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Abstract 

The digestion of foods in the human gastro-intestinal tract results in structural modification of 

the ingested food constituents. Since dietary proteins are cleaved into peptides and amino 

acids during gastric digestion, it was hypothesized that these cleavage products impact (i) the 

bitter taste receptor (TAS2R)-dependent modulation of proton secretion by parietal cells as a 

fundamental mechanism of gastric acid production, and (ii) anti-inflammatory processes. 

To investigate this hypothesis, the non-bitter-tasting proteins casein and thaumatin were 

selected. The cleavage products of both proteins were analyzed in a cell-free experiment 

mimicking gastric digestion, and subjected to in silico bitter prediction tools. The bitterness of 

the predicted bitter peptides with highest abundancy was confirmed by sensory analysis. 

Afterwards, the bitter peptides’ release was validated and quantified by synthetic reference 

compounds using LC-MS/MS. Cell-based experiments showed that immortalized human 

parietal cells (HGT-1) responded to these bitter peptides with an increased proton secretion 

and a gene regulation of TAS2R16 and TAS2R38. Functional involvement of these TAS2Rs 

was investigated by selective antagonists, and validated by targeted reduction of TAS2R16 

and TAS2R38 gene expression using specific siRNA. Subsequently, a new cell model was 

established based on HGT-1 cells, which reacts with an increased release of interleukin 17A 

when treated with native proteins from the bacterium Helicobacter pylori. Pretreatment of the 

cells with the bitter thaumatin peptides reduced the Helicobacter pylori-induced IL-17A release 

up to 89.7 ± 21.9%. Functional involvement of TAS2R16 was validated by means of an siRNA 

approach. Further experiments focusing on the underlying intracellular signaling pathways 

showed that the activation of a bitter taste receptor leads to an opening of the two transient 

receptor potential (TRP) channels TRPM4 and TRPM5, whereby extracellular sodium flows 

into the parietal cells and initiates secretory activity by the H+/K+ ATPase. Again, the use of 

antagonists reduced this effect, and the interaction of TAS2Rs with TRPM4 and TRPM5 was 

validated by CRISPR-Cas9 knock-out and siRNA knock-down approaches, respectively. 

Overall, in this work, it was shown that non-bitter-tasting dietary proteins might be cleaved into 

bitter-tasting peptides during gastric digestion. The resulting gastrically-released bitter 

peptides modulate proton secretion and the release of pro-inflammatory cytokines from human 

parietal cells via TAS2Rs. The results can be used to develop palatable food formulations in 

retrosynthetic approaches that interact with taste receptors in organs and tissues after 

digestion to achieve the desired physiological effect, while their undigested precursor 

molecules in the oral cavity do not negatively affect the taste of the food. 
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Zusammenfassung 

Die Verdauung von Nahrungsmitteln im menschlichen Magen-Darm-Trakt führt zu einer 

strukturellen Veränderung der aufgenommenen Nahrungsbestandteile. Da Nahrungsproteine 

während der Verdauung im Magen in Peptide und Aminosäuren gespalten werden, wurde die 

Hypothese aufgestellt, dass diese Spaltprodukte (i) unter Beteiligung von Bittergeschmacks-

rezeptoren (TAS2Rs) die Protonensekretion und (ii) Entzündungsreaktionen von Parietalzellen 

beeinflussen. 

Zur Prüfung der Hypothese wurden die nicht bitter-schmeckenden Proteine Casein und 

Thaumatin ausgewählt. Die Spaltprodukte beider Proteine wurden in einem zellfreien 

Experiment, das die Magenverdauung nachahmt, analysiert und mit in silico 

Bittervorhersagetools untersucht. Im Anschluss erfolgte die sensorische Bestätigung der 

Bitterkeit und die Validierung und Quantifizierung der Peptidfreisetzung durch synthetische 

Referenzverbindungen mittels LC-MS/MS. Zellbasierte Versuche zeigten, dass immortalisierte 

menschliche Parietalzellen (HGT-1) mit einer verstärkten Protonensekretion und einer 

Genregulation von TAS2R16 und TAS2R38 auf die bitteren Peptide reagierten. Eine 

funktionelle Beteiligung der beiden TAS2Rs wurde durch selektive Antagonisten geprüft und 

durch die gezielte Reduktion der TAS2R16- bzw. TAS2R38-Genexpression mittels 

spezifischer siRNA validiert. Anschließend wurde basierend auf HGT-1 Zellen ein neues 

Zellmodell etabliert, welches durch die Behandlung mit nativen Proteinen aus dem Bakterium 

Helicobacter pylori mit einer verstärkten Freisetzung des Interleukins 17A reagiert. Eine 

Vorbehandlung der Zellen mit den bitteren Thaumatinpeptiden führte zu einer Reduktion der 

Helicobacter pylori-induzierten IL-17A-Ausschüttung um bis zu 89.7 ± 21.9 %. Eine 

funktionelle TAS2R16-Beteiligung wurde durch die Anwendung von siRNA validiert. 

Weiterführende Versuche zu den zugrundeliegenden intrazellulären Signalwegen zeigten, 

dass die Aktivierung eines TAS2Rs zu einer Öffnung der beiden Transient receptor potential 

(TRP)-Kanäle TRPM4 und TRPM5 führt, wodurch extrazelluläres Natrium in die Parietalzellen 

einströmt und schließlich die sekretorische Aktivität durch die H+/K+-ATPase auslöst. Auch hier 

verringerte die Anwendung von Antagonisten den Effekt, wobei die Interaktion von TAS2Rs 

mit TRPM4 und TRPM5 durch CRISPR-Cas9 Knock-Out bzw. siRNA Knock-Down Ansätze 

validiert wurde. 

In dieser Arbeit wurde gezeigt, dass nicht bitter-schmeckende Nahrungsproteine während der 

Verdauung im Magen in bittere Peptide gespalten werden können, die über TAS2Rs die 

Protonensekretion und Ausschüttung entzündungsfördernder Zytokine von menschlichen 

Parietalzellen modulieren. In Zukunft können diese Ergebnisse genutzt werden, um in 

retrosynthetischen Ansätzen schmackhafte Lebensmittelformulierungen zu entwickeln, die 

erst nach der Verdauung mit Geschmacksrezeptoren in Organen und Geweben interagieren, 

um den gewünschten physiologischen Effekt zu erzielen, während deren unverdaute 

Vorläufermoleküle in der Mundhöhle den Geschmack der Nahrungsmittel nicht negativ 

beeinflussen. 
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 Introduction 

Taste receptors and taste-sensitive ion channels, whose expression was thought to be 

primarily in the oral cavity, where they are responsible for the perception of taste qualities, 

have also become increasingly important in relation to various physiological processes over 

the past 20 years. It is now known that these receptors and ion channels are found in almost 

all tissues of the human body, although their role and function are far from fully understood. In 

addition to countless regulatory effects, for example on metabolic processes including the 

release of hormones and digestive juices in the gastrointestinal tract (Avau et al., 2015; Chou, 

2021), bitter taste receptors in particular also play a role in the immune system's defense 

against pathogens (Dragoș et al., 2022). The complex interplay of a number of receptors and 

the signaling proteins and pathways associated with them is enhanced by the fact that 

bioactive food constituents, and therefore also bitter tastants, can be modified not only during 

the processing of the basic raw materials during food production, but also through digestion 

and metabolization in the human body. However, the first organ that comes into contact with 

ingested food is the tongue in the oral cavity. 

 

1.1 Taste perception on the tongue 

Humans are able to detect and distinguish the five basic taste qualities sweet, umami, bitter, 

sour and salty. In the oral cavity, taste bud cells of the tongue - being the peripheral organ of 

gustation - recognize the taste qualities sweet, umami and bitter via highly specialized taste 

receptor proteins, while salt and acids are sensed through the activation of ion channels (Roper 

& Chaudhari, 2017). Primary taste transduction originates from cells of taste buds located in 

circumvallate, foliate or fungiform papillae and involves intra- and intercellular pathways by 

which the sensory information is passed on to various regions of the brain by 

glossopharyngeal, chorda tympani and the vagus nerve system. Each taste bud contains about 

80–100 neuroepithelial, chemosensory-active taste cells which are classified into the three 

categories Type I, II and III cells (Fig. 1) (Chaudhari & Roper, 2010; Roper & Chaudhari, 2017).  

The most abundant Type I cells are thought to have a glia-like, structural function and 

synthesize NTPDase 2 to degrade ATP released by Type II cells for intercellular 

communication (Chaudhari & Roper, 2010; Roper, 2013). Type II cells are also named 

“receptor cells” as they express G protein-coupled taste receptor proteins, which are 

responsible for the transduction of bitter (TAS2R proteins), sweet (TAS1R2/TAS1R3 

heterodimer protein) and umami taste (TAS1R1/TAS1R3 heterodimer protein), and express 

voltage-gated Na+ and K+ channels to mediate depolarization (Chaudhari & Roper, 2010). This 

is followed by Type II cells releasing ATP to stimulate nerve terminals and Type III cells (Finger 

et al., 2005; Dando & Roper, 2009). The latter are also named “presynaptic cells” as they 
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synapse with afferent nerve terminals and release serotonin (Huang et al., 2005; Larson et al., 

2015) as well as other neurotransmitters (Huang et al., 2008; Huang et al., 2011; Dando & 

Roper, 2012), such as acetylcholine and noradrenaline. Type III cells are also involved in sour 

and salty taste transduction (Gilbertson et al., 2000; Molitor et al., 2020). With the life span of 

taste cells being limited to only ~10 days, progenitor cells, also classified as Type IV cells and 

located on the base of the taste bud, constantly replenish the papillae with new mature taste 

cells (Chaudhari & Roper, 2010; Roper, 2013). 

 

 

Figure 1: Schematic overview of organs, tissues and cells facilitating taste perception. Papillae 

on the tongue contain progenitor cells, which are composed of glia-like, receptor and presynaptic cells. 

While Type I cells are mainly responsible for the release of NTPDase 2, which breaks down ATP, Type II 

cells play a decisive role in the perception of sweet, umami, and bitter and Type III cells in the perception 

of sour and salty (adapted from Molitor et al., 2020). 

 

While the taste receptors of the TAS1R gene family are responsible for detecting the building 

blocks of carbohydrates (TAS1R2/TAS1R3), such as glucose, and proteins 

(TAS1R1/TAS1R3), for instance the sodium salt of L-glutamic acid (Nelson et al., 2001; Max 

et al., 2001; Montmayeur et al., 2001; Li et al., 2002; Nelson et al., 2002), the proton-channel 

OTOP1 was recently demonstrated to be involved in the detection of sour stimuli (Tu et al., 

2018; Teng et al., 2019; Zhang et al., 2019), consequently protecting from the ingestion of 

unripe or spoiled food, whereas the sodium channel ENaC serves a role in the maintenance 

of electrolyte balance eliciting salty perception (Chandrashekar et al., 2010). The most 

complex family of taste receptors known to date are the TAS2Rs, which consist of around 25 

members and are hypothesized to be responsible for preventing the ingestion of potentially 

toxic compounds, most of which have a bitter taste (Fig. 2) (Behrens & Meyerhof, 2018). 
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Figure 2: Illustration of the corresponding receptors or ion channels for the five basic taste 

qualities. The heterodimer of TAS1R1 and TAS1R3 for the perception of umami, TAS1R2 and TAS1R3 

for sweet, the TAS2R family for bitter taste perception and the two ion channels ENaC and OTOP1 as 

representatives for salty and sour (Max et al., 2001; Li et al., 2002; Chandrashekar et al., 2010; Behrens 

& Meyerhof, 2018; Teng et al., 2019). Created with BioRender.com. 

 

The perception of sour and salty through selective ion channels involves the influx of protons 

(Ramsey & DeSimone, 2018) or sodium ions (Nomura et al., 2020) into the intracellular space. 

This is contrasted by the signaling of the G protein-coupled taste receptors. 

 

1.2 Cellular pathways in response to sweet or bitter-tasting compounds 

1.2.1 Downstream cellular signaling pathways of taste receptors 

Taste-receptor cells on the tongue and various types of enteroendocrine cells, e.g. L cells of 

the ileum and colon, express components essential for sensing of tastants and nutrients. These 

include apical G protein-coupled receptors of the TAS1R and the TAS2R family for sweet, 

umami and bitter-tasting compounds and the G protein isoforms Gα-gustducin, Gβ3, and 

Gγ13. After activation of a TAS2R by binding a ligand, a conformational change is induced. 

This causes the dissociation of the G protein into its α and βγ subunit. In the subsequent 

pathway (Fig. 3), the βγ subunit leads to an activation of the phospholipase C β2 (PLC β2) 

which catalyzes the cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 

1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). In term, the IP3 receptors expressed on the 

endoplasmic reticulum (ER) are activated by the released IP3, resulting in a release of Ca2+ 

ions from the ER into the cytosol (calcium mobilization) (Rozengurt et al., 2006; Sanematsu et 

al., 2014; Jalševac et al., 2022). Increasing Ca2+ levels in the cytosol activate transient receptor 

potential channels TRPM4 and TRPM5, resulting in sodium influx into the cell and membrane 

depolarization, leading to ATP release (Dutta Banik & Medler, 2023; Kaske et al., 2007; Clapp 

et al., 2008). 
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While the signaling pathway originating from the βγ subunit of gustducin is well described and 

elucidated, little is known about the involvement of the dissociated α subunit. In the past, it has 

been hypothesized that this is associated with changes in intracellular cyclic adenosine 

monophosphate (cAMP) levels. For example, there is evidence that dissociation of the 

α subunit leads to activation of phosphodiesterase (PDE), which catalyzes the degradation of 

cAMP, resulting in decreased cAMP levels and maintained IP3 type 3 receptor 

hypophosphorylation and sensitization (Clapp et al., 2008; Jalševac et al., 2022). 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 (Ruiz-Avila et al., 1995; He 

et al., 2002). In contrast, there are also several studies that have shown that the treatment of 

immortalized human parietal cells with bitter compounds can also lead to an increase in 

intracellular cAMP concentration (Rubach et al., 2010; Liszt et al., 2017). In both, taste buds 

and parietal cells, the signaling cascades include a cAMP-dependent and a PLC β2/IP3/Ca2+-

dependent pathway (Roper, 2007). 

 

 

Figure 3: Similarities in nutrient-sensing mechanisms used by taste-receptor cells of the tongue 

(summarized representation of the cell types), enteroendocrine cells of the intestine and parietal 

cells of stomach. All three cell types express bitter taste receptors that lead to different outcomes via 

similar intracellular signaling pathways (adapted from Cummings & Overduin, 2007; Zopun et al., 2018a; 

Zopun et al., 2018b; excerpts previously published by Richter et al., 2022). 

 

So far, K+ channels and voltage-gated Ca2+ channels that are important for taste sensation in 

the tongue have not yet been confirmed in enteroendocrine cells. However, both cell types 
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share the final pathway for activation, which includes an increase in intracellular calcium 

mobilization. This triggers basolateral exocytosis of neurotransmitters, e.g. serotonin, into 

synapses with nerve fibers that transfer information to the hindbrain. In enteroendocrine cells, 

intracellular calcium mobilization results in the release of satiating peptides that also delay 

gastric emptying, e.g. via GLP-1 (Jang et al., 2007) or PYY (additionally reduces intestinal 

motility) (Yuzuriha et al., 2007; Abrol et al., 2015). These peptides diffuse across extracellular 

fluids to enter the circulation or to interact with nearby afferent nerve terminals from vagal, 

spinal, and myenteric neurons (Baggio & Drucker, 2014; Wachsmuth et al., 2022). In addition 

to stimulating peptide release directly, sweet-taste-receptor activation by extracellular tastants 

also upregulates glucose transporters in enteroendocrine cells (Cummings & Overduin, 2007; 

Lee & Owyang, 2017), possibly amplifying release of satiation peptides by enhancing 

intracellular glucose uptake and metabolism (Dyer et al., 2005). Moreover, L cells secrete 

cholecystokinin (CCK), which results in delayed gastric emptying and increased release of 

digestive enzymes (Lieverse et al., 1994; Liou et al., 2011; Daly et al., 2013). 

In the stomach, the activation of calcium-dependent ion channels regulates the hunger 

hormone ghrelin through P/D1 cells (Engelstoft et al., 2013; Vancleef et al., 2015; Steensels 

et al., 2016). Furthermore, G (in the stomach and duodenum) and S cells (in the jejunum and 

duodenum) are involved in the release of gastrin and somatostatin, which stimulate or inhibit 

the secretion of pepsinogen and gastric acid, respectively (Feng et al., 2010; Haid et al., 2012). 

The secretion of gastric acid by parietal cells can be activated by histamine or acetylcholine 

binding to their cognate histamine H2 or acetylcholine M3 receptors (J. G. Forte, 2010). 

Activation of these receptors results, either by Gs- and adenylyl cyclase/cAMP- or by Gq- and 

PLC β2/IP3/Ca2+-dependent pathways, which are also present in taste cells of the tongue and 

in enteroendocrine cells, in the stimulation of the H+/K+ ATPase, which pumps protons into the 

stomach lumen (J. G. Forte, 2010). Previous studies demonstrated TAS1Rs and TAS2Rs 

being expressed in gastric cells (Tab. 1 and Fig. 4), and are involved in mechanisms regulating 

proton secretion in a well-established cell model of immortalized human parietal cells (HGT-1) 

that resembles all functional characteristics of human parietal cells (Liszt et al., 2017; Zopun 

et al., 2018b; Stoeger et al., 2020).  

The TAS2R-mediated stimulation of cellular proton secretion was verified in a human 

intervention trial in which a bolus dose of 120 mg of the bitter-tasting compound caffeine 

(targeting TAS2R7/10/14/43/46; Meyerhof et al., 2010) increased gastric acid secretion. This 

effect was ameliorated by the TAS2R antagonist homoeriodictyol (HED), which has an 

antagonistic effect on TAS2R20/31/43/50 but activates TAS2R14 and 39 (Roland et al., 2013; 

Liszt et al., 2017). Notably, activation of gastric TAS2Rs by caffeine was more effective in 

stimulating gastric acid secretion by reducing the reacidification time in healthy subjects than 

activation of oral TAS2Rs. 
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Table 1: Comparative representation 

of mRNA expression in HGT-1 cells 

normalized to the expression of the 

acetylcholine receptor (CHRM3). The 

specific transcripts of 22 of the 25 known 

human bitter taste receptors were 

identified by RT-qPCR (Liszt et al., 

2017). 

 

Figure 4: Exemplary visualization of the expression 

of taste receptors in human gastric tissue and human 

parietal cells using immunohistology and 

immunocytochemistry. The expression of TAS2R10 

could be detected in biopsy samples of the human 

stomach, while the expression of TAS1R3 could be 

localized immunochemically in HGT-1 cells (adapted from 

Liszt et al., 2017; Zopun et al., 2018b). 

receptor gene mean ± SEM 

TAS2R1 0.20 ± 0.05 

TAS2R3 9.87 ± 0.85 

TAS2R4 5.66 ± 0.77 

TAS2R5 12.08 ± 0.82 

TAS2R7 0.32 ± 0.07 

TAS2R8 no specific product 

TAS2R9 0.12 ± 0.02 

TAS2R10 0.97 ± 0.10 

TAS2R13 1.69 ± 0.14 

TAS2R14 12.39 ± 1.35 

TAS2R16 0.71 ± 0.24 

TAS2R19 4.40 ± 0.68 

TAS2R20 9.09 ± 1.14 

TAS2R30 8.02 ± 0.72 

TAS2R31 4.00 ± 1.77 

TAS2R38 0.14 ± 0.05 

TAS2R39 3.64 ± 0.81 

TAS2R40 0.51 ± 0.05 

TAS2R41 0.66 ± 0.14 

TAS2R42 2.24 ± 0.44 

TAS2R43 6.47 ± 0.32 

TAS2R45 not detected 

TAS2R46 2.59 ± 0.42 

TAS2R50 2.91 ± 0.29 

TAS2R60 no specific product 

  

 

Comparatively little is known about the intracellular signaling pathways in cells other than taste 

cells, which also express taste receptors, especially TAS2Rs. For instance, in contrast to other 

cell types, a possible involvement of TRPM4 and TRPM5 in parietal cells has not yet been 

confirmed, although this would be a potentially key target in the regulation of gastric acid 

secretion and associated symptoms. 
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1.3 Role of taste receptors in the oral cavity and in extra-oral tissues 

Although taste receptor proteins were first discovered in the oral gustatory system (Ekoff et al., 

2014; Gilca & Dragos, 2017), research over the past 20 years revealed their expression in 

multiple extra-oral tissues and organs that play critical roles in the maintenance of metabolic 

homeostasis and in disease response (Edgar et al., 2002; Barrett et al., 2013). Even gene 

expression levels of taste receptor proteins, like for many other G protein-coupled receptors 

(GPCRs), are typically low, they can utilize a powerful intracellular amplification cascade for 

signaling, which is a common feature of GPCRs (Ross, 2014), making high expression levels 

not be required for significant physiological effects. This knowledge has opened a new field 

investigating the distribution, functionality and physiological roles of extra-oral taste receptors 

(Lee et al., 2019). 

 

1.3.1 Functional role of the sweet taste receptor (TAS1R2/TAS1R3) 

Taste receptor cells sensing sweet (TAS1R2/TAS1R3) (Kim et al., 2017) and umami 

(TAS1R1/TAS1R3) (Han et al., 2018) have also been hypothesized to impact food intake 

(Depoortere, 2014). One of the central questions associated with this hypothesis is whether 

the sweet taste of a compound has an impact on total energy intake. Answering this question 

is of global importance since the excessive consumption of sugar, particularly in sugar-

sweetened beverages, has been linked to the rising rates of obesity worldwide (Malik et al., 

2006; Bermudez & Gao, 2010). For more than the past two decades, one of the strategies to 

combat the current obesity crisis has been to reduce energy intake by replacing sugar with 

high intensity sweeteners in commercial products (Benton, 2005; Swithers et al., 2010). 

Unfortunately, the prevalence of obesity has continued to increase. A meta-analysis of 

controlled human intervention studies and prospective cohort trials in 2014 even revealed that 

consumption of high intensity sweeteners was not associated with a reduced energy intake 

(Miller & Perez, 2014), instead suggesting that habitual consumption of sweetness without the 

associated energy may actually increase appetite and encourage the intake of alternative 

foods (Mattes & Popkin, 2009). However, the molecular mechanisms by which and to which 

extend sweet-tasting compounds stimulate food intake via activation of sweet taste receptors 

have not been studied comprehensively so far. Although the identification of sweet taste 

receptors in the oral cavity (Hoon et al., 1999; Nelson et al., 2001) and the gastro-intestinal 

tract (Dyer et al., 2005; Jang et al., 2007) provided important insights, it is still unclear whether 

the habitual use of large amounts of sugar or high intensity sweeteners impairs mechanisms 

regulating food intake by modulation of oral, gastro-intestinal or brain sensing mechanisms of 

sweetness (Bartoshuk et al., 2006; Westerterp, 2006; Duffy, 2007). A recent human 

intervention study published in 2020 demonstrated that an addition of 60 ppm of the TAS1R3 

antagonist lactisol to a 10% sucrose-in-water drink increased total energy intake from a 



Introduction 
 

8 

subsequent standardized ad libitum breakfast and reduced plasma concentrations of the 

satiating neurotransmitter serotonin compared to administration of the sucrose solution solely 

(Schweiger et al., 2020). Since the addition of the same dose of lactisol to a 10% glucose-in-

water drink, targeting TAS1R2, did not affect total energy intake, a pivotal role of TAS1R3 in 

mechanisms regulating energy intake might be hypothesized (Inoue et al., 2004; DuBois, 2016; 

Zhao et al., 2018).  

However, this study neither investigated the underlying molecular mechanisms nor 

discriminated between TAS1R3 sweet sensing in the oral cavity, the gastro-intestinal tract, the 

brain and the periphery. All these sites are involved in the complex interplay of a plethora of 

hormonal, neural, and metabolic signals transmitted to the brain to regulate satiation, which 

refers to processes that promote meal termination, thereby limiting meal size (Blundell & 

Halford, 1994; Smith, 1998), and satiety, which refers to postprandial events that affect the 

interval to the next meal, i.e. regulating meal frequency, which is also influenced by learned 

habits (Strubbe & Woods, 2004).  

In a cell model, immortalized human parietal cells (HGT-1) were exposed to various 

sweeteners, e.g. cyclamate, targeting the TAS1R2/3 sweet receptor which not only stimulated 

proton secretion but also the release of the neurotransmitter serotonin by cAMP- and  

Ca2+-dependent signaling pathways (Zopun et al., 2018a; Zopun et al., 2018b). Since these 

effects were reduced by the TAS1R3 antagonist lactisole, involvement of the TAS1R2/3 

heterodimer is strongly hypothesized. However, knowledge regarding the role of the stomach 

in gastro-intestinal serotonin secretion and its impact on satiation is scarce. Although very early 

studies from the 1980ies showed that peripherally administered serotonin decreases food 

intake in rats, only central serotonin has been considered as satiating (Pollock & Rowland, 

1981). This assumption might be re-evaluated as also in 2004, gastric distension-induced 

released serotonin was demonstrated to stimulate c-Fos expression in specific brain nuclei via 

5-HT3 receptors in conscious rats, indicating a satiating potential of peripheral serotonin 

(Mazda et al., 2004). 

In mice, a diet-induced obesity led to a reduced number of taste buds on the tongue and 

increased food intake which is associated with reduced taste perception (Kaufman et al., 

2018). In addition, another study has shown that by pharmacologically blocking of sweet taste 

receptors in humans using Gymnema sylvestre, the desire for sweet taste qualities decreases 

(Turner et al., 2020). This could mean that people with a reduced sense of sweet taste, like 

the obese mice (Kaufman et al., 2018), need more intense stimuli and therefore a higher 

energy intake to achieve a feeling of satiation and reward (Noel et al., 2017). 

 



Introduction 
 

9 

1.3.2 Functional role of bitter taste receptors (TAS2Rs) 

One of the early studies showing an extra-oral functionality of TAS2Rs was published by 

Deshpande et al., 2010, who demonstrated that TAS2Rs on airway smooth muscle cells trigger 

bronchodilation through localized calcium signaling, resulting in the reversal of airway 

obstruction. TAS2Rs and their downstream signaling molecules have also been identified in 

the intestinal tract, where a functional role for a small number of these receptors in the 

detection of nutrients and resulting hormonal and neural cascades regulating food intake has 

been shown (Chen et al., 2006; Le Nevé et al., 2010). Specifically, for some of the 25 receptors 

of the human TAS2R family, which help to avoid ingestion of bitter-tasting, potentially toxic 

food ingredients (Behrens & Meyerhof, 2018), a pivotal role has been demonstrated in the 

delay of gastric emptying (e.g. mice TAS2R108; Avau et al., 2015) stimulated by denatonium 

benzoate, one of the most bitter-tasting compounds known (Zeece, 2020a), as well as gastric 

acid secretion and gastric motility (e.g. human TAS2R43) induced by the bitter-tasting 

compound caffeine and ameliorated by the bitter-masking compound homoeriodictyol (Liszt et 

al., 2017). 

The feeling of satiation is triggered, among other factors, by an increased serotonin level in the 

brain due to its appetite-suppressing effect (Wurtman & Wurtman, 1995; Blundell & Halford, 

1998). But not only the serotonin level in the brain has an effect on the digestion of foods and 

associated metabolic processes. Serotonin secreted into the intestinal mucosa leads to the 

activation of serotonin receptors. Subsequent stimulus transmission by excitatory motor 

neurons via acetylcholine and inhibitory motor neurons via nitric oxide results in peristalsis of 

the intestinal muscles (Costedio et al., 2007). The following results, in which their effects were 

suppressed, show that bitter tastants also play a role here (Hochkogler et al., 2017). When the 

bitter-masking compound homoeriodictyol was consumed by moderately overweight male 

subjects, their energy intake from an ad libitum breakfast increased, especially the intake of 

protein. In addition, a reduced release of serotonin into plasma was observed. However, there 

are not only compounds that reduce the effects of bitter compounds, but also those that 

enhance their impact. The synthetic capsaicinoid nonivamide, for example, has a satiating 

effect, reduces the energy intake and increases the serotonin level in the plasma (Hochkogler 

et al., 2014). Recent results show that the addition of nonivamide and the amino acid L-arginine 

to wheat protein hydrolysate further enhances these effects. Furthermore, increased serotonin 

levels in plasma and delayed gastric emptying were observed (Stoeger et al., 2019). In terms 

of satiety, it has long been known that proteins are the most effective macronutrients (Morell 

& Fiszman, 2017). One point to bear in mind here is that proteins ingested through foods are 

broken down by pepsin into peptides and amino acids, such as L-arginine, during gastric 

digestion, especially under the acidic conditions in the stomach (Heda et al., 2024). The 

gastrointestinal digestion of compounds in the human body plays another important role. 
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Starting with digestion in the mouth, the structure of consumed compounds is changed, which 

can lead to the activation of different receptors during the digestion. The fact that peptides 

released during digestion have effects on functions and physiology of the human body is also 

shown by a patent, in which casein-derived hexapeptides have anxiolytic activity (Balandras 

et al., 2007). In another patent it was shown that peptides released from casein affect the 

production of fibrillin in fibroblasts (Smith, 2003). 

However, an overall satiating effect of TAS2R agonists, resulting in reduced food and/or energy 

intake, is currently under debate since human intervention studies reveal conflicting results. 

Whereas oral administration of about 500 µg/kg denatonium benzoate (Avau et al., 2015) as 

well as 18 mg quinine as TAS2R agonists increased satiation and reduced total food intake in 

healthy subjects by about 10% (Andreozzi et al., 2015), and an oral bolus dose of 30 mg 

homoeriodictyol as TAS2R antagonist, in contrast, increased appetite and total energy intake 

from a standardized breakfast by about 7% (Hochkogler et al., 2017), intra-duodenal infusion 

of high amounts of up to 225 mg quinine failed to affect energy intake (Bitarafan et al., 2019). 

These contradictory results show that the site of action of the bitter compounds used is of 

central importance. In addition to the different functions of the targeted cell types, it should be 

considered that besides proteins, digestion and metabolization can also lead to structural 

changes of other food constituents and consequently to changes in their effect, for instance on 

satiation. While these factors have been very well investigated and described for drugs, there 

is not yet sufficient evidence available for bioactive food ingredients. In the case of quinine, it 

would be conceivable, that the orally ingested compound is already modified in the stomach in 

such a way that hardly any equivalents of the intact quinine reach the intestine. It has been 

shown, for instance, that quinine can undergo inversions and additions when exposed to low 

pH levels given in the stomach by gastric acid, which can lead to a loss of the hydrophobic 

vinyl group (Dawidowicz et al., 2018) and thus to a change in the impact of the compound, for 

example on the described energy intake. 

In addition to the results from human and animal studies, fundamental involvement of bitter 

taste receptors in physiological outcomes has also been demonstrated in cell culture. Since 

treatment of immortalized human parietal cells with the bitter-tasting amino acid L-arginine 

(targeting at least TAS2R1 and TAS2R38) also stimulated proton secretion and the release of 

serotonin from HGT-1 cells (Stoeger et al., 2020), it can be assumed that amino acids and 

bitter peptides, which are released during digestion, can also have a bitter taste receptor-

mediated influence on gastric functions. While activation of TAS2R1 and TAS2R4 could be 

shown for other amino acids than L-arginine, such as L-phenylalanine and L-tryptophan, bitter 

peptides such as LLL, YPFPGPIHNS, and LVYPFPGPIHNXX also activate TAS2R1/4/39 

(Kohl et al., 2013). Experiments with casein hydrolysates showed not only activation of the 

classic receptors associated with bitter peptides like TAS2R1/4/14/39/46, but additionally 
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intercellular calcium mobilization by HEK293 cells overexpressing TAS2R16 (Maehashi et al., 

2008; Dai et al., 2024). In the context of TAS2R16, it was shown that the dipeptide 

L-tryptophan-L-tryptophan, which activates TAS2R1/4/39 (Kohl et al., 2013), also has inhibitory 

effects on TAS2R14/16/43/46 (Ojiro et al., 2021), resulting in an interesting interplay involving 

several different receptors, as present in native cells, which has not yet been investigated 

further. This demonstrates that the potential digestion products of dietary proteins, namely 

amino acids and peptides, have an influence on digestive processes and satiation both in 

animal and human experiments and at the cellular level. 

While obesity as a state of low-grade chronic inflammation can lead to numerous metabolic 

diseases (Hildebrandt et al., 2023), inflammatory processes are another aspect alongside 

satiety and overweight in which bitter taste receptors can play a role. To understand how bitter 

compounds can counteract the release of pro-inflammatory cytokines and where the 

underlying signaling pathways may intersect, the processes of inflammatory responses in the 

human body need to be introduced. 

 

1.4 Inflammatory responses in the human organism  

There are a variety of factors that can induce inflammatory processes in response to a pro-

inflammatory stimulus or event in the human body. In addition to chemical factors, such as 

alcohol and heavy metals like nickel, or physical influences, like burns, frostbite or foreign 

bodies, infectious factors are considered to be the most complex ones (Chen et al., 2017). 

These include viruses, bacteria and other microorganisms that exhibit so-called pathogen-

associated molecular patterns (PAMPs), such as the lipopolysaccharides (LPS) of gram-

negative bacteria. However, non-infectious influences also trigger the release of damage-

associated molecular patterns in the organism, which initiate the inflammatory response 

(Kawai & Akira, 2010). Basically, all inflammations are defense mechanisms (Nathan & Ding, 

2010), primarily intended to eliminate the initiator and subsequently induce healing (Ferrero-

Miliani et al., 2007). Mechanistically, inflammatory responses are characterized by pain, 

swelling, redness, heat, and even loss of function of the respective tissue (Takeuchi & Akira, 

2010). These are caused, for instance, by the recruitment and accumulation of leukocytes, the 

secretion of chemokines and cytokines, but also by changes in vascular permeability (Chertov 

et al., 2000; Ferrero-Miliani et al., 2007). The leukocytes involved, which are recruited to the 

site of inflammation, include macrophages, monocytes and lymphocytes (Fig. 5).  

