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ABSTRACT

The effects of herbal remedies aiding digestion are well known, but the underlying mechanisms remain poorly understood.

Notably, many of these preparations are bitter, and bitter-tasting phenolic food constituents have been shown to induce digestive

processes by activating extra-oral bitter taste receptors (TAS2Rs). This study examined the effects of a commercially available herbal

mixture preparation used to aid digestive discomfort and nine solvent extracts thereof on proton secretion of immortalized human

parietal cells (HGT-1). The bitter taste of the preparation was sensorially evaluated, and its impact on the gene expression of the
polyphenol-related receptors TAS2R4, TAS2R5, and TAS2R39 was analyzed. Functional TAS2R involvement was validated using
CRISPR-Cas9 knock-out and siRNA knock-down approaches. Total polyphenol content was quantified using Folin-Ciocalteu
reagent. The bitter-tasting herbal mixture preparation and several of its solvent extracts stimulated proton secretion by HGT-1 cells
concentration-dependently. Four extracts exhibited high total polyphenol content and induced strong secretory responses, whereas
five extracts showed lower content and weaker effects (p < 0.01). Reduced responses were observed in TAS2R4ko, TAS2R5kd, and
TAS2R39ko cells. In conclusion, bitter-tasting plant extracts can stimulate TAS2R-mediated digestive processes depending on their
total polyphenol content, thereby supporting their use as promising remedies for alleviating digestive discomfort.

1 | Introduction

Phenolic compounds, also known as polyphenols, are among
the main representatives of secondary plant metabolites
alongside terpenoids and alkaloids [1]. A number of health-
promoting effects have been reported for polyphenolic
compounds in the past, e.g.,, immunomodulatory [2-4] and
anti-inflammatory activities. The latter of which were in most
cases being attributed to the inhibition of enzymes involved

in inflammatory reactions [5-7] and antioxidant properties [8,
9].

Polyphenols have also been demonstrated to target bitter taste
receptors (TAS2Rs), either in the oral cavity, resulting in the
perception of bitterness, or extra-orally, leading to, for exam-
ple, bronchodilation [10, 11]. This shows that TAS2Rs, whose
expression is not limited to the oral cavity, where they are an
evolutionary trait intended to prevent the ingestion of bitter and

Abbreviations: ddH,O0, double-distilled water; DMEM, Dulbecco’s modified Eagle’s medium; GA, gallic acid; gLMS, general labeled magnitude scale; HGT-1, immortalized human parietal cells; IPX,
intracellular proton index; kd, knock-down; ko, knock-out; KRHB, Krebs-Ringer-HEPES buffer; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; RT-qPCR, real-time quantitative
polymerase chain reaction; SEM, standard error of the mean; SNARF-1-AM, 1,5-carboxy-seminaphtorhodafluor acetoxymethylester; TAS2R, bitter taste receptor.
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therefore potentially toxic compounds, may also play a functional
role in extra-oral tissues and organs [12]. The presence and
functionality of TAS2Rs have also been demonstrated in the
brain, the intestines, and the stomach [13]. The stomach is one
of the key TAS2R-expressing [14] organs that come into direct
contact with food constituents and bitter-tasting compounds
immediately after ingestion. Previous studies have shown that
phenolic compounds in wine stimulate the proton secretion of
gastric HGT-1 cells, with catechin, syringic acid, and procyanidin
B2 found in red wine playing a decisive role in this process
[15].

Studies on other phenolic wine compounds showed that gallic
acid stimulated proton secretion in HGT-1 cells via functional
involvement of TAS2R4, as validated by means of CRISPR-
Cas9 knock-out [16]. Moreover, trans-resveratrol contained in red
wine, cranberries, and currants [17] also led to a stimulation of
the proton secretory activity of HGT-1 cells involving TAS2R50,
and reduced the lipopolysaccharide-induced release of the pro-
inflammatory IL-6 in human gingival fibroblasts via the same
receptor [18].

Aside from the in vitro studies that demonstrated a TAS2R-
dependent polyphenol-induced stimulation of proton secretion
by immortalized parietal cells, the link between bitter-tasting
compounds and gastric acid production was also confirmed in
healthy subjects. After oral administration of caffeine, the result-
ing gastric acid secretion [14] was attenuated by homoeriodictyol,
a bitter taste masking compound of flavonoid structure. Homoe-
riodictyol targets TAS2R14 and -39 as agonist [19], and TAS2R20,
-31,-43, and -50 as antagonist [14]. Besides homoeriodictyol, there
are also some other representatives of bitter masking, TAS2R
antagonizing polyphenols, such as lariciresinol, matairesinol
and dihydroeucomin derivatives [19-21] which may help to
reduce gastric acid secretion induced by bitter-tasting plant
extracts. These findings indicate that polyphenolic compounds
may activate or inhibit TAS2Rs [20, 21], suggesting potential
dietary or therapeutic strategies for modulating gastric acid
secretion.

