-ARG, whereas most pronounced 

changes in IP1 concentrations were induced by L-ILE. Moreover, the more pronounced 

effect of L-ARG on proton secretion might also be due to a stronger interaction via 

hydrogen bonds with the T2R1 receptor, which was predicted by molecular modeling. 

Furthermore, L-ARG had a stronger effect on T2R1 mRNA expression in HGT-1 cells 

than L-ILE. We suggest that the increase in T2R1 expression is involved in proton 

secretion mechanism.

As another cellular target of L-ARG, the epithelial sodium channel alpha (ENAC ), 

has been studied, based on evidence for L-ARG to enhance salt taste perception via 

ENAC  activation.75 However, we did not observe any changes in ENAC  mRNA 
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levels in HGT-1 cells after treatment with L-ARG or L-ILE (Figure S2). Investigation of 

the remaining  forms to fully exclude the involvement of this receptor in 

L-ARG-evoked effects is recommended for future studies.

As there is growing evidence for T2Rs to act as nutrient receptors and to regulate 

different metabolic pathways in the gastrointestinal tract, the focus of this in vitro study 

was to elucidate whether the bitter-tasting AAs L-ARG and L-ILE evoke divergent 

effects on proton secretion in HGT-1 cells. This question is of relevance, since sensory 

data evaluating bitter-tasting food constituents not always correlate closely with T2R 

activation in cell models. Elucidating the cellular mechanisms involved in T2R 

activation will help to understand these diverging effects of bitter tasting and bitter 

taste-modulating compounds.  

The aim of the present in vitro study in HGT-1 cells was to elucidate why the bitter-

tasting amino acids, L-ARG and L-ILE induce different effects on proton secretion. For 

this purpose, we started with co-incubation experiments with commercially available 

T2R antagonists for detecting if T2R are possibly involved in the mechanism of proton 

secretion. We observed a modulation of proton secretion, but could not identify which  

specific T2Rs are activated by L-ARG and L-ILE. Hence, cDNA expression of all 25 

T2Rs after treatment with L-ARG and L-ILE was measured by means of the Microarray 

method. This experiment demonstrated that cDNA expression of T2R1 was strongly 

upregulated by L-ARG as well as L-ILE.  We therefore validated this receptor by 

RT-qPCR. In addition, we quantitated the T2R1 protein, which indicated a potential 

functional role for it in proton secretion in HGT-1 cells. Since there is no specific T2R1 

antagonist available, a T2R1 KO was induced in HGT-1 cells that changed the effect 

on proton secretion following L-ARG and L-ILE stimulation. However, since amino 

acids have many cellular targets, additional targets may be involved. Regulation of 
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mRNA expression of the CASR and the ENAC by the amino acids tested was studied, 

but did not reveal any changes. Additional factors of influence beyond T2R signalling 

cannot be excluded and have to be identified in future studies. Overall, we concluded 

that T2R1 plays an important role in the mechanism of L-ARG and L-ILE-modulated 

proton secretion in HGT-1 cells. The diverging effects of L-ARG and L-ILE on proton 

secretion could at least in part be explained by differentially regulated cAMP and IP1 

levels. In addition, the deviation of the predicted T2R1 interaction residues for L-ARG 

and L-ILE could also play a role.

According to our hypothesis that T2R-mediated signalling is involved the modulating 

effect of L-ARG and L-ILE on proton secretion in HGT-1 cells, we demonstrated that 

T2R1 expression, as well as T2R1 signalling, are differentially regulated by solutions 

of 50 mM L-ARG and L-ILE which present a similar bitter taste intensity in human 

sensory studies. These findings were substantiated by diverging effects on second 

messengers of the GPCR cascade, resulting in a different regulation of proton 

secretion in HGT-1 cells after incubation with L-ARG and L-ILE. We also demonstrated 

that L-ARG and L-ILE modulate proton secretion in HGT-1 cells via T2R1 by CRISPR-

Cas9 knock down approach. Molecular docking predicted different binding positions 

for L-ARG and L-ILE at the T2R1 and may explain differential downstream signalling, 

which warrants further study. The current results not only begin to shed light on the 

effects of nutritive amino acids, but also highlight the importance of further study of 

biased signalling76, 77 in bitter taste receptors.
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Table 18

Primer Forward Reverse Amplicon

hT2R1 AAATGGCTCCGCTGGATCTC GTGGCAAGCCAAAGTTCCAA 172

CASR GGAGCCACTCACCTTTGTG GCACTGGCATCTGTCTCATCA 168

PPIA CCACCAGATCATTCCTTCTGTAGC CTGCAATCCAGCTAGGCA 144
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Table 2

Table 2: Influence of different blockers co-incubated with L-ARG or L-ILE on proton secretion in HGT-1 

cells.  effect: IPX-AA subtracted from IPX-antagonist + AA. Statistical differences were tested by t-

Test, mean ±SEM, n = 3-4, p> 0.05. Differences to AA alone are marked with an asterisk (*). 
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Figure captions

Figure 1: Postulated mechanism on proton secretion in the parietal cell model HGT-1 after incubation 

with 50 mM L-ARG and L-ILE. 