Macrophages recognize foreign structures (antigens) of bacteria and viruses, which are taken 

up by phagocytosis and undergo intracellular digestion, making them harmless. Macrophages 

are also able to release cytokines and present antigens to activate other leukocytes (Fujiwara 

& Kobayashi, 2005). Monocytes are considered to be the main source of pro- and anti-

inflammatory cytokines and therefore play an important role in transmitting signals to the 
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surrounding tissue and in attracting other immunocompetent cells (Wrigley et al., 2011). 

Lymphocytes can in turn be divided into different classes, with T and B lymphocytes making 

up the two main classes, both of which are also involved in the above-mentioned release of 

cytokines (Srikakulapu & McNamara, 2020). While T lymphocytes are activated by antigen-

presenting cells, such as macrophages, leading also to the release of cytotoxic proteins that 

induce apoptosis of the targeted cell, B lymphocytes are involved in the production of 

antibodies (Burger & Dayer, 2002; Srikakulapu & McNamara, 2020). In addition to the aspects 

in which the functions of the various cell types differ, they share a common feature, namely the 

release of pro- and anti-inflammatory cytokines that stimulate or inhibit inflammatory 

responses. In addition to interleukins (IL), a differentiation is also made between tumor 

necrosis factors (TNF), interferons (IFN), colony-stimulating factors (CSF) and chemokines, 

whereby these are primarily intended to recruit leukocytes to the site of inflammation (Turner 

et al., 2014). While the cause of inflammation is usually neutralized by normal cytokine 

production through regulation of the immune response, excessive cytokine release can lead 

to serious consequences such as metabolic disorders, tissue damage, allergies, organ failure 

and even death (Czaja, 2014; Liu et al., 2016). 

 

 

Figure 5: Illustration of the cell types mainly involved in inflammatory responses. While 

macrophages, monocytes and B and T lymphocytes differ in some of their functions, they are all involved 

in the release of cytokines (Burger & Dayer, 2002; Fujiwara & Kobayashi, 2005; Wrigley et al., 2011; 

Srikakulapu & McNamara, 2020). Created with BioRender.com. 

 

With regard to infections affecting the stomach, for instance caused by the specialized 

bacterium Helicobacter pylori (H. pylori), which has already infected around half of the world's 

population (Pormohammad et al., 2019), an overproduction of pro-inflammatory cytokines can 

also be found in the gastric mucosa. In the case of long-term inflammation, immunocompetent 

cells can cause damage to the mucosa through the formation of reactive oxygen species, 
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among other factors, which can promote the development of gastritis and consequently also 

the risk of gastric ulcers and cancer (Crabtree, 1996; McColl et al., 2000; Wei et al., 2024). 

 

1.4.1 Underlying cellular signaling pathways 

Looking at the intracellular processes that are induced by inflammation, two main signaling 

pathways can be distinguished that make it possible to map most of the underlying cellular 

mechanisms, namely the NF-κB and the MAPK signaling pathway (Fig. 6) (Chen et al., 2017). 

PAMPs are recognized via receptors with extracellular domains, such as Toll-like receptors 

(TLRs), whereby activation of the IκB kinase can be initiated via the adapter molecules TIRAP 

and MyD88, which are associated with TRAF6, as part of the NF-κB signaling pathway. When 

bound, IκB prevents nuclear translocation of the two transcription factors RelA and p50 

(Kadhim et al., 2001). The phosphorylation of the protein catalyzed by the IκB kinase, followed 

by intracellular degradation, releases RelA and p50 and causes increased transcription of 

cytokine-encoding genes in the nucleus (Lawrence, 2009; Hayden & Ghosh, 2012). Binding of 

pro-inflammatory cytokines to their corresponding receptors, such as IL-17 binding to IL-17R, 

also leads to activation of IκB kinase via TRAF6, thereby triggering the NF-κB pathway 

(Dainichi et al., 2019). However, TRAF6 is not only the link to the NF-κB signaling pathway, 

but can also initiate the activation of MAP kinase kinase kinases (MAPKKKs) as part of the 

MAPK pathway. The active form of MAPKKKs catalyzes the phosphorylation of MAPKKs, 

which in turn catalyze the phosphorylation of MAPKs (Dhillon et al., 2007). The MAP kinase 

group includes numerous transcription factors, such as Erk1/2, JNK, and p38, which, after 

activation by phosphorylation followed by nuclear translocation, also stimulate the transcription 

of genes that are finally responsible for the increased cytokine expression (Kim & Choi, 2010). 

They also induce the expression of the cyclooxygenases (COX-) 1 and 2 (Patel et al., 2012), 

which form the basis for prostaglandin synthesis. All these enzymes mentioned here are 

therefore involved in inflammatory processes in the human body and provide potential targets 

for anti-inflammatory compounds. 
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Figure 6: Schematic overview of the intracellular processes involved in inflammation via the two 

main signaling pathways NF-κB and MAPK. The two adapter proteins TIRAP (TIR domain containing 

adaptor protein) and MyD88 (myeloid differentiation primary response 88) are used to initiate TRAF6 

(tumor necrosis factor receptor associated factor 6)-dependent activation of IκB kinase or MAPKKK 

(mitogen-activated protein kinase kinase kinase). As part of the NF-κB signaling pathway, 

phosphorylation of IκB by IκB kinase leads to the release of the two transcription factors RelA and p50, 

which results in nuclear translocation, leading to the expression of relevant cytokine genes. The 

MAPKKK of the MAPK signaling pathway catalyzes the phosphorylation of MAPKK, which in turn 

activates MAPK by phosphorylation. MAPKs include Erk (extracellular-signal regulated kinases) 1/2, 

JNK (c-Jun N-terminal kinases) and p38, which also act as transcription factors. Both signaling pathways 

increase the expression and ultimately the release of pro-inflammatory cytokines (adapted from Kadhim 

et al., 2001; Dhillon et al., 2007; Lawrence, 2009; Kim & Choi, 2010; Hayden & Ghosh, 2012; Chen et 

al., 2017; Dainichi et al., 2019). Created with BioRender.com. 
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1.5 Cellular mode of action of anti-inflammatory compounds  

1.5.1 Mechanisms of anti-inflammatory medications 

The two most well-known anti-inflammatory drugs, ibuprofen and acetylsalicylic acid, are COX 

inhibitors, which prevent the synthesis of prostaglandin H2 from arachidonic acid by inhibiting 

the activity of COX-1 and pro-inflammatory cytokine-induced COX-2 (Vane, 1971; Davies, 

1998). The hormone cortisol, which is also used as an anti-inflammatory drug, intervenes much 

earlier in the signaling cascade. On the one hand, cortisol leads to a reduction in the mRNA 

expression of toll-like receptors and various pro-inflammatory cytokines. On the other hand, 

the decisive phosphorylation steps in both the NF-κB and MAPK pathways are inhibited. As a 

result, the transcription factors RelA and p50 are neither released nor can the gene sequences 

that code for inflammatory cytokines be read if the phosphorylation of MAPK fails to occur 

(Barnes, 2010; Dong et al., 2018). Acetylsalicylic acid and ibuprofen are synthetically produced 

drugs that are used to treat inflammation in the human body and are classified as non-steroidal 

anti-inflammatory drugs (NSAIDs), while cortisol is a hormone that is produced in the adrenal 

cortex and, like the synthetic prednisone, belongs to the group of steroids. In general, NSAIDs 

can be divided into four groups (Bacchi et al., 2012; Bindu et al., 2020): while drugs such as 

ibuprofen and aspirin, but also diclofenac, belong to category I and non-selectively inhibit both 

COX-1 and COX-2, celecoxib from category II has a preference for inhibiting COX-2, although 

it still blocks COX-1 at the same time. This selectivity is even more pronounced in group III 

drugs, for example rofecoxib shows almost no inhibition of COX-1. Sodium salicyclate, which 

belongs to the last group, is considered to be a weak inhibitor of both cyclooxygenases. At this 

point it should be mentioned that the bitter-tasting β-glucopyranoside salicin from willow bark 

(Hänsel, 2010), which is able to trigger selective TAS2R16 activation (Meyerhof et al., 2010), 

is metabolized in the human liver to salicylic acid (Mahdi, 2014), and is therefore representative 

of active compounds that are formed during digestion in the human organism. This shows that 

not only synthetic drugs or the body's own messengers, but also a variety of bioactive 

compounds that are ingested with foods can act as anti-inflammatory agents. 

 

1.5.2 Functional role of food constituents in inflammatory processes 

Besides the intake of medication that specifically reduces inflammation in the human body, 

food constituents can also influence inflammatory responses. In addition to polyphenols, such 

as epigallocatechin-3-gallate (Ahmad et al., 2000), curcumin (Kumar et al., 1998), and 

resveratrol (Tiroch et al., 2021), which are found in numerous plants, a variety of terpenoids, 

such as celastrol (Jin et al., 2002) and kamebakaurin (Lee et al., 2004), are also considered 

inhibitors within the NF-κB signaling pathway. This means that various types of fruit and 

vegetables such as apples, cherries, grapes, broccoli, peppers and onions, as well as coffee 
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and tea, provide some compounds that can potentially minimize inflammatory responses in the 

body (Nam, 2006). 

For primary human gingival fibroblasts (HGF) it could be shown that both the LPS-induced 

enhancement of IL-6 and IL-8 gene expression and an increased secretion of IL-8 could be 

reduced by treatment with the TAS2R16 agonist salicin. A knock-down by siRNA targeting 

TAS2R16 abolished this effect, demonstrating the involvement of TAS2R16 in the reduced 

secretion of pro-inflammatory cytokines (Zhou et al., 2021). Anti-inflammatory effects of bitter 

compounds have also been shown with immortalized human gingival fibroblasts (HGF-1). 

While a reduction in the LPS-induced release of IL-6 and IL-8 in HGF-1 cells by flavanones 

and erionic acids was demonstrated in 2016 (Walker et al., 2016) without considering the 

possible involvement of bitter taste receptors in these processes, their role was clarified and 

validated five years later. Here it was shown that trans-resveratrol, which has a bitter taste that 

can be reduced by the bitter masking-compound HED, can reduce the LPS-induced secretion 

of IL-6 by HGF-1 cells with the involvement of TAS2R50 (Tiroch et al., 2021). Furthermore, a 

correlation between the bitter taste perception threshold of various polyphenols, as well as 

other bitter-tasting food constituents such as L-arginine and caffeine, and their ability to reduce 

LPS-induced IL-6 release was demonstrated (Tiroch et al., 2023). Those compounds with 

lower threshold values, such as quinine and sinensetin, led to a stronger inhibition of IL-6 

secretion. Although there are other bitter-tasting amino acids and peptides besides L-arginine 

that can induce physiological reactions via TAS2Rs, a connection between the anti-

inflammatory effects of these compound classes and bitter taste receptors has not yet been 

found (Tagliamonte et al., 2024). 

Nevertheless, peptides have become increasingly important in recent years, as their structure 

is extremely diverse due to their composition of different amino acids, which is why they have 

a wide range of applications (Bhandari et al., 2020). Of particular interest here is the fact that 

the digestion of proteins leads to amino acids and peptides that could potentially influence 

physiological processes such as gastric acid secretion or gastric inflammation. Since bovine 

milk and dairy products are important components of the diet of a large part of the world's 

population (Haug et al., 2007), caseins are among the most important animal proteins in the 

human nutrition. Casein peptides, in particular casokinins, are known to have ACE inhibitory 

effects (Ibrahim et al., 2016), which lead to a reduction in blood pressure by inhibiting the 

conversion of angiotensin I to angiotensin II, while casein-derived glycomacropeptides and 

casoplateins have anti-bacterial (Hayes et al., 2006) and anti-thrombotic effects (Liu et al., 

2019), respectively, and casoxins act as opioid receptor agonists (Fig. 7) (Teschemacher et 

al., 1997; Kazimierska & Kalinowska-Lis, 2021). However, the beneficial effects found relate 

to the direct examination of the peptides and not to possible concentrations that may be 

generated during the digestion of the corresponding precursor proteins. 
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Figure 7: Overview of the various pathways via which casein-derived peptides can induce anti-

inflammatory effects. In addition to inhibitory effects on ACE (angiotensin-converting enzyme) activity, 

the release of cytokines and thrombotic activity, agonistic effects on opioid receptors and anti-bacterial 

effects caused by casein peptides were also demonstrated (Kazimierska & Kalinowska-Lis, 2021). 

Created with BioRender.com. 

 

With regard to the content of the present work, the anti-inflammatory effects of peptides 

mediated by TAS2Rs should also be focused, especially in view of the frequently occurring 

bitter taste of peptides. For instance, the peptide YFYPEL from αS2-casein has been shown to 

reduce LPS-induced IL-6 mRNA expression in human intestinal epithelial cells (Chen et al., 

2023). Casein hydrolysates are known to have anti-inflammatory effects through the 

downregulation of COX-2, the inhibition of the NF-κB signaling pathway (Nielsen et al., 2012) 

or a reduction in leukocyte recruitment (Aihara et al., 2009). Peptides of other origins have also 

shown beneficial effects in terms of inflammation in the past. In addition to whey and fish 

protein hydrolysates, which also reduced expression of IL-8 and apoptosis (Marchbank et al., 

2009; Piccolomini et al., 2012; Iskandar et al., 2013), hydrolysates of plant proteins such as 

soy and wheat also revealed such a reduction (Sato et al., 2013) and an inhibition of NF-κB 

(Mejia & Dia, 2009) and the reduction of oxidative stress (Kovacs-Nolan et al., 2012). However, 

peptides in general may not only have anti-inflammatory effects, but also pro-inflammatory 

properties in their function as antigens (Depraetere, 2000). On a mechanistic level, incubation 

of macrophages with the thaumatin-like protein from Litchi chinensis could show enhanced 
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gene expression of nitric oxide synthase and COX-2 and increased production of TNF-α and 

interleukin 1β (Chen et al., 2020). 

In general, food-derived peptides have been shown to interfere with various cellular signaling 

pathways. In addition to the aforementioned influences on the expression of inflammatory 

cytokines or enzymes associated with inflammation and the NF-κB pathway, peptides can also 

reduce TLR4 expression or inhibit the MAPK pathway (Galland et al., 2022). With all these 

modes of action, it cannot be ruled out that the taste quality and the associated ability of bitter 

peptides to activate extra-oral TAS2Rs also play a part in this. In particular, since the two bitter 

compounds resveratrol (Tiroch et al., 2021) and salicin (Zhou et al., 2021) were able to reduce 

the LPS-induced expression of pro-inflammatory cytokines via TAS2R50 and TAS2R16, as 

described above.  

 

1.6 Aim of this work and hypotheses 

The here presented dissertation hypothesized that bitter-tasting food constituents may have 

beneficial effects on physiological functions of the stomach with regard to gastric acid 

secretion, as key mechanism of digestion, and the release of pro-inflammatory cytokines. For 

their mode of action, it must be ensured that the dietary-derived bitter compounds are released 

upon gastric digestion to reach their site of action. While bitter taste receptors in the oral cavity 

are activated directly by bitter-tasting food constituents, activation of gastric bitter taste 

receptors requires the presence of bitter-tasting compounds during and/or after gastric 

digestion. So far, very little is known regarding the effects of bitter-tasting peptides that are 

released from dietary, especially non-bitter-tasting, proteins during gastric digestion.  

The aim of this work was to (i) identify and characterize bitter-tasting peptides released during 

gastric digestion of the non-bitter-tasting proteins casein und thaumatin, and (ii) to demonstrate 

their TAS2R-dependent effects on proton secretion, as the fundamental mechanism of gastric 

acid production, and on anti-inflammatory processes in immortalized human parietal cells. 

While the majority of previously published work is focused on the interaction of extra-oral 

TAS2Rs with bitter-tasting compounds that are found in foods, the results of this work were 

aimed at demonstrating that bitter-tasting peptides, released from non-bitter-tasting dietary 

proteins, have beneficial effects on mechanisms regulating gastric acid secretion and the 

Helicobacter pylori-evoked release of pro-inflammatory cytokines. 
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 Materials and Methods 

Cell culture 

Cultivation of immortalized human parietal cells (HGT-1) in DMEM with 10% FBS and 1% 

penicillin and streptomycin was performed under standard conditions at 37 °C and 5% CO2. 

More detailed information on this can be found in the integrated publications Richter et al., 

2022; Richter et al., 2024a; Richter et al., 2024b and in the work of Liszt et al., 2015. 

 

Determination of cell viability using the MTT assay 

Cell toxic effects of the compounds used were excluded by incubating the cells for the time 

periods and in the concentrations relevant for the subsequent experiments. The cells were 

then treated with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). This 

yellow tetrazolium salt is reduced to the water-insoluble formazan by NADH and NADPH, 

which is formed by living cells with normal metabolic activity. Its absorption in DMSO ultimately 

allows conclusions about the cell viability and therefore the toxicity of the investigated 

compounds. More detailed information on this can be found in the integrated publications 

Richter et al., 2022; Richter et al., 2024a; Richter et al., 2024b and in the work of Liszt et al., 

2015. 

 

Measuring the influence of food constituents on proton secretion by means of the pH-

sensitive fluorescent dye SNARF™-1 

The determination of the proton secretion by HGT-1 cells was performed by measuring the 

intracellular pH value. For this purpose, the cells were stained with the pH-sensitive fluorescent 

dye 5-(and-6)-carboxy SNARF™-1 and then stimulated with the compounds to be examined. 

Based on the measured changes in the fluorescence intensities, the IPX values were 

calculated, which allow conclusions to be drawn about secretory activity. More detailed 

information on this can be found in the integrated publications Richter et al., 2022; Richter et 

al., 2024a; Richter et al., 2024b and in the work of Liszt et al., 2012; Liszt et al., 2015. 

 

Measurements of intracellular calcium and sodium concentrations with specific 

fluorescent dyes 

Analogous to the determination of the proton concentrations, the intracellular calcium and 

sodium concentrations were measured using the specific fluorescent dyes SBFI and Cal-520, 

which emit different strong fluorescence intensities depending on the complexation status. 

More detailed information on this can be found in the integrated publication Richter et al., 

2024a. 
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Measurement of intracellular sodium concentrations using laser-ablation inductively 

coupled plasma mass spectrometry (LA-ICP-MS) 

To validate the intracellular sodium concentrations determined by means of the sodium-

sensitive fluorescent dye, the sodium content in the cytosol of the HGT-1 cells after treatment 

with food constituents was also examined by LA-ICP-MS. More detailed information on the 

parameters used can be found in the integrated publication Richter et al., 2024a. 

 

Reduction of the expression of specific genes via transient siRNA knock-down 

approaches 

To detect the involvement of certain receptors or ion channels, the expression of this specific 

protein was reduced by using small interfering RNA (siRNA). The siRNA was transferred into 

the cells as a complex with Lipofectamine™ RNAiMAX, whereby the strongest reduction in 

expression was achieved after 72 hours of transfection. As a negative control, cells were 

treated analogously with unspecific siRNA (mock-transfection). The cells were then analyzed 

with the corresponding cell-based assays. More detailed information on this can be found in 

the integrated publications Richter et al., 2022; Richter et al., 2024a; Richter et al., 2024b and 

in the work of Zopun et al., 2018b. 

 

Experiments with TAS2R43 knock-out HGT-1 cells 

To investigate the involvement of the bitter taste receptor TAS2R43, the identical TAS2R43 

Homozygous KO clone as in the work of Liszt et al., 2017 was used. 

 

Real-time quantitative PCR (RT-qPCR) 

To determine the quantitative expression of selected genes, the cells were incubated with the 

relevant compounds and then lysed. After RNA isolation using silica gel centrifugation 

columns, any DNA present was digested before the RNA was subsequently transcribed into 

cDNA using the reverse transcriptase enzyme. Quantitation was done after each PCR doubling 

step by SYBR, which allowed the calculations for a relative comparison (double delta Ct 

analysis). More detailed information on this can be found in the integrated publications Richter 

et al., 2022; Richter et al., 2024a; Richter et al., 2024b and also in the work of Liszt et al., 2017. 

 

Immunocytochemistry 

To detect the expression of the investigated ion channels at the protein level, they were 

localized using fluorescence labeling. The exact procedure and the antibodies used can be 

found in the integrated publication Richter et al., 2024a. 
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Quantitation of chemokines and cytokines by means of Enzyme-linked immunosorbent 

assay (ELISA) and proteome profiler 

The first step in quantifying the chemokines and cytokines investigated was to screen the cell 

supernatants using the Proteome Profiler Human Cytokine Array Kit according to the 

manufacturer's protocol to establish a suitable cell model. More specific analyses of the 

influence of food constituents and the involvement of bitter taste receptors were then carried 

out by ELISA according to the standard protocol. More detailed information on this can be 

found in the integrated publication Richter et al., 2024b. 

 

Quantitative protein determination by Bradford assay 

To determine the physiologically achievable concentrations of thaumatin-derived peptides in 

the stomach, the protein content of commercially available sweetener tablets was determined 

using Bradford solution. More detailed information on this can be found in the integrated 

publication Richter et al., 2024b. 

 

In vitro digestion 

For simulated digestion, the intact proteins were first dissolved or suspended in a buffer that 

mimicked the composition of saliva (SSF). After a five-minute incubation at 37 °C, simulated 

gastric fluid (SGF), which adjusted the pH to 3 and contained pepsin, was added to the 

solution. During the continuous incubation at 37 °C, samples were taken at periodic intervals. 

The resulting peptides were then either purified for the cell-based assays or analyzed by mass 

spectrometry. The protocol used is mainly based on the work of Brodkorb et al., 2019, whereby 

more detailed information on this can be found in the integrated publications Richter et al., 

2022; Richter et al., 2024b. 

 

In vivo digestion 

To validate the functionality of the in vitro digestion, the proteins were additionally administered 

to pigs whose peptide-containing stomach contents were collected after two hours and 

identified and quantified by mass spectrometry. More detailed information on this can be found 

in the integrated publications Richter et al., 2022; Richter et al., 2024b. 

 

Identification, quantitation and validation of the formed peptides using Liquid 

Chromatography-Mass Spectrometry (LC-MS) approaches  

The samples generated in vitro and in vivo were analyzed using Liquid Chromatography Time-

of-Flight Mass Spectrometry (LC-ToF-MS) and the recorded spectra were compared with 

spectra generated in silico using the MaxQuant software (Cox & Mann, 2008), based on the 

amino acid sequences of the intact proteins. The peptides identified from the transitions were 
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then checked for their taste quality using bitter prediction tools and their formation during 

gastric digestion was validated by targeted Liquid Chromatography Tandem Mass 

Spectrometry (LC-MS/MS) measurements of the samples and externally synthesized 

reference peptides. The selected peptides were also quantified by LC-MS/MS. More detailed 

information on the parameters used can be found in the integrated publications Richter et al., 

2022; Richter et al., 2024b and in the work of Sebald et al., 2018; Sebald et al., 2020. 

 

Sensory trials 

To validate the bitter taste quality of the selected peptides, solutions of these were sensory 

evaluated. For this purpose, three-alternative forced choice (3-AFC) tests as well as studies 

on the most dominant taste sensation were carried out. More detailed information on this can 

be found in the integrated publications Richter et al., 2022; Richter et al., 2024b and in the 

work of Frank et al., 2014; Meilgaard et al., 2016. 
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 Results 

3.1 Integrated publication I: Bitter Peptides YFYPEL, VAPFPEVF, and 

YQEPVLGPVRGPFPIIV, Released during Gastric Digestion of Casein, Stimulate 

Mechanisms of Gastric Acid Secretion via Bitter Taste Receptors TAS2R16 and 

TAS2R38 

 

All references to tables and figures in this section refer to the following publication, which can 

be found in the appendix to this thesis from page 68, including published supplementary data. 

 

Richter, P., Sebald, K., Fischer, K., Behrens, M., Schnieke, A., & Somoza, V. (2022). 

Bitter Peptides YFYPEL, VAPFPEVF, and YQEPVLGPVRGPFPIIV, Released during 

Gastric Digestion of Casein, Stimulate Mechanisms of Gastric Acid Secretion via Bitter 

Taste Receptors TAS2R16 and TAS2R38. 

In: Journal of Agricultural and Food Chemistry (Vol. 70, Issue 37, pp. 11591–11602). 

American Chemical Society (ACS). https://doi.org/10.1021/acs.jafc.2c05228 

 

In the past, bitter-tasting amino acids such as L-arginine and L-tryptophan have been shown 

to stimulate the proton secretion by immortalized human parietal cells (HGT-1). In this work, it 

was hypothesized that bitter peptides generated from non-bitter casein during gastric digestion 

influence the proton secretion by HGT-1 cells via the involvement of bitter taste receptors 

(TAS2Rs) (Fig. S1). Using an in vitro gastric digestion approach, 238 different peptides 

derived from casein (mixture of αS1-, αS2-, βA1/2-, and κ-casein) were identified using LC-ToF-

MS and MaxQuant software. An in vivo validation in pigs resulted in 270 unique peptides, 

whereby all of the peptides identified in the in vitro approach were also found here. By applying 

various in silico bitter prediction tools, five potential bitter peptides (PVVVPPFLQPEVM from 

βA1/A2-CN81–93, VAPFPEVF from αS1-CN25–32, YFYPEL from αS1-CN144–149, 

YQEPVLGPVRGPFPIIV from βA1/A2-CN193–209, and YYVPLGTQ from αS1-CN165–172) were 

selected and their formation was confirmed both in vitro and in vivo by targeted proteomics 

(Tab. S2) by comparison with commercially synthesized reference peptides (Fig. S2). The 

resulting peptide concentrations were determined in vitro (Fig. 1A) with the corresponding 

release rates (Fig. 1B) and in vivo (Fig. 1C) by LC-MS/MS, whereby the peptide fragments 

shown in Fig. S7 were identified for the degradation of peptide YQEPVLGPVRGPFPIIV. 

Investigations on the bitterness of the peptides showed a stimulation of proton secretion 

associated with TAS2R-involvement with hormetic concentration dependence in the cellular 

bitter response assay with HGT-1 cells (Fig. 2) and the assignment of the bitter taste quality 

to all five peptides by sensory tests (Fig. S5). For the three peptides with the strongest impact 
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on the secretory activity of HGT-1 cells (Fig. S3), the most effective concentrations were 

determined (Fig. S4) and their time-dependent influence on the gene expression of all 25 

human TAS2Rs known to date was investigated (Fig. 3, Tab. S1, and Tab. S3). Since a 

particular modulatory effect on the abundance of TAS2R16 and TAS2R38 mRNA transcripts 

was observed (Fig. 4), their involvement was further investigated by simultaneous treatment 

of HGT-1 cells with the antagonist probenecid, whereby the bitter peptide-induced stimulation 

of proton secretion was reduced (Fig. 5A). To confirm the TAS2R16 and TAS2R38 

dependency, knock-down experiments were performed in which the expression of both 

receptors was reduced by siRNA (Fig. S8) and a reduction of the stimulatory effects on proton 

secretion by the three bitter peptides was shown in TAS2R16kd (Fig. 5B-D) and TAS2R38kd 

(Fig. 5E-G) cells, respectively, while stimulation with histamine led to the same effect size in 

all cases (Fig. S9). 

 

Phil Richter: Writing – review & editing, Writing – original draft, Validation, Methodology, 

Investigation, Formal analysis, Conceptualization. Karin Sebald: Writing – review & editing, 

Methodology, Conceptualization. Konrad Fischer: Writing – review & editing, Methodology, 

Investigation. Maik Behrens: Writing – review & editing, Methodology. Angelika Schnieke: 

Writing – review & editing, Methodology. Veronika Somoza: Writing – review & editing, 

Validation, Supervision, Resources, Project administration, Methodology, Funding acquisition, 

Conceptualization. 
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3.2 Integrated publication II: Gastric digestion of the sweet-tasting plant protein 

thaumatin releases bitter peptides that reduce H. pylori induced pro-inflammatory 

IL-17A release via the TAS2R16 bitter taste receptor 

 

All references to tables and figures in this section refer to the following publication, which can 

be found in the appendix to this thesis from page 96, including published supplementary data. 

 

Richter, P., Sebald, K., Fischer, K., Schnieke, A., Jlilati, M., Mittermeier-Klessinger, V., & 

Somoza, V. (2024). 

Gastric digestion of the sweet-tasting plant protein thaumatin releases bitter peptides 

that reduce H. pylori induced pro-inflammatory IL-17A release via the TAS2R16 bitter 

taste receptor. 

In: Food Chemistry (Vol. 448, p. 139157). 

Elsevier BV. https://doi.org/10.1016/j.foodchem.2024.139157 

 

Recent studies show that bitter taste receptors can also play a decisive role in inflammatory 

processes. Since anti-inflammatory effects of peptides are also known, it was hypothesized in 

this project that gastric digestion of thaumatin, a sweet-tasting plant-derived protein, also 

releases bitter peptides that could have a TAS2R-mediated effect on inflammatory processes 

by reducing the release of pro-inflammatory cytokines. The in vitro gastric digestion of 

thaumatin with subsequent identification by LC-ToF-MS and MaxQuant resulted in 66 different 

peptides, which could be assigned to the two thaumatin forms I and II. The number of relevant 

peptides could be reduced to the three bitter peptides DAGGRQLNSGES (TH-I/II25–36), 

FNVPMDF (TH-I/II108–114), and WTINVEPGTKGGKIW (TH-II37–51) and the non-bitter reference 

peptide AAASKGDAAL (TH-I/II15–24) by using in silico bitter prediction tools (Tab. S2). In 

addition to the formation of the four selected peptides from the in vitro approach, validation 

experiments in pigs resulted in 64 further peptides after two hours of gastric digestion of 

thaumatin. Targeted LC-MS/MS measurements (Tab. S1) allowed a clear comparison of the 

peptides formed and selected in vitro and in vivo with purchased synthesized reference 

peptides (Fig. S2). The time-dependent quantitation of in vitro gastric digests showed a rapid 

release of the peptides within the first 15 minutes, whereby the concentrations of 

DAGGRQLNSGES and WTINVEPGTKGGKIW stabilized and FNVPMDF and AAASKGDAAL 

were further degraded (Fig. 2). Peptide concentrations in the nanomolar range were found in 

the stomach contents of the pigs (Fig. 3). To verify the taste qualities determined in silico, the 

peptides were examined by sensory analysis, confirming the bitterness of DAGGRQLNSGES, 

WTINVEPGTKGGKIW, and FNVPMDF and the non-bitterness of AAASKGDAAL (Tab. S3 and 

Fig. 1). In addition, a model system of immortalized human parietal cells (HGT-1) was 
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established to investigate inflammatory responses caused by incubation with native proteins 

from Helicobacter pylori (H. pylori), whereby their cell toxicity was excluded beforehand 

(Fig. S3). This resulted in gene regulation at the mRNA level and the release of various 

chemokines and cytokines (Tab. 1, Tab. S4, and Fig. S4). While there was a H. pylori-induced 

release of IL-17A, this could be reduced by pre-treatment with the bitter peptides, but not with 

the non-bitter peptide (Fig. 5B). To investigate TAS2R involvement in these processes,  

HGT-1 cells were treated with the peptides, showing no cytotoxic effects (Fig. S1) while the 

bitter peptides and intact thaumatin led to hormetic stimulation of proton secretion (Fig. 4A, 

Fig. S5, and Fig. S6), which was not induced by co-treatment with the TAS2R16/38/43 

antagonist probenecid (Fig. S8). Investigations of mRNA regulation showed a higher 

expression of TAS2R16 in HGT-1 cells compared to TAS2R transcripts whose expression was 

also modulated by the bitter peptides (Fig. S7). A concentration dependency was found for 

TAS2R16 gene expression induced by thaumatin and the bitter peptides (Fig. 4B).  

Knock-down of TAS2R16 expression in HGT-1 cells (Fig. 5A) resulted in the same  

H. pylori-induced release of IL-17A as in cells treated with the native H. pylori proteins alone, 

regardless of pre-treatment with the bitter peptides (Fig. 5B). 
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3.3 Integrated publication III: Sodium-Permeable Ion Channels TRPM4 and TRPM5 are 

Functional in Human Gastric Parietal Cells in Culture and Modulate the Cellular 

Response to Bitter-Tasting Food Constituents 

 

All references to tables and figures in this section refer to the following publication, which can 

be found in the appendix to this thesis from page 122, including published supplementary data. 

 

Richter, P., Andersen, G., Kahlenberg, K., Mueller, A. U., Pirkwieser, P., Boger, V., & Somoza, 

V. (2024). 

Sodium-Permeable Ion Channels TRPM4 and TRPM5 are Functional in Human Gastric 

Parietal Cells in Culture and Modulate the Cellular Response to Bitter-Tasting Food 

Constituents. 

In: Journal of Agricultural and Food Chemistry (Vol. 72, Issue 9, pp. 4906–4917). 