Given that gastric acid production is a key mechanism of balanced
digestion, we investigated whether the total polyphenol content
of a commercially available herbal mixture preparation intended
to support digestion relates to the extent of proton secretion in
immortalized parietal HGT-1 cells, a well-established surrogate
model of gastric acid secretion [22]. The herbal mixture prepa-
ration studied contains nine selected standardized plant extracts
of Achillea millefolium, Artemisia absinthium, Centaurium ery-
thraea, Cichorium intybus, Gentiana lutea, Juniperus communis,
Peucedanum ostruthium, Salvia officinalis, and Taraxacum offici-
nale [23].

For two of these plant extracts, key flavor active constituents
have already been identified to interact with TAS2Rs. First, the
bicyclic monoterpenoid ketone camphor, present in the essential
oil of Achillea millefolium [24], was shown to interact with
TAS2R4, -10, -14, and -47 [25]. Second, the sesquiterpene lactone
absinthin present in Artemisia absinthium has been identified as
a ligand of TAS2R10, -14, -46, and -47 [24, 25]. In addition to these
specific constituents, which have been well studied with regard
to their TAS2R interactions, plant extracts also contain many

polyphenolic compounds [26], whose potential effects on TAS2Rs
remain to be elucidated. Notably, TAS2R4, -5, and -39 have
been reported as primary targets of plant-derived polyphenols
[27, 28].

Given the complexity of TAS2R activation and inhibition by
individual phenolic compounds as well as by their mixtures, it
should be emphasized that pure, isolated compounds are rarely
ingested. Instead, complex plant extracts or mixtures containing
diverse constituents are typically consumed, potentially eliciting
distinct physiological responses through modulation of specific
receptor profiles. Such mixtures may also produce synergistic or
antagonistic interactions, particularly with respect to the previ-
ously described agonistic and antagonistic effects of polyphenols
on TAS2Rs chiefly involved in cellular proton secretion as a key
mechanism of gastric acid-aided digestion. Based on the current
state of the literature, we hypothesized that the total polyphe-
nolic content of a bitter-tasting herbal preparation comprising
nine different plant extracts functionally modulates TAS2R-
dependent proton secretion in immortalized human parietal
cells.

2 | Experimental Section

2.1 | Chemicals

The standardized ethanolic plant extracts of
Artemisia absinthium, Achillea millefolium,

Centaurium erythraea, Cichorium intybus, Gentiana lutea,
Juniperus communis, Peucedanum ostruthium, Salvia officinalis,
and Taraxacum officinale, as well as the commercially
available specific mixture of these extracts, Amara Drops,
(hereafter referred to as “herbal mixture preparation”) were
provided by Weleda AG (Schwibisch Gmiind, Germany).
The manufacturing protocols and composition analysis have
been previously published [23]. In brief, 10 g of the Amara
Drops are composed of the following amounts of ethanolic
extracts, 0.15 g Artemisia absinthium, 2.0 g Achillea millefolium,
0.075 g Centaurium erythraea, 0.6 g Cichorium intybus,
0.36 g Gentiana lutea, 0.05 g Juniperus communis, 0.15 g
Peucedanum ostruthium, 1.0 g Salvia officinalis, and 0.32 g
Taraxacum  officinale. 1,5-Carboxy-seminaphtorhodafluor
acetoxymethylester (SNARF-1-AM) and Dulbecco’s modified
Eagle’s medium GlutaMAX (DMEM) were obtained from
Thermo Fisher Scientific. Fetal bovine serum (FBS Supreme),
trypsin/ethylenediaminetetraacetic  acid, and penicillin-
streptomycin were purchased from PANBiotech GmbH
(Aidenbach, Germany). Phosphate-buffered saline was bought
from Biozym Scientific GmbH (Hessisch Oldendorf, Germany).
Dimethyl sulfoxide (DMSO) was purchased from Carl Roth
(Karlsruhe, Germany). PeqGOLD RNA Kit was obtained from
VWR Peqlab (USA). All items for performing real-time qPCR (RT-
qPCR) were purchased from BioRad (Feldkirchen, Germany). All
other compounds were ordered from Merck KGaA (Darmstadt,
Germany). Double-distilled water (ddH,0) from Elga Purelab
Classic (Veolia Water Solutions & Technologies, France) was
used for all experiments. Krebs-Ringer-HEPES buffer (KRHB) is
composed of 130 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl,, 1.2 mM
MgSO,, 1.2 mM KH,PO,, 11.7 mM D-glucose, and 10 mM HEPES;
pH was adjusted to 7.4 with KOH.
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2.2 | Sensory Experiments

For the sensory analysis of the bitterness intensity of the com-
mercially available herbal mixture preparation, a representative
recombinate of the nine ethanol plant extracts thereof was
prepared and diluted to a concentration of 300 pg/mL. The
evaluation referred to the corresponding ethanol concentration
(solvent control). This study was conducted in accordance with
the principles of the Declaration of Helsinki. The 19 trained
panelists were informed before the tests were carried out and
provided written informed consent prior to enrollment. To further
minimize the risk, the panelists were instructed not to swallow
the sample solutions but to spit them out. Bitter intensity was
rated according to a general labeled magnitude scale (gLMS), with
0 representing “no sensation”, 1.4 “barely detectable”, 6 “weak”,
17 “moderate”, 35 “strong”, 51 “very strong” and 100 “strongest
sensation imaginable” [29].