Figure 2: (A) Whole genome screening detected by means of microarray method, after 3h incubation 

time with 50 mM L-ARG and L-ILE in HGT-1 cells. cDNA expression of L-ARG vs. L-ILE is presented 

as  log2 intensities (control subtracted from L-ILE and L-ARG), n = 2-3. (B) Functional Annotation 

Analysis of cDNA levels with a fold change between 0.5 and 2 was analysed with DAVID pathway 

analysis tool. (C) Pearson Product Moment Correlation indicates a prominent role for T2R1 on proton 

secretion in HGT-1 cells after treatment with L-ARG and L-ILE, n = 2-3, 

Figure 3: T2R1 gene expression by RT-qPCR after time-dependent incubation with L-ARG and L-ILE 

vs. medium-only treated HGT-1 cells (control). Statistical differences were tested by t-Test between L-

ARG and L-ILE, control (a) is depicted as grey line = 1, n = 3-4, p < 0.001

Figure 4: Impact of L-ARG (A) and L-ILE (B) on proton secretion in HGT-1 WT and HGT-1 T2R1 knock 

out cells; significances were tested by t-Test, p < 0.05, n = 3,  IPX was calculated as amino acid treated 

[%] over control [HGT-1 WT / HGT-1 knock out = 0 %].

Figure 5: Influence of L-ARG and L-ILE on GPCR signalling molecules (A) cAMP and (B) IP1 in HGT-

1 cells. One Way ANOVA followed by Holm-Sidak post hoc, p < 0.05, n = 3. Different letters indicate 

significance, a = control, which was set to 100 %. -values were calculated as treatment - control
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Wheat Protein Hydrolysate Fortified With l-Arginine
Enhances Satiation Induced by the Capsaicinoid
Nonivamide in Moderately Overweight Male Subjects

Verena Stoeger, Barbara Lieder, Johanna Riedel, Kerstin Schweiger, Julia Hoi,

Veronika Ruzsanyi, Martin Klieber, Petra Rust, Joachim Hans, Jakob P Ley,

Gerhard E Krammer, and Veronika Somoza*

Scope: Increasing the intake of satiety-enhancing food compounds

represents a promising strategy for maintaining a healthy body weight.

Recently, satiating effects for the capsaicinoid nonivamide have been

demonstrated. As various proteins and amino acids have also been

demonstrated to decrease energy intake, oral glucose tolerance test

(oGTT)-based bolus interventions of 75 g glucose + 0.15 mg nonivamide (NV

control) are tested with/without combination of a wheat protein hydrolysate

(WPH: 2 g) and/or l-arginine (ARG: 3.2 g) for their satiating effects in 27

moderately overweight male subjects.

Methods and Results: Compared to NV control intervention, ARG and

WPH + ARG treatment both reduce (p < 0.01) total calorie intake from a

standardized breakfast by –5.9 ± 4.15% and –6.07 ± 4.38%, respectively. For

the WPH + ARG intervention, increased mean plasma serotonin

concentrations (AUC: 350 ± 218), quantitated by ELISA, and delayed gastric

emptying, assessed by 13C-Na-acetate breath test (−2.10 ± 0.51%, p < 0.05),

are demonstrated compared to NV control. Correlation analysis between

plasma serotonin and gastric emptying reveals a significant association after

WPH ± ARG intervention (r = –0.396, p = 0.045).

Conclusion: Combination of WPH and ARG enhances the satiating effect of

nonivamide, providing opportunities to optimize satiating food formulations

by low amounts of the individual food constituents.
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1. Introduction

Overweight, obesity, and associated dis-
eases represent a rapidly growing prob-
lem in worlds’ population, causing bur-
dens not only to the affected persons but
also for the health care system.[1] One fea-
sible strategy that is currently in focus of
research is to develop foods that combine
nutrients to induce an early and more
intensified feeling of satiety, leading to
a reduced energy intake.[2] The usage of
an optimized combination of ingredients
has the advantage that the satiating ef-
fect does not depend on the amount of
a single compound, thereby limiting the
risk of side or adverse effects. Such sati-
ating products are thought to limit dissat-
isfaction during dieting, which often lead
to poor compliance and effectiveness.
In general, feelings of satiety and

hunger are regulated via a brain–gut sig-
naling, which involves secretion of hor-
mones and neurotransmitters from the
stomach, duodenum, colon, and pan-
creas mediated by the hypothalamus.[3,4]

Following food intake, blood glucose
levels are regulated by the hormone insulin, which is immedi-
ately released from the pancreas to stimulate glucose uptake by
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peripheral tissues.[4,5] Moreover, intestinal satiety hormones such
as Peptide YY (PYY), Glucagon-like peptide-1 (GLP-1), andChole-
cystokinin (CCK) are secreted in response to nutrient intake and
delay gastric emptying, thereby leading to gastric distension and
to satiation.[4] Gastric emptying is also regulated by peripheral
serotonin, a neurotransmitter stored and released by enterochro-
maffin cells of the intestine.[6] Central serotonin, in addition, also
promotes satiety.[7,9]