American Chemical Society (ACS). https://doi.org/10.1021/acs.jafc.3c09085 

 

To gain a better understanding of the cellular processes underlying the TAS2R-mediated 

modulation of proton secretion by parietal cells, the role of the transient receptor potential 

cation channels (TRP)M4 and M5 known from taste cells was investigated in immortalized 

human parietal (HGT-1) cells. The expression of both sodium-selective ion channels was 

validated by RT-qPCR at the mRNA level (Fig. 1) and by immunofluorescence microscopy at 

the protein level (Fig. 2 and Fig. S2). The bitter coffee constituent caffeine and the  

bitter-tasting amino acid L-arginine served as non-cytotoxic (Fig. S1) model compounds, with 

the former leading to a decrease in the cytosolic calcium concentration measured using a 

calcium-sensitive fluorescent dye (Cal-520), while L-arginine caused an increase in the level 

of calcium in the cytosol (Fig. S3A and C). The positive control ionomycin (Fig. S3B) and the 

M3 receptor agonist carbachol (Fig. S3D) both led to an increase in the measured fluorescence 

caused by the calcium-sensitive dye used. The two model compounds induced a 

concentration-dependent increase in the fluorescence of the sodium-binding dye SBFI in  

HGT-1 cells (Fig. 3A and Fig. S4), while histamine had no effect on the fluorescence signal at 

the concentrations tested (Fig. 3B). Simultaneous treatment of the cells with caffeine or  

L-arginine and the bitter-masking compound HED led in both cases to lower measured 

intensities than were evoked by the two bitter compounds alone (Fig. 4A and B). Incubation 

of TAS2R43ko HGT-1 cells with caffeine also showed a lower increase in sodium-dependent 

signals compared to wild-type cells (Fig. 4C). The application of ICP-MS laser ablation 

(Tab. S1) showed an increase in intracellular sodium concentrations after incubation of the 

cells with caffeine or L-arginine (Fig. 5A and B). Replacing the surrounding medium of HGT-1 

cells with sodium-free buffer during incubation with the two bitter compounds showed lower 
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cytosolic sodium concentrations compared to untreated control cells (Fig. 5C). While  

co-treatment of cells with caffeine and the TRPM5 antagonist nicotine resulted in a reduction 

of the caffeine-induced increase in sodium levels (Fig. 6A), co-treatment with 

triphenylphosphine oxide (TPPO) resulted in higher intracellular sodium concentrations 

(Fig. 6B) than caffeine alone. Treatment of cells with nicotine alone resulted in no change in 

the intracellular sodium concentration associated with the measured fluorescence intensity, 

whereas TPPO increased it. Since caffeine triggered a downregulation of both genes after 

30 minutes (Fig. S6), the involvement of TRPM4 and TRPM5 in the bitter compound-induced 

stimulation of proton secretion was to be investigated by reducing the mRNA expression of the 

two ion channels using siRNA (Fig. S5). It was found that both the cells with reduced TRPM4 

and TRPM5 expression showed a lower increase in intracellular sodium than HGT-1 cells with 

normal TRP expression (Fig. 6C). Carbachol also no longer led to the previously observed 

sodium influx in the transfected cells (Fig. 7). From the perspective of proton secretion, which 

was induced by both caffeine and L-arginine, simultaneous treatment of the cells with the 

TRPM4-specific inhibitor 9-phenanthrol or the TRPM5-specific inhibitors nicotine and TPPO 

led to a reduction in the effect size (Fig. S7). Similarly, the stimulation of proton secretion by 

caffeine was lower in sodium-free buffer, whereas histamine led to the same secretory activity 

in both this and sodium-containing buffer (Fig. 5D). Finally, the effects of the bitter compounds 

caffeine and L-arginine and the H2 receptor agonist histamine on proton secretion were 

compared in mock-transfected and TRPM4kd and TRPM5kd cells. No differentiation was 

possible when the cells were incubated with histamine, but the lower expression of the two 

TRP channels led to less proton secretion when the cells were stimulated with caffeine or 

L-arginine (Fig. 8), resulting in the hypothesized signaling pathway (Fig. 9). 
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 Discussion 

Previous studies have shown that bitter-tasting food constituents, such as polyphenols and 

amino acids, stimulate proton secretion by immortalized human parietal (HGT-1) cells with the 

functional involvement of TAS2Rs. Similarly, the reduced release of pro-inflammatory 

cytokines by the interaction of bitter-tasting compounds and TAS2Rs is known. However, 

potential structural changes associated with digestion and metabolization were neglected. But 

especially proteins that do not yet have a bitter taste in the oral cavity during food ingestion 

might be cleaved into bitter peptides during gastric digestion, which could then interact with 

extra-oral TAS2Rs and thereby stimulate proton secretion and reduce the release of cytokines 

from HGT-1 cells. In addition to the tasteless milk protein casein, the plant-derived protein 

thaumatin was selected for this work, as society's demand for substitutes for animal products 

and protein sources from plant sources is increasing in view of climate change and for health 

reasons (Henchion et al., 2017).  

 

4.1 Breakdown of the milk protein casein during gastric digestion led to the formation 

of bitter peptides that stimulated the proton secretion by HGT-1 cells with the 

involvement of TAS2R16 and TAS2R38 

Although the milk protein casein does not cause a bitter taste, its hydrolysates often have a 

bitter off-taste (Sparrer & Belitz, 1975), which is why it was hypothesized that the cleavage of 

proteins during gastric digestion releases bitter peptides. This would mean that structural 

changes catalyzed in the stomach by amide-cleaving enzymes such as pepsin release bitter 

peptides from food proteins, which are then able to influence gastric proton secretion via bitter 

taste receptors. 

To investigate this hypothesis, bovine casein, a mixture of the proteins αS1-, αS2-, β-, and 

κ-casein (Gigli, 2016), was subjected to an in vitro digestion approach. The selected digestion 

method has been adapted from the Nature protocol published by Brodkorb et al. in 2019, in 

which no validation by the precise identification and quantitation of the resulting peptides had 

been carried out, but rather a comparison of the peptide patterns for κ-casein found in vitro or 

in vivo in pigs. As described in the first integrated publication (Richter et al., 2022), samples 

were taken at different time points during the simulation of gastric digestion at acidic pH with 

the enzyme pepsin at 37 °C to ensure the identification of the resulting peptides over the entire 

digestion process of up to six hours. Mass spectra were recorded for the peptides using 

LC-ToF-MS, which were then compared with spectra generated in silico using the MaxQuant 

software (Cox & Mann, 2008). The software utilizes the classic known fragmentation pattern 

of peptides and calculates all mass spectra for potential peptides based on the known amino 

acid sequence of the intact proteins (αS1- (P02662), αS2- (P02663), β- (P02666) and κ-casein 
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(P02668); The UniProt Consortium, 2021). After comparison with the spectra actually 

recorded, by applying this software, the Andromeda score was calculated, which reflects the 

probability of the presence of a particular peptide sequence. In this work, the following 

sequences with an Andromeda score above 150 indicating a highly probable formation during 

in vitro digestion, were identified: FVAPFPEVF (αS1-CN24–32), INNQFLPYPYYAKPAA  

(κ-CN51–66), LTDVENLHLPLPLL (βA2-CN127–140), PVVVPPFLQPEVM (βA1/A2-CN81–93), 

TDVENLHLPLPLL (βA2-CN128–140), TDVENLHLPLPLLQS (βA2-CN128–142), VAPFPEVF  

(αS1-CN25–32), YFYPEL (αS1-CN144–149), YQEPVLGPVRGPFPIIV (βA1/A2-CN193–209), YTDAPSF 

(αS1-CN173–179), and YYVPLGTQ (αS1-CN165–172). A comparison of these with the literature 

revealed distinct physiological activities in organs and tissues beyond the stomach. In addition 

to stimulating the secretion of the satiety hormones CCK and GLP-1 (Santos-Hernández et al., 

2018), some of the identified peptides also exhibit ACE-inhibitory and antihypertensive 

activities (Del Contreras et al., 2009; Dallas et al., 2016; Corrons et al., 2017). Anti-

inflammatory and anti-bacterial effects have also been attributed to some of these peptides 

(Rizzello et al., 2005; Chen et al., 2023).  

However, the existing literature did not describe any connection between these described 

effects and the involvement of TAS2Rs. To close this gap, and since the focus of this work 

was on the bitter taste receptor-mediated effects of peptides, three prediction tools were used 

in the following to limit the subsequent experiments to potentially bitter peptides. Ney's 

calculation, established in 1971 (Ney, 1971), is based on the hydrophobicity of the individual 

amino acids, assuming that hydrophobic side chains tend to cause bitter taste sensations, 

while hydrophilic residues do not cause a bitterness. Furthermore, the tools BERT4Bitter 

(Bidirectional Encoder Representations from Transformers) and iBitter-SCM (scoring card 

method) enable more complex forecasting using automated computer models (Charoenkwan 

et al., 2020; Charoenkwan et al., 2021). 

The bitterness of the peptides PVVVPPFLQPEVM (βA1/A2-CN81–93), VAPFPEVF (αS1-CN25–32), 

YFYPEL (αS1-CN144–149), YQEPVLGPVRGPFPIIV (βA1/A2-CN193–209), and YYVPLGTQ  

(αS1-CN165–172) classified as potentially bitter by means of these tools was confirmed by a  

3-alternative forced choice (AFC) sensory trail with untrained panelists. This showed that the 

bitter taste of peptides can be reliably predicted by combining different bitterness prediction 

tools and, even more important, that the gastric digestion of non-bitter-tasting proteins, in this 

case casein, can lead to the release of bitter-tasting peptides in the stomach. 

To monitor the time course of this release and the possible further peptide degradation, the 

samples obtained by in vitro digestion were subjected to quantitation by LC-MS/MS. This 

showed a rapid formation of the peptides PVVVPPFLQPEVM, YFYPEL, YYVPLGTQ, and 

YQEPVLGPVRGPFPIIV within the first hour, while the latter was degraded into smaller 

peptides and amino acids in the further course of digestion. Notably, the concentration of 
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VAPFPEVF increased continuously throughout the entire process. However, the concentration 

of all peptides examined exceeded 200 µM only for a short time, which is why only 

concentrations of a maximum of 200 µM were considered for follow-up in vitro experiments. 

These findings are also consistent with theoretical calculations of the maximum concentrations 

achievable in the stomach on the basis that one liter of cow's milk contains about 27.5 g of 

casein (Bijl et al., 2013), the amounts of which are in turn distributed among the various 

subforms αS1-, αS2-, β-, and κ-casein (Davies & Law, 1977). 

In addition to validating the sequences output by MaxQuant using synthesized reference 

peptides, the peptides produced by in vitro digestion were validated by means of an in vivo 

approach with pigs. Here, the strong similarity of the gastrointestinal tract of pigs and humans 

was utilized to reproduce digestion in the human body in as much detail as possible (Patterson 

et al., 2008). Two hours after administration of the intact casein, the stomach contents of the 

animals were collected and analyzed analogously to the in vitro samples via LC-ToF-MS and 

quantified via LC-MS/MS. Identification using MaxQuant showed high concordance with the 

peptides formed in vitro, as all previously identified peptides were found. Targeted proteomics 

was used to validate the formation of the five selected bitter peptides of the in vitro approach 

with commercially synthesized reference compounds as well as with the peptides formed 

in vivo. The quantitation of the peptides in the in vivo digests revealed lower concentrations 

compared to the in vitro samples. The reasons for this might be the varying stomach volumes 

of the biological systems and incomplete uptake of the casein administered, as it is difficult to 

ensure complete suspension in this approach. The solution to this issue might be a gavage, 

but this involves a major intervention and makes the biological system more artificial. 

The effects of casein and the validated bitter-tasting peptides on secretory activity were then 

investigated in cell experiments. In the past, a TAS2R-dependent stimulation of proton 

secretion by HGT-1 cells has been shown for various bitter compounds, such as caffeine and 

different polyphenols (Liszt et al., 2018; Sterneder et al., 2021; Tiroch et al., 2021). The 

influence of caffeine on proton secretion by HGT-1 cells as a surrogate model of human 

parietal cells could be validated in a human intervention study (Liszt et al., 2017), which makes 

the HGT-1 cell model a suitable bitter response assay without exposing panelists of sensory 

trials to potentially toxic compounds (Liszt et al., 2015). 

An impact on secretory activity of HGT-1 cells was also shown for other bitter tastants, such 

as L-amino acids. For instance, incubation of HGT-1 cells with the bitter-tasting amino acid 

L-arginine led to a stimulation of proton secretion via TAS2R1, which could be reduced by the 

bitter-masking compound HED (Stoeger et al., 2018; Stoeger et al., 2020). This suggests that 

bitter peptides may also influence proton secretion with the involvement of TAS2Rs. Incubation 

of the cells with the mixture of intact caseins, as present in bovine milk, reduced proton 

secretion compared to untreated control cells (Richter et al., 2022). This means that the intact 
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protein reduced the secretory activation of the immortalized parietal cells, while the hydrolysate 

generated by the in vitro digestion as a mixture of different peptides caused a stimulation of 

precisely this secretion. This was further evidence, that the hypothesized change in the taste 

quality of a food protein during digestion may also alter the effect on proton secretion caused 

by that compound. 

The observed stimulatory effect could also be attributed to the identified bitter peptides. Each 

of the five bitter peptides led to a significant stimulation of proton secretion within the 

concentration range of 0.01 - 200 µM. The concentration dependency found here resulted in a 

hormetic pattern in which a medium concentration triggered the maximum effect in terms of 

stimulation, while higher or lower concentrations caused less strong effects or no effects at all. 

Such a concentration curve has also been shown in the past for the serotonin-induced 

modulation of proton secretion by HGT-1 cells. Here, a concentration of 0.1 µM led to the 

strongest effect, while higher concentrations (≥ 0.5 µM) did not allow any differentiation from 

untreated control cells (Holik et al., 2021). There are several possible reasons for this. For 

instance, the bitter peptides could not only modulate proton secretion, but also influence other 

proteins involved in cell signaling, such as peptide transporters, at higher concentrations. As 

the peptide concentrations in the stomach rarely exceed 200 µM under physiological 

conditions, these effects were neglected in the further course. 

In the previously described bitter compound-induced modulations of proton secretion, a 

functional involvement of bitter taste receptors was present in all cases. To be able to attribute 

a functional involvement of TAS2Rs in the bitter peptide-mediated stimulation of secretory 

activity, the influence on gene expression of the three casein-derived bitter peptides that 

elicited the strongest effect was examined. Incubation of HGT-1 cells with the peptides 

YFYPEL, VAPFPEVF and YQEPVLGPVRGPFPIIV at the most effective concentrations, as 

determined by curve fit calculations, resulted in the regulation of various TAS2Rs at the mRNA 

level at the investigated time points between 15 minutes and two hours. Although these data 

cannot be used to determine whether stronger or weaker mRNA expression correlates with 

the protein level, the involvement of a specific TAS2Rs in cellular signaling pathways can 

possibly be deduced from the altered frequency of transcripts. This does not necessarily have 

to be a ligand-receptor-interaction leading to activation, as a role of these receptors as 

signaling proteins within complex cellular responses cannot be excluded. 

Nevertheless, it was evident from the gene regulation data that the expression of TAS2R16, 

TAS2R38 and TAS2R41 in particular was affected across the different time points and 

peptides. Considering the fact that TAS2R41 was expressed significantly lower by HGT-1 cells 

than TAS2R16 and TAS2R38, a closer look at the transcript levels for TAS2R16 showed a 

upregulation after treatment with each of the identified peptides at all time points. A similar 

picture resulted when looking at TAS2R38. Here, there was no significant regulation for peptide 
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VAPFPEVF at two time points, while all other data points also showed an upregulation of the 

TAS2R38-encoding transcripts. It was concluded that the treatment of the cells with the bitter 

peptides caused a change in the gene expression of TAS2R16 and TAS2R38, which ultimately 

indicated the involvement of these two receptors in the cellular response to the bitter peptides. 

So far, no specific peptides were known to interact with TAS216 and TAS2R38, as experience 

has shown that the agonists of these two highly selective bitter taste receptors are mainly 

limited to β-glucopyranosides, phenylthiocarbamide (PTC) and 6-propyl-2-thiouracil (PROP), 

respectively (Meyerhof et al., 2010). Nevertheless, calcium mobilization has been found in the 

past in TAS2R16 overexpressing HEK293 cells treated with casein hydrolysates (Maehashi et 

al., 2008). For TAS2R38, there are also first indications showing a connection with amino 

acids, as there are evidences that the bitter taste of L-arginine could be TAS2R38-mediated 

(Stoeger et al., 2020). 

Evidence of the functional involvement of receptors in certain cellular responses could be 

obtained, for instance, by using known inhibitors or antagonists. A suitable antagonist for both, 

TAS2R16 and TAS2R38, is the compound probenecid (Greene et al., 2011). In the past, it has 

been shown that in TAS2R16 overexpressing HEK-293T cells, calcium mobilization triggered 

by the specific agonist salicin could be reduced by pre-incubation with probenecid. The same 

could also be shown for the activation of TAS2R38 overexpressing cells with PROP or PTC. 

Apart from cellular assays, a reduced perception of bitterness triggered by salicin, could also 

be determined by the prior administration of probenecid to panelists in sensory trails. 

To investigate this inhibition approach in the HGT-1 cell model to measure the stimulatory 

properties of bitter-tasting peptides on proton secretion in this work, the cells were again 

treated with the three most active bitter peptides at the determined most effective 

concentrations. Incubation without the presence of probenecid showed the previously 

observed stimulation of proton secretion, whereas co-treatment with probenecid prevented the 

bitter peptide-induced stimulation of secretory. Therefore, it was shown that simultaneous 

incubation of the cells with the identified peptides and a known antagonist of TAS2R16 and 

TAS2R38 no longer induces stimulation, suggesting that the two receptors indeed played a 

role in the cellular response to the bitter peptides. 

One issue with pharmacological inhibition, however, is the occurrence of off-target effects, 

which can never be excluded. Probenecid, for example, also prevents TAS2R43-dependent 

activation by aloin (Greene et al., 2011), or is known as an inhibitor of the organic anion 

transporters 1 and 3 (Hagos et al., 2017) and as an activator of the transient receptor potential 

channel V2 (Bang et al., 2007). In contrast to the use of inhibitors, much clearer results can be 

impacted by knock-down experiments. For this purpose, specific RNA fragments, so-called 

small interfering RNA (siRNA), are introduced into the cell, which selectively bind to mRNAs 

coding for a specific gene and ultimately induce their intracellular degradation (Dana et al., 
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2017). In this way, the gene expression of selected genes can be specifically reduced to 

analyze the consequences of the absence of the corresponding protein. To establish the 

knock-down approach in this work, the expression of the very well expressed MAPK1 gene 

was first reduced in the HGT-1 cells. The strongest downregulation was observed three days 

after transfection with lipofectamine. The investigation of two different siRNA sequences that 

target different positions of the TAS2R16- or TAS2R38-encoding mRNA showed different 

efficiencies, whereby the siRNA that caused the strongest downregulation after three days was 

chosen for the subsequent experiments. Incubation of HGT-1 cells with reduced TAS2R16 or 

TAS2R38 expression showed a reduction in secretory activity of HGT-1 cells induced by the 

three bitter peptides. Since the cells are in a harsh environment during transfection, it has to 

be excluded that the transfection process itself has any influence on the cellular proton 

secretion. For this purpose, a mock-transfection was carried out in which the cells are treated 

under identical conditions but with an untargeted, random siRNA that does not match any 

corresponding mRNA sequence inside the cell. Treatment of these mock-transfected cells with 

YFYPEL, VAPFPEVF, and YQEPVLGPVRGPFPIIV showed an identical response compared 

to non-transfected cells in terms of stimulation of proton secretion. This experiment ruled out 

the possibility that the cells' proton secretion properties were influenced by the transfection 

process. The fact that the proton secretion by HGT-1 cells is also stimulated by the 

neurotransmitter histamine (Yao & Forte, 2003; Liszt et al., 2017) makes it possible to control 

the TAS2R-independent functionality of proton secretion after successful reduction of 

TAS2R16- or TAS2R38-expression by transfection. In this control experiment, it was shown 

that the same histamine-induced stimulation of proton secretion occurs in non- and  

mock-transfected cells as well as in cells with reduced TAS2R16- or TAS2R38-expression, 

demonstrating that the underlying signaling pathway was not affected by any of the applied 

transfections, except for the expression of the respective bitter taste receptor.  

The final knock-down experiments clearly demonstrated that both TAS2R16 and TAS2R38 are 

involved in the bitter peptide-induced stimulation of secretory activity of immortalized human 

parietal cells. Consequently, it cannot be ruled out that all the effects found in earlier studies, 

such as the secretion of satiety hormones (Santos-Hernández et al., 2018) and  

anti-hypertensive activities (Del Contreras et al., 2009), do not also result from the involvement 

of bitter taste receptors. Furthermore, it cannot be denied that the anti-inflammatory effects of 

peptides in particular may also be TAS2R-dependent, as current studies increasingly suggest 

that bitter taste receptors in extra-oral tissues may have a significant influence on the reduced 

release of pro-inflammatory cytokines (Tiroch et al., 2021; Zhou et al., 2021; Tiroch et al., 

2023). Especially for YFYPEL, which was identified as bitter casein-derived peptide in this 

thesis, anti-inflammatory effects could be shown last year by reducing the LPS-induced 

stimulation of IL-6 gene expression (Chen et al., 2023). 
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4.2 Bitter-tasting thaumatin-derived peptides stimulated proton secretion and 

reduced H. pylori-induced IL-17A release of HGT-1 cells via TAS2R16 

After the tasteless milk protein casein was shown to be broken down by digestion into  

bitter-tasting peptides that stimulate the secretory activity of HGT-1 cells, the following study 

focused on the sweet-tasting thaumatin. To meet the increased demand for plant-derived 

foods, this protein was selected to investigate the TAS2R-dependent effects of its cleavage 

products on proton secretion and the release of pro-inflammatory cytokines in the stomach.  

Thaumatin is a mixture of two proteins (thaumatin I (P02883) and II (P02884); The UniProt 

Consortium, 2021), which occurs naturally in the plant Thaumatococcus daniellii, tastes about 

2000 times sweeter than sucrose (Zeece, 2020b) and has therefore been approved as a 

sweetener (E 957) in the EU since 1994 (Das Europäische Parlament und der Rat der 

Europäischen Union, 1994). Due to the substantially lower amount of thaumatin that has to be 

used to achieve the same sweetening power as sucrose, the energy content is minimized to 

0.05% in the context of the sugar used in the sweetened foods or beverages. 

To investigate which peptides are formed during gastric digestion of the two thaumatin forms I 

and II, the two digestion approaches were used in the first step of the second integrated 

publication (Richter et al., 2024b), analogous to the models established with casein. In vitro 

digestion under acidic conditions with pepsin resulted in the release of 66 different peptides 

over a screened time period of six hours. The spectra were also recorded using LC-ToF-MS 

and the peptides were identified using MaxQuant (Cox & Mann, 2008). In contrast to the 

various casein forms, which differ fundamentally in their amino acid composition, the two 

thaumatin forms studied only vary at four positions (46N>K; 63S>R; 67K>R; 76R>Q) (The 

UniProt Consortium, 2021). This resulted in eight peptides that could be attributed specifically 

to the sequence of thaumatin I and five to that of thaumatin II, while the release of the remaining 

53 peptides was possible from both forms. By applying the proven bitter prediction tools of Ney 

(Ney, 1971), BERT4Bitter (Charoenkwan et al., 2021) and iBitter-SCM (Charoenkwan et al., 

2020), the set of potentially bitter peptides was narrowed down to DAGGRQLNSGES  

(TH-I/II25-36), FNVPMDF (TH-I/II108-114), WTINVEPGTKGGKIW (TH-II37-51). To carry out control 

experiments, peptide AAASKGDAAL (TH-I/II15-24), which was classified as non-bitter by the 

in silico tools, was also included in the follow-up experiments. 

The formation of the peptides under in vivo conditions was validated by experiments with pigs 

to reproduce human gastric digestion as authentically as possible. Among the 68 peptides that 

were identified in the stomach contents of the pigs after two hours of thaumatin digestion using 

LC-ToF-MS and MaxQuant (Cox & Mann, 2008) were the three selected bitter peptides 

DAGGRQLNSGES, FNVPMDF, and WTINVEPGTKGGKIW as well as the non-bitter peptide 

AAASKGDAAL. Overall, a comparison of the peptides found here with the 66 sequences 

identified in the in vitro samples resulted in a match of 83.7 ± 1.8%, whereby the in vitro model 
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of digestion developed by Brodkorb et al. once again showed a very good and comparable 

performance. In addition to the factor of the Andromeda score calculated by MaxQuant as a 

validation parameter, which indicates the probability with which the mass transitions found 

match the spectra generated in silico on the basis of the amino acid sequences, commercially 

synthesized reference peptides of the corresponding sequences were acquired. The actual 

presence of the selected peptides in the digestion samples generated in vitro and in vivo was 

ensured by using a targeted LC-MS/MS approach. By comparing the MRM transitions and the 

retention times, it was finally possible to validate that the selected peptides DAGGRQLNSGES, 

FNVPMDF, WTINVEPGTKGGKIW, and AAASKGDAAL are formed during the gastric 

digestion of thaumatin. 

While the majority of the peptides formed during the digestion of casein had already been 

shown to have bioactive effects, such as stimulating the secretion of the satiety hormones 

(Santos-Hernández et al., 2018) and ACE inhibition (Corrons et al., 2017), no match was found 

in literature for the four thaumatin peptides identified in this thesis, meaning that the structures 

and potential effects were still completely unknown. Only for some thaumatin-like proteins, 

physiological functions could be identified in the past. For instance, thaumatin-like protein 1a 

found in Annurca apple was shown to have an inhibitory effect on acetyl cholinesterase, 

monoamine oxidase A, and Aβ1-40 aggregation, which are key components in Alzheimer's and 

Parkinson's disease (D'Errico et al., 2024). In addition, antifungal activities and affinities for 

carbohydrate binding, but also pro-inflammatory properties were observed for thaumatin-like 

peptides in the past (Liu et al., 2010; Chen et al., 2020). 

Furthermore, prior to the thesis presented here, no information on specific taste qualities of the 

thaumatin-derived peptides was known. For this reason, the bitterness predicted by the used 

in silico tools was to be confirmed in a further sensory trail, in which the panelists were asked 

to determine the most dominant taste quality (bitter, sweet or other). This showed that the three 

peptides DAGGRQLNSGES, FNVPMDF, and WTINVEPGTKGGKIW previously classified as 

bitter actually had a bitter taste, while no clear assignment to a bitter taste was possible for 

AAASKGDAAL. In addition, the already known sweet taste of thaumatin was also confirmed in 

this sensory test, whereby a bitter aftertaste, which was also previously described in the 

literature, was also detected (Healey et al., 2017). This once again confirmed the hypothesis 

stated at the beginning of this thesis about the change in taste quality of food constituents 

during digestion using another example. 

To investigate the bioactivity of the validated peptides in the following, the physiologically 

achievable concentrations of these were determined. However, the strong sweetness of 

thaumatin described at the beginning and the associated sparing use of the protein in food 

limits the concentration of the resulting peptides that can be achieved in the organism after 

habitual food intake, although the bioactivity of the peptides in the present work was not 
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dependent on absorption or other parameters, as the direct effects on the stomach cells were 

investigated. The time-dependent quantitation of the peptides generated in vitro again showed 

a rapid cleavage of thaumatin and the corresponding release of the selected peptides within 

the first 15 minutes. The concentrations found for the peptides DAGGRQLNSGES and 

WTINVEPGTKGGKIW were stable around 300 and 200 µM, respectively, for the entire course 

of gastric digestion up to six hours, while for FNVPMDF and the non-bitter AAASKGDAAL a 

degradation of both peptides was detectable within the first hour. The targeted LC-MS/MS 

measurements of the samples obtained by in vivo digestion in pigs showed significantly lower 

concentrations in the nanomolar range after two hours, as was already observed for the 

release of the casein peptides. Considering the release rates of thaumatin peptides accessible 

in this way, it was possible to determine that peptide concentrations in the single-digit 

nanomolar range can be achieved in the stomach after ingestion of a typical amount of 

thaumatin, for example through sweetener tablets. To investigate the effect of the peptides on 

inflammatory processes, a suitable cell model was established.  

As part of this work, a suitable cell model was established, to investigate the effect of the  

bitter-tasting peptides in the context of inflammatory processes, that have already been 

modulated by bitter food constituents in the past (Tiroch et al., 2023). Here, immortalized 

human parietal cells (HGT 1), for which no information on the release of pro-inflammatory 

signaling proteins was known, were also used to analyze inflammatory processes in the 

stomach. To obtain information on the mRNA transcripts of known chemo- and cytokines, the 

influence of a mixture of native Helicobacter pylori proteins on the gene regulation of HGT-1 

cells was investigated. This led to the regulation of a variety of chemokines and cytokines that 

are already associated with H. pylori infections in the literature (Moss et al., 1994; Yang et al., 

2024). To be able to derive an actual physiological effect, the focus of this work was primarily 

on the release of signaling proteins at the protein level. In addition to the increased release of 

interleukins (IL)-1β, -6, -11, -15, -16, -17A, -19, -31, and -34 by the treated cells, increased 

concentrations of C-C and C-X-C motif chemokine ligands CCL19, CCL20, CXCL5, CXCL10, 

and CXCL11 were also determined in the cell supernatants. Since the amount of bound IL-17A 

was highest in the experiments and this interleukin has been linked to H. pylori-mediated 

gastric carcinogenesis in previous studies (Kang et al., 2023), the effects of the peptides on 

H. pylori-induced IL-17A release were investigated in the following. 

A one-hour pre-incubation of HGT-1 cells with the non-bitter-tasting peptide AAASKGDAAL 

and subsequent incubation with the H. pylori native proteins resulted in the same IL-17A 

release as in cells treated with H. pylori alone. In contrast, pre-treatment of the cells with the 

previously determined bitter peptides DAGGRQLNSGES, FNVPMDF, and 

WTINVEPGTKGGKIW led to a strong reduction of the H. pylori-induced IL-17A release. The 

fact that the three bitter peptides led to a reduction in the H. pylori-induced release of the  
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pro-inflammatory cytokine IL-17A and consequently show anti-inflammatory effects, while the 

non-bitter-tasting peptide showed no influence, suggests that TAS2Rs are also involved here. 

This is not the first known case of anti-inflammatory effects of bitter compounds mediated by 

TAS2Rs. In a cell model with human gingival fibroblasts, a correlation between the bitter taste 

of food constituents such as quinine, epigallocatechin gallate, sinensetin, L-arginine and their 

ability to reduce the LPS-induced release of the pro-inflammatory cytokine IL-6 has been 

shown in the past (Tiroch et al., 2023). Previously, it was demonstrated that bitter-tasting  

trans-resveratrol, a polyphenol, also has a reducing effect on the release of IL-6 from human 

gingival fibroblasts, whereby a crucial involvement of TAS2R50 could be verified (Tiroch et al., 

2021). TAS2R16 is a candidate bitter taste receptor that already played a major role in the 

work with the bitter casein peptides. This receptor was also shown to be involved in anti-

inflammatory reactions, in that salicin, a known specific TAS2R16 agonist, led to a reduction 

in the LPS-induced release of IL-8 (Zhou et al., 2021). Whether the thaumatin peptide-

mediated effects are also based on the involvement of specific TAS2Rs was investigated by 

further studies of the four peptides. 

In the experiments with the casein peptides, the cellular bitter response assay has proven its 

worth in identifying compounds that influence the proton secretion by HGT-1 cells and 

potentially evoke a bitter taste. Taking into account the previously determined concentrations 

that are achievable under physiological conditions in the human stomach, the bitter peptides 

DAGGRQLNSGES, FNVPMDF, and WTINVEPGTKGGKIW showed a stimulation of the 

secretory activity of the cells. As already observed with the casein peptides, a hormetic 

concentration dependence could be deduced. Interestingly, the concentration range 

determined (5 - 30 pM), in which the thaumatin peptides caused the strongest effect with 

regard to the stimulation of proton secretion, was lower than the most effective concentrations 

determined for the casein peptides (0.03 - 17.5 μM). In comparison with the minimum 

concentrations of established bitter compounds that led to calcium mobilization in  

TAS2R-overexpressing HEK-293T cells, the concentrations determined for casein peptides 

are comparably low, such as for denatonium benzoate, which induces an activation of 

TAS2R47 from a concentration of 0.03 µM, or quinine, which shows an interaction with 

TAS2R4/7/10/14/39/40/43/44/46 at 10 µM (Meyerhof et al., 2010). The even lower most 

effective concentrations of the thaumatin peptides in the picomolar range are below the lowest 

concentration of a compound for which calcium mobilization by TAS2R activation has been 

demonstrated to date, namely 1.3 nM aristolochic acid leads to activation of TAS2R43 

(Meyerhof et al., 2010). However, it should be emphasized at this point that the physiological 

effects of bitter compounds involving TAS2Rs, such as modulation of inflammation, might not 

be solely based on traditional ligand-receptor interactions. The participation of TAS2Rs in other 
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cellular processes is also conceivable, which is why a comparison with known minimum 

activation concentrations and EC50 values should be treated with caution. 

Independently of this, the non-bitter peptide AAASKGDAAL did not affect the stimulation of 

proton secretion by HGT-1 cells observed for the bitter peptides in the concentration range 

tested. A connection can therefore already be found here between the anti-inflammatory 

abilities of bitter peptides and their influence on proton secretion. Unlike intact casein, which 

had no effect, undigested thaumatin also led to a stimulation of secretory activity. One 

explanation for this could be the possible spatial accessibility of an amino acid sequence in the 

complex-folded protein for bitter taste receptors, which could also explain the bitter aftertaste 

of sweet-tasting thaumatin. Thaumatin would not be the first sweetener to interact with TAS2Rs 

in addition to sweet receptors (TAS1R2/TAS1R3), which is known for acesulfame K and 

saccharin, for instance, which activate TAS2R43 and TAS2R44 (Meyerhof et al., 2010). 

Furthermore, an involvement of the receptors TAS1R1 and TAS1R3, which are both expressed 

by HGT-1 cells and could have an influence on the proton secretion by the cells, cannot be 

ruled out. It has been shown in the past that the two sweeteners cyclamate and acesulfame K 

can also modulate the cellular secretion of protons with the contribution of TAS1R3 (Zopun et 

al., 2018b). 