2.3 | Cell Culture

Immortalized human parietal cells (HGT-1) were obtained from
Merck KGaA (Darmstadt, Germany) and cultured under previ-
ously published standard conditions at 37 °C in a humidified
atmosphere at 5% CO, in DMEM containing 10% FBS and 1%
penicillin and streptomycin [14, 30]. Cells up to passage 20 were
used for all experiments.

2.4 | Cell Viability

To exclude cytotoxic effects of the extracts, HGT-1 cells were
spread at a density of 100,000 cells/well in transparent 96-
well plates. On the following day, the cells were washed
with KRHB and then incubated for 30 min (37 °C, 5% CO,)
with the respective extracts at the highest concentrations used.
After another washing step, the cells were incubated for
15 min with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reagent (37 °C, 5% CO,). The water-soluble
tetrazolium salt is reduced to the water-insoluble formazan in the
presence of NADH and NADPH. Since only metabolically active
cells can form NADH and NADPH, this assay is commonly used
to determine cellular viability in response to compounds under
investigation [31]. After treatment, the formazan is dissolved
in DMSO, and the absorbance at 570 nm (reference 650 nm)
is determined using an Infinite M200 plate reader (Tecan,
Switzerland). A higher absorbance indicates a large amount of
reduction equivalents and, therefore, higher cell viability than
low absorbance values. The cells were treated with KRHB as a
positive control (= 100%), whereas quinine has a cytotoxic effect
at higher concentrations (5 mM) and acted as a negative control
[32]. No cytotoxic effect (viability > 96%) was found for any of the
extracts or for their solvent (compared to KRHB-treated control;
p > 0.05; Figure S1).

2.5 | Cellular Proton Secretion Assay

To determine the effects of the extracts on the proton secretory
activity of HGT-1 cells as outcome measure of a cellular bitter
response [14], the cells were spread at a density of 100,000

cells/well in black 96-well plates. On the following day, the cells
were washed with KRHB and incubated with SNARF-1-AM at 37
°C for 30 min. The pH-sensitive fluorescent dye enables intracel-
lular measurement of the pH value. Increased secretory activity,
that is, stimulation of proton release, reduces the concentration
of intracellular protons. This results in a negative intracellular
proton index (IPX). In contrast, positive IPX values indicate an
inhibition of proton secretion. After incubation, the cells are
washed again and incubated for 15 min with the respective
extracts. To exclude any interference of the results by the known
autofluorescence of aromatic plant constituents such as quercetin
and kaempferol [33], which remain in or on the cells in relevant
quantities, the cells were washed again in order to read the
fluorescence directly afterwards, from which the IPX can then
be calculated in comparison to cells treated with solvent alone.
For better comparability of the measured values, the effect sizes
were normalized to the effects induced by the established positive
control 1 mM histamine (set to 1), which consistently leads to a
stimulation of the proton secretion of HGT-1 cells [22]. Values
> 1 indicate a stronger stimulation of secretory activity than
histamine, while values < 1 indicate a weaker stimulation.

2.6 | Quantitation of mRNA Expression

To determine the effects of the extracts on TAS2R4, -5, and -39
gene expression of HGT-1 cells, these were spread at a density
of 500,000 cells/well in 24-well plates. On the following day, the
cells were washed with KRHB and incubated for 15 min with
the herbal mixture preparation (300 ug/mL) or the corresponding
solvent control. After incubation, the cells were washed with
PBS and lysed directly in the plate. RNA isolation followed
by concentration and integrity determination, gDNA removal,
synthesis of cDNA, and real-time quantitative polymerase chain
reaction (RT-qPCR) were performed using the peqGOLD RNA
Kit (VWR Peqglab, USA), the iScript gDNA Clear cDNA Synthesis
Kit (BioRad, Feldkirchen, Germany), and the SsoAdvanced Uni-
versal SYBR Green Supermix (BioRad, Feldkirchen, Germany) as
previously described [30]. The primer sequences for the TAS2Rs
were taken from Liszt et al.[14]. PPIA [34] and GAPDH [18] were
used as reference genes. The effects of the compounds on gene
expression were analyzed in comparison with control cells treated
with the corresponding solvent.

2.7 | Stable TAS2R4 and TAS2R39 Knock-Out
Using CRISPR-Cas9

For experiments with TAS2R4 [16, 35] and TAS2R39 [36] homozy-
gote KO HGT-1 cells, the same clones were used as previously
published.

2.8 | Transient TAS2R5 Knock-Down Using siRNA
Before performing the functional cellular proton secretion assays,
the transfection efficiency was determined using two different
siRNA sequences targeting TAS2R5 (HSS122866 and HSS182480).
For this, the cells were spread at a density of 100,000 cells/well in
24-well plates. On the following day, the cells were transfected for
72 h with Lipofectamine RNAIMAX (Thermo Fisher Scientific,
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USA) in Opti-MEM according to the manufacturer’s protocol.
Mock and positive controls (MAPK1; VHS40312) were conducted
as previously published [37].