Food intake is a complex process that is regulated by psy-
chological and physiological factors. Whereas short-term reg-
ulation of food intake involves mechanisms that are effective
during a meal to promote satiation and thereby terminate food
intake, long-term factors require continuous metabolic activities
thatmediate satiety and determine the time betweenmeals. From
a physiological perspective, the feeling of hunger represents the
need for food and is controlled by central and peripheral signals.
Central factors include activation of hypothalamic neuropeptide
Y (NPY)/agouti-related protein (AgRP) neurons and GLP-1 neu-
rons in the nucleus of the solitary tract that project directly to the
ventral tegmental area and nucleus accumbens to control food
intake. Moreover, gastric afferent nerve fibers and stretch recep-
tors translate the state of full- or emptiness of the stomach to
the hypothalamus region in the brain. In contrast, peripheral fac-
tors include the secretion of gastrointestinal and peripheral hor-
mones, as well as nutrient concentrations in the blood. High con-
centrations of amino acids, fatty acids, and glucose suppress the
feeling of hunger, whereas a secretion of the hormone ghrelin is
known to stimulate food intake. Furthermore, ghrelin stimulates
gastric emptying,[10] which is suggested to be mediated via activa-
tion of the vagus nerve or ghrelin receptors. In addition, ghrelin
has been shown to be involved in the inhibition of insulin release
via central melanocortin signaling.[11]

Consumption of proteins has been associated with prolonged
feelings of satiety in comparison to fats and carbohydrates when
applied in equicaloric amounts.[12] Moreover, protein consump-
tion is known to retard gastric emptying[13–16] and to stimulate
gastric acid secretion (GAS).[15] Secretion of gastric acid facili-
tates the degradation of proteins into amino acids, which may
contribute to the satiating effect of proteins. Dietary l-arginine,
i.e., has been shown to reduce energy intake in rodents[16] and
to delay and inhibit gastric emptying.[17] Furthermore, we re-
cently demonstrated that l-arginine stimulated mechanisms of
GAS[18] and increased the release of serotonin in a parietal cell
model.
Besides proteins, also pungent compounds, e.g., capsaicin and

its less pungent structural analogue nonivamide, have been well
investigated for their satiating effects. Studies from our own
group demonstrated a reduced energy intake and accompanied
by increased plasma serotonin levels after a 0.15 mg bolus ad-
ministration of nonivamide in a cross-over human intervention
trial.[19] Furthermore, administration of a milk shake fortified
with 0.15 mg nonivamide for 12 weeks to overweight, but other-
wise healthy subjects, increased peripheral serotonin levels and
prevented a dietary-induced body fat gain.[20] Also, on the cellular
level, nonivamide has been shown to promote serotonin secre-
tion by neural SH-SY5Y cells.[21]

Since it has been demonstrated that a combination of sati-
ety enhancing ingredients can be a feasible strategy for com-
bating overweight and obesity,[2] in the current study, a combi-

nation of a wheat protein hydrolysate and l-arginine was tested
on its potential to enhance the satiating effect of nonivamide.
The amino acid l-arginine was chosen due to its published ben-
efits on obesity by decreasing plasma glucose levels and fatty
acids,[22] but also by its ability to reduce food intake.[16] More-
over, since a satiating potential of proteins is well known, we in-
vestigated whether a fortification of a wheat protein hydrolysate
with l-arginine additionally enhances satiety. A wheat protein hy-
drolysate was chosen since wheat protein presents the lowest
amount of l-arginine among dietary legumes and grains,[23,24]

allowing to study the satiating effect of l-arginine fortification.
Moreover, wheat is one of the world’s most commonly consumed
cereal grains. The amount of wheat protein hydrolysate adminis-
tered as a bolus was limited to 2 g due to its unpleasant taste, al-
though other proteins for which a satiating effect has been shown
in previous studies had been administered in higher amounts.[25]

For l-arginine, an amount of 3.2 g l-arginine was chosen, which
is also in accordance with common doses used for dietary l-
arginine supplementation,[26] and is far below the No Observed
Adverse Effect Level (NOAEL) of 30 g d–1 for healthy young
adults.[26]

The aim of the present study was to investigate whether a
combination of a wheat protein hydrolysate and l-arginine en-
hances the satiating effect of nonivamide in a short-term hu-
man intervention study with healthy male subjects. Hence, in
this study, we hypothesized a wheat protein hydrolysate fortified
with l-arginine enhances the satiating effect of nonivamide when
administered in an oral glucose tolerance test (oGTT).

2. Experimental Section

2.1. Characteristics of the Subjects

From December 2017 to April 2018, a total of 50 men were re-
cruited for a medical screening by advertisements in web forums
and billboards at Universities in Vienna. An age between 20 and
45 years, a BMI between 25 and 30 kg m–², but neither tobacco
consumption nor alcohol abuse or medical treatment were al-
lowed for metabolically healthy, sensorially untrained study sub-
jects. Subjects with a BMI > 25 kg m–² were categorized as
moderately overweight, although body composition (fat mass,
free fatty mass) was not considered. Due to estrogen fluctua-
tions during the menstrual cycle and their influence on sero-
tonin levels, women were excluded from this study.[27,28] Within
the medical screening after recruitment, hematological param-
eters, plasma thyroid hormone status, plasma lipids, and glu-
cose concentrations after an oGTT were analyzed by Ihr Labor
1220 (Medical diagnostics laboratory including microbiology, Dr.
Gabriele Greiner, Vienna, Austria) to ensure recruited subjects
were metabolically healthy. Moreover, a fasting blood glucose
< 120 mg dL–1 was mandatory for enrolment. Body height was
measured by a stadiometer (Seca, Germany) with precision of
0.1% and body weight was assessed by a digital scale within 100 g
exactly (Weinberger, Germany). By means of the open source
software GPower 3.1, a number of 50 volunteers was identified
when a statistically significant difference of total energy intake of
0.49 MJ between two dependent means and a power of 80% was
taken into account. The effect size of 0.49MJ was based on one of
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Table 1. Study subjects‘ characteristics.