With regard to the involvement of bitter taste receptors in the observed physiological outcomes, 

the effects of bitter-tasting thaumatin-derived peptides on the gene regulation of TAS2Rs were 

investigated analogously to the approach with casein (Richter et al., 2022). Again, there was 

a significant modulation of the mRNA expression of the receptors TAS2R16, TAS2R38 and 

TAS2R41. In the following, the focus was placed on the role of TAS2R16, as it is expressed 

more strongly than TAS2R41, as already mentioned and also than TAS2R38 in the selected 

cell model. The analysis of the concentration-dependent changes in the abundance of the 

TAS2R16 transcripts after treatment with the respective peptides showed a correlation with 

the effects of these on the proton secretion by HGT-1 cells. The correlations found were not 

equally pronounced for all compounds investigated, as both the bitter-tasting peptide 

WTINVEPGTKGGKIW and the sweet-tasting protein thaumatin also increased the expression 

of TAS2R16 to a particularly high level at concentrations that exhibited strong secretion-

promoting properties, while the opposite effect was observed for DAGGRQLNSGES. In this 

case, lower concentrations led to a reduced influence on the proton secretion by HGT-1 cells, 

but at the same time to a stronger downregulation of TAS2R16 at the mRNA level. A hybrid of 

both influences was observed for the third bitter peptide FNVPMDF. Here, lower 

concentrations also led to stronger stimulation of proton secretion with a simultaneous 

reduction in the TAS2R16 mRNA transcripts present, but higher concentrations, which no 

longer caused a significant increase in secretory activities due to the hormetic course of the 

concentration dependence, were able to cause a strong upregulation of TAS2R16. This 
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demonstrates that different compounds, which all have a bitter taste and comparable effects 

on proton secretion but differ structurally, can elicit different responses in gene regulation. Both 

upregulation and downregulation may therefore indicate the involvement of a specific receptor 

protein in cellular processes, while the participation of a receptor cannot be ruled out if the 

transcript level in question is not affected (Vohradský, 2001; Gry et al., 2009). 

The next step in identifying receptor involvement was taken by using pharmacological 

inhibitors as described above. Since TAS2R16 was again of central importance here, the 

influence of the TAS2R16 inhibitor probenecid with regard to the stimulation of proton secretion 

by HGT-1 cells induced by the bitter peptides and the sweet-tasting thaumatin was investigated 

again. Since the effect on the secretory activity of two of the bitter peptides was strongest at 

30 pM, both, the peptides and the intact thaumatin were used at this concentration to ensure 

better comparability. While treatment of the cells with the compounds alone led to the expected 

increase in proton secretion, this could no longer be observed with co-treatment with 

probenecid. The fact that probenecid alone showed no influence on the intracellular proton 

concentration and that histamine-induced secretion was also not influenced by probenecid, 

indicates that the inhibitor indeed leads to blocking via antagonistic effects on specific TAS2Rs, 

as described earlier (Greene et al., 2011). 

With the use of the cellular bitter response assay, it was therefore possible to provide 

mechanistic insights into the sensorially determined taste quality of the bitter-tasting peptides 

and to show a potential bitter taste receptor dependency. To investigate the possible 

involvement of TAS2R16 in the anti-inflammatory effects of the peptides DAGGRQLNSGES, 

FNVPMDF, and WTINVEPGTKGGKIW, the expression of this receptor was again reduced by 

using specific siRNA. This reduction in TAS2R16 expression resulted in HGT-1 cells treated 

with the bitter peptides prior to treatment with the native H. pylori proteins secreting more  

IL-17A than native cells with normal TAS2R16 expression. While the thaumatin-derived 

peptides led to reduced H. pylori-induced IL-17A release in native HGT-1 cells with normal 

TAS2R16 expression, a reduction in TAS2R16 expression caused the cells to show increased 

IL-17A secretion, despite treatment with the bitter peptides. For other isoforms of IL-17, namely 

IL-17E and IL-17F, it was recently shown that food constituents such as folic acid, vitamins B6 

(pyridoxine hydrochloride) and C, but also ions such as potassium or iron can lead to a 

reduction in IL-17 release (Polak-Szczybyło & Tabarkiewicz, 2022). While the underlying 

molecular mechanisms are not fully understood, it should be noted that vitamin B6 as well as 

metal ions are able to activate bitter taste receptors. While divalent metal ions such as Fe2+ 

and Mn2+ are known agonists for TAS2R7 (Behrens et al., 2019), pyridoxine hydrochloride also 

activates TAS2R7 and TAS2R14 (Delompré et al., 2022). This leads to the assumption that 

the bitter taste quality of the investigated micronutrients could also play a role in their 

significance in the context of IL-17 release. 



Discussion 
 

41 

Consequently, it was shown that the release of IL-17A induced by H. pylori can be reduced by 

pre-treatment with bitter peptides, which were released from thaumatin during gastric 

digestion. In addition, the experiments showed that these bitter peptide-mediated  

anti-inflammatory effects are functionally dependent on TAS2R16. 

These two parts of the thesis have shown that physiological effects induced by food 

constituents may not be predictable if only their original structure is considered. Digestion 

begins immediately after the ingestion of food and with it the breakdown, metabolization and 

structural transformation of its constituents. This fact can be utilized in the future by conjugating 

bioactive ingredients with compounds, primarily peptides, which change the taste quality and 

therefore address other families of receptors after cleavage in the human organism than in the 

oral cavity. Furthermore, by continuing this approach, it may also be possible to mask 

bioactive, less palatable compounds so that they are only released at their destination by 

enzymes present in these organs. Nevertheless, this requires further research as part of a 

human intervention study. 

 

4.3 Sodium permeable ion channels TRPM4 and TRPM5 are functionally required for 

TAS2R-induced proton secretion by HGT-1 cells 

If only digestion-related changes in a molecule can cause such decisive differences in the 

context of their impact on stomach physiology, it should also be noted that cellular signaling 

pathways are also not so simple that they could only be dependent on one receptor-agonist-

interaction. For example, the perception of bitter taste sensations by TAS2Rs on the tongue is 

known to involve sodium permeable ion channels, which are opened by the increase in 

cytosolic calcium levels associated with the activation of G protein-coupled receptors, causing 

an increase in intracellular sodium concentrations (Dutta Banik et al., 2018; Wu et al., 2020; 

Dutta Banik & Medler, 2023). The involvement of these channels, namely transient receptor 

potential cation channels (TRP) M4 and M5, has also been validated in other cell types. 

TRPM4, for instance, is involved in inflammatory processes in neurons (Schattling et al., 2012) 

and in the reaction of macrophages to infections (Serafini et al., 2012). TRPM5, on the other 

hand, was shown to play a decisive role in the glucose-induced release of insulin from the 

pancreatic islets (Colsoul et al., 2010). The expression and function of the two ion channels in 

parietal cells has not yet been investigated, which is why this question was examined in more 

detail in this thesis. 

A first step in investigating whether a particular protein is expressed in a cell type was to screen 

for the presence of the corresponding mRNA using RT-qPCR. Here, not only the transcripts of 

the channels in question, TRPM4 and TRPM5, but also those of 24 of the 25 other members 

of the transient receptor potential channels family of cellular ion channels, with the exception 

of TRPC5, were found in HGT-1 cells. However, as already mentioned, the strength of 
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expression at the mRNA level does not necessarily reflect protein expression in all cases  

(Gry et al., 2009). To investigate the expression of TRPM4 and TRPM5 at the protein level, 

the ion channels were therefore also localized using immunocytochemistry and both were 

detected in the cell membrane of HGT-1 cells. 

After demonstrating the expression, the functional role of the two sodium-permeable ion 

channels in HGT-1 cells was investigated. For this purpose, a sodium-selective fluorescent 

dye was used, with the help of which sodium ions can be detected in the presence of other 

monovalent cations. The dye used, SBFI (sodium-binding benzofuran isophthalate), 

complexes free sodium ions through an aza-crown ether, changing its emission ratio through 

a spectral response to ion binding (Minta & Tsien, 1989). 

To establish a link between TAS2Rs and TRPM4 and TRPM5, the two bitter-tasting 

compounds caffeine and L-arginine were used to investigate the cellular signaling pathways of 

HGT-1 cells. Caffeine has been shown to stimulate proton secretion by HGT-1 cells involving 

TAS2R43 (Liszt et al., 2017), while the bitter amino acid L-arginine has an impact on secretory 

activity via TAS2R1 (Stoeger et al., 2020). Both compounds also led to a concentration-

dependent increase in sodium-dependent fluorescence signals in the experiments to 

investigate intracellular sodium levels.  

As already discussed in the third integrated publication (Richter et al., 2024a), the EC50 values 

determined for caffeine and L-arginine of 0.65 and 10.38 mM, respectively, were in very good 

agreement with the bitter recognition thresholds known from the literature, which vary between 

0.7 and 3.7 mM for caffeine (Guinard et al., 1994; Izawa et al., 2010) and 75 mM for L-arginine 

(Sonntag et al., 2010). To investigate the intracellular processes up to this point in more detail, 

a further aspect that is particularly associated with G protein-coupled receptors was 

investigated, namely intracellular calcium mobilization (Nash et al., 2001). The conformational 

change of a TAS2R through binding of a bitter compound leads to dissociation of the coupled 

G protein with subsequent activation of phospholipase C β2. The IP3 formed by this from PIP2 

binds to corresponding IP3 receptors on the ER, triggering release of the calcium stores into 

the cytosol (Tuzim & Korolczuk, 2021). This fact has been utilized for years to identify agonists 

for bitter taste receptors (Meyerhof et al., 2010; Behrens & Meyerhof, 2018). To analyze the 

role of calcium in immortalized human parietal cells, the HGT-1 cells were incubated with 

another fluorescent dye, Cal-520. This complexes calcium ions in the same way as EDTA, 

which changes the fluorescence properties of the covalently bound fluorophore  

(Liao et al., 2021). Here, as expected, L-arginine led to an increase in cytosolic calcium levels 

in the HGT-1 cells, while reduced fluorescence intensities were determined for caffeine directly 

after addition. However, it has already been shown in the past that caffeine can quench the 

fluorescence of dyes due to its heteroaromatic properties (Muschol et al., 1999). Since 

treatment of the cells with ionomycin as a positive control, which transports extracellular 
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calcium ions through the cell membrane, also showed an increase in cytosolic calcium levels, 

the functionality of the assay was validated. Modulation of intracellular calcium levels by bitter 

compounds for this cell line was demonstrated for the first time in this project. 

In terms of controls, two other compounds were investigated that activate two different groups 

of GPCRs, triggering different intracellular signaling pathways. While the muscarinic 

acetylcholine receptor (M3) is activated by carbachol and consequently leads to calcium 

mobilization, histamine is an agonist of the histamine H2 receptor, which influences cellular 

processes via the cAMP-dependent pathway (Chew et al., 1992; Engevik et al., 2020). While 

carbachol led to calcium mobilization and sodium influx into HGT-1 cells, histamine had no 

effect on the cytosolic concentrations of either cation. Nevertheless, histamine has always 

shown a stimulating effect on the proton secretion by the cells in the past, which is why 

treatment with histamine has long proven to be a positive control in the investigation of 

secretory activity (Liszt et al., 2017; Liszt et al., 2018). Consequently, the observed effects of 

the controls are consistent with those described in the literature (Chew et al., 1992; Engevik et 

al., 2020). 

To establish a link between the bitter compound-modulated changes in intracellular sodium 

concentrations and TAS2Rs, the cells were incubated with caffeine or L-arginine and the  

bitter-masking compound HED (Roland et al., 2013). In both cases, a reduction in caffeine- or 

L-arginine-induced sodium influx was observed, indicating that HED also reduces the bitter 

compound-triggered increase in cytosolic sodium levels through its antagonistic effects on 

TAS2Rs. The fact that not only antagonistic effects on TAS2R20/31/43/50 but also agonistic 

effects on TAS2R14 and TAS2R39 have been observed for HED in the past (Roland et al., 

2013) explains that treatment of HGT-1 cells with HED alone also showed increased sodium 

levels compared to untreated control cells in the here presented thesis. 

This illustrated once again that although the use of antagonists or inhibitors can provide 

indications of the involvement of receptors, further validation is necessary. Therefore, 

TAS2R43ko HGT-1 cells were examined to finally conclude the involvement of a specific 

TAS2R in bitter compound-induced increases in intracellular sodium levels. The use of the 

same clone already allowed Liszt et al. in 2017 to demonstrate a reduced response to the 

stimulation of proton secretion by caffeine in the absence of TAS2R43. In the present work, a 

comparison of wild-type cells with native TAS2R expression pattern and TAS2R43ko cells 

showed a reduction in the caffeine-induced increase in intracellular sodium levels. As 

expected, despite the lack of expression of TAS2R43, sodium influx still occurred because 

caffeine is not only an agonist of TAS2R43 but also for TAS2R7/10/14/46 (Meyerhof et al., 

2010). It was concluded that the increase in sodium concentrations by caffeine involved 

TAS2R43, but that other caffeine-targeted bitter taste receptors also led to increased cytosolic 

sodium levels. 
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After validating the involvement of TAS2Rs in the observed changes in sodium concentration, 

the next step was to investigate whether it was actually sodium, as the dye used primarily binds 

these ions, but can also complex other monovalent cations such as potassium (Minta & Tsien, 

1989). Measurements using ICP-MS laser ablation showed increased sodium concentrations 

in cells previously treated with caffeine or L-arginine compared to untreated control cells at the 

single cell level. A further verification was possible by repeating the influx experiments in 

nominally sodium-free buffer. Since the increase in cytosolic sodium levels after incubation of 

the cells with caffeine or L-arginine did not occur if no sodium was present in the extracellular 

space, it was clearly shown that this is a TAS2R-controlled influx of sodium ions. Since the 

intracellular sodium concentrations were lower when the cells were treated with the bitter 

compounds in the sodium-free buffer compared to untreated cells, it was hypothesized that an 

opening of sodium-permeable ion channels still occurs, but would result in sodium efflux along 

the concentration gradient out of the cell. For instance, sodium efflux from human erythrocytes 

cultured in sodium-free buffer has been observed before (Maizels, 1968). 

Although TRPM4 and TRPM5 are already associated with TAS2R-induced sodium influx in 

taste cells (Dutta Banik et al., 2018), there are many more sodium-permeable ion channels. 

ENaC, for example, is also an ion channel involved in the perception of taste (salty) and is 

permeable to sodium ions (Chandrashekar et al., 2010). To investigate the hypothesis that 

sodium influx was mainly controlled by TRPM4 and TRPM5, a further set of experiments was 

performed. Pharmacological blocking of TRPM5 by nicotine (Gees et al., 2014) resulted in a 

reduction of the measured caffeine-induced sodium influxes, while another inhibitor, 

triphenylphosphine oxide (TPPO) (Palmer et al., 2010), already caused a sodium influx alone, 

the effect of which added up to the caffeine-induced influxes upon co-incubation. Notably, it 

was not possible to investigate TRPM4 involvement by using inhibitors, as the inhibitor 

9-phenanthrol (Guinamard et al., 2014) exhibits fluorescence at the same wavelength that is 

required to excite the sodium-sensitive fluorescent dye. Overall, the experiments with the 

different inhibitors generated inconsistent results, which was why a siRNA knock-down 

approach was developed to obtain conclusive results. By reducing the gene expression of 

TRPM4 or TRPM5, a reduced increase in cytosolic sodium levels was observed after 

incubation with caffeine targeting at least TAS2R43 and L-arginine targeting TAS2R1, among 

others. Mock-transfected cells showed the increase in intracellular sodium concentrations 

previously observed in native cells upon treatment with the two bitter compounds. This 

demonstrated that both TRPM4 and TRPM5 play crucial roles in the TAS2R-mediated sodium 

influx into HGT-1 cells. An unchanged sodium concentration in the treated cells compared to 

the untreated cells was not observed for any of the knock-down approaches, which is likely to 

be based on the fact that only one of the two TRP channels was targeted in each case and the 

expression of the proteins concerned is merely reduced, but not completely prevented as in 
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knock-out experiments. Stimulation of the cells with carbachol also showed a reduction in 

sodium influx for TRPM4kd and TRPM5kd cells, whereas the expected influx was observed in 

mock-transfected cells. 

As studied in this thesis, a key physiological outcome of the immortalized human parietal cells 

is the secretion of protons associated with the production of gastric acid. Conclusively, to 

elaborate on the understanding of the signaling pathway responsible for this, experiments were 

carried out on the role of TRPM4 and TRPM5 in the secretory activity of HGT-1 cells. The 

previously reported ability of caffeine (Liszt et al., 2017; Liszt et al., 2018) and L-arginine 

(Stoeger et al., 2020) to stimulate proton secretion could be reproduced in this model. 

However, when the cell-surrounding medium was again replaced with nominal sodium-free 

buffer and the cells were stimulated with caffeine, the increase in secretory activity was not 

observed. The situation was different when proton secretion was induced by histamine. The 

activation of the sodium-independent signaling pathway led to the same stimulation in both 

sodium-containing and sodium-free buffer. The dependence of the increased proton secretion 

triggered by bitter compounds on a sodium influx through TRPM4 and TRPM5 was 

demonstrated both by using the inhibitors already mentioned and by the knock-down 

approach. Since the intracellular pH values were measured at wavelengths that do not interfere 

with the fluorescence of the TRPM4 antagonist 9-phenanthrol (Guinamard et al., 2014), a lower 

proton stimulation triggered by simultaneous treatment with caffeine was observed both in this 

case and for the two TRPM5-specfic inhibitors nicotine (Gees et al., 2014) and TPPO (Palmer 

et al., 2010). A reduction in TRPM4 or TRPM5 expression also led to a significant reduction in 

the caffeine- or L-arginine-induced stimulation of the secretory activity of HGT-1 cells. In 

contrast, the expression of the two sodium-permeable ion channels played no role in the 

initiation of proton secretion by histamine. 

Summarizing the results of the previous understanding of the cellular signaling pathways 

relevant for the stimulation of proton secretion by human parietal cells by bitter food 

constituents (Chew et al., 1992; Yao & Forte, 2003; J. G. Forte, 2010; Zopun et al., 2018a; 

Zopun et al., 2018b; Engevik et al., 2020), extended by the findings obtained in this study, the 

sodium-dependent signaling pathway emerges on the one hand. Here, the bitter compound is 

targeting the bitter taste receptor, which triggers activation of the phospholipase C β2 by the 

dissociated G protein. A cleavage of PIP2 to IP3 leads to calcium mobilization within the cell, 

which is followed by an opening of the calcium-sensitive ion channels TRPM4 and TRPM5. A 

sodium influx occurs through the sodium-permeable channels, which triggers a depolarization 

of the cell and finally initiates the active export of protons by the H+/K+ ATPase. On the other 

hand, there is the TAS2R- and sodium-independent pathway. Triggered by histamine, the 

modulation of intracellular cAMP concentrations leads to activation of protein kinase A, which 

also influences the proton pump. The results of this section show that the activation of TAS2Rs 
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triggers a complex intracellular signaling pathway, leading to the typical outcome of proton 

secretion by parietal cells. However, other pathways, such as the involvement of cAMP 

signaling, cannot be ruled out, as it is not yet conclusively known to which G proteins TAS2Rs 

are coupled in other tissues and organs. While βγ-controlled calcium mobilization may always 

play a more or less important role to a certain extent, Gαq coupling would trigger stronger 

calcium signals. The involvement of Gαs, on the other hand, would cause an increase in 

intracellular cAMP levels by stimulating the adenylyl cyclase. In contrast, Gαi coupling would 

have the opposite effect by increasing the rate of phosphodiesterase and hydrolysis of cAMP. 

The here presented work demonstrated that the induction of physiological effects by food 

constituents, which primarily target bitter taste receptors, requires additional cellular 

components, such as the two TRP channels TRPM4 and TRPM5, which in turn could be 

suitable targets for ingredients and drugs to minimize or abolish undesirable reactions. 
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4.4 Conclusion and Perspectives 

In the past, the effects of flavoring compounds or food constituents primarily present in plant- 

or animal-based products or formed during production and processing (e.g. through 

fermentation) were studied for their impact on TAS2R-mediated cellular processes, such as, 

e.g. inflammation (Tiroch et al., 2021) or proton secretion (Liszt et al., 2017; Liszt et al., 2018). 

This thesis focused on bitter compounds that are formed during digestion of non-bitter-tasting 

dietary peptides and whose flavor quality cannot be perceived in this form in the oral cavity. 

Since it is known for over 20 years that receptor proteins for the perception of taste qualities 

are not only found in the oral cavity, but also in many extra-oral tissues and organs, it is 

essential to consider the enzymatic degradation and metabolization during digestion to better 

assess and predict effects on physiological processes mediated by these receptors. The 

beneficial effects associated with extra-oral TAS2Rs can only occur if the compounds ingested 

with food retain their bitterness during digestion and metabolization or are transformed during 

this process into compounds capable of interacting with TAS2Rs. 

As summarized in Fig. 8, the here presented work shows that both non-bitter-tasting dietary 

proteins, caseins, a protein mixture of animal origin, as well as thaumatins, being plant 

proteins, are cleaved into bitter-tasting peptides during gastric digestion. In addition to 

gastrically-released casein peptides already known in the literature, previously unknown 

peptides resulting from the cleavage of thaumatin were identified in this thesis. The sensory 

bitterness of the peptides identified was, for the first time, linked to a TAS2R-dependent proton 

secretion controlled by parietal cells, which is an essential component of gastric acid 

production, linked to protein digestion and satiety. Furthermore, anti-inflammatory TAS2R-

mediated effects were deduced for the bitter peptides derived from thaumatin, whereby the 

release of pro-inflammatory cytokines induced by H. pylori was reduced. To further elucidate 

the underlying signaling pathways, sodium-permeable ion channels TRPM4 and TRPM5 were 

also shown to be involved in TAS2R-mediated stimulation of proton secretion for the first time 

in this work. A limiting factor is that the involvement of receptors or ion channels in the native 

context can only be clearly validated by knock-out or knock-down approaches. With regard to 

the cellular signaling pathways downstream of binding bitter-tasting ligands to TAS2Rs, not 

everything is known yet. In particular, further impact of bitter compounds and the underlying 

signaling pathways on extra-oral TAS2R-expressing organs and tissues should be investigated 

in the future. 
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Figure 8: Summary of the results obtained in this work on the mechanistic processes in 

immortalized human parietal cells. Based on the conclusions of this thesis, clinical studies are 

now essential to evaluate the transferability. Created with BioRender.com. 

 

In the long term, this work represents a way of masking undesirable taste sensations by using 

a retrosynthetic approach to conjugate bioactive peptides or even other active ingredients with 

peptides that are cleaved during digestion in the stomach, releasing the active constituent. The 

additional peptides produced in this process do not represent an additional burden for the 

organism and only serve to change the taste quality. However, in contrast to these intentionally 

induced changes in taste quality, the results of this work should also raise awareness that even 

tasteless or sweet-tasting food components, in this case proteins, can be cleaved during 

digestion into peptides that have a bitter taste quality and thereby influence gastric physiology 

via TAS2Rs by stimulating secretory activity or reducing the release of pro-inflammatory 

cytokines. Other potential targets for masking undesirable taste sensations or modulating 

cellular functions such as proton secretion are the TRPM4 and TRPM5 ion channels, which 

also play an important role from a mechanistic perspective. 

The results obtained in the in vitro experiments of this work are promising and indicate potential 

health impacts of the released bitter-tasting peptides. However, human intervention studies 

are needed to confirm the relevance and safety of these findings for the human organism, 

particularly with regard to the release amounts of the respective peptides after habitual dietary 

intake.  
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ABSTRACT: Eating satiating, protein-rich foods is one of the key aspects of modern diet, although a bitter off-taste often limits the
application of some proteins and protein hydrolysates, especially in processed foods. Previous studies of our group demonstrated
that bitter-tasting food constituents, such as caffeine, stimulate mechanisms of gastric acid secretion as a signal of gastric satiation and
a key process of gastric protein digestion via activation of bitter taste receptors (TAS2Rs). Here, we tried to elucidate whether
dietary non-bitter-tasting casein is intra-gastrically degraded into bitter peptides that stimulate mechanisms of gastric acid secretion
in physiologically achievable concentrations. An in vitro model of gastric digestion was verified by casein-fed pigs, and the peptides
resulting from gastric digestion were identified by liquid chromatography−time-of-flight-mass spectrometry. The bitterness of five
selected casein-derived peptides was validated by sensory analyses and by an in vitro screening approach based on human gastric
parietal cells (HGT-1). For three of these peptides (YFYPEL, VAPFPEVF, and YQEPVLGPVRGPFPIIV), an upregulation of gene
expression of TAS2R16 and TAS2R38 was observed. The functional involvement of these TAS2Rs was verified by siRNA knock-
down (kd) experiments in HGT-1 cells. This resulted in a reduction of the mean proton secretion promoted by the peptides by up
to 86.3 ± 9.9% for TAS2R16kd (p < 0.0001) cells and by up to 62.8 ± 7.0% for TAS2R38kd (p < 0.0001) cells compared with
mock-transfected cells.
KEYWORDS: casein, bitter peptides, gastric acid secretion, bitter taste receptors, HGT-1, gastric digestion

1. INTRODUCTION
The consumption of protein-rich foods and the reduction of
fats and carbohydrates are high on the priority list in modern
diets. Numerous studies have shown that increased protein
intake can reduce food intake and, consequently, the body fat
mass and body weight.1 One of the key studies from the group
of Westerterp-Plantenga2 shows that a higher casein content in
the diet of healthy subjects (10% vs 25% of energy) leads to an
increased feeling of fullness and satiety. Mechanistically,
dietary protein has been shown to stimulate the release of
hormones in the intestine, such as glucagon-like peptide 1
(GLP-1), cholecystokinin, and peptide YY, which promote the
feeling of satiation.3 For example, the plasma concentration of
GLP-1, which is released in the ileum and colon, increased
after administration of a high-protein breakfast (60% protein)
compared to a high-fat or high-carbohydrate breakfast.4

However, mechanisms of satiation are not only initiated
during digestion in the intestines but also already in the
stomach. Here, food ingredients regulate gastric motility and
emptying as well as gastric acid secretion.5 Dietary satiating
effects have been demonstrated not only for complex proteins
but also for a number of their constituents, namely, peptides
and amino acids.6

Besides the effects on hormones promoting satiation, a
reduction of food intake by dietary proteins can also be
achieved by regulation of the so-called “hunger hormone”

ghrelin, which promotes the feeling of hunger.7 In a previous
study by Blom et al.,8 mean gastric ghrelin release was reduced
by 46% after intake of a high-protein diet (58.1% of energy
from protein and 14.1% of energy from carbohydrate) as
compared to a high-carbohydrate diet (19.3% of energy from
protein and 47.3% of energy from carbohydrate). A similar
involvement of the stomach in the regulation of food intake
was shown by Uchida et al.,9 where administration of a dose of
1 g per kg body weight of the bitter-tasting amino acid L-
arginine to male Sprague−Dawley rats resulted in slowing of
gastric emptying. In one of our own previous studies, L-
arginine also promoted slowing of gastric emptying and a
decrease in energy intake in healthy subjects.10 In addition,
ingestion of L-arginine-enriched wheat protein hydrolysate
increased plasma concentrations of the satiating neuro-
transmitter serotonin.10

For L-arginine, one of the most bitter-tasting amino acids in
our diet, our group also demonstrated a stimulation of cellular
mechanisms regulating gastric acid secretion in cultured

Received: July 24, 2022
Revised: August 13, 2022
Accepted: August 15, 2022
Published: September 2, 2022

Articlepubs.acs.org/JAFC

© 2022 The Authors. Published by
American Chemical Society

11591
https://doi.org/10.1021/acs.jafc.2c05228

J. Agric. Food Chem. 2022, 70, 11591−11602

D
ow

nl
oa

de
d 

vi
a 

T
U

 M
U

E
N

C
H

E
N

 o
n 

O
ct

ob
er

 2
5,

 2
02

4 
at

 0
5:

21
:2

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.

69

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Phil+Richter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karin+Sebald"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Konrad+Fischer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maik+Behrens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angelika+Schnieke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Veronika+Somoza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.2c05228&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c05228?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c05228?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c05228?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c05228?goto=supporting-info&ref=pdf
https://pubs.acs.org/toc/jafcau/70/37?ref=pdf
https://pubs.acs.org/toc/jafcau/70/37?ref=pdf
https://pubs.acs.org/toc/jafcau/70/37?ref=pdf
https://pubs.acs.org/toc/jafcau/70/37?ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jafc.2c05228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org/JAFC?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


human parietal cells (HGT-1) via TAS2R1 signaling.11,12 The
underlying hypothesis of bitter-taste-sensing chemoreceptors
being involved in gastric acid secretion was verified by
preceding experiments, showing that the bitter-tasting caffeine
stimulates (i) proton secretion via TAS2R signaling in
TAS2R43 CRISPR-Cas9-edited human parietal HGT-1 cells
in culture and (ii) promotes gastric acid secretion in healthy
subjects, which was reduced by co-administration of the
TAS2R antagonist homoeriodictyol.13 Notably, administration
of bitter-masking homoeriodictyol not only reduced the
caffeine-evoked effect on gastric acid secretion but also
increased gastric motility and emptying, decreased peripheral
serotonin levels, and stimulated appetite.14

From a physiological perspective, the stomach is able to
sense peptides and amino acids, which then regulates the
release of hormones gastrin and motilin, stimulating gastric
acid secretion as well as gastric motility and emptying.15

Motilin receptors are activated not only by the hormone itself
but also by agonists such as the bitter-tasting drug
erythromycin, which activates TAS2R1016 or denatonium
benzoate, targeting various TAS2Rs. In addition to amino
acids,11 peptides present in casein hydrolysates are well-known
for their bitter taste.17 Already seven decades ago, the bitter
taste of dairy products was ascribed to casein peptides
generated upon casein hydrolysis.18 The molecular mecha-
nisms underlying the bitter taste of casein peptides have been
elucidated more recently, that is, by Maehashi et al.19 who
demonstrated that casein hydrolysates activate TAS2R16 in
transfected HEK293 cells. Since then, several peptides have
been demonstrated to activate a number of bitter receptors,
namely TAS2R1, TAS2R4, TAS2R14, TAS2R39, and
TAS2R46,20 although no specific peptide sequences are
known to chiefly result in TAS2R16 activation, and peptides
do not conform with the so far identified selectivity of
TAS2R16 for β-D-glucopyranosides.
Activation of the G-protein-coupled TAS2Rs in gastric

parietal cells is based on binding of taste-active compounds,
resulting in increased enzymatic activity of phospholipase C
β2.13 In some cases, the presence of agonists in the nanomolar
range is sufficient to activate TAS2Rs.21,22 The product
resulting from the phospholipase C β2 activity, phosphatidy-
linositol-4,5-bisphosphate (PIP2), is cleaved into diacylglycerol
and inositol trisphosphate (IP3), which leads to calcium release
from the endoplasmic reticulum.23 The increased calcium
concentration in the cell promotes the activity of H+,K+-
ATPase, which transports protons out of the parietal cell by
cleaving ATP.24 Similarly, activation of the G-protein-coupled
receptors H2 by histamine and M3 by acetylcholine increases
proton secretion in gastric parietal cells. Binding of acetylcho-
line also causes activation of phospholipase C β2, and receptor
H2 activates adenylyl cyclase, which catalyzes the formation of
cAMP.25 For the proposed mechanism of proton secretion
induced by bitter compounds in parietal cells, see Supporting
Information Figure-SI 1.
Dietary intake of bitter compounds is recognized by TAS2Rs

located on taste cells of the tongue’s taste buds. However,
structural changes of food constituents during gastric digestion
may also lead to the formation of compounds with bitter taste
quality, which are not sensed as bitter tasting due to the lack of
appropriate nerve connections between the stomach and the
brain. For example, tryptic digestion of bovine casein releases
peptides that have a bitter taste, whereas the intact protein
does not taste bitter.26 The formation of peptides in the

stomach is catalyzed by the gastric enzyme pepsin.27 Its
inactive precursor pepsinogen is autocatalytically cleaved into
the active form pepsin at pH values below 6.28 Pepsin
preferably cleaves next to the amino acids phenylalanine,
tyrosine, and leucine, but it is able to hydrolyze almost all
peptide bonds.29 At pH 7 and higher, the enzyme denatures
irreversibly.
In this work, we hypothesize (i) that bitter peptides are

formed during gastric digestion of non-bitter-tasting bovine
casein, and (ii) that these bitter peptides have an effect on
mechanisms regulating gastric acid secretion via TAS2Rs.
Verification of this hypothesis could foster research on taste
qualities of dietary proteins and their potential as food
constituents that help to modulate food intake and, ultimately,
maintain a healthy body weight.