2.9 | Quantification of Total Polyphenol Content
by Means of Folin-Ciocalteu Reagent

To determine the total polyphenol content, the standardized
ethanolic plant extracts were first diluted tenfold in water. In a 96-
well format, five parts of a tenfold diluted Folin-Ciocalteu reagent
(Merck KGaA Darmstadt, Germany) were added to one part of the
plant extract. After incubation for 5 min at room temperature in
the dark, six parts of 10.75% an aqueous Na,CO; solution were
added and incubated again at RT for 30 min. The absorbance at
760 nm was then determined using an Infinite M200 plate reader
(Tecan, Switzerland). Gallic acid (GA; 3.125 - 200 ug/mL) was
used as a standard [38].

2.10 | Statistics

All data were expressed as mean =+ standard error of the mean
(SEM) unless otherwise indicated. At least three biological repli-
cates were prepared from each experiment. Statistical analyses
of the different treatments with the untreated control were
performed after a Nalimov outlier test with the t-test Holm-Siddk
method or one-way ANOVA followed by a Holm-Sidék post hoc
test. Different p-values are indicated with asterisks according to
the following scheme: * = p < 0.05, ** = p < 0.01, *** = p < 0.001,
¥k = p < 0.0001.

3 | Results

3.1 | Evaluation of the Bitterness of the
Commercially Available Herbal Mixture
Preparation and by Means of Sensory Trials and
Investigation of the Influence of These and Their
Solvent Fractions on Cellular Proton Secretion

Previous studies have shown that bitter-tasting phenolic com-
pounds stimulate and aid mechanisms of gastric digestion by
inducing gastric acid secretion. Herbal remedies to treat gas-
tric discomfort contain polyphenols, whose bitterness has been
validated in the past, although they are able to both stimulate
and reduce proton secretion in the parietal cells. Therefore,
it was investigated whether the total amounts of polyphenolic
compounds play a major role in the ability of plant extracts used as
digestive remedies to stimulate proton secretion as the key mech-
anism of gastric acid secretion. To investigate the link between the
effect on proton secretion, the taste quality, and TAS2R activation,
the bitterness of a recombination of the extracts representing
the herbal mixture preparation was evaluated by sensory trials
(300 pg/mL). The results showed that the recombinate causes a
bitter taste between moderate and strong (p < 0.0001) compared
to the solvent control (0.9% EtOH) with the corresponding EtOH
concentration, whose bitterness was rated as weak (Figure S2).

According to the manufacturer, one dose (15 drops) of the herbal
mixture preparation, a specific mixture of nine standardized

plant extracts (Figure 1A) from A. absinthium, A. millefolium,
C. erythraea, C. intybus, G. lutea, J. communis, P. ostruthium,
S. officinalis, and T. officinale, contains approximately 4 mg of
dissolved herbal ingredients. Taking into account possible dilu-
tions in the stomach after ingestion of the drops, concentrations
between 5 and 500 ug/mL were tested for their effects on the
proton secretion by HGT-1 cells. As a result, a concentration-
dependent stimulation of cellular proton secretion was shown
when the cells were incubated with the herbal mixture prepa-
ration (orange bars in Figure 1B). As an established positive
control, the cells were treated with histamine (1 mM), which
elicited a TAS2R-independent stimulation. This effect (TPXistamine
= -0.27 + 0.10) was set to 1 for normalization of intra-assay
variations [14, 39]. The tested concentrations between 100 and
500 pg/mL of the herbal mixture preparation increased the
cellular proton secretion in a concentration-dependent manner
(p < 0.05) without affecting cell viability (p > 0.05).

The herbal mixture preparation is composed of varying amounts
of the nine ethanolic plant extracts [23] (Figure 1A). The impact
of the individual extracts that compose the mixture in certain
proportions, as described in the method section, on cellular
proton secretion was investigated by also subjecting them to the
bitter response assay (1-300 pg/mL). It was found that seven of
the nine extracts had a stimulating effect on proton secretion
(green bars in Figure 1B), which is also concentration-dependent
(Figure 2), as demonstrated for the herbal mixture preparation.
The extracts from C. erythraea, A. absinthium, and C. intybus led
to an increased cellular secretion of protons, with P. ostruthium,
J. communis, S. officinalis, and A. millefolium inducing the
strongest effects (p < 0.0001). The tinctures from T. officinale
and G. lutea showed no significant effects in the same tested
concentration range between 1 and 300 ug/mL. No difference in
the effect on proton secretion was found between a recombinate
prepared from the individual extracts and the herbal mixture
preparation (p = 0.58; hatched orange bar in Figure 1B).

Notably, the mixture representing the combination of the four
extracts with higher effects on proton secretion had a stronger
effect than the reference group of five extracts with smaller effect
sizes (p < 0.05; hatched green bars in Figure 1B). At the same time,
however, the effects of both recombinants were substantially
weaker than the effect of the herbal mixture preparation, which
contains all nine extracts (p < 0.05).