N 27

Gender male

Age [years] 25.7 ± 0.7

Height [m] 1.82 ± 0.0

Body weight [kg] 89.0 ± 2.1

BMI [kg m–²] 26.8 ± 0.4

fasting blood glucose [mg dL–1] 74.4 ± 1.4

Data are depicted as mean ± SEM.

our previous human intervention studies, in which the satiating
effect of a 0.15 mg nonivamide bolus administration was investi-
gated and demonstrated to reduce total energy intake from an ad
libitum breakfast from 4.75 ± 0.45 MJ after control intervention
to 4.26 ± 0.33 MJ.[23] Hence, 50 male volunteers were recruited
and a total of 27 volunteers completed the study per protocol
(Table 1).
Overall, the study protocol adhered to the guidelines of the

Declaration of Helsinki. Although dietary intervention studies
at the University of Vienna do not require approval by the local
ethics board, the study protocol using the pungent compound
nonivamide was approved by the ethics committee of the city of
Vienna (registration no. EK 12–084–0812).

2.2. Dosage Information/Dosage Regimen’ in the Experimental
Section

In the current human intervention study, a bolus of 0.15 mg
nonivamide[19] alone or in combination with either 2 g of a wheat
protein hydrolysate and/or 3.2 g l-arginine was administered to
healthy young males in an oGTT (75 g glucose/300 mL water).
Participants were asked to drink the test solution within 5 min.
The bolus administration of 0.15 mg nonivamide had been

chosen as reference intervention since it had previously been
demonstrated to effectively decrease energy intake and increase
plasma serotonin concentrations in healthy volunteers, whereas
post-load plasma concentrations were below the limit of detec-
tion (5 fMol).[19] Although data on habitual dietary intake of non-
ivamide are lacking, a daily intake of total capsaicinoids between
0.5 and 4 mg kg–1 body weight has been estimated by the Euro-
pean Council.[29]

Nonivamide (Flavor & Extract Manufacturers Association
(FEMA) 2787) is classified as a Generally Recognized As Safe
(GRAS) aroma compound by the Food and Drug Administration
(FDA), and can be used for food fortification up to 10 ppm.[30]

According to risk assessment published by the European Food
Safety Agency (EFSA), the maximum daily intake is 6 µg per
capita.[34] Furthermore, a NOAEL (No Observed Adverse Effect
Level) of 8.4 mg kg–1 body weight d–1 has been established.[31] In
the current study, the amount of 0.15 mg nonivamide applied to-
gether with a 300mL glucose solution correspond to 0.5mg L–1 or
0.5 ppm or 500 ppb. Since this concentration is below the NOAEL
and also meets the FDA recommendations for food fortification,
the nonivamide in the amount administered did not bear any risk
to the study subjects. Because of its limited solubility in water, the

administered amount of 150 µg nonivamide was pre-dissolved in
15 µL ethanol absolute. The final concentration of the ethanol in
the study solution was <0.001% and can also not be considered
as harmful to the study participants.
The amount of 2 g of the wheat protein hydrolysate (food-grade

quality) applied in this study was assessed in sensorial pretests
and found to be palatable (data not shown). According to regu-
lation no. 1169/2011 by the EFSA, wheat protein hydrolysate is
not subjected to food declarations, although its content as food
allergen has to be labeled.[32]

In addition to nonivamide and a wheat protein hydrolysate
3.2 g of free l-arginineHCl (FEMA 3819) were administered. The
amount of 3.2 g l-arginine was chosen, since this is a common
amount for l-arginine supplements and is in the range of habit-
ual daily intake of up to 5 g.[33]

2.3. Study Design

A single blinded cross over study with four randomized groups
according to four interventions (Figure 1) was conducted. Test
subjects received the following interventions in a randomized or-
der on four study days after an overnight fast, applied within an
oGTT: Nonivamide control (NV, 0.15 mg nonivamide, 75 g glu-
cose, 15 µL ethanol, and 150 mg 13C-Na-acetate), wheat protein
hydrolysate (WPH) (2 g wheat protein hydrolysate 0.15 mg noni-
vamide, 75 g glucose, 15 µL ethanol, and 150 mg 13C-Na-acetate),
l-arginine hydrochloride (ARG) (3.2 g l-arginine, 0.15 mg noni-
vamide, 75 g glucose, 15 µL ethanol, and 150 mg 13C-Na-acetate)
orWPH +ARG (2 g wheat protein hydrolysate, 3.2 g l-arginine,
0.15 mg nonivamide, 75 g glucose, 15 µL ethanol, and 150 mg
13C-Na-acetate). The four visits were carried out 1 week apart. In
addition, the test subjects were asked not to consume foods con-
taining naturally higher amounts of 13C, e.g., corn, tequila, or
cane sugar, 48 h prior to intervention. On each study day, subjects
were asked to rate their subjective feeling of hunger on a 100mm
visual analogue scale (VAS), followed by collection of two baseline
breath samples and baseline blood collection. Further blood sam-
ples were collected 15/30/60/90 and 120 min after administra-
tion of the oGTT. In parallel, breath samples were collected every
10 min during the first hour, followed by time points 80/120 and
140 min. After the last breath sample was taken, the subjective
feeling of hunger was assessed again by means of a VAS, and a
standardized continental breakfast with≈3000 kcal was served ad
libitum. The breakfast consisted of: four rolls, three slices whole
grain rye bread, 3.5 slices of cheese (≈125 g), eight slices of ham
(≈99 g), 80 g butter, 100 g jam, 60 g honey, three pieces of cof-
fee cream, 4 g sugar, 180 g yoghurt, 200 mL water, and 200 mL
coffee or tea. Short-term energy intake from the ad libitum break-
fast was analyzed using nut.s v1.32.50 by weighing the remain-
ing food on each subject’s tray. Dietary intake data were collected
by performing repeated 24-h-recalls using the software GloboD-
iet. GloboDiet was developed by the International Agency for
Research on Cancer (IARC) within the European Investigation
into Cancer and Nutrition Study (EPIC-Study) and adopted to
Austrian nutrition habits by the Department of Nutritional Sci-
ences to carry out standardized 24-h-recalls. The reported foods
assessed during the interviews were linked to the German food
composition database Bundeslebensmittelschlüssel 3.02.[34,35]
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Figure 1. Study design of this cross-over human intervention study. A total of 27 volunteers underwent each of the four interventions with a 7 day interval
between interventions and set their subjective feeling of hunger by means of a visuale analgoue scale (VAS).