2. MATERIALS AND METHODS
2.1. Chemicals. 1,5-Carboxy-seminaphtorhodafluor acetoxyme-

thylester (SNARF-1-AM) and Dulbecco’s modified Eagle’s medium
GlutaMAX (DMEM) were purchased from Thermo Fisher Scientific.
Fetal bovine serum (FBS Supreme), trypsin/ethylenediaminetetra-
acetic acid, and penicillin−streptomycin were obtained from PAN-
Biotech 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). CaCl2, Casein from bovine milk, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), D-
glucose, formic acid, HCl, 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES), KCl, KH2PO4, KOH, MeCN, MgCl2(H2O)6,
MgSO4, NaCl, NaHCO3, (NH4)2CO3, and pepsin from porcine
gastric mucosa were ordered from Merck KGaA (Darmstadt,
Germany). Custom peptides (PVVVPPFLQPEVM, VAPFPEVF,
YFYPEL, YQEPVLGPVRGPFPIIV, and YYVPLGTQ) were synthe-
sized by Genscript Biotech with a purity of >95% (New Jersey, USA).
Double-distilled water (ddH2O) from Elga Purelab Classic (Veolia
Water Solutions & Technologies, France) was used for all
experiments. Krebs-Ringer−HEPES buffer (KRHB) contains 130
mM NaCl, 4.7 mM KCl, 1.3 mM CaCl2, 1.2 mM MgSO4, 1.2 mM
KH2PO4, 11.7 mM D-glucose, and 10 mM HEPES; the pH was
adjusted to 7.4 with KOH.
2.2. In Vitro Digestion. The in vitro digestion was based on the

Nature protocol established by Brodkorb et al.30 For this, simulated
salivary fluid (SSF, containing 15.1 mM KCl, 3.7 mM KH2PO4, 13.6
mM NaHCO3, 0.15 mM MgCl2(H2O)6, 0.06 mM (NH4)2CO3, 1.1
mM HCl, and 1.5 mM CaCl2(H2O)2) and simulated gastric fluid
(SGF, containing 6.9 mM KCl, 0.9 mM KH2PO4, 25.0 mM NaHCO3,
47.2 mM NaCl, 0.12 mM MgCl2(H2O)6, 0.5 mM (NH4)2CO3, 15.6
mM HCl, and 0.15 mM CaCl2(H2O)2) were prepared. A total
amount of 100 mg casein was suspended in 3 mL of SSF and
incubated for 5 min at 37 °C in the tube rotator. After taking a sample
(500 μL, t = 0 h), 2 mL of SGF was added and the pH was adjusted to
3 with 100 μL of HCl (1 M). After addition of 125 μL of pepsin
solution (80,000 U/mL in 10 mM HCl), 275 μL of H2O was added
to fill up to 5 mL. This was followed by further incubation at 37 °C in
a tube rotator for 6 h. 500 μL of samples was taken at 0.25, 0.5, 0.75,
1, 2, 3, 4, 5, and 6 h, respectively. The samples were frozen in liquid
nitrogen and stored at −80 °C until further analysis. For MS
experiments, all samples were diluted 1:1 with 10% MeCN. To
prepare the casein hydrolysate after 1 h of digestion for use in cell
assays, the samples were desalted (20 mL H2O + 0.1% formic acid) by
solid phase extraction (HyperSep C18, 5 g, Thermo Scientific) and
peptide fraction was then eluted with 20 mL each of 20% MeCN +
0.1% formic acid and 60% MeCN + 0.1% formic acid.31

2.3. In Vivo Digestion. For in vivo experiments, 1 g of casein was
suspended in 5 mL of H2O and fed to pigs (German Landrace,
German Landrace × minipig, age: 16−27 weeks). After 2 h, the pigs
were anesthetized and killed and the stomach was removed. The
stomach contents were aliquoted, frozen in liquid nitrogen, and stored
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at −80 °C until further analysis. To remove any impurities, the
samples were desalted (1 mL H2O + 0.1% formic acid) by solid phase
extraction (Discovery DSC-18, 100 mg, Sigma-Aldrich) and the
peptide fraction was then eluted with 750 μL each of 20% MeCN +
0.1% formic acid and 60% MeCN + 0.1% formic acid. After solvent
removal, the peptides were dissolved in 5% MeCN.
2.4. Ultra-performance Liquid Chromatography−Time-of-

Flight Mass Spectrometry and Peptide Identification.Measure-
ments were performed using a Sciex ExionLC AC (Sciex, Darmstadt,
Germany) coupled to a Sciex TripleTOF 6600 mass spectrometer
(Sciex, Darmstadt, Germany). Data acquisition and instrumentation
control were performed with AnalystTF software (v 1.7.1; Sciex,
Darmstadt, Germany). Separation was performed using a 100 × 2.1
mm, 1.7 μm, Kinetex C18 column (Phenomenex, Aschaffenburg,
Germany) with a guard column of the same type with 0.1% aqueous
formic acid and acetonitrile containing 0.1% formic acid at a flow rate
of 0.3 mL/min. The gradient was based on the following scheme: 0
min, 5% B; 0.5 min, 5% B; 14 min, 40% B; 15 min, 98% B; 16 min,
98% B; 17 min, 5% B; and 20 min, 5% B. The column oven
temperature was set at 40 °C, and the injection volume was 1 μL per
sample. For ToF-MS measurements, the same parameters32,33 were
used for all samples (ion spray voltage 5500 eV, source temperature
550 °C, nebulizing gas 55 psi, and heating gas 65 psi). Nitrogen was
set to 35 psi and served as a curtain gas to effectively dissolve the ions.
In IDA mode, a ToF-MS survey scan was acquired from m/z 100 to
1500 using an accumulation time of 250 ms (declustering potential
DP 80 V and collision energy CE 10 V). Product ion spectra for the
15 most abundant compounds in the m/z range of 100−1500 were
recorded in high sensitivity mode for 50 ms (DP 80 V, CE 45 V, CE
spread CES 15 V). MaxQuant software (v 1.6.3.4; Max Planck
Institute of Biochemistry, Planegg, Germany) compares the data
found in the recorded MS/MS spectra with in silico-generated
spectra.34 With the selected settings (peptide length between 4 and 25
amino acids, unspecific digestion, variable modifications: oxidation M,
acetyl protein N-term, carbamidomethyl C, phospho STY, andromeda
score > 10) and imported sequences of αS1-casein (UniProt P02662),
αS2-casein (UniProt P02663), βA1-casein (UniProt P02666, natural
variant A1), βA2-casein (UniProt P02666, natural variant A2), and κ-
casein (UniProt P02668), which have lengths between 190 and 224
amino acids, ≈12,000 different peptides are possible. The specific
cleavage pattern of pepsin limits the number of peptides that can be
generated. However, in order not to exclude the pepsin-independent
formation of peptides caused by gastric acid, an enzyme-independent
in silico digest with all possible ≈12,000 peptide spectra was chosen.
2.5. Quantitative 1H Nuclear Magnetic Resonance Spec-

troscopy. The synthesized reference peptides were dissolved in D2O.
600 μL of each of the peptide solutions was loaded into NMR tubes
(178 × 5 mm inner diameter, USC tubes, Bruker, Rheinstetten,
Germany) and analyzed using a 400 MHz Avance III NMR
spectrometer (Bruker, Rheinstetten, Germany). Instrument calibra-
tion and data processing were performed as detailed earlier.35 The
specific proton resonance signal at 3.55 ppm (s, 3H) of the external
standard caffeine (3.58 mmol/L) was used for calibration. The
calibration was verified immediately before the measurement with L-
tyrosine (4.34 mmol/L, 7.10 ppm, d, 2H).
2.6. Targeted Proteomics. All targeted proteomics LC−MS/MS

measurements were performed using a Sciex ExionLC AC (Sciex,
Darmstadt, Germany) coupled to a 6500+ QTrap LC−MS/MS
system (Sciex, Darmstadt, Germany) operating in the positive
electrospray ionization mode. Data acquisition and instrumentation
control were performed with AnalystTF software (v 1.7.1; Sciex,
Darmstadt, Germany). Separation was performed using a 100 × 2.1
mm, 1.7 μm, Kinetex C18 column (Phenomenex, Aschaffenburg,
Germany) with a guard column of the same type with 0.1% aqueous
formic acid and acetonitrile containing 0.1% formic acid at a flow rate
of 0.25 mL/min. The gradient was based on the following scheme: 0
min, 15% B; 7 min, 40% B; 7.5 min, 98% B; 10.5 min, 98% B; 10.8
min, 15% B; and 15 min, 15% B. The column oven temperature was
set at 40 °C, and the injection volume was 1 μL per sample. For MS/
MS measurements, the same parameters were used for all samples

(ion spray voltage 5500 eV, source temperature 450 °C, nebulizing
gas 60 psi, and heating gas 30 psi). Nitrogen was set to 35 psi and
served as a curtain gas to effectively dissolve the ions. To optimize the
parameters DP, CE, and collision cell exit potential for each peptide
and transition (Supporting Information Table-SI 2), standard
solutions of the five synthesized peptides were injected directly into
the MS ion source. Ionization parameters were optimized in positive
ESI mode using AnalystTF software (v 1.7.1; Sciex, Darmstadt,
Germany). For the preparation of the calibration curves, five peptides
were dissolved individually in D2O (600 μL) and the concentration of
the stock solutions was determined by qNMR.35 For each peptide,
seven calibration solutions (0.5, 1, 5, 10, 50, 100, and 200 μM) were
diluted in 5% MeCN from these stock solutions. The data were
analyzed using MultiQuant software (v 3.0.3; Sciex, Darmstadt,
Germany).
2.7. Sensory Study. To verify the bitterness of the selected

peptides, each peptide was dissolved in bottled, non-carbonated water
(1.5 mM) and tested by 17 panelists in a three-alternative forced
choice (3-AFC) test against the bottled, non-carbonated water.36 To
prevent ingestion of toxic substances, the purity of the peptides was
checked (>95%, LC−MS) and the solutions were spit out and not
swallowed.
2.8. Cell Culture. Human gastric tumor cells (HGT-1), provided

by Dr. C. Laboisse, Nantes (France), were cultivated at 37 °C in a
humidified atmosphere at 5% CO2 in DMEM containing 10% FBS
and 1% penicillin and streptomycin. Cells between passages 15 and 29
were used for all experiments. 50,000 cells per well were seeded 1 day
before the experiment into a transparent 96-well plate, for cell viability
assays, or into a black 96-well plate, for proton secretion assays. For
the detection of gene expression, 800,000 cells per well were seeded
into a T25 cell culture flask.
2.9. Cell Viability. To exclude cytotoxic effects of all used

substances on HGT-1 cells, their metabolic activity was tested using
MTT dye. For this purpose, cells were treated with solutions of casein
(10 μM), hydrolysates (10 μM), peptides (250 μM), and probenecid
(1 mM) in KRHB or the transfection reagents for either 30 min or 72
h under standard conditions. The solutions were removed, and 100
μL of MTT solution (0.83 mg/mL in DMEM) was added to each
well. After another incubation for 15 min under standard conditions,
the MTT solution was removed, and the formed formazan was
dissolved in DMSO. Absorbance was measured at 570 nm (reference
650 nm) using an Infinite M200 plate reader (Tecan, Switzerland).
Cell viability was calculated relative to cells treated with KRHB only
(=100%).
2.10. Proton Secretion Assay. The measurement of proton

secretion from HGT-1 cells represents a well-established model for
the identification of bitter compounds. By affecting extraoral bitter
taste receptors with bitter compounds, a modulatory effect on proton
secretion can be measured. For this purpose, cells were washed with
KRHB and incubated with 3 μM of the intracellular pH indicator 1,5
carboxy-seminaphto-rhodafluor acetoxymethyl ester (SNARF-1-AM)
under standard conditions. After 30 min, the cells were washed again
with KRHB and then incubated with casein (0.01−10 μM equimolar
related to the relevant forms αS1- and β-casein), hydrolysate (0.01−10
μM), or the peptides (0.01−200 μM). For co-incubation experiments,
peptides were incubated together with probenecid (1 mM). All
substances were dissolved and diluted in KRHB. 1 mM histamine was
used as a positive control. Measurements were performed using
FlexStation 3 (Molecular Devices, USA). The excitation wavelength
was 488 nm, and the emission wavelengths were 580 and 640 nm. For
calibration (pH range 7.0−8.0), the intracellular and extracellular pH
was adjusted with 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). The intracellular proton index (IPX) was calculated as
the log2 value of the 580/640 ratio and compared with cells without
treatment. Negative values represent increased secretion of protons
and therefore stimulation of mechanisms regulating gastric acid
secretion in HGT-1 cells. In contrast, positive values represent an
inhibition of secretion compared to the untreated control.
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2.11. Quantitation of mRNA Expression. For mRNA
expression analysis, 800,000 cells were seeded in a T25 cell culture
flask (25 cm2) 1 day before the experiment. After incubation with 17.5
μM VAPFPEVF, 0.03 μM YFYPEL, or 0.4 μM YQEPVLGPVRGPF-
PIIV for 15, 30, 60, and 120 min, RNA was isolated using the
peqGOLD RNA Kit (VWR Peqlab, USA) following the manufac-
turer’s protocol. Determination of RNA concentration (A260/A280
between 2.03 and 2.09) was performed on a NanoDrop Onec
(Thermo Fisher Scientific Inc., USA). RNA integrity number (RIN
9.9−10.0, version 2.6, assay class Eukaryote Total RNA Nano) was
analyzed using a 2100 Bioanalyzer (Agilent Technologies, USA).
Removal of gDNA and synthesis of cDNA were performed using the
iScript gDNA Clear cDNA Synthesis Kit (BioRad, Feldkirchen,
Germany) following the manufacturer’s protocol. Real-time-qPCR
(RT-qPCR) was performed with 50 ng cDNA amplified with
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laborato-
ries, Inc., USA). The sequences of the forward and reverse primers of
the 25 TAS2Rs were taken from Liszt et al.13 (Supporting Information
Table-SI 3). Verified primers for the TAS1Rs (TAS1R1: qHsa-
CID0013443 ; TAS1R2: qHsaCID0016106 ; TAS1R3:
qHsaCED0002321) and for MAPK1 (qHsaCEP0050000) were
obtained from Bio-Rad Laboratories. PPIA37 and GAPDH38 were
used as reference genes. The effects of the peptides on gene
expression were analyzed in comparison to untreated control cells.
2.12. Transient Knock-Down of TAS2R16 or TAS2R38

Expression in HGT-1 Cells. Expression of TAS2R16 and
TAS2R38 was reduced by treatment of HGT-1 cells with siRNA.
100,000 cells per well were seeded 1 day before the experiment into a
24-well plate. All reagents and siRNA were purchased from Thermo
Fisher Scientific, USA (cytotoxicity was excluded by MTT).
Transfection was performed with Lipofectamine RNAiMAX in
Opti-Medium according to the manufacturer’s protocol. 1−50 nM
of different siRNA sequences (HSS121396 and HSS181763 for
TAS2R16 and HSS108754 and HSS108756 for TAS2R38) and three
different incubation times (24, 48, and 72 h) were tested. Mock
control experiments were performed analogously with 1 or 10 nM
Stealth RNAi siRNA negative control. To verify the functionality of
the transfection process, verified 10 nM siRNA targeting MAPK1
(VHS40312) was used (positive control). The transfection rate was
checked by qPCR as described in section 2.11. For the proton
secretion assays, 20,000 cells per well were seeded 1 day before
transfection into a black 96-well plate. After 72 h of transfection,
proton secretion activities of TAS2R16 knock-down or TAS2R38
knock-down HGT-1 were compared with the mock transfected cells
by means of ΔIPX.
2.13. Statistical Analysis. All data are presented as mean ±

standard error of the mean (SEM) unless otherwise indicated. At least
three biological replicates were prepared from each experiment.
Statistical analyses of different treatments with the untreated control
were performed using the one-way ANOVA Holm-Šidaḱ post hoc test
or t-test Holm-Šidaḱ method, after the Nalimov outlier test. Different
p values are indicated with asterisks according to the following
scheme: * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤
0.0001.

3. RESULTS AND DISCUSSION
3.1. In Vitro Digestion under Gastric Conditions

Produces Bitter Peptides. Protein digestion in the human
stomach is essentially characterized by two important aspects:
one is the low pH caused by gastric acid. The other is the
presence of the enzyme pepsin, which cleaves peptide bonds.28

In order to elucidate the formation of peptides during
digestion of casein over a wide time spectrum, samples were
taken for identification at seven different time points during a
simulated in vitro digestion (0−6 h of digestion). All samples
were analyzed in four biological replicates in untargeted ToF-
MS-IDA mode.

After the first hour, 77.8 ± 9.8 different peptides were
identified increasing to 91.3 ± 2.2 after 2 h. At all later time
points, no major changes in the number of peptides were
detected (3 h: 87.5 ± 9.6, 4 h: 94.0 ± 11.9, 5 h: 93.3 ± 13.5,
and 6 h: 97.0 ± 12.9), but a large number of different peptides
were found. Comparison of the resulting peptides at all 6 time
points resulted in a peptide library of 238 different casein
peptides (67 for αS1-casein, 21 for αS2-casein, 21 for βA1-casein,
30 for βA2-casein, 62 for βA1/A2-casein, and 37 for κ-casein). To
exclude possible peptide contamination of the casein used, a
sample was also taken before reduction of pH to 3 and
addition of the enzyme pepsin (0 h). Here, 2.5 ± 1.1 peptides
were identified. To assess if pH change alone caused peptide
formation, incubation of casein at pH 3 and 7 without pepsin
was carried out over the same time period. This resulted in the
formation of 3.6 ± 1.4 (at pH 3) and 4.0 ± 0.8 (at pH 7)
peptides within 6 h, respectively. It shows that the low pH
alone is not sufficient to release peptides from casein.
Nevertheless, the low pH is necessary to ensure the activity
of pepsin since it denatures at higher pH values.28

To focus on the most important peptide candidates in the
next experiments, the following criteria were used for selection.
The Andromeda score indicates how closely a spectrum
generated in silico matches the measured MS/MS spectra.
Above an Andromeda score of 100, the identified peptides
match in almost all cases.39 Therefore, only peptides with a
score above 150 were considered. As a result, peptide selection
was limited to the following 11: FVAPFPEVF (αS1-CN24−32),
INNQFLPYPYYAKPAA (κ-CN51−66), LTDVENLHLPLPLL
(βA2-CN127−140), PVVVPPFLQPEVM (βA1/A2-CN81−93),
TDVENLHLPLPLL (βA2-CN128−140), TDVENLHLPLPLLQS
(βA2-CN128−142), VAPFPEVF (αS1-CN25−32), YFYPEL (αS1-
CN144−149), YQEPVLGPVRGPFPIIV (βA1/A2-CN193−209), YT-
DAPSF (αS1-CN173−179), and YYVPLGTQ (αS1-CN165−172).
To predict bitterness in the second step, three different

prediction tools were applied. First, the Q values of the
peptides were calculated, indicating the average hydro-
phobicity.33,40 Only one peptide (YTDAPSF; Q value =
1323) had a value below 1400 cal/mol and was excluded. The
two tools iBitter-SCM41 and BERT4Bitter42 predict the
bitterness of peptides based on their amino acids and their
sequence. This allowed the number of peptides to be reduced
to six. Although both FVAPFPEVF (iBitter-SCM score 451.3)
and VAPFPEVF (iBitter-SCM score 469.3) are predicted to be
bitter peptides according to all three tools, FVAPFPEVF was
excluded to avoid the study of peptides with overlapping
sequences.
The sequences of the five selected peptides are

PVVVPPFLQPEVM (βA1/A2-CN81−93), VAPFPEVF (αS1-
CN25−32), YFYPEL (αS1-CN144−149), YQEPVLGPVRGPFPIIV
(βA1/A2-CN193−209), and YYVPLGTQ (αS1-CN165−172). All of
these peptides selected were released from αS1- or β-casein,
with the peptides derived from β-casein found in both natural
variants (A1 and A2). The fact that αS1- and β-casein represent
the majority of casein present in cow’s milk (38.4% and 36.5%)
is another aspect in favor of the five selected peptides.43

To verify the five selected peptides, synthesized reference
peptides were purchased and ultra-high performance liquid-
chromatography (UHPLC)−MS/MS-MRM spectra were
recorded (Supporting Information Figure-SI 2A). The
retention times [ultra-performance liquid chromatography
(UPLC)] and SRM mass transitions (MS/MS) of peptides
in in vitro samples were compared with the previously recorded
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spectra of externally synthesized peptides. The identification of
all five selected peptides was clearly confirmed (Supporting
Information Figure-SI 2B). For quality control, reference
solutions were analyzed between LC−MS measurements of the
samples. The following recovery rates were obtained:
PVVVPPFLQPEVM: 102.6 ± 2.2%, VAPFPEVF: 100.0 ±
3.6%, YFYPEL: 97.5 ± 3.7%, YQEPVLGPVRGPFPIIV: 103.5
± 2.1%, and YYVPLGTQ: 97.2 ± 4.9%.
All five selected peptides have already been described in the

literature as cleavage products of casein digestion.44 Various
bioactivities have already been found for three of the peptides.
YQEPVLGPVRGPFPIIV is the best known representative and
exhibits antimicrobial45 and immunomodulatory abilities46 as
well as angiotensin-converting-enzyme inhibitory activity.47

YFYPEL was found to increase the expression of MUC5AC in
human intestinal cells. The resulting increase in the mucus
barrier may prevent gastrointestinal diseases.48 In addition,
transport through Caco-2 cell monolayers was observed for
YQEPVLGPVRGPFPIIV and PVVVPPFLQPEVM.49

After verifying the formation of the selected peptides in in
vitro digestion, sensory analyses were performed to confirm
their bitter taste. After purity tests by reversed-phase-(HPLC)
and quantitative 1H NMR, Three AFC tests (n = 17−18) of all
peptides (1.5 mM in water) were performed against two
samples containing water. This showed that all five peptides
exhibit a distinct bitter taste (Supporting Information Figure-SI

5, p ≤ 0.001). The results of the bitter prediction tools used at
the beginning could be confirmed. This demonstrates that
bitter peptides were released during the gastric digestion of
non-bitter casein.
3.2. Monitoring of the Formation of Bitter Peptides

P V V V P P F L Q P E V M , V A P F P E V F , Y F Y P E L ,
YQEPVLGPVRGPFPIIV, and YYVPLGTQ during In Vitro
Digestion. To investigate the formation and degradation of
peptides during digestion, their concentrations were deter-
mined at different time points. For this purpose, a suitable
LC−MS/MS-MRM method was developed. Since the
untargeted measurements of the samples showed a high
release of different peptides already in the first hour of in vitro
digestion, a sample was taken every 15 min for quantitation
within the first hour (Figure 1A). The in vitro digestion was
highly reproducible, showing only small deviations between
experiments (SEM).
The highest release was observed for the peptides

YQEPVLGPVRGPFPIIV (up to 300.8 μM) and
PVVVPPFLQPEVM (up to 148 .7 μM). Whi l e
PVVVPPFLQPEVM was not further degraded during the
digestion, YQEPVLGPVRGPFPIIV underwent a continuous
cleavage over the 6 h, so that its final concentration was lower
(22.5 μM) than that of all other peptides analyzed. For
example, the peptides YQEPVLG (βA1/A2-CN193−199) and
PVRGPFPIIV (βA1/A2-CN200−209) were identified as cleavage

Figure 1. (A) Peptide concentrations in the course of in vitro digestion. Samples were taken after 0, 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, and 6 h of digestion
and quantitated by means of targeted UHPLC−MS/MS-MRM measurements. Data shown as mean ± SEM, n = 4, transitions per peptide = 5. (B)
Release rates of the five investigated peptides related to αS1- or β-casein after 2 h of in vitro digestion. Data are shown as mean ± SEM, n = 4,
transitions per peptide = 5. (C) Concentrations of the five investigated peptides related to αS1- or β-casein after 2 h of in vivo digestion. Data are
shown as mean ± SEM, n = 6, transitions per peptide = 5.
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products (for all peptide fragments found, see Supporting
Information Figure-SI 7). The peptides VAPFPEVF, YFYPEL,
and YYVPLGTQ were released in lower concentrations at the
beginning (between 34.3 and 42.3 μM after 1 h), and there is
no noticeable degradation during further digestion, similar to
PVVVPPFLQPEVM.
No formation of the five peptides in the control digests at

pH 3 and 7 without pepsin could be detected by the targeted
measurements.
3.3. Selected Peptides Are Also Formed during In

Vivo Digestion Experiments. To confirm that the peptides
formed in vitro are also generated in vivo, feeding experiments
were performed in pigs, as the function of their digestive tract
is very similar to humans.50 The pH of the stomach contents
was 2.9 ± 0.7, close to the in vitro conditions. Two hours after
administration of casein, the stomach content of the animals
was analyzed in six biological replicates by means of LC−MS/
MS and LC−ToF-MS in IDA mode as detailed in sections 3.1
and 3.2. This resulted in a peptide library consisting of 270
peptides. All previously identified peptides from the in vitro
approaches after 2 h (n = 4) were found in this library. The
high correlation of peptides formed in vitro and in vivo is
consistent with the results described by Egger et al.51

In particular, the five selected peptides were unambiguously
identified in both ToF-MS-IDA and targeted UHPLC−MS/
MS-MRM measurements (Supporting Information Figure-SI
2C). The quantitation was also performed analogously to the
in vitro samples. As the volume of gastric contents varied
between 100 and 1000 mL, the concentrations of released
peptides were normalized to 100 mL gastric volume. The
concentrations of the five peptides ranged from 0.91 ± 0.03
μM for YFYPEL to 10.30 ± 0.38 μM for YYVPLGTQ (Figure
1C). The release rates of the peptides were lower than those
during in vitro digestion. This could be due to incomplete
suspension of the ingested casein.
3.4. Determination of Physiological Concentrations

of Peptides in the Stomach. In order to study meaningful
effects of peptides on human digestion, it is essential to
determine concentrations that are actually achievable in the
stomach after habitual dietary intake of dairy products. The
concentrations of peptides released from αS1- and β-casein in in
vitro and in vivo digestion were in a micromolar range. A
similar range of casein concentrations can be expected in the
human stomach after ingestion of dairy products. This is based
on the assumption that 1 L of cow’s milk contains about 27.5 g
of casein,17 with αS1-casein (mw = 24.5 kDa; UniProt: P02662)
and β-casein (mw = 25.1 kDa; UniProt: P02666) accounting
for 38.4% and 36.5%, respectively,43 resulting in maximum
concentrations of 460 μM for αS1-casein or 425 μM for βA1/A2-
casein. However, the actual concentrations are likely to be
much lower due to dilution by gastric acid. In addition, pepsin
cleaves at different sites within the amino acid sequences,
leading to the formation of competing peptides with similar
sequences and consequently to a lower release of the peptides
under investigation. Depending on the sequence, the peptides
were released in variable amounts (related to the respective
casein variant). The peptide YQEPVLGPVRGPFPIIV showed
the highest release after 2 h with almost 100% (Figure 1B).
One reason for this could be the position of the sequence at
the C-terminus of β-casein. In addition, pepsin preferably
cleaves between tyrosine and leucine.29 The release rates of the
other peptides ranged from 19.3% (YFYPEL) to 65.5%
(PVVVPPFLQPEVM). In the case of YQEPVLGPVRGPF-

PIIV, further degradation took place during the course of
digestion, resulting in low concentrations of parental peptides.
For these reasons, peptide concentrations between 0.01 and
200 μM were chosen for further experiments.
3.5. Effect of Casein-Derived Bitter Peptides on

Mechanisms Regulating Gastric Acid Secretion by
HGT-1 Cells. To cover the range of physiological concen-
trations of the selected peptides possible in the human
stomach, peptide concentrations between 0.01 and 200 μM
were chosen as described above. Cell viability after incubation
with the peptides, hydrolysate, and intact casein was tested
before (≥97.5% compared to control).
In order to check if intact casein (before digestion) already

has an effect on the proton secretion of HGT-1 cells, the
impact of 0.01−10 μM casein (equimolar related to the
relevant forms αS1- and β-casein) was analyzed by proton
secretion assay. The intercellular proton index IPX indicates
the secretory activity. Negative values represent increased
secretion of protons and therefore stimulation of mechanisms
regulating gastric acid secretion in HGT-1 cells. In contrast,
positive values represent an inhibition of secretions compared
to the untreated control. No significant change in mean IPX
was found for casein concentrations below 5 μM (Figure 2).

Treatment of the HGT-1 cells with casein concentrations of 5
μM (ΔIPX = +0.212 ± 0.029; p ≤ 0.001) and 10 μM (ΔIPX =
+0.441 ± 0.037; p ≤ 0.0001) inhibited proton secretion. This
shows that intact casein at low concentrations has no effect on
mechanisms regulating gastric acid secretion by HGT-1 cells,
whereas higher concentrations have a regulatory effect and
inhibit secretion. Investigation of the effects of higher
concentrations was not possible due to the poor solubility of
casein.
To test the effects of peptides produced during digestion on

proton secretion, cells were incubated with 0.01−10 μM casein
hydrolysate (after 1 h of gastric digestion). It was found that
concentrations between 5 and 10 μM did not inhibit
mechanisms regulating gastric acid secretion (Figure 2). At

Figure 2. Heatmap showing the change in mean secretory activity
(IPX) in HGT-1 cells on incubation with casein (equimolar related to
the relevant forms αS1- and β-casein), casein-hydrolysate (equimolar
related to the relevant forms αS1- and β-casein; after 1 h of gastric
digestion), and the five selected peptides PVVVPPFLQPEVM,
VAPFPEVF, YFYPEL, YQEPVLGPVRGPFPIIV, and YYVPLGTQ
at concentrations between 0.01 and 10 or 200 μM. Red shades
represent inhibition of activity (positive IPX values) and green shades
represent stimulation of proton secretion (negative IPX values). Data
are shown as mean after incubation for 10 min, n = 4−8, t.r. = 4−6.
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concentrations of 0.01 and 0.1 μM hydrolysate, significant (p
≤ 0.05) stimulation of secretion was detected, with ΔIPX
changes of −0.222 ± 0.046 and −0.199 ± 0.055, respectively.
Consequently, the peptides produced during gastric digestion
of non-bitter casein as a mixture have a stimulating effect on
mechanisms regulating gastric acid secretion, suggesting that
bitter-tasting peptides, among others, were released. For all five
selected peptides, a significant hormetic concentration-depend-
ent influence on the secretory activity was found. Holik et al.52

showed a hormetic dose−response when HGT-1 cells were
incubated with L-arginine. HGT-1 cells released more
serotonin when treated with lower L-arginine concentrations
(10 mM) than with higher L-arginine concentrations (50 mM).
This effect was additionally found upon serotonin-induced
stimulation of proton secretion from HGT-1 cells.
While significant ΔIPX was analyzed for the peptide

PVVVPPFLQPEVM at 1 and 10 μM only, the other four
peptides showed a significant increase in secretory activities of
HGT-1 cells over a wider concentration range. Incubation with
VAPFPEVF at a concentration of 10 μM showed the highest
change in ΔIPX with −0.286 ± 0.037 (p ≤ 0.0001; Supporting
Information Figure-SI 3). In addition, also the peptides
YFYPEL (0.1 μM; ΔIPX −0.253 ± 0.027; p ≤ 0.0001),
YQEPVLGPVRGPFPIIV (0.1 μM; ΔIPX −0.203 ± 0.048; p ≤
0.0001), and YYVPLGTQ (0.1 μM; ΔIPX −0.166 ± 0.017; p
≤ 0.0001) stimulated the secretion of protons (Figure 2).
Interestingly, the IPX profiles of YFYPEL and

YQEPVLGPVRGPFPIIV were very similar. Despite different
lengths, different side chains, and different origins (YFYPEL
(αS1-CN144−149) and YQEPVLGPVRGPFPIIV (βA1/A2-
CN193−209)), both peptides show great similarity in concen-
tration-dependent stimulating mechanisms, regulating gastric
acid secretion in HGT-1 cells (Supporting Information Figure-
SI 3).
Overall, mechanisms regulating proton secretion by HGT-1

cells were not affected by low concentrations of casein (<5
μM), whereas they were inhibited at concentrations of 5 μM
and higher compared to untreated cells. In contrast, the
peptide mixture consisting of casein hydrolyzed by pepsin
already demonstrated stimulatory effects on the mechanisms
regulating proton secretion by HGT-1 cells. This was
consistent with the result that bitter peptides were also
produced during the digestion process, which cause even
greater stimulation of proton secretion when administered in
their isolated forms. The three peptides with the greatest
effects on proton secretory activity (VAPFPEVF, YFYPEL, and
YQEPVLGPVRGPFPIIV) were selected to investigate their
effects on taste (TAS1R) and bitter (TAS2R) receptor gene
expression.
3.6. Bitter Peptides Affect the Expression of Various

Bitter Receptors, Especially TAS2R16 and TAS2R38. To
determine which peptide concentrations between the tested
0.01−200 μM have the highest impact on secretory activity, a
curve fit calculation was performed for each peptide
(Supporting Information Figure-SI 4). The minima obtained
represent the respective concentrations with the lowest IPX
values, thereby showing highest impact on secretory activity.
Incubation of HGT-1 cells with VAPFPEVF (17.5 μM),
YFYPEL (0.03 μM), and YQEPVLGPVRGPFPIIV (0.4 μM)
resulted in both up- and down-regulation of bitter receptor
gene expressions at all four time points investigated (Figure 3
and Supporting Information Table-SI 1). Expression of
TAS2R60 could not be detected in HGT-1 cells, either with

or without treatment. The change in gene expression for
TAS2R16 and TAS2R38 was differently affected (Figure 4).
TAS2R41 showed variable upregulation after treatment with
the peptides but did not reach statistical significance (Figure
3).
For TAS2R16, an upregulation was found at all time points

and for all three peptides (p ≤ 0.05). The highest fold changes
in the regulation of TAS2R16 were found for VAPFPEVF
(3.70 ± 0.97, p < 0.0001, df = 16, t = 5.4), YFYPEL (3.19 ±
0.50, p < 0.0001, df = 16, t = 6.3), and YQEPVLGPVRGPF-
PIIV (3.46 ± 0.58, p < 0.0001, df = 16, t = 7.4), respectively,
after an incubation with the respective peptide of 30 min
(Figure 4, top). Since all three peptides caused an upregulation
(p ≤ 0.05) of gene expression of the TAS2R16 at all time
points between 15 min and 2 h, it was hypothesized that this
receptor plays a crucial role in the increased secretion of gastric
acid in HGT-1 cells incubated with bitter peptides. It has
already been observed that TAS2R16, among other bitter
receptors, is targeted by peptides from casein hydrolysates.19

In addition, upregulation of TAS2R38 was also observed.
For peptides with similar IPX profiles YFYPEL and
YQEPVLGPVRGPFPIIV, this regulation was also significant
(p ≤ 0.05) at all time points (Figure 4, bottom). When HGT-1
cells were incubated with the peptide VAPFPEVF, no
significant changes in gene regulation of TAS2R38 could be
detected after 15 and 60 min, while this was the case after 30
(2.42 ± 0.55, p < 0.01, df = 15, t = 3.1) and 120 min (2.45 ±
0.26, p < 0.01, df = 15, t = 3.8).
The most effective upregulation of gene expression for each

peptide was observed for VAPFPEVF on TAS2R16, as
described above, for YFYPEL (after 60 min, fold change 6.71
± 1.56, p < 0.05, df = 14, t = 2.6) in TAS2R7 and for