3.2 | Effects of the Extracts on TAS2R Gene
Expression

To gain basic insights into whether TAS2Rs are involved in
polyphenol-induced cellular responses, the influence on TAS2R
gene expression was determined. Since it is already known from
literature that bitter-tasting polyphenols, like (—)-epicatechin,
proanthocyanidins, and gallic acid, mainly interact with the bitter
taste receptors TAS2R4, -R5, and -R39 [16, 27, 28], the influence of
the herbal mixture preparation on the regulation of the genes of
these three receptors was investigated. Incubation of HGT-1 cells
with the herbal mixture preparation (300 pg/mL) resulted in a
downregulation of TAS2R4 by —40.5 + 5.5% (p < 0.01), TAS2R5
by —23.3 + 4.0% (p < 0.01), and TAS2R39 by —451 + 9.5% (p
< 0.05) compared to solvent-treated control cells (Figure S3).
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FIGURE 1 |

(A) Representation of the respective proportions of the nine plant extracts used in herbal mixture preparation. (B) Effects of the

standardized ethanolic extracts (300 ug/mL) from P. ostruthium, J. communis, S. officinalis, and A. millefolium with high polyphenol content (dark
green bars) and C. erythraea, A. absinthium, C. intybus, T. officinale, and G. lutea and with low polyphenol content (light green bars) on proton secretion
of HGT-1 cells normalized to the positive control 1 mM histamine (relative secretory activity). Concentration-dependent impact of the commercially
available herbal mixture preparation (5 - 500 ug/mL, orange bars), a complete recombinate (500 pg/mL, hatched orange bar), a combination of extracts
with high (500 pg/mL, hatched dark green bar) and low (500 pg/mL, hatched light green bar) polyphenol content on cellular proton secretion. Data
shown as mean + SEM after incubation for 15 min, n = 5, t. 1. = 4 - 6, control: KRHB containing the respective EtOH concentration, pos. control:
histamine (1 mM, black bar). Statistics: one-way ANOVA Holm-Sidéak post hoc test; significant differences are expressed with different letters (p < 0.05).

The found modulation of the mRNA transcript levels of TAS2R4,
TAS2R5, and TAS2R39 allowed a first validation of the possible
involvement of these three receptors in the polyphenol-induced
stimulation of cellular secretory activity.

3.3 | Functional Role of Bitter Taste Receptors
TAS2R4, TAS2R5, and TAS2R39 in Extract-Mediated
Stimulation of Proton Secretion

Since (i) the gene expression of the receptors TAS2R4, TAS2R5,
and TAS2R39 was regulated by the herbal mixture preparation
and (ii) these three receptors have already been associated with
polyphenolic compounds in the past, they were selected as
potential targets. To investigate the functional involvement of
specific TAS2Rs, the cellular proton secretion assay was repeated
with knock-down (kd) and knock-out (ko) HGT-1 cells (Figure 3).
While existing clones were used for the experiments with TAS2R4

[16] and TAS2R39 [36] knock-out cells, the generation of HGT-1
cells with reduced TAS2RS5 expression was first established and
verified. In direct comparison, the siRNA HSS122866 (Thermo
Fisher Scientific, USA) targeting TAS2R5 showed better efficiency
(—64.2 +£1.7%; p < 0.05) and was therefore used for the functional
assays (Figure S4).

In TAS2R4ko HGT-1 cells, a reduced release of protons was
observed compared to wild-type cells after treatment with
the extracts from A. millefolium, C. erythraea, J. communis,
P. ostruthium, and S. officinalis (p < 0.05). Treatment of HGT-1
cells with TAS2R5 expression reduced by siRNA showed lower
stimulation of proton secretion after exposure to the four extracts
of A. absinthium, A. millefolium, C. erythraea, and P. ostruthium
compared to mock-transfected cells (p < 0.05). Treatment of
TAS2R39Kko cells also led to a reduction in the stimulating effect
of the extracts from A. millefolium, C. erythraea, P. ostruthium,
S. officinalis, and T. officinale (p < 0.05). The recombinate of
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FIGURE 2 | Visualization of the concentration-dependent effects of
the individual extracts (1 - 300 ug/mL) from P. ostruthium, J. communis,
S. officinalis, A. millefolium, C. erythraea, A. absinthium, C. intybus,
T. officinale, and G. lutea on proton secretion of HGT-1 cells normalized to
the positive control histamine (1 mM). Darker shades of green represent
higher significance levels compared to the solvent-treated control. The
dot sizes correlate with the measured effect size normalized to histamine.
Data shown as mean after incubation for 15 min, n = 5, t. r. = 4 —
6, control: KRHB containing the respective EtOH concentration, pos.
control: histamine (1 mM). Statistics: one-way ANOVA Holm-Sidék post

hoc test.
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FIGURE 3 | Heatmap showing the reduction of stimulatory effects
on proton secretion of HGT-1 cells obtained by knock-out (TAS2R4ko and
TAS2R39ko) or knock-down (TAS2R5kd) approaches compared to wild-
type/mock-transfected cells (= 0%, white) incubated with the ethanolic
extracts (300 pg/mL) from P. ostruthium, J. communis, S. officinalis,
A. millefolium, C. erythraea, A. absinthium, C. intybus, T. officinale, and
G. lutea, the herbal mixture preparation and the recombinate normalized
to the positive control histamine (1 mM). Data shown as mean +
SEM, n =5, t. . = 6, intense green shades represent strong reductions
caused by the knock-out or knock-down of the respective receptor, while
white stands for no changes, control: KRHB containing the respective
EtOH concentration, statistics: t-test Holm-Siddk method, significant
differences within the groups (related to the effects of the respective wild-
type/mock transfected cells) are expressed with * = p < 0.05, ** = p < 0.01,
##% = p < 0,001, **** = p < 0.0001.