2.4. Blood Sample Collection

Venous blood samples for plasma serotonin concentrations were
collected in EDTA-coated tubes and immediately centrifuged at
1800 × g at 4 °C for 15 min. For avoiding platelets in plasma,
samples for serotonin were additionally centrifuged for 1 min at
7000 x g at 4 °C. For increasing ghrelin stability during storage,
whole blood samples were mixed with AEBSF (4-[2-aminoethyl
benzene] sulfonyl fluoride, Sigma, Germany), centrifuged at
1800 × g at 4 °C for 15 min and stabilized with hydrochloric acid
(Sigma, Germany).

2.5. Plasma Concentrations of Total Ghrelin, Total GLP-1,
Serotonin, Insulin, and Glucose

Ghrelin (LOD: 50 pg mL–1) and GLP-1 (LOD: 2 pm) were deter-
mined by means of a sandwich ELISA (Merck Millipore, Ger-
many), whereas serotonin was quantified by means of a compet-
itive ELISA (LOD: 2.6 ng mL–1). Serotonin samples under this
LOD were additionally analyzed using the serotonin high sensi-
tive ELISA with an LOD of 0.39 pg per sample (both DLD Di-
agnostika, Hamburg, Germany). Insulin concentrations were as-
sessed using a sandwich ELISA (LOD: 50 pgmL–1) obtained from
IASON (Graz, Austria). Glucose concentrations were quantitated
by a colorimetric assay, presenting an LOD of 0.23 mg dL–1 (Cay-
man Europe, Tallinn, Estonia).

2.6. Gastric Emptying

The study drink was labeled with 13C-Na-acetate,[36] produced ac-
cording to the guidelines for clinical trial material by Euroisotop
(France). Breath bags for sample collection were obtained from
Cambridge Isotope Laboratories, Inc. (Massachusetts, USA).

Table 2. Influence of WPH and ARG alone or in combination on Δ DOB
AUC considering the body surface of each study subject, n = 22–26. Data
are presented as ΔAUC values of the Delta Over Baseline (DOB) present-
ing 13CO2/

12CO2 ratio and are depicted as mean ± SEM.

Intervention

∆DOB AUC

[treatment – NV

control]

p-Value [t-test vs

NV control]

WPH –1000 ± 343 0.01

ARG –634 ± 398 0.12

WPH+ARG –1214 ± 295 0.001

Breath sample collection was standardized as follows: after the
breath was hold for 20 s, the breath bag had to be fully inflated
by one subsequent exhale. Twenty-six subjects per intervention
provided adequate breath samples (CO2 > 3 vol%) in which
12CO2 and

13CO2 concentrations were quantitated by infrared
spectroscopy (POCone, Otsuka Pharmaceutical S.A., Barcelona,
Spain).
In detail, each study subject had to fill two baseline breath

bags (breath air before intervention was applied) and sam-
ple breath bags (breath air containing 13CO2) for every time
point (t10–t140). These bags were analyzed and the device de-
tected DOB (Delta Over Baseline)-values ([13CO2/

12CO2]sample –
[13CO2/

12CO2]baseline sample; n = 22–26 in Figure S6 and n = 1
in Figure S5, Supporting Information) and the 12CO2-
concentrations (%) of the sample as well as the baseline.
For considering the body surface area of each study subject, the
DuBois formula[37] was used and the 13CO2 inmolm–2/precursor
in mol (%) of the DOB-value was calculated, based on these data
the area under the curve (AUC) as well as theΔAUC (subtracting
the NV control from each intervention) were generated and are
plotted as Table 2 and Figure S6, Supporting Information.
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2.7. Statistical Analyses