Figure 3. Auto-scaled changes (column z-score) in gene expressions
of 24 bitter receptors at each time point found in HGT-1 cells after
incubation for 15/30/60/120 min with VAPFPEVF (17.5 μM),
YFYPEL (0.03 μM), or YQEPVLGPVRGPFPIIV (0.4 μM).
Normalized to the expression of PPIA and GAPDH (reference
genes). Data are shown as mean, n = 3−5, t.r. = 3.
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YQEPVLGPVRGPFPIIV (after 120 min, fold change 4.61 ±
2.03, p ≤ 0.01, df = 14, t = 3.1) in TAS2R41. The most
pronounced down-regulation was found for TAS2R10 for all
three peptides after incubation with VAPFPEVF after 15 min
(0.34 ± 0.05, p < 0.0001, df = 16, t = 6.1), with YFYPEL after
30 min (0.41 ± 0.05, p < 0.001, df = 16, t = 4.2), and with
YQEPVLGPVRGPFPIIV after 15 min (0.52 ± 0.06, p < 0.01,
df = 16, t = 4.0) (Supporting Information Table-SI 1).
Taken together, it was found that the gene expression of

TAS2R16 and TAS2R38 was significantly upregulated after
only 15 min of incubation in the case of almost all three bitter
peptides. This upregulation became even stronger after 30 min.
This indicates that these two receptors play a decisive role in
the mechanism of gastric acid secretion from HGT-1 cells,
when they are treated with bitter peptides. For TAS2R16, a
high specificity for glycosides has been found in the past,53

whereas TAS2R38 is known for the perception of phenyl-
thiocarbamides.54,55 However, no prior knowledge existed
regarding the effect of the peptides identified here on
TAS2R16 and TAS2R38. To validate the involvement of
these two receptors, knock-down experiments were performed
in HGT-1 cells.
3.7. Peptides Slightly Affect the Expression of Taste

Receptors TAS1R. Proton secretion has been shown in the
past to be affected not only by bitter substances involving
TAS2Rs but also by sweeteners.56 For this reason, the gene
expression of TAS1R1, TAS1R2, and TAS1R3 was inves-
tigated. While the receptors responsible for umami taste,
TAS1R1 and TAS1R3, could be detected in HGT-1 cells, no
gene expression of TAS1R2 was found. Consequently, no
heterodimer of TAS1R2 and TAS1R3 can be formed and,
therefore, no sweet taste sensing can be hypothesized by HGT-
1 cells, as previously reported.56 After incubation of HGT-1

cells with the selected peptides, a significant increase (p <
0.0001, df = 16, t = 5.6) in the expression of TAS1R3 was
found only for 0.03 μM YFYPEL after 15 min and a decrease
(p < 0.001, df = 16, t = 4.3) in the expression of TAS1R1 after
30 min (Supporting Information Figure-SI 6, center). No
significant changes in TAS1R1 and TAS1R3 expression were
detected after 60 and 120 min. Also, peptides VAPFPEVF
(17.5 μM) and YQEPVLGPVRGPFPIIV (0.4 μM) had no
significant effect on the expression (Supporting Information
Figure-SI 6). Overall, the changes in the expression of TAS1R1
and TAS1R3 were minor compared to those of the bitter
receptor genes and, presumably, of only minor biological
significance.
3.8. Impact of TAS2R16 and TAS2R38 on Peptide-

Induced Stimulation of Proton Secretion in HGT-1 Cells.
To verify the involvement of TAS2R16 and TAS2R38 in the
increased proton secretion after incubation of HGT-1 cells
with the bitter peptides, the cells were co-treated with 1 mM of
the TAS2R16 and TAS2R38 antagonist probenecid (cell
viability ≥ 97.5% compared to control). Probenecid is known
to selectively inhibit TAS2R16, TAS2R38, and TAS2R43.57

HGT-1 cells treated with the bitter peptides alone
(VAPFPEVF (17.5 μM), YFYPEL (0.03 μM), and
YQEPVLGPVRGPFPIIV (0.4 μM)) showed increased proton
secretion compared to untreated control cells (p < 0.01). Co-
incubation with probenecid (1 mM) reduced this stimulation
back to baseline levels (for VAPFPEVF ΔIPX = +0.043 ±
0.031; p > 0.92; for YFYPEL ΔIPX = −0.001 ± 0.019; p >
0.99; for YQEPVLGPVRGPFPIIV ΔIPX = −0.020 ± 0.036; p
> 0.99), so that no changes in proton secretion could be
detected anymore compared to untreated cells (Figure 5A).
To confirm the respective involvement of TAS2R16 and

TAS2R38 in the increased proton secretion by HGT-1 cells,

Figure 4. Changes in gene expressions (fold change) of bitter receptors TAS2R16 (top) and TAS2R38 (bottom) after incubation with peptides
VAPFPEVF (17.5 μM; left), YFYPEL (0.03 μM; center), and YQEPVLGPVRGPFPIIV (0.4 μM; right) for 15/30/60/120 min. Normalized to the
expression of PPIA and GAPDH (reference genes). Data are shown as mean ± SEM, n = 3−5, t.r. = 3, statistics: t-test Holm-Šidaḱ method;
significant differences are expressed with * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
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knock-down experiments were performed. The highest knock-
down efficiency was observed by RT-qPCR after 72 h of
transfection with 10 nM siRNA targeting TAS2R16
(HSS121396) and 1 nM siRNA targeting TAS2R38
(HSS108754), respectively. The expression of TAS2R16 was
reduced to 42.2 ± 1.7% (p < 0.001) and to 62.8 ± 10.7% (p <
0.01) for TAS2R38 (Supporting Information Figure-SI 6).
Cytotoxic effects of siRNA were excluded before performing
the experiments (≥97.5% compared to control). Cell viability
after transfection was 93.2 ± 1.2% (compared to DMEM
control), which is consistent with the manufacturer’s data. To

monitor the transfection process, the expression of MAPK1
was reduced to 60.2 ± 3.9% (p < 0.01).
To investigate the involvement of TAS2R16 in the increased

proton secretion activity induced by incubation with the
peptides, the proton secretion assays were repeated with
TAS2R16kd and mock transfected HGT-1 cells. This showed
that the increase in proton secretion activity in TAS2R16kd
cells was decreased by 77.4 ± 10.1% for VAPFPEVF (17.5 μM,
p < 0.0001), by 86.3 ± 9.9% for YFYPEL (0.03 μM, p <
0.0001), and by 76.6 ± 9.9% for YQEPVLGPVRGPFPIIV (0.4
μM, p < 0.001) (Figure 5B). Analogously, the stimulatory
effect of bitter peptides in TAS2R38kd HGT-1 cells also

Figure 5. Effect on proton secretion after incubation with VAPFPEVF (17.5 μM), YFYPEL (0.03 μM), and YQEPVLGPVRGPFPIIV (0.4 μM),
respectively, of (A) HGT-1 cells with (light gray bars) and without (black bars) 1 mM probenecid; (B−D) non-transfected (black bars), mock-
transfected (dark gray bars), and TAS2R16kd (light gray bars) HGT-1 cells; and (E−G) non-transfected (black bars), mock-transfected (dark gray
bars), and TAS2R38kd (light gray bars) HGT-1 cells. Data are shown as mean ± SEM after incubation for 10 min, n = 4−8, t.r. = 4−12, control:
KRHB, statistics: one-way ANOVA Holm-Šidaḱ post hoc test; significant differences are expressed with ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p
≤ 0.0001.
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decreased. Stimulation by incubation with VAPFPEVF was
reduced by 37.5 ± 9.8% (17.5 μM, p < 0.001), with YFYPEL
by 62.8 ± 7.0% (0.03 μM, p < 0.0001), and with
YQEPVLGPVRGPFPIIV by 45.2 ± 6.7% (0.4 μM, p <
0.0001) (Figure 5C).
Mock-transfected cells showed no significant differences

from non-transfected cells in both cases. TAS2R-independent
histamine-induced stimulation of proton secretion does not
differ from non-transfected cells in either mock-transfected or
TAS2R16 or TAS2R38 knockdown HGT-1 cells (Supporting
Information Figure-SI 9). This shows that the secretory activity
of the cells was not affected by transfection, except for the
receptor in question.
The above results indicate that both TAS2R16 and

TAS2R38 play a functional role in the increased proton
secretion by HGT-1 cells exposed to the bitter peptides tested.
Therefore, we conclude that bitter peptides released from
casein during gastric digestion modulate digestive processes,
namely, proton secretion activity, involving TAS2R16 and
TAS2R38. Since proton secretion stimulated by bitter peptides
was reduced to a greater extent in TAS2R16kd than in
TAS2R38kd HGT-1 cells, it can be assumed that although
both receptors are involved in the mechanism, TAS2R16 may
be of higher functional importance. However, one has to note
that differences in the effect size may also be caused by the
different transfection efficiencies, as the gene expression of
TAS2R16 was reduced by 20% more than that of TAS2R38.
A response of TAS2R16 to peptides in casein hydrolysates

has already been detected by Maehashi et al.19 Here, HEK293
cells expressing either TAS2R1, TAS2R4, TAS2R14, or
TAS2R16 responded to casein hydrolysates. While activation
of TAS2R1, TAS2R4, and TAS2R14 by amino acids and
peptides could be confirmed by Kohl et al., no unambiguous
peptide sequences leading to activation of either TAS2R16 or
TAS2R38 have yet been identified.20 Our results indicate that
both TAS2R16 and TAS2R38 play functional roles in the
increased proton secretion in HGT-1 cells by the tested bitter
peptides with clearly identified sequences at physiologically
achievable concentrations.
In conclusion, our results demonstrate that bitter peptides

are released from the non-bitter protein casein during gastric
digestion. While intact casein had no or higher concentrations
of inhibitory effect on proton secretion, representing a key
mechanism of gastric acid secretion of HGT-1 cells, casein
hydrolysate induced a stimulation. This effect was further
enhanced upon treatment with isolated bitter peptides. While
qPCR data suggest involvement of TAS2R16 and TAS2R38,
co-incubation experiments with the antagonist probenecid
showed that by blocking both receptors, no significant
stimulation of mechanisms regulating gastric acid secretion
was measurable, indicating a functional role of TAS2R16 and
TAS2R38. These results were confirmed by knock-down
experiments in which the gene expression of TAS2R16 and
TAS2R38 was reduced by means of siRNA. Therefore, we
verified a functional role of TAS2R16 and TAS2R38 in the
bitter peptide-mediated stimulation of proton secretion in
HGT-1 cells. This implicates a role of bitter peptides released
during gastric cleavage from non-bitter-tasting proteins on
gastric response mechanisms regulating digestion and food
intake. Future clinical trials are warranted to determine
respective effect sizes in human subjects in order to fully
elucidate the potential of such peptides to modulate food
intake and help to maintain a healthy body weight.
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Tables

Table-SI 1. Changes in gene expression of the bitter receptors after incubation for 15/30/60/120 

min with peptides VAPFPEVF (17.5 µM), YFYPEL (0.03 µM) and YQEPVLGPVRGPFPIIV 

(0.4 µM). Normalized to the expression of PPIA and GAPDH and expression of the receptors 

in HGT-1 cells without treatment. Data shown as mean ± SEM, n = 3 – 5, t. r. = 3, Statistics: 

t test Holm-Šidák method; significant differences are expressed with * = p ≤ 0.05.

receptor treatment 15 min 30 min 60 min 120 min

VAPFPEVF 0.79 ± 0.12 1.36 ± 0.20 0.44 ± 0.22 1.62 ± 0.61
YFYPEL 0.36 ± 0.25 1.03 ± 0.38 0.55 ± 0.33 0.73 ± 0.29

TAS2R1

YQEPVLGPVRGPFPIIV 0.33 ± 0.43 0.43 ± 0.23 1.00 ± 0.63 0.84 ± 0.26
VAPFPEVF 0.70 ± 0.05* 1.56 ± 0.22* 1.06 ± 0.04 1.72 ± 0.12*
YFYPEL 1.54 ± 0.07* 1.08 ± 0.16 1.19 ± 0.12 1.34 ± 0.08*

TAS2R3

YQEPVLGPVRGPFPIIV 1.03 ± 0.11 1.89 ± 0.19* 1.61 ± 0.22* 1.40 ± 0.02*
VAPFPEVF 0.50 ± 0.06* 1.14 ± 0.19 0.95 ± 0.07 1.42 ± 0.14*
YFYPEL 1.24 ± 0.07* 0.81 ± 0.12 0.92 ± 0.07 1.13 ± 0.11

TAS2R4

YQEPVLGPVRGPFPIIV 0.79 ± 0.08 1.71 ± 0.19* 1.60 ± 0.22* 1.21 ± 0.03*
VAPFPEVF 0.91 ± 0.04 1.05 ± 0.07 0.93 ± 0.06 1.23 ± 0.10
YFYPEL 1.34 ± 0.03* 1.03 ± 0.10 0.90 ± 0.04 1.02 ± 0.04

TAS2R5

YQEPVLGPVRGPFPIIV 1.25 ± 0.10 1.45 ± 0.10* 1.39 ± 0.13* 1.22 ± 0.03*
VAPFPEVF 1.20 ± 0.32 0.71 ± 0.34 1.05 ± 1.05 0.62 ± 0.21
YFYPEL 1.23 ± 0.83 2.50 ± 1.32 6.71 ± 1.56* 1.18 ± 0.41

TAS2R7

YQEPVLGPVRGPFPIIV 0.49 ± 0.24 0.74 ± 0.35 0.70 ± 0.94 1.82 ± 1.25
VAPFPEVF 1.24 ± 0.13 2.25 ± 0.32* 1.34 ± 0.16 2.04 ± 0.23*
YFYPEL 1.62 ± 0.22* 1.90 ± 0.31* 1.87 ± 0.39* 1.69 ± 0.21*

TAS2R8

YQEPVLGPVRGPFPIIV 1.39 ± 0.23 2.45 ± 0.28* 1.87 ± 0.32* 1.93 ± 0.23*
VAPFPEVF 1.73 ± 0.08 1.08 ± 0.47 2.31 ± 0.75 0.99 ± 0.69
YFYPEL 0.66 ± 0.42 2.64 ± 0.57 3.01 ± 0.75 1.41 ± 0.22

TAS2R9

YQEPVLGPVRGPFPIIV 0.43 ± 0.68 0.44 ± 0.80 1.91 ± 1.12 0.73 ± 0.32
VAPFPEVF 0.34 ± 0.05* 0.76 ± 0.14 0.91 ± 0.15 1.15 ± 0.10
YFYPEL 0.64 ± 0.08* 0.41 ± 0.05* 0.72 ± 0.20 0.90 ± 0.11

TAS2R10

YQEPVLGPVRGPFPIIV 0.52 ± 0.06* 0.78 ± 0.07 0.90 ± 0.12 1.04 ± 0.08
VAPFPEVF 0.44 ± 0.09* 1.28 ± 0.33 1.01 ± 0.05 1.92 ± 0.36*
YFYPEL 1.14 ± 0.07 0.53 ± 0.11* 0.78 ± 0.06 0.88 ± 0.36

TAS2R13

YQEPVLGPVRGPFPIIV 0.70 ± 0.11 1.65 ± 0.32* 1.16 ± 0.15 1.31 ± 0.08
VAPFPEVF 0.67 ± 0.02* 0.97 ± 0.05 0.86 ± 0.03* 1.08 ± 0.03
YFYPEL 1.11 ± 0.01* 0.92 ± 0.05 0.99 ± 0.02 1.21 ± 0.09*

TAS2R14

YQEPVLGPVRGPFPIIV 0.85 ± 0.04* 1.08 ± 0.06 1.03 ± 0.04 1.08 ± 0.02*
VAPFPEVF 1.50 ± 0.08* 3.70 ± 0.97* 1.65 ± 0.24* 2.88 ± 0.28*
YFYPEL 2.58 ± 0.43* 3.19 ± 0.50* 2.44 ± 0.58* 2.51 ± 0.83*

TAS2R16

YQEPVLGPVRGPFPIIV 2.61 ± 0.58* 3.46 ± 0.58* 2.50 ± 0.41* 3.00 ± 0.31*
VAPFPEVF 0.66 ± 0.07* 1.22 ± 0.17 0.69 ± 0.02* 1.25 ± 0.09*
YFYPEL 1.60 ± 0.02* 0.82 ± 0.09 0.79 ± 0.07 1.05 ± 0.14

TAS2R19

YQEPVLGPVRGPFPIIV 0.85 ± 0.14 1.58 ± 0.09* 1.27 ± 0.17 1.05 ± 0.03
VAPFPEVF 0.70 ± 0.07* 1.33 ± 0.13* 0.87 ± 0.03* 1.78 ± 0.20*
YFYPEL 1.37 ± 0.05* 0.93 ± 0.07 0.94 ± 0.09 1.16 ± 0.13

TAS2R20

YQEPVLGPVRGPFPIIV 0.95 ± 0.08 1.42 ± 0.06* 1.38 ± 0.08* 1.31 ± 0.06*
VAPFPEVF 0.56 ± 0.09* 1.53 ± 0.32* 0.75 ± 0.04* 1.62 ± 0.19*
YFYPEL 1.79 ± 0.06* 0.62 ± 0.09* 0.89 ± 0.08 1.15 ± 0.31

TAS2R30

YQEPVLGPVRGPFPIIV 0.74 ± 0.13 1.88 ± 0.20* 1.20 ± 0.17 0.89 ± 0.03
VAPFPEVF 0.66 ± 0.05* 1.14 ± 0.14 0.70 ± 0.04* 1.22 ± 0.07*
YFYPEL 1.65 ± 0.05* 0.91 ± 0.06 0.96 ± 0.05 1.09 ± 0.11

TAS2R31

YQEPVLGPVRGPFPIIV 0.86 ± 0.12 1.43 ± 0.11* 1.33 ± 0.12* 0.99 ± 0.04
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receptor treatment 15 min 30 min 60 min 120 min

VAPFPEVF 1.31 ± 0.26 2.42 ± 0.55* 1.15 ± 0.23 2.45 ± 0.26*
YFYPEL 2.96 ± 0.64* 3.40 ± 0.80* 2.39 ± 0.62* 2.91 ± 0.67*

TAS2R38

YQEPVLGPVRGPFPIIV 2.01 ± 0.41* 3.71 ± 0.93* 2.05 ± 0.49* 2.38 ± 0.34*
VAPFPEVF 0.39 ± 0.13* 1.37 ± 0.34 0.55 ± 0.06* 1.16 ± 0.25TAS2R39
YFYPEL 1.21 ± 0.16 0.42 ± 0.09* 0.62 ± 0.12* 0.45 ± 0.31
YQEPVLGPVRGPFPIIV 0.53 ± 0.12* 1.16 ± 0.14 0.73 ± 0.13 0.53 ± 0.09*
VAPFPEVF 0.81 ± 0.15 1.54 ± 0.37 0.88 ± 0.06 1.42 ± 0.28
YFYPEL 1.90 ± 0.12* 0.82 ± 0.12 0.59 ± 0.06* 0.75 ± 0.14

TAS2R40

YQEPVLGPVRGPFPIIV 0.92 ± 0.14 1.78 ± 0.29* 0.96 ± 0.26 0.86 ± 0.07
VAPFPEVF 0.95 ± 0.27 2.32 ± 1.06 0.98 ± 0.20 1.90 ± 0.68
YFYPEL 2.82 ± 0.64* 1.56 ± 0.32 4.58 ± 2.91* 3.00 ± 2.14

TAS2R41

YQEPVLGPVRGPFPIIV 1.31 ± 0.67 1.71 ± 2.35 2.95 ± 1.80 4.61 ± 2.03*
VAPFPEVF 0.52 ± 0.09* 0.88 ± 0.10 0.71 ± 0.03* 1.20 ± 0.14
YFYPEL 1.17 ± 0.09 0.55 ± 0.12* 0.69 ± 0.11* 0.93 ± 0.09

TAS2R42

YQEPVLGPVRGPFPIIV 0.62 ± 0.19 1.38 ± 0.15* 1.18 ± 0.13 0.94 ± 0.06
VAPFPEVF 0.57 ± 0.07* 1.14 ± 0.25 0.72 ± 0.03* 1.49 ± 0.15*TAS2R43
YFYPEL 1.49 ± 0.04* 0.64 ± 0.06* 0.91 ± 0.04 1.02 ± 0.21
YQEPVLGPVRGPFPIIV 0.69 ± 0.09* 1.44 ± 0.12* 1.15 ± 0.14 0.88 ± 0.04
VAPFPEVF 0.52 ± 0.05* 1.08 ± 0.17 0.68 ± 0.03* 1.17 ± 0.11TAS2R45
YFYPEL 1.15 ± 0.05* 0.54 ± 0.06* 0.70 ± 0.03* 0.94 ± 0.21
YQEPVLGPVRGPFPIIV 0.63 ± 0.09* 1.25 ± 0.12* 1.06 ± 0.12 0.84 ± 0.04*
VAPFPEVF 0.62 ± 0.07* 1.47 ± 0.29* 0.85 ± 0.05 1.95 ± 0.21*
YFYPEL 1.70 ± 0.08* 0.73 ± 0.12 1.01 ± 0.11 1.30 ± 0.30

TAS2R46

YQEPVLGPVRGPFPIIV 0.69 ± 0.13 1.73 ± 0.18* 1.30 ± 0.17 1.06 ± 0.04
TAS2R50 VAPFPEVF 0.56 ± 0.06* 1.39 ± 0.35 0.83 ± 0.05 1.56 ± 0.18*

YFYPEL 1.50 ± 0.06* 0.70 ± 0.11 0.92 ± 0.09 0.91 ± 0.25
YQEPVLGPVRGPFPIIV 0.67 ± 0.08* 1.66 ± 0.19* 1.21 ± 0.13 1.07 ± 0.08
VAPFPEVF not detected
YFYPEL not detected

TAS2R60

YQEPVLGPVRGPFPIIV not detected
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Table-SI 2. Optimized parameters declustering potential (DP), collision energy (CE), and 

collision cell exit potential (CXP) for each peptide and transition.

peptide sequence Q1 mass (Da) DP (volts) Q3 mass (Da) CE (volts) CXP (volts)

700.2 9 28
571.2 13 24
474.1 13 28
358.1 11 22

YFYPEL 416.356 36

350.7 11 12

1058.5 15 26
978.5 23 28
977.5 21 26
652.2 17 20

PVVVPPFLQPEVM 726.897 180

475.2 21 30

794.3 11 32
636.4 11 18
614.2 15 20
596.3 19 38

YYVPLGTQ 470.592 21

515.2 13 16

740.4 11 20
735.3 11 16
641.2 13 14
570.2 15 30

VAPFPEVF 453.135 20

491.3 11 18

1151.6 45 54
1094.5 45 54
882.4 33 24
730.6 39 38

YQEPVLGPVRGFPFIIV 940.920 80

441.3 41 24
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Table-SI 3. Sequences of the primer pairs used for RT-qPCR.13,37,38

Gene Direction Sequence (5′ to 3′) Amplicon length, bp

TAS2R1 Forward AAATGGCTCCGCTGGATCTC
Reverse GTGGCAAGCCAAAGTTCCAA

172

TAS2R3 Forward GGGACTCACCGAGGGGGTGT
Reverse CCTCAAGAGTGCCAGGGTGGTG

160

TAS2R4 Forward GCAGTGTCTGGTTTGTGACC
Reverse GCGTGATGTACAGGCAAGTG

168

TAS2R5 Forward ACACTCATGGCAGCCTATCC
Reverse CGAGCACACACTGTCTTCCA

107

TAS2R7 Forward GCAGGTGTGGATGTCAAACTC
Reverse TCTTGACCCAGTCCATGCAG

167

TAS2R8 Forward ATGTGGATTACCACCTGCCT
Reverse GGAAATGGCAAAGCATCCCAG

135

TAS2R9 Forward GCAGATTCGACTGCATGCTAC
Reverse TGCCTTTATGGCCCTCATGT

70

TAS2R10 Forward GCTACGTGTAGTGGAAGGCA
Reverse TCCATTCCCCAAAACCCCAA

73

TAS2R13 Forward GAAAGTGCCCTGCCGAGTAT
Reverse CCAGATCAGCCCAATTCTGGA

177

TAS2R14 Forward CCAGGTGATGGGAATGGCTTA
Reverse AGGGCTCCCCATCTTTGAAC

128

TAS2R16 Forward ATGGCATCACTGACCAAGCA
Reverse TTTCAACGTAGGGCTGCTCA

255

TAS2R19 Forward TCTTAGGACACAGCAGAGCA
Reverse AGCGTGTCATCTGCCACAAAA

146

TAS2R20 Forward ATTTGGGGGAACAAGACGCT
Reverse ACTACGGAAAAACTTGTGGGAA

183

TAS2R30 Forward GGCTGGAAAAGCAACCTGTC
Reverse ACACAATGCCCCTCTTGTGA

191

TAS2R31 Forward TTGAGGAGTGCAGTGTACCTTTC
Reverse ACGGCACATAACAAGAGGAAAA

218

TAS2R38 Forward CCCAGCCTGGAGGCCCACATT
Reverse TCACAGCTCTCCTCAACTTGGCA

216

TAS2R39 Forward TTCTGTGGCTGTCCGTGTTTA
Reverse GGGTGGCTGTCAGGATGAAC

207

TAS2R40 Forward CGGTGAACACAGATGCCACAGATA
Reverse GTGTTTTGCCCCTGGCCCACT

150

TAS2R41 Forward GCAGCGAATGGCTTCATTGT
Reverse TGGCTGAGTTCAGGAAGTGC

223

TAS2R42 Forward TCCTCACCTGCTTGGCTATC
Reverse GGCAAGCCAGGTTGTCAAGT

161

TAS2R43 Forward ATATCTGGGCAGTGATCAACC
Reverse CCCAACAACATCACCAGAATGAC

148

TAS2R45 Forward AGTACCCTTTACTGTAACCC
Reverse AGTAAATGGCACGTAACAAG

170
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Gene Direction Sequence (5′ to 3′) Amplicon length, bp

TAS2R46 Forward ACATGACTTGGAAGATCAAACTGAG
Reverse AGCTTTTATGTGGACCTTCATGC

200

TAS2R50 Forward CGCAAGATCTCAGCACCAAGGTC
Reverse GCCTTGCTAACCATGACAACCGGG

151

TAS2R60 Forward GGTGTTCAGTGCTGCAGGTA
Reverse CACCTTGAGGAACGACGACT

156

GAPDH Forward AGGTCGGAGTCAACGGATTTG
Reverse GGGGTCATTGATGGCAACAATA

94

PPIA Forward CCACCAGATCATTCCTTCTGTAGC
Reverse CTGCAATCCAGCTAGGCATGG

144
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Figures

Figure-SI 1. Illustration of the proposed mechanism of proton secretion induced by bitter 

compounds in HGT-1 cells.5,56
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Figure-SI 2. Comparison of retention times (UPLC) and SRM mass transitions (MS/MS; 

5 transitions per peptide; transitions identified with skyline 21.1.0.146) of 

PVVVPPFLQPEVM, VAPFPEVF, YFYPEL, YQEPVLGPVRGPFPIIV and YYVPLGTQ as 

(A) synthesized standard, (B) formed in in vitro digestion, and (C) formed in in vivo digestion.
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Figure-SI 3. Effect on proton secretion of HGT-1 cells incubated with VAPFPEVF (top) and 

the peptides YFYPEL and YQEPVLGPVRGPFPIIV with similar IPX profile (bottom). Data 

shown as mean ± SEM after incubation for 10 minutes, n = 4 – 8, t. r. = 4 – 6, control: KRHB, 

Statistics: one-way ANOVA Holm-Šidák post hoc test; significant differences are expressed 

with * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
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Figure-SI 4. Curve fit calculations of the proton secretion profile of the three peptides to 

determine which concentration has the greatest effect on proton secretion activity in HGT-1 

cells in each case.
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Figure-SI 5. Sensory experiments revealed significant bitterness (p ≤ 0.001) toward water for 

all five selected peptides.
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Figure-SI 6. Changes in gene expression (fold change) of taste receptors TAS1R1 (top) and 

TAS1R3 (bottom) as a function of incubation time with peptides VAPFPEVF (17.5 µM; left), 

YFYPEL (0.03 µM; center) and YQEPVLGPVRGPFPIIV (0.4 µM; right). Normalized to the 

expression of PPIA and GAPDH (reference genes). Data shown as mean ± SEM, n = 3, t. r. = 

3, Statistics: t test Holm-Šidák method; significant differences are expressed with *** = p ≤ 

0.001, **** = p ≤ 0.0001.
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Figure-SI 7. Identified degradation products of YQEPVLGPVRGPFPIIV (βA1/A2-CN193–209) 

found in the further course of digestion explaining the degradation of the peptide.
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Figure-SI 8. Gene expression was reduced by transient transfection (knock-down) after 72 h. 

Mock transfections were performed with siRNA without target. Reduction in expression was 

best achieved with 10 nM siRNA targeting TAS2R16 (HSS121396) and 1 nM siRNA targeting 

TAS2R38 (HSS108754) to 42.2 and 62.8%, respectively.
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bitter peptides that reduce H. pylori induced pro-inflammatory IL-17A 
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A B S T R A C T   

About half of the world's population is infected with the bacterium Helicobacter pylori. For colonization, the 
bacterium neutralizes the low gastric pH and recruits immune cells to the stomach. The immune cells secrete 
cytokines, i.e., the pro-inflammatory IL-17A, which directly or indirectly damage surface epithelial cells. Since (I) 
dietary proteins are known to be digested into bitter tasting peptides in the gastric lumen, and (II) bitter tasting 
compounds have been demonstrated to reduce the release of pro-inflammatory cytokines through functional 
involvement of bitter taste receptors (TAS2Rs), we hypothesized that the sweet-tasting plant protein thaumatin 
would be cleaved into anti-inflammatory bitter peptides during gastric digestion. Using immortalized human 
parietal cells (HGT-1 cells), we demonstrated a bitter taste receptor TAS2R16-dependent reduction of a H. pylori- 
evoked IL-17A release by up to 89.7 ± 21.9% (p ≤ 0.01). Functional involvement of TAS2R16 was demonstrated 
by the study of specific antagonists and siRNA knock-down experiments.   

1. Introduction 

The sweet-tasting protein thaumatin is naturally occurring in Thau
matococcus daniellii, a plant found mainly in Africa. First described and 
isolated in 1972, its sweet intensity was demonstrated to be 1600 times 
that of sucrose on a weight basis (van der Wel & Loeve, 1972). Due to its 
intense sweetness, thaumatin (E 957) is added as sugar substitute to 
foods and beverages in concentrations between 0.5 and 400 mg/kg 
(Younes et al., 2021). Although the pharmacological characteristics of 
thaumatin have been extensively studied before the FDA has given GRAS 
notice (Gleba, 2017), peptides released after gastric digestion of thau
matin have so far not been characterized, neither for their taste quality 
nor for their (taste quality-associated) effects on the stomach's 
physiology. 

Humans can perceive five recognized taste qualities: sweet, bitter, 

salty, sour and umami. The perception of these taste qualities after food 
intake is primarily mediated by taste receptors located on taste cells of 
the tongue. In extra-oral tissues, the expression of taste receptors, 
namely bitter taste receptors (TAS2Rs), have been demonstrated to play 
central roles in various physiological functions (Behrens & Meyerhof, 
2013). While intestinal TAS2Rs modulate mechanisms regulating the 
control of food intake and the innate immune system, activation of 
gastric TAS2Rs stimulates proton secretion from parietal cells and are 
thereby involved in digestive mechanisms of gastric acid secretion (Liszt 
et al., 2017; Liszt et al., 2022). 

However, an oral bitter taste perception of a given food constituent 
does not necessarily result in the activation of gastro-intestinal TAS2Rs. 
Digestive degradation might change the chemical structure and, in turn, 
the TAS2R activation profile and associated physiological functions of 
the parent compound. In one of our previous works, we have 
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demonstrated gastric digestion of the non-bitter tasting milk protein 
casein to release bitter peptides that stimulated mechanisms of gastric 
acid secretion by immortalized human parietal cells (HGT-1) via func
tional involvement of TAS2R16 and TAS2R38 (Richter et al., 2022). 
Besides digestive processes, TAS2Rs have also been shown to play a role 
in preventing immune competent cells from a stimulus-evoked release of 
pro-inflammatory cytokines (Liszt et al., 2022;Tiroch et al., 2021; Tiroch 
et al., 2023). In immortalized human gingival fibroblasts (HGF-1 cells), 
the release of the pro-inflammatory interleukin 6, evoked by treatment 
with lipopolysaccharides (LPS) from Porphyromonas gingivalis, was 
reduced by various TAS2R agonists and TAS2R50 siRNA knock-down 
(Tiroch et al., 2021; Tiroch et al., 2023). 

From a mechanistic perspective, activation of TAS2R16 by its agonist 
salicin (Bufe, Hofmann, Krautwurst, Raguse, & Meyerhof, 2002) sup
presses NF-κB p65 nuclear translocation and intracellular cAMP in HGF- 
1 cells, after treatment with LPS. In addition, down-regulation of gene 
expression of many pro-inflammatory cytokines occurred upon co- 
incubation of cells with LPS and salicin, which resulted in a decreased 
release of the pro-inflammatory cytokine IL-8 (Zhou et al., 2021). In the 
context of innate immunity, it has been shown that the activation of 
TAS2R38 by corresponding bitter substances leads to calcium mobili
zation, which might trigger the formation of NO as well-known anti- 
bacterial agent (Bethineedi et al., 2023). 