TABLE 1 | Total polyphenol content in gallic acid equivalents (ug
GA/mL) of the nine ethanolic plant extracts, the herbal mixture prepa-
ration, a recombinate thereof, and the theoretical content based on the
values of the individual extracts. Data shown as mean + SD, n = 6.

Absolute
quantification Representative

total polyphenol proportion of all
Extract content (ug GA/mL) constituents (%)
P. ostruthium 2063.7 + 31.6 89+01
J. communis 2859.5 +13.6 13.6 + 0.1
S. officinalis 3702.0 + 81.7 155+0.3
A. millefolium 2644.0 +16.5 13.2+0.1
C. erythraea 708.0 +10.5 29+0.0
A. absinthium 5721+ 4.4 2.0+0.0
C. intybus 217.8 +3.1 1.3+0.0
T. officinale 490.7 + 4.4 17+£0.0
G. lutea 316.2 + 3.9 0.7+ 0.0
Herbal 1087.7 +15.3 9.9+0.1
mixture
preparation
Recombinate 1120.7 + 7.6 10.2 +£ 0.1
Theoretical 998.3 + 8.3 9.1+0.1
amount

all nine solvent extracts reduced the effects by 20.6 + 3.3%
(p < 0.0001), 32.5 + 6.7% (p < 0.01), and 37.0 + 4.0% (p < 0.0001)
in TAS2R4ko, TAS2R5kd, and TAS2R39ko HGT-1 cells, respec-
tively. Compared to HGT-1 wild-type cells, also the proton
secretion-stimulating effect of the herbal mixture preparation
was reduced by 15.0 + 2.6% (p < 0.001), 32.0 = 7.1% (p < 0.05),
and 36.7 + 2.2% (p < 0.0001) in TAS2R4ko, TAS2R5kd, and
TAS2R39ko HGT-1 cells, demonstrating a functional involvement
of these three bitter taste receptors in plant extract-induced
increased proton secretion as a mechanism of gastric acid
secretion (Table SI).

3.4 | Determination of Total Polyphenol Content
in the Plant Extracts

As the effects of herbal mixture preparation and its solvent
extracts on cellular proton secretion were substantially modu-
lated by polyphenol-related TAS2Rs, total polyphenol content
was determined using Folin-Ciocalteu reagent, with gallic acid
(GA) used as a standard (Table 1). It was found that the
four extracts of A. millefolium, J. communis, P. ostruthium, and
S. officinalis had higher total polyphenol content (p < 0.0001)
of over 2000 ug GA/mL (corresponding to a content of between
8.9 and 15.5% of the total ingredients), while analysis of the
other extracts of A. absinthium, C. erythraea, C. intybus, G. lutea,
and T. officinale revealed a total polyphenol content of less
than 800 ug GA/mL (corresponding to a content < 2.9%). The
herbal mixture preparation showed a total polyphenol content
of 1,087.7 + 15.3 uyg GA/mL (9.9%). A recombinate based on the
specific amounts of the nine individual extracts, as well as their
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FIGURE 4 |
nine plant extracts (300 ug/mL) vs. their histamine-normalized effects

Pearson correlation of the content of polyphenols in the

on proton secretion of HGT-1 cells (relative secretory activity). Positive
correlation was found for the total polyphenol content (R* = 0.79;
p < 0.01) and the IPX values. Each green dot represents one of the
nine standardized ethanolic extracts from A. absinthium, A. millefolium,
C. erythraea, C. intybus, G. lutea, J. communis, P. ostruthium, S. officinalis,
and T. officinale. The orange data point indicates the combined herbal
mixture preparation of the extracts. Data shown as mean + SEM, n =5, t.
I.=6.

theoretical summation, resulted in contents with only very small
deviations (< 10%; Table 1).

A Pearson correlation was found between the stimulating effects
on proton secretion and the total polyphenol content (Figure 4).
Extracts with high total polyphenol content, such as the standard-
ized tinctures of A. millefolium, J. communis, P. ostruthium, and
S. officinalis, led to greater stimulation (R?> = 0.79; p < 0.01) of
cellular proton secretion than extracts with low total polyphenol
content, such as A. absinthium, C. erythraea, C. intybus, G. lutea,
and T. officinale.