Statistical analyses were performed by SigmaPlot 12 and figures
were generated either by SigmaPlot 12 or GraphPad Prism 8. A
normal distribution of the data was determined by Shapiro–Wilk
test. Statistical differences were defined with a p-value < 0.05. To
test if WPH + ARG increased the satiating effect in comparison
to NV, a one-tailed t-test or Mann–Whitney rank sum test, for
non-normally distributed data sets, was conducted. Intergroup
differences of WPH, ARG and WPH + ARG and NV were tested
by means of a OneWay ANOVA or a OneWay ANOVA on Ranks
followed by Student–Newman–Keuls method post hoc, respec-
tively. Δ-Values were calculated by subtracting the NV control
from the treatment. For serotonin and gastric emptying, total
AUC was calculated over time. A correlation between serotonin
and gastric emptying was assessed by Pearson Product Moment
Correlation. Calculation of individual 13CO2 was performed by
using DuBois formula.[37]

3. Results

3.1. Assessing the Subjective Feeling of Hunger by Means of VAS

In comparison to the NV control (mm after intervention – mm
before intervention = Δmm set to 0 for calculating the effects
of WPH, ARG, and WPH+ARG interventions), ARG and the
combination of WPH + ARG decreased the subjective feeling of
hunger (ARG Δ: −0.97 ± 0.31, WPH + ARG Δ: −0.57 ± 0.31,
p < 0.05) (Figure 2A).

3.2. Total Energy Intake After an Ad Libitum Breakfast

ARG as well as WPH + ARG intervention decreased total en-
ergy intake from the standardized breakfast in comparison to
NV control treatment, with mean reductions of –83 ± 60 kcal
(−5.9 ± 4.15%, p < 0.05) and 86 ± 63 kcal (−6.07 ± 4.38%,
p < 0.05). Moreover, the WPH + ARG intervention decreased en-
ergy intakemore effectively than theWPH intervention (p< 0.05;
Figure 2B). Total kcal intake from the standardized ad libi-
tum breakfast in the NV control group ranged between 753 to
2067 kcal.

3.3. Plasma Concentrations of Glucose, Insulin, Ghrelin,
and GLP-1

Statistical analysis demonstrated no intergroup differences for
plasma glucose, insulin, ghrelin, and GLP-1 levels after WPH,
ARG, and WPH + ARG intervention compared to NV control
(p > 0.05; Figure 3A–D).

3.4. Plasma Serotonin Levels

WPH + ARG intervention increased Δ-plasma AUC values up
to 350 ± 218 in comparison to NV control intervention set to 0

Figure 2. A) Differences in subjective ratings of hunger before and after
administration of 75 g glucose solution supplemented with either 0.15 mg
NV (control), and 2 g wheat protein hydrolysate (WPH) and/or 3.2 g
l-arginine (ARG), were adjusted to values for NV control ( = 0; n = 27).
Group mean of WPH+ARG was significantly lower than those of NV con-
trol as identified byMann–Whitney Rank SumTest (p< 0.05). Every symbol
represents a study participant and means are shown as a black line. B) To-
tal calorie intake from a standarized ad libitum breakfast served 140 min
after oral adminstration of 75 g glucose in combination with either NV (NV
control), WPH, ARG, or WPH + ARG in 27 healthy males. Letters indicate
significant differences between treatments by One Way ANOVA on Ranks
followed by Student–Newman–Keuls post hoc test, p < 0.05. Group mean
of WPH+ARG (–86 ± 63 kcal) was decreased by –6.07± 4.38 % compared
to NV control as identified by Mann–Whitney Rank Sum test (p < 0.01).
Total kcal intake of the NV control group ranged between 753 to 2067 kcal.
Every symbol represents a study participant and means are shown as a
black line.
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Figure 3. A–D) Administration of WPH, ARG and its combination WPH + ARG did not influence plasma glucose A), insulin B), ghrelin C), and GLP-1
D) concentration (p > 0.05). Statistical significances were tested by One Way ANOVA and t-test on plasma concentrations over time as well as on AUC
values.

(p < 0.05; Figure 4A). No intergroup differences were calculated
by means of ANOVA (Figure 4B). Serotonin concentrations in
subjects of the NV control group ranged from 0.40 to 42 pgmL–1.

3.5. Gastric Emptying

By using DuBois[37] formula considering body surface and Nal-
imov outlier test, a delay in gastric emptying was detected in
22–26 subjects after WPH as well as WPH + ARG interven-
tion, in comparison to NV control intervention (Δ AUC: WPH:
1000 ± 343 ≙ –1.72 ± 0.60%, p < 0.01; WPH + ARG: 1213 ± 295
≙ –2.10 ± 0.51%, p < 0.001; Table 2). ANOVA analyses did not
reveal any intergroup differences.

3.6. Pearson Correlation Between Gastric Emptying and Plasma
Serotonin

Correlation analysis by means of Pearson Product Moment Cor-
relation between ∆AUC of 13CO2/

12CO2 % ×min and serotonin

revealed a significant association for the WPH + ARG interven-
tion (r = –0.396, p = 0.045; Figure 5A–C).

3.7. Twenty-Four Hours Calorie Intake Calculated by Globodiet

Only WPH + ARG intervention reduced the calorie intake 24 h
post load in comparison to NV control intervention (Δbefore – after

kcal intake: –360 ± 147; p < 0.05) (Table 3).[34,35] No intergroup
differences were calculated by means of ANOVA. The total mean
calorie intake of the subjects after NV control intervention was
2951 ± 141 kcal.