Inflammatory processes in the stomach that are associated with the 
release of various cytokines are often caused by an infection with the 
bacterium Helicobacter pylori (H. pylori) (Bauditz et al., 1999; Beales & 
Calam, 1997; Lv et al., 2019; Yamauchi et al., 2008). Worldwide, about 
half of the population is infected with H. pylori (Suerbaum & Michetti, 
2002). To protect itself from the human immune system, H. pylori has 
developed specific adaptations in order to be able to settle in the gastric 
mucosa. One of them is aimed at resisting the low pH in the stomach by 
producing the enzyme urease. This enzyme catalyzes the breakdown of 
urea into CO2 and ammonia, neutralizing gastric acid (Salama, Hartung, 
& Müller, 2013). 

Among the pro-inflammatory interleukins IL-17 is known to play a 
crucial role in H. pylori infections. In infected mice IL-17 protein 
expression was increased and associated with a strong neutrophil infil
tration, which was significantly reduced in IL-17 knock-out mice. 
Moreover, the number of pathogens present in the stomach of the knock- 
out mice was significantly lower than in wild-type mice after 6 months 
of infection (Shiomi et al., 2008). In humans, sustained secretion of IL- 
17A, an important representative of the IL-17 family, by gastric cells 
has been hypothesized to promote the development of gastric tumors 
(Kang et al., 2023). Whether dietary peptides released during gastric 
digestion may counteract a H. pylori-evoked release of pro-inflammatory 
cytokines and whether TAS2Rs are involved herein, has not been studied 
so far. 

We, therefore, hypothesized that gastric digestion of the sweet- 
tasting protein thaumatin generates bitter peptides that reduce an 
H. pylori-induced release of pro-inflammatory interleukins with func
tional involvement of TAS2Rs. 

2. Material and methods 

2.1. Chemicals 

Thaumatin (mixture of the two forms thaumatin I and II, 99.4% 
purity) was purchased from TCI Chemicals (Portland, USA), 1,5-car
boxy-seminaphtorhodafluor acetoxymethylester (SNARF-1-AM) and 
Dulbecco's modified Eagle's medium GlutaMAX (DMEM) were pur
chased from Thermo Fisher Scientific (USA). Fetal bovine serum (FBS 
Supreme), trypsin/ethylenediaminetetraacetic acid, and pen
icillin− streptomycin were obtained from PANBiotech GmbH (Aiden
bach, Germany). Phosphate buffered saline was bought from Biozym 
Scientific GmbH (Hessisch Oldendorf, Germany). Dimethyl sulfoxide 
(DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) were purchased from Carl Roth (Karlsruhe, Germany). 
All other compounds were ordered from Merck KGaA (Darmstadt, Ger
many). Custom peptides (DAGGRQLNSGES, FNVPMDF, WTIN
VEPGTKGGKIW, and AAASKGDAAL) were synthesized by Genscript 
Biotech with a purity of >95% (New Jersey, USA). Double-distilled 
water (ddH2O) from Elga Purelab Classic (Veolia Water Solutions & 
Technologies, France) was used for all experiments. The composition of 
Krebs-Ringer-HEPES buffer (KRHB), simulated salivary fluid (SSF), and 
simulated gastric fluid (SGF) is based on previously published work 
(Brodkorb et al., 2019; Richter et al., 2022). 

2.2. In vitro digestion 

For digestion of the intact plant protein thaumatin, 100 mg were 
dissolved in SSF as described before (Brodkorb et al., 2019; Richter 
et al., 2022) and incubated for 5 min at 37 ◦C and 5% CO2 (standard 
conditions) in four biological replicates. After the first sampling, SGF 
was added and the pH was adjusted to 3. Pepsin was added to initiate 
simulated gastric digestion. The reaction was incubated under standard 
conditions and samples were taken at 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, and 6 
h. The samples were stored at − 80 ◦C until peptide identification by LC- 
ToF-MS or quantitation by LC-MS/MS. 

2.3. In vivo digestion 

To carry out the in vivo digestion experiments, 1 g thaumatin was 
dissolved in 5 mL of water and administered to pigs (German Landrace, 
German Landrace × minipig, age: about 20 weeks) in 6 biological rep
licates. Two hours after thaumatin administration (Richter et al., 2022), 
the animals were euthanized and the stomach contents were collected 
and immediately frozen in liquid nitrogen. The following purification 
and desalting was carried out as previously published (Richter et al., 
2022). The samples were stored at − 80 ◦C until identification by LC- 
ToF-MS or quantitation by LC-MS/MS. 

2.4. Peptide identification by means of Ultra-High-Performance Liquid 
Chromatography–Time-of-Flight Mass Spectrometry (UHPLC-ToF-MS) 

Separations and measurements of peptides released from thaumatin 
digestion were performed using a Sciex ExionLC AC (Sciex, Darmstadt, 
Germany) coupled to a Sciex TripleTOF 6600 mass spectrometer (Sciex, 
Darmstadt, Germany) adapted from the previously published protocol 
(Richter et al., 2022). Data acquisition and instrumentation control were 
performed with AnalystTF software (v 1.7.1; Sciex, Darmstadt, Ger
many). The used gradient of 0.1% aqueous formic acid and acetonitrile 
containing 0.1% formic acid was only slightly adjusted according to the 
following scheme: 0 min, 5% B; 0.5 min, 5% B; 14 min, 60% B; 15 min, 
98% B; 16 min, 98% B; 17 min, 5% B; and 20 min, 5% B. MaxQuant 
software (Cox & Mann, 2008) was used for the identification of the 
peptide sequences (version 1.6.3.4; unspecific digestion; variable mod
ifications: oxidation M, acetyl protein N-term, carbamidomethyl C, 
phospho STY; peptide length between 4 and 25 amino acids; andromeda 
score > 10; max. Score: 202.27). 

2.5. Quantitation of the thaumatin peptides via LC-MS/MS 

Separations and measurements for peptide quantification were per
formed using a Sciex ExionLC AC (Sciex, Darmstadt, Germany) coupled 
to a 6500+ QTrap LC-MS/MS system (Sciex, Darmstadt, Germany) 
operating in the positive electrospray ionization mode. This was also 
based on the previously published methodology (Richter et al., 2022). 
While all other parameters were adopted, the gradient of 0.1% aqueous 
formic acid and acetonitrile containing 0.1% formic acid was modified 
as follows: 0 min, 10% B; 8 min, 40% B; 8.5 min, 98% B; 11 min, 98% B; 
11.5 min, 10% B; and 15 min, 10% B. The optimal ionization parameters 
(DP, CE, and CXP; see supplementary data Table S1) for each peptide 
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transition were obtained by direct injection of the peptide solutions into 
the MS ion source. 

2.6. Quantitative 1H Nuclear Magnetic Resonance Spectroscopy 

To verify the purity of the synthesized reference peptides, the pep
tides were dissolved in 600 μL D2O and filled into NMR tubes (178 × 5 
mm inner diameter, USC tubes, Bruker, Rheinstetten, Germany). The 
1H-qNMR spectra were recorded on a 400 MHz Avance III NMR spec
trometer (Bruker, Rheinstetten, Germany), which was calibrated using 
caffeine and L-tyrosine before measurement as previously described 
(Frank, Kreissl, Daschner, & Hofmann, 2014). 

2.7. Sensory study 

After ensuring the purity of the identified peptides by LC-MS and 1H- 
qNMR (95.5–99.4%), sensory experiments were performed to confirm 
their predicted bitterness. Peptides were dissolved in non‑carbonated, 
bottled water in a concentration of 1.5 mM (Richter et al., 2022). To 
determine the most dominant taste sensation (Labbe, Schlich, Pineau, 
Gilbert, & Martin, 2009), the 17–19 healthy, non-smoking trained 
panelists without known taste and smell disorders were asked to 
discriminate between sweet, bitter and another taste quality (Meilgaard 
& Carr, 2006). 

2.8. Bradford assay 

Thaumatin content of sweetener tablets was determined by the 
Bradford assay to associate the effect sizes demonstrated with a typical 
dietary thaumatin intake. For this purpose, one thaumatin sweetener 
tablet (71.04 mg) was dissolved in 5 mL of H2O, and a calibration line of 
pure thaumatin (10, 5, 1, 0.5, 0.1, and 0.05 μg/mL) in water was pre
pared. Afterwards, the Bradford solution (BioRad, Feldkirchen, Ger
many) was added 1:1 to the sample solutions (four replicates) and the 
calibration solutions, and incubated for 20 min at room temperature. 
Absorbance was measured on a NanoDrop Onec (Thermo Fisher Scien
tific Inc., USA) at 595 nm. 

2.9. Cell culture 

Immortalized human parietal cells (HGT-1), obtained from Dr. C. 
Laboisse (Laboratory of Pathological Anatomy, Nantes, Frances), were 
cultured under previously published standard conditions at 37 ◦C in a 
humidified atmosphere at 5% CO2 in DMEM containing 10% FBS and 
1% penicillin and streptomycin. Cells between passages 15 and 25 were 
used for all experiments (Liszt et al., 2017; Richter et al., 2022). 

2.10. Cell viability 

Exclusion of cytotoxic effects of all substances tested in cell assays 
was performed by MTT assay. For this, cells were incubated for six hours 
with thaumatin (100 μM), the peptides (100 μM), probenecid (1 mM) or 
native proteins of H. pylori (2.5–50 μg/mL) according to the previously 
published protocols (Richter et al., 2022). Viability was determined via 
reduction of MTT (0.83 mg/mL in DMEM) to the corresponding for
mazan dissolved in DMSO. Absorbance was measured at 570 nm 
(reference 650 nm) using an Infinite M200 plate reader (Tecan, 
Switzerland). Cell viability was calculated relative to cells treated with 
KRHB only (= 100%). DMSO (100%) and 5 mM quinine (Richter et al., 
2024) were used as negative controls (see supplementary data Fig. S1). 

2.11. Intracellular proton index (IPX) determined as indicator of parietal 
proton secretion 

For the measurement of the intracellular proton index (IPX), based 
on the intracellular concentration of protons, 100,000 HGT-1 cells/well 

were seeded into a black 96 well plate on the previous day. On the day of 
measurement, cells were stained for 30 min with the pH sensitive fluo
rescent dye 1,5 carboxy-seminaphto-rhodafluor acetoxymethyl ester 
(SNARF-1-AM) at 37 ◦C and 5% CO2. After removal of the dye and a 
washing step with KRHB, the cells were treated with thaumatin or the 
identified peptides in different concentrations (range: 1 pM – 100 μM) 
with and without 1 mM probenecid as TAS2R16 antagonist. After 10 min 
incubation under standard conditions, the dye was excited at 488 nm 
and emitted fluorescence was measured at 580 and 640 nm. All exper
iments and the calculation was done as previously described (Liszt et al., 
2017; Richter et al., 2022). 

2.12. Quantitation of mRNA expression 

For analysis of gene expression, 500,000 cells/well were seeded into 
24 well plates on the previous day. After incubation for different time 
periods with the respective substances, the cells were washed with PBS 
and lysed directly in the plate. Isolation of RNA followed by concen
tration and integrity determination, gDNA removal, synthesis of cDNA, 
and performance of real-time qPCR (RT-qPCR) were performed using 
the peqGOLD RNA Kit (VWR Peqlab, USA), the iScript gDNA Clear cDNA 
Synthesis Kit (BioRad, Feldkirchen, Germany), and the SsoAdvanced 
Universal SYBR Green Supermix (BioRad, Feldkirchen, Germany) as 
described previously (Richter et al., 2022). Primer sequences for the 
TAS2Rs were taken from Liszt et al., 2017. All other primers and plates 
with preloaded primers of common cytokines and chemokines (ID 
10034128) were obtained from BioRad (Feldkirchen, Germany). PPIA 
and GAPDH were used as reference genes. The effects of the substances 
on gene expression were analyzed in comparison to untreated control 
cells. 

2.13. Transient knock-down of TAS2R16 expression in HGT-1 cells 

To determine transfection efficiency in this approach, 100,000 cells/ 
well were seeded in 24-well plates the previous day. All reagents needed 
for transfection were purchased from Thermo Fisher Scientific, USA. To 
reduce the expression of TAS2R16, two different siRNA sequences 
(HSS121396 and HSS181763) were tested. After performing trans
fection with Lipofectamine RNAiMAX in Opti-Medium according to the 
manufacturer's protocol, cells were incubated for 72 h at standard 
conditions. Mock and positive control (MAPK1; VHS40312) trans
fections were performed as published previously (Richter et al., 2022). 
Transfection efficiency was determined by RT-qPCR. The siRNA 
sequence and concentration (HSS181763; 1 nM) with the most pro
nounced effect on reducing TAS2R16 expression was used for the 
following ELISA experiments. 

2.14. Determination of cytokine release from HGT-1 cells 

To determine which cytokines are released by HGT-1 cells in 
response to H. pylori (10 μg/mL) exposure, 2,500,000 cells/well were 
seeded in 12 well plates the previous day. After incubation of cells with 
and without native proteins from H. pylori, cell supernatants were 
examined in four biological replicates according to the manufacturer's 
protocol using Proteome Profiler Array Human XL Cytokine Array Kit (R & 
D Systems, Minneapolis, USA). Afterwards, the membranes were imaged 
on a ChemiDoc MP Imaging System (BioRad, Feldkirchen, Germany). 
Quantification was subsequently performed using ImageJ (1.53 t) after 
background subtraction (Rolling Ball Radius 25 Pixels; light back
ground; invert; size: 0.08 [23]). Here, normalization was performed to 
the positive controls located on the membrane. 

2.15. Enzyme-linked Immunosorbent Assays (ELISA) 

To quantitate the release of cytokine proteins by HGT-1 cells exposed 
to H. pylori (10 μg/mL), 750,000 cells/well were seeded in 96 well plates 
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the previous day. After transfection with siRNA targeting TAS2R16 or 
nonspecific siRNA (mock), cells were incubated for 72 h under standard 
conditions as described. After six hours incubation with and without 
native proteins from H. pylori with and without the peptides under 
investigation in serum-free medium, the supernatants were collected 
and analyzed by ELISA. Human IL-17A High Sensitivity ELISA Kit 
(Thermo Fisher Scientific Inc., USA) was used for this purpose. 

2.16. Statistics 

Unless otherwise described, all data are presented as mean ± stan
dard error of the mean (SEM). At least three biological replicates were 
prepared from each experiment. Statistical analyses of different treat
ments with the untreated control were performed after the Nalimov 
outlier test using t-test Holm-Šidák method or one-way ANOVA Holm- 
Šidák post hoc test. Different p values are indicated with asterisks ac
cording to the following scheme: * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤
0.001, **** = p ≤ 0.0001. 

3. Results and discussion 

3.1. Identification of potentially bitter-tasting peptides released from 
thaumatin by gastric digestion in vitro 

Thaumatin consists of two forms (UniProt Consortium, 2023), 
thaumatin I (UniProt P02883) and thaumatin II (UniProt P02884), 
which are 207 amino acids in length and differ structurally in four amino 
acids (46N>K; 63S>R; 67K>R; 76R>Q; see supplementary data 
Table S2). To identify the peptides released during gastric digestion of 
thaumatin, the intact protein was subjected to a previously validated in 
vitro digestion in four biological replicates (Richter et al., 2022). Anal
ysis of these samples by LC-ToF-MS and the proteomics software Max
Quant (Cox & Mann, 2008; Tyanova, Temu, & Cox, 2016) led to the 
identification of 66 different peptides released over the complete 
digestion period of six hours. 

Based on the amino acid sequence differences, eight peptides could 
be clearly assigned to thaumatin I and five to thaumatin II. The 
remaining 53 peptides could have resulted from the cleavage of thau
matin I as well as II. Peptide contamination of the intact thaumatin was 
excluded by LC-ToF-MS. To monitor the performance of the in vitro 
digestion, the effect of low pH (pH = 3) without pepsin addition and the 
stability of the protein under neutral conditions were tested. No release 
of peptides was observed. Hence, pepsin and pH 3 were required for the 
release of the 66 different peptides. As previously observed and 
described (Richter et al., 2022), there was no relevant formation or 
change in peptide concentrations after six hours of digestion, suggesting 
complete digestion. 

To reduce the number of peptides to be investigated in the following 
experiments, only identified sequences with an andromeda score > 100 
were used, reducing the number of peptides from 66 to 12 (Cox & Mann, 
2008; Tyanova et al., 2016). To select potentially bitter-tasting peptides, 
various in silico prediction tools were applied, e.g. BERT4Bitter (Char
oenkwan, Nantasenamat, Hasan, Manavalan, & Shoombuatong, 2021), 
iBitter-SCM (Charoenkwan et al., 2020), and prediction based on the 
amino acid composition according to Ney, 1971, which already proved 
successful in previous screenings (Richter et al., 2022). If at least two of 
the three tools declared the respective sequence as bitter, reference 
peptides were purchased to verify the bitterness by sensory trials and to 
perform subsequent experiments. To avoid testing similar peptides, 
overlapping sequences were excluded. Consequently, the following 
peptide sequences were assumed to be bitter-tasting: DAGGRQLNSGES 
(TH-I/II25–36; iBitter-SCM score: 385.18 bitter; BERT4Bitter probability: 
0.57 bitter; Ney: 435.8 non-bitter), FNVPMDF (TH-I/II108–114; iBitter- 
SCM score: 393.17 bitter; BERT4Bitter probability: 0.00 non-bitter; 
Ney: 1710.0 bitter), WTINVEPGTKGGKIW (TH-II37–51; iBitter-SCM 
score: 387.36 bitter; BERT4Bitter probability: 1.00 bitter; Ney: 1437.3 

bitter). The likely non-bitter peptide AAASKGDAAL (TH-I/II15–24; 
iBitter-SCM score: 247.44 non-bitter; BERT4Bitter probability: 0.00 non- 
bitter; Ney: 666.0 non-bitter) was selected to perform control 
experiments. 

3.2. Identification of in vivo released thaumatin peptides showed high 
similarities to the in vitro model 

To study the enzymatic cleavage of the intact protein thaumatin 
under in vivo conditions and to compare the results with the identified 
peptides of the in vitro approach, pigs were fed with 1 g thaumatin, and 
their stomach contents were analyzed via LC-ToF-MS after two hours of 
digestion. The time period of two hours was based on the results from 
the in vitro experiments, which demonstrated the major release of pep
tides within the first two hours of digestion. The porcine model was 
chosen because the digestive processes of pigs closely resemble those of 
humans (Patterson, Lei, & Miller, 2008). Determination of the pH of the 
pig's gastric contents resulted in a mean value of 3.15 ± 0.56. This result 
was in accordance with previously published data on studying the 
digestion products of casein (pH value 2.90 ± 0.74; p ≥ 0.77), and 
justifies the use of pH value 3 for the in vitro digestion approach (Richter 
et al., 2022). LC-ToF-MS analysis of the peptides formed after two hours 
of gastric digestion revealed 68 different peptide sequences. Comparison 
of these peptides formed in vivo with those revealed from the in vitro 
approach showed a mean similarity of 83.7 ± 1.8%, including the three 
predicted bitter peptides and the likely non-bitter reference peptide. The 
high agreement of identified peptides between the in vitro and in vivo 
digestion confirmed, that the previously adapted in vitro digestion pro
tocol provides a simple and suitable alternative to simulate protein 
digestion in the human stomach (Brodkorb et al., 2019; Richter et al., 
2022). 

To confirm the structure of the selected peptides, synthetic refer
ences were analyzed by LC-MS/MS and their retention times and MRM- 
pattern were compared to those of the selected peptides. This showed 
that both, the retention times (AAASKGDAAL: 1.41 ± 0.02 min; DAG
GRQLNSGES: 0.97 ± 0.03 min; FNVPMDF: 6.74 ± 0.04 min; WTIN
VEPGTKGGKIW: 5.56 ± 0.02 min) and the ratios of specific transitions 
(5 per peptide) of the peptides formed in vitro and in vivo, were consistent 
with those of the synthesized reference peptides (see supplementary 
data Fig. S2). The recovery rates of the peptides in quality controls 
during the LC-MS measurements were 98.0 ± 1.5% for AAASKGDAAL, 
94.6 ± 0.9% for DAGGRQLNSGES, 97.8 ± 1.3% for FNVPMDF, and 98.1 
± 0.3% for WTINVEPGTKGGKIW. 

3.3. Sensory validation of the bitter taste of peptides released by gastric 
digestion of thaumatin 

First, the bitter perception from the peptides DAGGRQLNSGES, 
FNVPMDF and WTINVEPGTKGGKIW, and the taste quality of the pu
tatively non-bitter peptide AAASKGDAAL, predicted by using the pre
diction tools mentioned above, were evaluated by trained sensory 
panelists scoring (Fig. 1) according to a dominant sensation test (Labbe 
et al., 2009). This revealed that the three peptides classified as bitter by 
the preceding in silico approach, DAGGRQLNSGES (50.0 ± 1.4% of the 
panelists, p ≤ 0.01), FNVPMDF (83.1 ± 4.2%, p ≤ 0.001) and WTIN
VEPGTKGGKIW (100.0 ± 0.0%, p ≤ 0.001), indeed exhibited a distinct 
bitter taste (see supplementary data Table S3). In addition, it was 
confirmed that the peptide AAASKGDAAL, which was predicted to be 
non-bitter, was neither perceived as bitter, nor as sweet (55.9 ± 0.8%, p 
≤ 0.001). For reference purposes, the intact thaumatin was also sub
jected to sensory analysis. Here, a sweet taste sensation was perceived 
(97.6 ± 0.6%, p ≤ 0.001). This set of sensory experiments confirmed the 
in silico results obtained from the bitter prediction tools. Moreover, the 
sweet taste of thaumatin, already known from literature, could also be 
validated (van der Wel & Loeve, 1972). According to our hypothesis, it 
could be shown that the taste quality of the sweet-tasting plant protein 
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thaumatin changes during gastric digestion and bitter-tasting peptides 
are released. 

3.4. Time-resolved quantitation of the thaumatin peptides 
AAASKGDAAL, FNVPMDF, DAGGRQLNSGES and 
WTINVEPGTKGGKIW released upon gastric digestion in vitro 

To investigate the peptide release over time, a LC-MS/MS method 
was developed and applied on the samples. Quantitation of the four 
peptides in the samples of the in vitro gastric digest revealed substantial 
cleavage of thaumatin (100 mg, 633.5 μM), resulting in a high release of 
the peptides within the first hour (Fig. 2). The highest concentrations of 
FNVPMDF (151.7 ± 1.6 μM) and AAASKGDAAL (61.3 ± 1.8 μM) were 

detected after 15 min of digestion, whereas lowest values were obtained 
at the last time point examined (6.6 ± 0.4 μM and 14.4 ± 0.8 μM, 
respectively), indicating a further breakdown of these peptides into 
smaller peptides and/or amino acids (Fig. 2, dark gray and dashed line). 
In contrast, mean concentrations of DAGGRQLNSGES and WTIN
VEPGTKGGKIW increased to 300.5 ± 2.3 μM, and 220.6 ± 1.3 μM, 
respectively, after the first hour of digestion, and were still at concen
trations of 291.8 ± 2.3 μM and 171.4 ± 1.0 μM at the final time point of 
six hours of simulated gastric digestion (Fig. 2, black and light gray line). 
At time point 0, directly before initiation of the digestion process by 
enzyme addition, the release rates for all four peptides investigated 
were ≤ 0.5%. The highest release rate overall was observed for WTIN
VEPGTKGGKIW (originated from thaumatin II; see supplementary data 
Table S2), with 69.64 ± 0.42% after one hour of in vitro digestion and 
54.12 ± 0.32% after six hours of in vitro digestion, based on the thau
matin concentrations used. The maximum release of DAGGRQLNSGES 
was reached at 49.70 ± 1.09% after three hours and was 46.05 ± 0.37% 
after six hours. After 15 min, the release of FNVPMDF was 23.94 ±
0.26% and decreased to 1.04 ± 0.06% at six hours. Following a similar 
pattern, the non-bitter peptide AAASKGDAAL was released at 9.67 ±
0.28% after 15 min and was further cleaved, resulting in a final con
centration of 2.27 ± 0.11% after six hours. 

Under in vivo conditions, release of the peptides by the two-hour 
gastric digestion resulted in the nanomolar range (Fig. 3). The highest 
release was found for the peptide FNVPMDF and was 1060 ± 276 nM. 
Concentrations of 179 ± 43 nM, 615 ± 135 nM, and 334 ± 108 nM were 
found for the peptides AAASKGDAAL, DAGGRQLNSGES, and WTIN
VEPGTKGGKIW, respectively. 

Based on the quantitative data revealed for the formation of these 
four selected peptides, follow-up experiments, regarding their bitter 
taste receptor-mediated impact on H. pylori-induced pro-inflammatory 
cytokine release, were conducted. 

Fig. 1. Illustration of the results of the sensory experiments in which the bitterness of the three peptides DAGGRQLNSGES, FNVPMDF, and WTINVEPGTKGGKIW, the 
non-bitterness of AAASKGDAAL and the sweetness of thaumatin were validated; n = 17–19, t. r. = 3. 

Fig. 2. Release of the three investigated bitter-tasting thaumatin peptides 
DAGGRQLNSGES (black line), WTINVEPGTKGGKIW (light gray line) and 
FNVPMDF (dark gray line) and the non-bitter tasting thaumatin peptide 
AAASKGDAAL (dashed line) during in vitro gastric digestion. Samples were 
taken after 0, 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, and 6 h of digestion and quantitated 
by means of UHPLC− MS/MS-MRM measurements. Data shown as mean ±
SEM, n = 4, transitions per peptide = 5. 
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3.5. Simulated H. pylori infection leads to regulation of gene expression of 
numerous chemokines and cytokines and leads to increased release of 
signaling proteins by HGT-1 cells 

Expression analysis (RT-qPCR) of 55 common chemokines and cy
tokines using samples from HGT-1 cells cultured with native proteins 
from H. pylori (10 μg/mL; cytotoxic effect was excluded, see supple
mentary data Fig. S3) showed a variety of up- and down-regulations of 
mRNA levels (see supplementary data Fig. S4 and Table S4). 

Focusing on the release of cytokines, the cell supernatants of HGT-1 
cells exposed to a mixture of native proteins of H. pylori for six hours 
demonstrated increasing concentrations of several cytokines compared 
to untreated control cells (Table 1). Specifically, a rise in interleukin 
concentration was observed for IL-1β (+44.0 ± 15.0%; p ≤ 0.05); IL-6 
(+29.4 ± 7.4%; p ≤ 0.01); IL-11 (+32.9 ± 5.3%; p ≤ 0.001); IL-15 
(+23.7 ± 7.1%; p ≤ 0.05); IL-16 (+47.4 ± 11.8%; p ≤ 0.01); IL-17A 
(+41.4 ± 17.0%; p ≤ 0.05); IL-19 (+38.0 ± 8.3%; p ≤ 0.01); IL-31 
(+19.2 ± 4.4%; p ≤ 0.05); and IL-34 (+32.4 ± 8.2%; p ≤ 0.05). Since 
gene expression of IL-19, IL-31, and IL-34 was not examined in the RT- 
qPCR experiments and no regulation at the mRNA level was detectable 
for the expression of IL-6 and IL-16, no link to the increased release of 
these proteins by the HGT-1 cells and their gene expression could be 
made. IL-18BP gene expression was not examined, but modulation of IL- 
18 expression was shown after 30 and 360 min treatment, which might 
be related to H. pylori induced IL-18BP release (+25.6 ± 6.3%; p ≤ 0.05) 
(Harms, Creer, Lorenzo-Arteaga, Ostlund, & Sarvetnick, 2017). 
Although detection of an IL-1β-specific RNA transcript was not possible, 
increased secretion of IL-1β by HGT-1 cells occurred. Consistent with the 
observed down-regulations of gene expression of IL-11, IL-15, and IL- 
17A, an increased release were found for these representatives, 
possibly resulting in a negative feedback circuit (Vohradský, 2001). This 

suggests that the three cytokines IL-11, IL-15, and IL-17A might play a 
role in the H. pylori induced immune response. 

While no detectable changes for CCL19 and CCL20 mRNA levels 
were observed, an increased protein release of these chemokines was 
detected after incubation with native proteins of H. pylori. The release 
for CCL19 increased by +60.2 ± 14.3% (p ≤ 0.05), while for CCL20 a 
concentration increase of +26.0 ± 7.5% (p ≤ 0.05) was detectable in the 
cell supernatants. Consistent with the down-regulation of CCL17 gene 
expression found after 30 and 180 min, the release of this chemokine 
was increased by +52.7 ± 9.3% (p ≤ 0.01) after six hours incubation 
with H. pylori. 

From a gene regulation perspective, down-regulation of mRNA 
expression for CXC motif chemokines was found for the genes CXCL5, 
CXCL10 and CXCL11, however their protein release into the medium 
was increased: CXCL5 (+43.6 ± 10.7%; p ≤ 0.01), CXCL10 (+45.5 ±
8.4%; p ≤ 0.01), and CXCL11 (+31.0 ± 8.1%; p ≤ 0.05). Reduced mRNA 
levels and simultaneous increase in synthesis and release rates at the 
protein level are indications that CXCL5, CXCL10 and CXCL11 are also 
important signaling proteins involved in H. pylori infection. 

Furthermore, after incubation of HGT-1 cells with native proteins 
from H. pylori, increased releases of C-Reactive Protein (+33.8 ± 5.5%; 
p ≤ 0.01) and RAGE (+21.7 ± 4.5%; p ≤ 0.01), were also detected. 

Overall, treatment of HGT-1 cells with H. pylori protein induced a 
broad increase of chemokine protein release into the cell's supernatant. 
The next set of experiments was aimed at identifying whether the hy
pothesized modulating effects of bitter peptides, released from thau
matin during gastric digestion, is TAS2R-dependent and affects the 
H. pylori-induced release of the pro-inflammatory interleukin IL-17A, 
which was studied since its increase of bound protein relative to con
trol was most pronounced (11.82%; Table 1). 

3.6. Bitter peptides reduce a H. pylori-induced IL-17A release 

For the H. pylori-evoked release of IL-17A, a cytokine that is known to 
be associated with H. pylori infections and to be involved in the initiation 
of gastritis and, in the long term, gastric cancer (Kang et al., 2023), the 
impact of the bitter peptides DAGGRQLNSGES, FNVPMDF and WTIN
VEPGTKGGKIW revealed a reduction by 66.6 ± 29.6% (p ≤ 0.05), 89.7 
± 21.9% (p ≤ 0.01), and 87.0 ± 38.0% (p ≤ 0.05), respectively, whereas 
the non-bitter peptide AAASKGDAAL had no effect (p = 0.75; black bars 
in Fig. 5B). This demonstrates that, in human parietal HGT-1 cells, bitter 
peptides reduce the IL-17A release triggered by H. pylori. 

To validate whether this reduction in the H. pylori-induced release of 

Fig. 3. Released concentrations of the four investigated peptides in the stom
ach contents of pigs after two hours of stomach digestion. Data shown as mean 
± SEM, n = 6, transitions per peptide = 5. 

Table 1 
Human cytokines whose secretion was increased after incubation with native 
proteins of H. pylori for six hours. Data are shown as mean ± SEM after incu
bation for six hours, n = 4, t. r. = 2, statistics: t-test Holm-Šidák method.  

Protein Increase over  
control (%) 

p value Bound protein normalized  
to positive control (%) 

IL-1β 44.0 ± 15.0 ≤ 0.05 2.31 
IL-6 29.4 ± 7.4 ≤ 0.01 3.49 
IL-11 32.9 ± 5.3 ≤ 0.001 7.08 
IL-15 23.7 ± 7.1 ≤ 0.05 3.42 
IL-16 47.4 ± 11.8 ≤ 0.01 5.52 
IL-17A 41.4 ± 17.0 ≤ 0.05 11.82 
IL-18 BP 25.6 ± 6.3 ≤ 0.05 4.12 
IL-19 38.0 ± 8.3 ≤ 0.01 2.76 
IL-31 19.2 ± 4.4 ≤ 0.05 4.64 
IL-34 32.4 ± 8.2 ≤ 0.05 2.79 
CCL17 52.7 ± 9.3 ≤ 0.01 3.88 
CCL19 60.2 ± 14.3 ≤ 0.05 4.12 
CCL20 26.0 ± 7.5 ≤ 0.05 4.41 
CXCL5 43.6 ± 10.7 ≤ 0.01 2.74 
CXCL10 45.5 ± 8.4 ≤ 0.01 3.30 
CXCL11 31.0 ± 8.1 ≤ 0.05 3.81 
C-Reactive Protein 33.8 ± 5.5 ≤ 0.01 4.39 
RAGE 21.7 ± 4.5 ≤ 0.01 7.14  
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IL-17A depends on the bitter taste quality of the peptides mediated by a 
bitter taste receptor (TAS2R), the cellular bitter response of HGT-1 cells 
was examined using an established assay based on parietal proton 
secretion (Liszt et al., 2017). In addition, as published previously 
(Richter et al., 2022), the effects of bitter peptides on TAS2R gene 
regulation was investigated in order to consider TAS2R involvement. 

3.7. Cellular bitter response to intact thaumatin and bitter peptides 
generated upon gastric digestion thereof 

Before the cellular bitter response was tested in the established HGT- 
1 cell model (Liszt et al., 2017), cell viability was tested by MTT assays. 
Here, no impaired cell viability (cell viability ≥96%) was detected (see 
supplementary data Fig. S1) after six hours of incubation with a con
centration of either 100 μM of thaumatin or any of the four peptides 
tested (non-bitter: AAASKGDAAL; bitter: DAGGRQLNSGES, FNVPMDF 
and WTINVEPGTKGGKIW). 