4 | Discussion

It was hypothesized that the herbal mixture preparation and
its solvent extracts stimulate proton secretion by immortalized
human parietal cells through TAS2R activation, with the mag-
nitude of the response determined by their total polyphenol
content. The modulating properties of individual polyphenols,
such as catechin, syringic acid, and procyanidin B2 [15], on
proton secretion by immortalized human parietal cells have been
well documented, and the involvement of bitter taste receptors
(TAS2Rs) in these effects has been described in the past [16, 18].
Building on this foundation, the present study examined nine
standardized extracts of Artemisia absinthium, Achillea mille-
folium, Centaurium erythraea, Cichorium intybus, Gentiana lutea,
Juniperus communis, Peucedanum ostruthium, Salvia officinalis,
and Taraxacum officinale and their combined herbal mixture
preparation to determine whether bitter-tasting, polyphenol-
containing plant extracts influence gastric proton secretion via
TAS2R involvement. Based on this, it was investigated whether
(i) the herbal mixture preparation exhibits a perceptible bitter
taste, (ii) the individual extracts and their combination stimulate

proton secretion by HGT-1 cells, and whether (iii) these effects
are mediated by specific TAS2Rs and correlate with their total
polyphenol content.

This work, therefore, aims to investigate how complex mixtures of
polyphenols in plant extracts influence proton secretion as a key
mechanism of digestion, to assess the potential of herbal remedies
to aid gastric discomfort. In addition, the findings may provide
insights for future optimization of the formulation to enhance its
efficacy.

Activation of TAS2Rs in the oral cavity by the recombined
mixture of all nine plant extracts examined, as is the case when
plant-based remedies are ingested, was validated in a sensory
trial. Here, the panelists reported a stronger bitterness for the
recombinant of all nine extracts compared to the solvent control.
This already indicates that the mixture of polyphenols from
various plant sources leads to a predominantly agonistic effect on
TAS2Rs.

The suitability of immortalized parietal cells (HGT-1) as a surro-
gate model of TAS2R-mediated bitter taste perception has been
shown in earlier works [14, 32]. In contrast to taste cells in the
oral cavity, the interaction of bitter-tasting food constituents with
TAS2Rs expressed in the stomach does not lead to the perception
of taste quality in the brain, but to a stimulation of parietal proton
secretion [14]. Proton secretion is the basis for the formation of
gastric acid (HC1) in the stomach and, therefore, a key mechanism
of gastric protein digestion, which can be modulated by food-
derived bitter compounds [20]. In addition to plant-derived bitter
peptides [37], it was also found that bitter-tasting polyphenols
such as gallic acid, catechin, syringic acid, and procyanidin
B2 have a modulating effect on the proton secretion of HGT-
1 cells [15, 16]. In the present work, a concentration-dependent
stimulation of proton secretion was found for the mixture of the
nine standardized plant extracts of P. ostruthium, J. communis,
S. officinalis, A. millefolium, C. erythraea, A. absinthium, C. inty-
bus, T. officinale, and G. lutea, with higher extract concentrations
inducing stronger secretory activities. This is consistent with the
findings of the sensory trial, in which the recombined mixture
was also perceived as bitter.

Since the herbal mixture preparation consists mainly of the
extracts of A. millefolium and S. officinalis, it can be assumed
that these two extracts contribute substantially to its effect. The
effects of the nine plant extracts on the secretory activity of HGT-
1 cells were analyzed to determine their individual contributions
to the overall response induced by the herbal mixture preparation.
A stimulating effect could be attributed to the seven extracts
of P. ostruthium, J. communis, S. officinalis, A. millefolium,
C. erythraea, A. absinthium, and C. intybus which also showed
a concentration-dependent increase in proton secretion. The
remaining two extracts of T. officinale and G. lutea showed no
effect on the cellular secretory activity. Examination of all extracts
revealed a clear distinction between two groups, with (i) the
extracts obtained from P. ostruthium, J. communis, S. officinalis,
and A. millefolium exhibiting a stronger stimulatory effect on
proton secretion, while (ii) the remaining five extracts from
C. erythraea, A. absinthium, C. intybus, T. officinale, and G. lutea
had a weak or no effect.
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The results from both the sensory evaluation and the proton
secretion assay using HGT-1 cells indicate the bitterness of
the extracts and, consequently, the activation of TAS2Rs. In
order to investigate the involvement of distinct TAS2Rs, the
impact of the extract mixture on TAS2R4, -5 and -39 which
have been reported to be activated by polyphenolic agonists
[27, 28], was first examined. This resulted in a downregulation
of the gene expression of these three TAS2Rs by the herbal
mixture preparation. This modulation of TAS2R gene expression
after 15 min of incubation suggests a possible targeting of the
extract constituents to these receptors. Feedback regulation of
this type has previously been described for GPCRs, whereby
receptor activation by specific ligands leads to modulation of
mRNA transcript levels. These short-term changes in mRNA do
not necessarily reflect an immediate change in receptor protein
abundance or signaling capacity [40]. The observed synergism
might be explained by multiple TAS2Rs being targeted by the
extract mixture polyphenols in parallel.

While it has already been shown that TAS2R4 can be activated by
polyphenolic compounds such as gallic acid and (-)-epicatechin
[16, 27], agonists of plant origin are also known for TAS2RS, -
39, and -43. Known agonists of TAS2R5 include punicalagin and
various representatives of the procyanidins [28]. In addition to
(-)-epicatechin, pentagalloylglucose also binds to TAS2R39 [27].
However, functional involvement of specific TAS2Rs can only
be verified by knock-out experiments using CRISPR-Cas9 or
knock-down approaches by means of siRNA.