4. Discussion

Dietary intake of foods containing constituents to promote sati-
ation present a promising strategy to reduce daily energy intake
and to combat the increasing problem of obesity.[2,38] The aim of
the current study was to identify whether the addition of a wheat
protein hydrolysate and l-arginine, or a combination thereof,
enhances the satiating effect of the pungent compound NV. This
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Figure 4. A) ARG + WPH intervention increased plasma serotonin lev-
els (expressed as AUC [pm × min]) in 27 healthy volunteers over time in
comparison to NV control (WPH + ARG: 350 ± 218, NV set to 0). Statis-
tical significance between treatments was calculated by One Way ANOVA
(p > 0.05). Group mean after WPH+ARG intervention was significantly
higher than that after NV control treatment as identified byMann–Whitney
Rank Sum test (p < 0.05). Values are shown as mean ± SEM. Plasma
serotonin concentrations of the NV control group ranged from 0.40 to
42 pgmL–1. B) Influence of NV control, WPH, ARG, andWPH+ ARG inter-
vention on plasma serotonin levels. Statistical significances were tested by
OneWay ANOVA and t-test on plasma concentrations over time as well as
on AUC values (p > 0.05). Plasma serotonin concentrations are depicted
as mean ± SEM.

structural analogue of capsaicin has recently been shown to
decrease the subjective feeling of hunger, to reduce total energy
intake from a standardized breakfast, and to increase plasma
serotonin levels when applied in an amount of 0.15 mg in an
oGTT.[19] In this study, total energy intake and satiety-associated
gastro-intestinal and peripheral signals were investigated after
administration of 0.15 mg NV (control intervention) in combi-
nation with 2 g wheat protein hydrolysate (WPH intervention)
and/or 3.2 g l-arginine (WPH + ARG or ARG intervention)
concomitant with 75 g glucose as a caloric load. The amount of
WPH administered as bolus dose was limited to 2 g due to its
unpleasant taste, although other proteins for which a satiating
effect has been shown in previous studies, were administered in
higher amounts.[25] A wheat protein hydrolysate was chosen due

Figure 5. A–C) Correlation analysis betweenΔ AUC plasma serotonin and
∆ AUC of 13CO2/

12CO2 % × min rates (NV control was subtracted from
interventions) after WPH, ARG, or WPH + ARG intervention. Correlation
coefficients were computed by means of Pearson Product-Moment Cor-
relation method. For intervention, a significant correlation was demon-
strated, with WPH+ARG (r = −0.396, p = 0.045).

to its low l-arginine content in comparison to other proteins,[23,24]

and was therefore suitable for investigating the satiating effect of
an l-arginine fortification. Currently, a NOAEL of dietary added
l-arginine up to 30 g d–1 is proposed for healthy young adults.[26]

For l-arginine, an amount of 3.2 g was chosen, which is also in
accordance with common amounts used for dietary l-arginine
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Table 3. A decrease of the total calorie intake on the study day was de-
tected by the 24-h-recall method GloboDiet, Mann–Whitney Rank Sum
Test showed a significance of p < 0.05, n = 27. Data are presented as
mean ± SEM. Δ Kcal has been calculated by subtracting NV control from
interventions. The NV control intervention resulted in a mean kcal intake
of 2951 ± 141 kcal.

Intervention Δ Intake [Kcal]

p-Value [t-test

vs NV control

intervention]

WPH –249 ± 149 0.459

ARG –487 ± 170 0.082

WPH+ARG –360 ± 147 0.025

supplementation.[26] Outcome measures included the subjective
feelings of hunger, the total energy intake right after an ad libitum
breakfast as well as over a period of 24 h post-intervention. In ad-
dition, changes in plasma glucose, insulin, serotonin, GLP-1, and
ghrelin concentrations were analyzed over time for 140 min after
intervention. Furthermore, all interventions included the admin-
istration of 13C-Na-acetate for analyzing the ratio of 13CO2/

12CO2

in breath samples as an indicator of gastric emptying.
For ARG and WPH + ARG interventions, a reduced subjec-

tive feeling of hunger in comparison to the NV control inter-
vention was demonstrated, indicating a satiating effect of which
the effect size was similar for both interventions. Whether bolus
amounts of >2 g of a wheat protein hydrolysate with or without
l-arginine fortification could further decrease the subjective feel-
ings of hunger needs to be investigated in future studies.
The demonstrated effect of the ARG and WPH + ARG in-

tervention is reflected by a lower energy intake calculated from
the remaining food after a standardized ad libitum breakfast
2 h post load compared to NV control intervention. Plasma
concentrations of glucose, insulin, ghrelin, and GLP-1 concen-
trations did not change after any of the intervention, which has
been previously demonstrated for nonivamide in a comparable
study design.[19] Since only 27 study subjects completed all four
interventions, whereas G-Power analysis had revealed a number
of 50 study participants, the low samples size of the study might
have limited the effects on plasma hormones. Furthermore, the
low number of study participants might be one reason for the
reduced effect size of the ad libitum energy intake from the
standardized breakfast of 0.17 MJ, in comparison to the expected
effect size of 0.47 MJ. Overall, these results indicate a satiating
effect of wheat protein hydrolysate and l-arginine, which is in
accordance with current literature, stating that protein intake[39]

in human and l-arginine[16] in rodents, induces a decrease in
energy intake.
In addition to a reduction of the subjective feeling of hunger