The work presented here used CRISPR-Cas9-edited knock-out
HGT-1 cells with nonfunctional variants of TAS2R4 or TAS2R309,
as well as HGT-1 cells with reduced TAS2R5 expression using
specific siRNA, to confirm the functional involvement of these
selected TAS2Rs. Particularly strong reductions in the effect size,
namely, cellular proton secretion, and the associated involvement
of TAS2R4 were observed for the P. ostruthium and S. officinalis
extracts. TAS2R5 played an essential role for the A. absinthium,
A. millefolium, C. erythraea-induced stimulation of secretory
activity and a relevant TAS2R39 involvement was shown for the
extracts from A. millefolium, P. ostruthium, and S. officinalis.
J. communis also had a strong effect on proton secretion, although
the involvement of TAS2R5 and -39 could be excluded and the
absence of TAS2R4 only minimally reduced the effect, suggesting
that other TAS2Rs, possibly also activated by polyphenols or
other constituents, are also involved. Consequently, at least
one relevant TAS2R could be functionally assigned to the four
extracts of the first group, which induced strong effects on proton
secretion. Remarkably, the stronger influences on the secretory
activity of HGT-1 cells of the solvent extracts from P. ostruthium,
J. communis, S. officinalis, and A. millefolium assigned to group
one could, in most cases, be reduced by knock-out and knock-
down approaches more effectively than those assigned to group
two. This suggests that these four extracts play a major role in
TAS2R-induced stimulation of proton secretion by the herbal
mixture preparation.

The combination of multiple plant extracts broadens the spec-
trum of targeted TAS2Rs, resulting in a potentially synergistic
enhancement of the effects. In the case of the herbal mixture
preparation, for example, the interactions of the constituents
from A. absinthium and C. erythraea with TAS2R5 and those

from P. ostruthium and S. officinalis with TAS2R4 and TAS2R39
demonstrate their involvement, which ultimately induce the
beneficial digestive effects of the commercially available herbal
mixture preparation or its recombinant with identical com-
position. Confirming the hypothesis, the stimulatory effect of
the herbal mixture preparation or a correspondingly prepared
recombinate was moderately reduced by all three knock-out or
knock-down approaches, demonstrating that the herbal mixture
preparation activates a broad spectrum of TAS2Rs, resulting in
a strong effect even at lower concentrations of the individual
extracts.

To validate a correlation between the total polyphenol content of
the extracts and their influence on stimulating proton secretion
in immortalized human parietal cells, which consequently affects
gastric acid production, the total polyphenol content of the
ethanolic plant extracts was determined. The four extracts from
P. ostruthium, J. communis, S. officinalis, and A. millefolium,
which already had a stronger influence on the proton secretion
of HGT-1 cells, showed higher total content of polyphenols in
the quantitation experiments than the extracts from C. erythraea,
A. absinthium, C. intybus, T. officinale, and G. lutea. This confirms
the classification of the extracts into the two groups, (i) those with
high total polyphenol content, which strongly stimulate proton
secretion and may therefore benefit digestion, and (ii) those with
lower total polyphenol content, which have no or only weak
effects on the secretory activity of parietal cells.

To address the question of whether the four extracts with the
higher levels of polyphenols chiefly account for the strong
effect of the herbal mixture preparation, recombinates of both
groups were examined for their effects on the proton secretion
of HGT-1 cells, based on their respective proportions of the
mixture. It was found that the mixture of the four plant extracts
with high total polyphenol content stimulated proton secretion
more strongly than the mixture of the remaining five extracts,
as hypothesized. However, the two recombinations containing
high and low amounts of total polyphenols did not reach the
potential induced by the herbal mixture preparation, neither
individually nor cumulatively. This suggests that synergistic
interactions contribute to the overall effect, potentially result-
ing from the simultaneous activation of multiple TAS2Rs by
individual polyphenols, but possibly also by other constituents.

In summary, polyphenol-rich herbal extracts were shown to stim-
ulate proton secretion by immortalized human parietal cells as
the fundamental mechanism of gastric acid production involving
the bitter taste receptors TAS2R4, TAS2R5 and TAS2R39. The
combination of these herbal extracts leads to an activation of
several candidates of the TAS2R family. Herbal preparations with
complex compositions can thereby have beneficial effects on
digestion by stimulating the secretion of gastric acid to aid mech-
anisms of digestion via TAS2Rs. Overall, the stimulatory activity
of the herbal mixture preparation studied can be attributed to
its complex composition of nine different plant extracts, which
is, however, largely determined by the extracts S. officinalis and
A. millefolium. These two extracts are among the four key extracts
with high total polyphenol content that induce strong stimulation
of cellular proton secretory activity. P. ostruthium and J. communis
also exhibit pronounced stimulatory properties, but their low pro-
portions in the commercially available herbal preparation suggest
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only a minimal influence on proton secretion by immortalized
parietal cells. Overall, these findings may form the basis for future
improvements in modulatory remedies that target TAS2Rs to
stimulate digestive processes. The results also suggest that the
herbal mixture examined here could aid digestion due to its ability
to promote gastric secretory activity. However, clinical studies
are required to substantiate the efficacy of polyphenol-rich plant
extracts in supporting digestive function.
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