and energy intake, plasma serotonin levels in this study were
also increased after WPH + ARG intervention. We previously
demonstrated that administration of 0.15 mg nonivamide in-
creased plasma serotonin levels after a bolus dose,[19] as well as
after a daily dose in a 12 week human intervention study.[20] In
the present study, we demonstrate plasma serotonin levels to fur-
ther increase after administration of a combination of 0.15 mg
nonivamide with either 3.2 g l-arginine and/or 2 g wheat pro-
tein hydrolysate. These results indicate a role of l-arginine not

only on energy intake, but also on plasma serotonin levels. A sus-
tained increase of central serotonin release after l-arginine super-
fusion has been demonstrated by Sinner and colleagues.[40] In ad-
dition, there is also growing evidence for peripheral serotonin to
promote satiety via nerval activation, although its satiating path-
ways are not yet fully understood.[7,41] Moreover, there is grow-
ing evidence supporting a regulating role of peripheral serotonin
in the systemic energy homeostasis.[7,41] In one of the previous
studies, an oral application of 50 mg encapsulated l-arginine re-
sulted increased plasma serotonin levels in healthy subjects.[42]

Also the data of the present study strengthen the hypothesis of a
modulating role of peripheral serotonin on energy homeostasis.
Up to now, it can just be speculated how l-arginine and a wheat
protein hydrolysate stimulate the release of serotonin from en-
terochromaffin (EC) cells. In the gastrointestinal tract, EC cells
act also as nutrient sensors. Hence, it could be hypothesized that
EC cells act as peptide and amino acid sensors, which might re-
spond by 5-hydroxytryptamine (5-HT) release during meal in-
take. A significant release of 5-HT after a protein-rich meal in
comparison to carbohydrate- or fat-rich meals was demonstrated
by Blum and colleagues.[43] Recently, Lund and colleagues sug-
gested a paracrine mechanism for stimulating EC cells by nutri-
ent metabolites in the gut.[44] Furthermore, an increased 5-HT
release could be mediated by an increased Ca2+ influx via voltage
activated calcium channels,[45] which might have been induced
by WPH+ARG in this study. Extracellular serotonin concentra-
tions are regulated by serotonin-selective reuptake transporters
(SERT) to cross the plasma membrane, where it is enzymatically
degraded.[46] From the current human intervention study, it can
be hypothesized that ARG andWPHmay partly inhibit der SERT
system, possibly resulting in increased plasma serotonin concen-
trations, which are currently discussed to promote satiety in ad-
dition to central serotonin.[41]

Peripheral serotonin is also involved in the control of gastric
motility,[47] which regulates gastric empyting.[48] A delay in gas-
tric emptying is known to promote early satiety.[49] However, ev-
idence for l-arginine’s effect on gastric emptying in humans is
still conflicting, by describing a delay[17,50] on the one hand, and
an accelerated gastric emptying[51] on the other, whichmay be due
to application of different detection methods and study models.
In addition, proteins differentially regulate gastric emptying de-
pending on their origin, with amostly increased gastric emptying
for whey protein in comparison to cod, gluten, or casein, when
administrated within a standardized test meal in an amount of
45 g.[14] In the present human intervention study, both the WPH
as well as the WPH + ARG intervention delayed gastric empty-
ing, which was analyzed using 13C-Na-acetate as a marker.
The satiating effect of a wheat protein with and without l-

arginine fortification demonstrated in our study is suggested to
be supported by plasma serotonin levels correlating with gastric
emptying. Furthermore, our results indicate that high plasma
serotonin levels are favorable for a delay in gastric emptying.
Thus, we hypothesize that the increased plasma serotonin levels
lead to a retard in gastric emptying, which promotes the feeling
of satiety and helps to reduce total energy intake. However, fur-
ther research investigating the interaction between gastric emp-
tying and plasma serotonin levels is needed. Overall, the com-
bined administration of nonivamide, l-arginine, and wheat pro-
tein hydrolysate in an oGTT was most effective in triggering this
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proposed satiety cascade, demonstrating the importance of an op-
timized nutritional composition of foods to achieve the most ef-
fective satiating effect.
To summarize, in the present human intervention study, we

demonstrate that the combined bolus administration of 0.15 mg
nonivamide, 3.2 g l-arginine and 2 g wheat protein hydrolysate
in an oGTT reduced subjective feelings of hunger and total en-
ergy intake from a standardized breakfast, which might be due
to increased plasma serotonin levels that lead to a delay in gastric
emptying. Combinations of nutrients are favorable for potenti-
ating the satiating effects of foods without having to apply high
concentrations of the individual ingredients in the food’s formu-
lation. The use of nonivamide, for example, in large amounts, is
limited due to its pungency,[19] and excessively high-protein di-
ets may pose long-term health risks to the kidneys,[52] whereas
a common side effect of high arginine doses above 9 g d–1 is
diarrhea.[53] In the present study, each active agent was applied in
an amount that is unlikely to induce any adverse effects, and the
combined application of nonivamide, arginine, and wheat pro-
tein hydrolysate can be hypothesized to be more effective than
the individual compounds.
Future studies including women are needed for a more repre-

sentative study population to substantiate the demonstrated ef-
fect as basis for the development of satiating food formulations.
In addition, long-term effects on satiety signals and body compo-
sition have not been investigated yet, but are needed to conclu-
sively assess the efficacy of this approach to maintain a healthy
body weight.
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