The cellular bitter response was tested by means of a proton-sensitive 
dye that allows to quantitate the intracellular concentration of protons 
(IPX) and is indicative of a TAS2R-associated proton secretion by HGT-1 
cells (Liszt et al., 2017). While negative IPX values in the proton 
secretion assay represent an increased proton secretion as cellular bitter 
response, positive IPX values represent inhibition of these and an asso
ciated increased intracellular H+ concentration, compared with un
treated control cells (Liszt et al., 2017). Incubation of HGT-1 cells with 
the bitter peptides DAGGRQLNSGES and FNVPMDF resulted in stimu
lation of proton secretion at concentrations of 1 nM or lower (Fig. 4A). 
The strongest secretory activities were observed at peptide concentra
tions of 10 pM (IPX -0.218 ± 0.030; p ≤ 0.0001) and 100 pM (IPX -0.224 
± 0.025; p ≤ 0.0001), respectively (see supplementary data Fig. S5B þ
C). Notably, the solvent control to FNVPMDF, DMSO, did not affect IPX 
(final concentration of DMSO on cells: 0.03%). WTINVEPGTKGGKIW 

induced a stimulation of proton secretion at concentrations of 100 nM or 
lower, which was strongest at 100 pM with an IPX of − 0.198 ± 0.029 (p 
≤ 0.0001; Fig. 4A). For each of the three bitter peptides, a hormetic 
concentration dependence, i.e., a reduction of the effect size at lower and 
higher concentrations, was detectable (see supplementary data 
Fig. S5B–D). Similar effects were previously found for bitter peptides 
released upon gastric digestion of casein (Richter et al., 2022) and for 
cells stimulated with serotonin (Holik et al., 2021). Here, it is hypoth
esized that higher peptide concentrations lead to the involvement of 
specific proton-dependent peptide transporters, which also influence 
intercellular proton concentrations and therefore, at further increasing 
concentrations (>100 μM), lead to higher intracellular proton concen
trations (symport with H+) and decreased H+-secretory activities 
(Rubio-Aliaga & Daniel, 2002). However, since daily intake of thau
matin does not lead to gastric peptide concentrations in this range, this 
mechanism was not considered in the context of this work. 

Whereas the non-bitter peptide AAASKGDAAL did not affect IPX in a 
concentration range of 1 pM - 100 nM (see supplementary data 
Fig. S5E), treatment of the HGT-1 cells with 1 mM histamine as a pos
itive control resulted in increased proton secretion (p ≤ 0.0001), thereby 
allowing the functionality of the assay to be monitored. 

Treatment of the cells with the TAS1R1/3 targeting protein thau
matin (Li et al., 2002) also decreased the IPX values (see supplementary 
data Fig. S5A), with the greatest effect observed at a concentration of 1 
nM (IPX -0.279 ± 0.021; p ≤ 0.0001; Fig. 4A). Although it is yet not 
known whether thaumatin activates TAS2Rs at a molecular level, a 
hormetic concentration dependence was also observed for its effect on 
intracellular proton concentrations (IPX). 

Fig. 4. (A) Effects of peptides DAGGRQLNSGES, FNVPMDF, WTINVEPGTKGGKIW, and intact thaumatin on proton secretion (untreated control cells represent an 
IPX of 0), with lower levels of IPX representing greater secretory activity. (B) Impact on TAS2R16 mRNA levels (untreated control cells represent a fold-change of 1). 
Data shown as mean ± SEM, n = 4, t. r. = 4–6, control: KRHB, Statistics: one-way ANOVA Holm-Šidák post hoc test; significant differences are expressed with * = p ≤
0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001. 
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3.8. Bitter peptides and thaumatin induce a concentration-dependent 
change in gene expression of TAS2R16 

To investigate an involvement of TAS2Rs in the stimulation of proton 
secretion induced by bitter peptides and thaumatin, effects on gene 
expression were examined by RT-qPCR. Curve fit calculations allowed a 
determination of the concentrations with the strongest effect on secre
tory activity (IPXmin). An IPXmin of 5 pM could be calculated for DAG
GRQLNSGES and 30 pM for FNVPMDF and WTINVEPGTKGGKIW (see 
supplementary data Fig. S6). The lowest IPX value for thaumatin was 
obtained at a concentration of 2.3 nM. For better comparability, a 
concentration of 30 pM of the respective peptides and thaumatin was 
used to screen changes of mRNA transcript levels of all 25 TAS2Rs. 

Incubation with thaumatin or the peptides resulted in a significant (p 
≤ 0.05) and distinct (fold-change ≥2) up-regulation of the TAS2R16, 
TAS2R38, and TAS2R41 genes, respectively (data not shown). This 
observation was consistent with previous experiments with bitter casein 
peptides, ultimately demonstrating the involvement of TAS2R16 and 
TAS2R38 in bitter peptide-mediated stimulation of mechanisms of 
gastric acid secretion (Richter et al., 2022). Comparison of the expres
sion of these three TAS2Rs in the native cell line HGT-1 showed that 
TAS2R16 was expressed most strongly (p ≤ 0.0001; see supplementary 
data Fig. S7). Based on this and the fact that TAS2R16 activation by 
bitter peptides in casein hydrolysates in the HEK293 model was also 
shown by Maehashi et al., 2008, follow-up experiments focused on the 
involvement of TAS2R16. 

To investigate whether the concentration-dependent stimulation of 
proton secretion by the bitter peptides and intact thaumatin is also re
flected in TAS2R16 expression, the effects of thaumatin and the selected 
bitter peptides generated upon gastric digestion of thaumatin on 
TAS2R16 gene expression in HGT-1 cells were studied at concentrations 
between 0.01 and 100 nM (Fig. 4B). Positive correlations (R2 = 0.88 and 
0.57, respectively) were found for thaumatin and the peptide WTIN
VEPGTKGGKIW. While concentrations of 1 nM led to the strongest up- 
regulation of TAS2R16 gene expression in both cases (fold-change 
7.37 ± 0.77 for thaumatin, p ≤ 0.0001; 3.03 ± 0.18 for WTIN
VEPGTKGGKIW, p ≤ 0.0001), this effect decreased at higher and lower 
concentrations, but was statistically significant at all concentrations 
tested (p ≤ 0.05). Again, the hormetic effect previously observed for IPX 
values indicating proton secretion was evident. While there was a 
reduction in the stimulatory effect of the bitter peptide DAG
GRQLNSGES on the IPX with increasing concentrations from 10 pM, 
interestingly, an increase in concentration led to an enhanced down- 
regulation of TAS2R16 expression (R2 = 0.97). Therefore, there was a 
strong reduction of expression to 0.01 ± 0.01 (fold-change; p ≤ 0.0001) 
after treatment with 100 nM DAGGRQLNSGES. Likewise, incubations 
with 0.1 and 1 nM FNVPMDF (R2 = 0.70) resulted in down-regulation of 
TAS2R16 mRNA levels to 0.51 ± 0.05 (fold-change; p ≤ 0.01) and 0.55 
± 0.07 (fold-change; p ≤ 0.01), respectively. However, this reduced gene 
expression was no longer observed as the concentration increased to 10 
nM FNVPMDF and finally reversed at 100 nM, resulting in a strong up- 
regulation to 4.96 ± 0.46 (fold-change; p ≤ 0.0001). Overall, the three 
bitter peptides studied as well as their parent protein thaumatin show a 
concentration-dependent influence on TAS2R16 expression. These 
findings confirm that TAS2R16 is involved in the bitter peptide- 
mediated stimulation of the mechanisms of proton secretion in HGT-1 
cells. As shown in past studies, both up- and down-regulation of the 
expression of specific genes may indicate the involvement of receptors, 
ion channels or other proteins (Gry et al., 2009; Vohradský, 2001). In 
this context, it should be noted that the involvement of receptors in 
cellular processes does not necessarily result in regulation of their mRNA 
levels. While desensitization has been shown for other membrane pro
teins in the past, there is no such evidence for TAS2Rs. 

3.9. TAS2R16 antagonist probenecid inhibits bitter peptide-induced 
stimulation of proton secretion 

Further evidence to support the assumption of a TAS2R16 involve
ment resulted from co-treatment of the cells with the organic anion 
transporter inhibitor probenecid (Nigam et al., 2015). In the past, the 
ability of this sulfobenzoic acid derivative to inhibit TAS2R16 activation 
has been described, making probenecid an antagonist of TAS2R16 
(Greene et al., 2011; Richter et al., 2022). 

Whereas incubation of HGT-1 cells with 1 mM probenecid solely 
showed no effect on proton secretion (p = 0.22; vs. untreated cells), co- 
incubation of 30 pM DAGGRQLNSGES, FNVPMDF, WTINVEPGTKGG
KIW, or the intact protein thaumatin with 1 mM probenecid resulted in a 
reduction of the stimulatory effects of each peptide to baseline levels in 
all cases (p > 0.05; see supplementary data Fig. S8). Treatment of the 
cells with the peptides and protein alone again resulted in the already 
observed stimulation of the mechanisms of gastric acid secretion (p ≤
0.0001). To exclude the influence of probenecid on proton secretion in 
HGT-1 cells in a TAS2R-independent pathway, proton secretion was 
stimulated by activation of the H2 receptor with 1 mM histamine. Here, 
no difference was found between the presence and absence of proben
ecid (p = 0.92). In addition to the antagonistic effect of probenecid on 
TAS2R16, inhibition of TAS2R38 and TAS2R43 has also been found in 
the past (Greene et al., 2011). Studies on casein peptides also showed a 
reduction in the stimulatory effects of bitter peptides when cells were co- 
treated with probenecid. Final knock-down experiments here showed 
actual involvement of both TAS2R16 and TAS2R38 (Richter et al., 
2022). 

3.10. Reduction of H. pylori evoked IL-17A release by bitter peptides is 
TAS2R16 dependent 

Involvement of the bitter taste receptor TAS2R16, which already 
plays a central role in the bitter peptide-mediated stimulation of proton 
secretion from HGT-1 cells and the reduction of LPS-induced cytokine 
expression (Zhou et al., 2021), was demonstrated by knock-down ex
periments using siRNA (HSS181763; Fig. 5A). Here, the mRNA expres
sion of TAS2R16 was reduced by 51.6 ± 4.5% (p ≤ 0.0001) vs. mock- 
transfected control cells. No difference in H. pylori-induced IL-17A 
secretion was observed between TAS2R16kd and mock-transfected 
cells (p > 0.05). In TAS2R16kd cells, the bitter peptides no longer caused 
the reducing effect (p = 0.20–0.46), making it clear that the involvement 
of TAS2R16 in bitter peptide-mediated reduced IL-17A release plays a 
crucial role (white bars in Fig. 5B). Nevertheless, it cannot be ruled out 
that other bitter taste receptors also contribute to this bitter peptide- 
mediated reduction of H. pylori-induced IL-17A release. 

3.11. Achievable physiological peptide concentrations in the stomach are 
in the low nanomolar range 

Based on the sweetening power of thaumatin (threshold <50 nM), 
which is equivalent to 1600 times that of sucrose (by weight), the 
habitual daily intake by humans is very low (van der Wel & Loeve, 
1972). A common industrial use of thaumatin are as non-caloric sugar 
substitutes alongside acesulfame K, cyclamate, and saccharin, for 
example in sweetener tablets (Nikolelis & Pantoulias, 2001). The thau
matin content of a commercially available sweetener tablet determined 
by Bradford assay (pure thaumatin was used as an external standard) 
was 13.92 ± 0.80 μg per tablet. This corresponds to a thaumatin content 
of 0.02% based on the total weight of 71.04 mg per tablet and results in a 
maximum achievable concentration in the stomach between 0.5 and 3.8 
nM for the respective peptides, considering the specific release rates and 
a stomach volume between 100 and 1000 mL. Since all thaumatin- 
derived bitter tasting peptides studied, namely DAGGRQLNSGES, 
FNVPMDF, WTINVEPGTKGGKIW, evoked cellular responses in the 
nanomolar range, thaumatin intake at habitual doses warrant further 
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studies to elucidate the potential anti-inflammatory effects associated 
with an H. pylori infection. 

In conclusion, the sweet-tasting protein thaumatin was shown to be 
cleaved into bitter-tasting peptides during gastric digestion. Three of 
these bitter peptides, namely DAGGRQLNSGES, FNVPMDF, and WTIN
VEPGTKGGKIW, were demonstrated to stimulate proton secretion as a 
mechanism of gastric acid secretion of immortalized human parietal 
cells. Peptide concentrations in the nanomolar range, which can be 
achieved by ingestion of a single thaumatin-containing sweetener tablet, 
are sufficient to reduce the H. pylori-evoked release of the pro- 
inflammatory IL-17A protein via functional involvement of bitter taste 
receptor TAS2R16 in human parietal HGT-1 cells in culture. 
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Ethical statement 

Sensory studies 
This study was conducted in accordance with the principles of the 

Declaration of Helsinki. The trained panelists, who were asked to eval
uate the taste quality of the thaumatin peptides as part of the sensory 
studies, were informed before the tests were carried out and provided 
written informed consent prior to enrollment. Thaumatin is an approved 
food protein (Gleba, 2017) that is already used in food. The purity of the 
resulting peptides, which are formed during the digestion of thaumatin, 
was checked by LC-MS and NMR. To further minimize the risk, the 
panelists were instructed not to swallow the sample solutions but to spit 
them out. 

Gleba, Y. (2017). GRAS Notice for THAUMATIN Sweetener and Food 
Flavor Modifier, US FDA GRAS Notice No GRN 738. https://www.fda. 
gov/media/110043/download. 

Animal experiments 

Fig. 5. (A) Reduction of gene expression using specific siRNA (TAS2R16; HSS181763) after 72 h. Mock control was performed using non-specific siRNA. As a positive 
control, the expression of MAPK1 (VHS40312) was reduced (− 48.6 ± 0.4%; p ≤ 0.0001). Gene expression of TAS2R16 was reduced by − 51.6 ± 4.5% (p ≤ 0.0001). 
Data are shown as mean ± SEM after incubation with siRNA for 72 h, n = 3–4, t. r. = 3, control: DMEM; statistics: t-test Holm-Šidák method; significant differences 
are expressed with **** = p ≤ 0.0001. (B) IL-17A release from HGT-1 cells incubated with H. pylori native protein (10 μg/mL; = 100%). Black bars represent mock- 
transfected cells, white bars TAS2R16 knock-down cells. In all cases, co-incubation was performed with H. pylori Native Protein (10 μg/mL) and the respective 
peptide at a concentration of 1 nM. Data are shown as mean ± SEM, n = 4, t. r. = 1–2, statistics: t-test Holm-Šidaḱ method; significant differences are expressed with 
* = p ≤ 0.05, ** = p ≤ 0.01. 
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Thaumatin was authorised as feed in the European Union under 
Implementing Regulation No 869/2012 in September 2012. Animal 
experiments were performed according to the European laws for 
handling and care of experimental animals. 

Appendix A. Supplementary data 

Supporting information to this manuscript include optimized pa
rameters of individual peptides for quantification by targeted prote
omics (Table S1), amino acid sequences of the two thaumatin forms 
investigated (Table S2), results for the sensory study (Table S3), signif
icant gene regulations of common chemo- and cytokines (Table S4), 
influence of thaumatin, the investigated peptides, probenecid and 
DMSO (solvent) on cell viability (Fig. S1), verification of retention times 
and SRM mass transitions of the four peptides studied (Fig. S2), influ
ence of H. pylori native proteins on cell viability (Fig. S3), gene regula
tions of common chemo- and cytokines (Fig. S4), effects on proton 
secretion of HGT-1 cells incubated with intact thaumatin, the bitter 
peptides and the non-bitter reference peptide (Fig. S5), curve fit calcu
lations of the proton secretion profiles (Fig. S6), representation of gene 
expression of TAS2R16, TAS2R38, and TAS2R41 in HGT-1 cells (Fig. S7), 
co-incubation of HGT-1 cells with probenecid and the bitter peptides or 
thaumatin (Fig. S8). Supplementary data to this article can be found 
online at https://doi.org/10.1016/j.foodchem.2024.139157. 
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Table S1. Optimized parameters of individual peptides for quantification by targeted 

proteomics. 

sequence 
Q1 mass 

(Da) 

DP 

(volts) 

Q3 mass 

(Da) 

CE 

(volts) 

CXP 

(volts) 

AAASKGDAAL 437.985 114 

486.5 36 18 
573.6 36 18 
574.7 36 18 
601.6 36 18 
644.7 36 18 

DAGGRQLNSGES 595.869 61 

543.1 23 26 
586.8 23 28 
812.2 29 22 
187.0 33 22 
159.0 39 18 

FNVPMDF 870.328 141 

870.4 11 24 
509.7 37 26 
509.1 37 24 
119.9 125 12 
387.1 21 20 

WTINVEPGTKGGKIW 562.815 71 

699.9 23 12 
557.0 21 10 
159.3 33 10 
188.0 41 10 
170.1 41 20 
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Table S2. Amino acid sequences of the two thaumatin forms investigated. Quantified and 

tested peptides are marked in bold, underlined amino acids differ in the forms of thaumatin I 

to II. 

sequence of thaumatin I 

ATFEIVNRCSYTVW AAASKGDAAL DAGGRQLNSGES WTINVEPGTNGGKIW 

ARTDCYFDDSGSGICKTGDCGGLLRCKRFGRPPTTLAEFSLNQYGKDYIDISNIK 

G FNVPMDF SPTTRGCRGVRCAADIVGQCPAKLKAPGGGCNDACTVFQTSEYC 

CTT GKCGPTEYSRFFKRLCPDAFSYVLDKPTTVTCPGSSNYRVTFCPTA 

sequence of thaumatin II 

ATFEIVNRCSYTVW AAASKGDAAL DAGGRQLNSGES WTINVEPGTKGGKIW 

ARTDCYFDDSGRGICRTGDCGGLLQCKRFGRPPTTLAEFSLNQYGKDYIDISNIK

G FNVPMDF SPTTRGCRGVRCAADIVGQCPAKLKAPGGGCNDACTVFQTSEYC 

CTTGKCGPTEYSRFFKRLCPDAFSYVLDKPTTVTCPGSSNYRVTFCPTA 
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Table S3. Results for the sensory study, in which the indication of the most dominant taste 

quality of the individual peptides and the protein had to be given. Data are shown as 

mean ± SEM, n = 17-19, t. r. = 3, significant differences are expressed with ** = p ≤ 0.001, 

*** = p ≤ 0.001. 

 

AAASK 

GDAAL 

(TH-I/II15–24) 

DAGGRQ 

LNSGES 

(TH-I/II25–36) 

FNVPMDF 

(TH-I/ 

II108–114) 

WTINVEPG 

TKGGKIW 

(TH-II37–51) 

Thaumatin 

bitter 
ns 

33.5 ± 1.4% 

** 

50.0 ± 1.4% 

*** 

83.1 ± 4.2% 

*** 

100 ± 0.0% 

ns 

2.4 ± 0.6% 

sweet 
ns 

10.6 ± 1.5% 

ns 

16.5 ± 0.3% 

ns 

8.7 ± 2.9% 

ns 

0.0 ± 0.0% 

*** 

97.6 ± 0.6% 

different 

or no 

taste 

quality 

*** 

55.9 ± 0.8% 

ns 

33.5 ± 1.4% 

ns 

8.3 ± 1.4% 

ns 

0.0 ± 0.0% 

ns 

0.0 ± 0.0% 
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Table S4. Significant (p ≤ 0.05) gene regulations (mRNA) of common chemo- and cytokines 

after time-dependent incubation with native proteins of H. pylori (10 µg/mL). Significant 

regulations are shown as fold-change, n = 3-4, statistics: t-test Holm-Šidák method. 

gene 0 min 30 min 60 min 180 min 360 min 

C5 1.00 0.42 0.52 0.57 ns 

CCL1 1.00 - - - ns 

CCL2 1.00 4.62 2.91 ns ns 

CCL3 1.00 0.07 0.07 0.06 0.11 

CCL5 1.00 ns ns ns ns 

CCL7 1.00 0.01 ns 0.07 ns 

CCL8 1.00 ns ns ns ns 

CCL11 1.00 ns ns ns ns 

CCL13 - - - - - 

CCL17 1.00 0.08 ns 0.06 ns 

CCL18 1.00 0.07 0.08 0.09 0.14 

CCL19 1.00 ns ns ns ns 

CCL20 1.00 ns ns ns ns 

CCL21 1.00 0.02 0.01 0.01 0.03 

CCL22 1.00 0.61 ns 0.60 ns 

CCL24 1.00 0.02 ns 0.05 0.01 

CSF1 1.00 0.79 ns 0.70 0.79 

CSF2 1.00 0.05 0.04 0.04 0.02 

CSF3 1.00 0.08 ns 0.07 0.08 

CX3CL1 1.00 0.54 ns ns 0.66 

CXCL1 1.00 ns ns ns ns 

CXCL2 1.00 ns ns ns ns 

CXCL5 1.00 0.01 ns 0.08 0.01 

CXCL9 1.00 ns ns ns ns 

CXCL10 1.00 ns ns 0.06 ns 

CXCL11 1.00 ns ns 0.06 ns 

CXCL12 1.00 - - - ns 

CXCL13 1.00 ns ns ns ns 

CXCL16 1.00 ns 1.20 ns ns 
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gene 0 min 30 min 60 min 180 min 360 min 

IL1A 1.00 ns ns ns ns 

IL1B - - - - - 

IL1RN 1.00 - ns - ns 

IL2 1.00 ns ns ns ns 

IL3 1.00 ns ns ns ns 

IL4 - - - - - 

IL5 1.00 ns 0.24 ns 1.86 

IL6 1.00 ns ns ns ns 

IL7 1.00 ns ns 0.04 0.11 

IL8 1.00 0.08 ns 0.05 0.08 

IL9 - - - - - 

IL10 1.00 ns 0.03 0.01 0.06 

IL11 1.00 0.22 0.20 0.22 0.35 

IL12A 1.00 1.76 2.13 ns ns 

IL12B 1.00 ns ns ns ns 

IL13 1.00 ns ns 0.02 ns 

IL15 1.00 0.34 0.44 0.51 ns 

IL16 1.00 ns ns ns ns 

IL17A 1.00 ns ns ns 0.29 

IL17F 1.00 ns ns ns 1.94 

IL18 1.00 0.73 ns ns 1.24 

IL21 - - - - - 

IL22 1.00 0.02 ns ns ns 

IL23A 1.00 0.48 0.43 0.76 ns 

IL24 1.00 0.14 ns 0.32 ns 

IL27 1.00 ns ns ns ns 
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Fig. S1. Influence of 100 µM thaumatin, 100 µM of the investigated peptides, 1 mM probenecid 

and DMSO (solvent) on cell viability. Data are shown as mean ± SEM after incubation for six 

hours, n = 3-4, t. r. = 3, control: KRHB, statistics: one-way ANOVA Holm-Šidák post hoc test, 

significant differences are expressed with **** = p ≤ 0.0001.  
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Fig. S2. Verification of retention times (UPLC) and MRM mass transitions (MS/MS, 

5 transitions per peptide) of the four peptides studied as (A) synthesized standard, (B) formed 

in in vitro digestion, and (C) formed in in vivo digestion.  
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Fig. S3. Influence of H. pylori native proteins on cell viability. Data are shown as mean ± SEM 

after incubation for six hours, n = 3, t. r. = 3, control: DMEM, statistics: one-way ANOVA Holm-

Šidák post hoc test, significant differences are expressed with **** = p ≤ 0.0001. 
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Fig. S4. Gene regulations of common chemo- and cytokines after time-dependent incubation 

with native proteins of H. pylori (10 µg/mL), n = 3-4.  
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Fig. S5. Effects on proton secretion of HGT-1 cells incubated with intact thaumatin (A), the 

bitter peptides DAGGRQLNSGES (B), FNVPMDF (C), and WTINVEPGTKGGKIW (D) and the 

non-bitter reference peptide AAASKGDAAL (E). Data shown as mean ± SEM after incubation 

for 10 minutes, n = 4-6, t. r. = 4-6, control: KRHB, Statistics: one-way ANOVA Holm-Šidák post 

hoc test, significant differences are expressed with * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, 

**** = p ≤ 0.0001, 1 mM histamine was used as a positive control.  
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A 

 

B 

 

C 

 

D 

 

Fig. S6. Curve fit calculations of the proton secretion profiles of thaumatin (A) and the three 

bitter peptides DAGGRQLNSGES (B), FNVPMDF (C), and WTINVEPGTKGGKIW (D), to 

determine the concentrations with the strongest effect on secretory activity (IPXmin) in HGT-1 

cells. Data shown as mean ± SEM after incubation for 10 minutes, n = 4-6, t. r. = 4-6. 
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Fig. S7. Representation of gene expression of TAS2R16, TAS2R38, and TAS2R41 in HGT-1 

cells normalized to the reference genes GAPDH and PPIA. Data are shown as mean ± 

SEM, n = 4, t. r. = 3, Statistics: one-way ANOVA Holm-Šidák post hoc test; significant 

differences are expressed with **** = p ≤ 0.0001. 
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Fig. S8. Co-incubation of HGT-1 cells with probenecid (1 mM) and the bitter peptides or 

thaumatin abolishes the stimulation of proton secretion. Probenecid alone has no effect on 

proton secretion. To exclude the influence of probenecid on proton secretion in HGT-1 cells in 

a TAS2R-independent pathway, proton secretion was stimulated by activation of the H2 

receptor with 1 mM histamine. Here, no difference was found between the presence and 

absence of probenecid. Data shown as mean ± SEM, n = 4, t. r. = 4-6, control: KRHB, Statistics: 

one-way ANOVA Holm-Šidák post hoc test, significant differences are expressed with * = p ≤ 

0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001. 
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ABSTRACT: Gastric parietal cells secrete chloride ions and protons to form hydrochloric acid. Besides endogenous stimulants, e.g.,
acetylcholine, bitter-tasting food constituents, e.g., caffeine, induce proton secretion via interaction with bitter taste receptors
(TAS2Rs), leading to increased cytosolic Ca2+ and cAMP concentrations. We hypothesized TAS2R activation by bitter tastants to
result in proton secretion via cellular Na+ influx mediated by transient receptor potential channels (TRP) M4 and M5 in
immortalized human parietal HGT-1 cells. Using the food-derived TAS2R agonists caffeine and L-arginine, we demonstrate both
bitter compounds to induce a TRPM4/M5-mediated Na+ influx, with EC50 values of 0.65 and 10.38 mM, respectively, that
stimulates cellular proton secretion. Functional involvement of TAS2Rs in the caffeine-evoked effect was demonstrated by means of
the TAS2R antagonist homoeriodictyol, and stably CRISPR-Cas9-edited TAS2R43ko cells. Building on previous results, these data
further support the suitability of HGT-1 cells as a surrogate cell model for taste cells. In addition, TRPM4/M5 mediated a Na+ influx
after stimulating HGT-1 cells with the acetylcholine analogue carbachol, indicating an interaction of the digestion-associated
cholinergic pathway with a taste-signaling pathway in parietal cells.
KEYWORDS: transient receptor potential channels (TRP) M4/M5, taste receptors, TAS2Rs, bitter taste signaling, sodium pathway

■ INTRODUCTION
Parietal cells are highly specialized cells located within the
gastric glands in the stomach. They are responsible for gastric
acid production from the secretion of chloride ions and
protons. Upon stimulation of the cells, H+/K+-ATPase-
containing tubulovesicles are translocated to the apical
membrane via exocytotic fusion, thereby enabling the secretion
of protons into the stomach lumen. While gastric acid is
essential for the digestion of dietary proteins and suppressing
pathogens, any imbalance contributes to pathophysiological
conditions like atrophic gastritis, peptic ulcers, gastroesopha-
geal reflux disease, and vitamin B12 deficiency.1

In vivo gastric acid secretion is triggered by endocrine,
paracrine, and neuronal signals. Two different intracellular
signaling pathways have particularly been described to play a
crucial role: the cAMP-mediated PKA activation pathway,
which is induced by histaminergic stimulation of the H2
receptor, and the Ca2+ pathway, typically induced by binding
of gastrin to the CCKB receptor and cholinergic stimulation of
the muscarinic M3 receptor.2 The latter positively couples to
phospholipase C through Gq/11, inducing inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol generation, followed
by increased intracellular Ca2+.3 Yet, interactions between the
two pathways may occur.4 With respect to food ingredients,
the bitter-tasting compound caffeine was shown to induce

gastric acid secretion via the activation of bitter taste receptors
(TAS2Rs).5 Moreover, a positive correlation was shown
between the perceived bitterness of caffeine and the extent
of its ability to stimulate gastric acid secretion,5 implicating the
activation of similar intracellular signaling pathways in taste
and parietal cells by bitter compounds targeting TAS2Rs.
In taste cells located on the tongue, activation of TAS2Rs by

bitter compounds initiates dissociation of the G protein α-
gustducin from its β3γ13 subunits. The latter activates PLCβ2
(1-phosphatidylinositol-4,5-bisphosphate phosphodiesterase
beta-2), leading to IP3 (inositol-1,4,5-trisphosphate) gener-
ation and a release of Ca2+ from IP3 sensitive Ca2+ stores,
resulting in Na+ influx through the transient receptor potential
cation channel subfamily M (M for melastatin) members 4 and
5 (TRPM4/5),6−8 subsequent ATP release, and finally
activation of the gustatory cortex.9,10

The TRPM subfamily comprises eight members with diverse
functional properties.11 TRPM4 and M5 are activated by
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increased cytosolic Ca2+ concentrations and are insofar
exceptional since they are the only two TRP channels that
are monovalent, cation-selective, and impermeable to divalent
cations, e.g., Ca2+.6,7,12,13 In contrast, most TRPs are
nonselective cation channels that are permeable to monovalent
and divalent cations like Na+ and Ca2+, and despite the fact
that TRPM5 is about 20-fold more sensitive to Ca2+ than
TRPM4,14 both channels contribute about equally to taste
perception.8 TRPM4 and TRPM5 were found to be expressed
in the stomach, albeit the respective cell type was not
identified.15 A more detailed analysis revealed the expression of
TRPM5 in the principal part of the gastric glands, most
abundantly in the cardiac region.16 The functional roles of
TRPM4 and M5 in this tissue, however, have yet to be
elucidated.
A well-established model for the analyses of mechanisms of

gastric acid secretion and gastric cancer is the HGT-1 cell line,
a human gastric cancer cell line that was established from a
primary tumor of a 60-year-old male patient.17 HGT-1 cells do
not secrete mucus but maintain expression of functional
histamine H2 receptors and the principal transporters found in
primary nontumor acid-secreting parietal cells.18 Additionally,
these cells express functional taste receptors as well as PLCβ2,
GNAT2 (G Protein Subunit Alpha Transducin 2), GNAT3
(Gustducin alpha-3 chain), and IP3Rs (IP3 receptors), some of
the main components of the taste signaling pathway.5,19

Moreover, results from HGT-1 cells regarding proton secretion
upon stimulation with bitter compounds were verified in vivo.5

Whether the HGT-1 cells also express the TRP channels M4
and M5, and if so, whether TRPM4 and TRPM5 play a role in
the signaling process of food-derived bitter compounds,
comparable to taste cells, is not known. This, however,
would allow the conclusion that HGT-1 cells may serve as a
suitable surrogate for investigating taste-active compounds and
their ability to induce cellular and physiological responses, e.g.,
taste perception.
Yet, the available data suggest that HGT-1 cells express a

fully functional bitter taste signaling pathway. It is, therefore, of
great interest not only to investigate the impact of bitter
compounds on cellular Ca2+ mobilization in response to
TAS2R activation, but also to clarify the possible secondary
effects resulting from activated signaling pathways, such as an
activity of cellular ion channels. Thus, we hypothesized that the
ion channels TRPM4 and TRPM5 are expressed in the parietal
cell line HGT-1 and are functionally linked to TAS2R signaling
pathways, thereby contributing to proton secretion induced by
bitter compounds.

■ MATERIALS AND METHODS
Chemicals. Na+ binding benzofuran isophthalate acetox-

ymethyl ester (SBFI-AM), 1,5 carboxy-seminaphtorhodafluor
acetoxymethyl ester (SNARF-1-AM), 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), triphenylphos-
phine oxide (TPPO, 99.4% purity), nicotine (99.8% purity), 9-
phenanthrol (99.9% purity), L-arginine (99.0% purity),
carbachol (99.7% purity), quinine (99.6% purity), 2-
mercaptoethanol, 16% formaldehyde solution methanol-free,
Hoechst-3334, Fluoromount-GTM, and Pluronic F-127 were
obtained from Thermo Fisher Scientific. Fluorogenic Ca2+
sensitive dye Cal-520 AM was received from Biomol
(Hamburg, Germany). Fetal bovine serum (FBS), penicillin−
streptomycin, and trypsin/ethylenediaminetetraacetic acid
were purchased from PAN-Biotech GmbH (Aidenbach,

Germany). Homoeriodictyol (HED, purity >95%) was kindly
provided by Symrise AG (Holzminden).20 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 reagents and siRNA for transient knockdown were obtained
from Thermo Fisher Scientific (USA). Krebs-Ringer HEPES
buffer (KRHB) is composed of 130 mM NaCl, 4.7 mM KCl,
1.3 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 11.7 mM D-
glucose, and 10 mM HEPES; pH was adjusted to 7.4 with
KOH. Na+ free KRHB is composed of 134.7 mM KCl, 1.3 mM
CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 11.7 mM D-glucose,
and 10 mM HEPES; pH was adjusted to 7.4 with KOH.
Caffeine (99.9% purity), histamine (99.6% purity), and
concanavalin A biotin-conjugated were purchased from
Sigma-Aldrich (Munich, Germany) and horse serum from
Biowest (Nuaille,́ France).

Cell Culture. Human gastric tumor cells (HGT-1, RRID:
CVCL_A609), provided by Dr. C. Laboisse, Nantes (France),
were cultivated in DMEM containing 10% FBS and 1%
penicillin and streptomycin at 37 °C, 5% CO2, and in a
humidified atmosphere (standard conditions). Cells between
passages 15 and 25 were used for all experiments.

Cell Viability. To determine cell viability, 100,000 cells per
well of a transparent 96-well plate were seeded the previous
day. On the day of the experiment, the cells were washed with
KRHB and then incubated for 60 min with the substances of
interest. For the Na+ sensitive fluorescent dye SBFI (5 μM),
the agonists caffeine (10 mM), L-arginine (50 mM), and
histamine (1 mM), the antagonists HED (0.3 mM), TPPO (1
mM), nicotine (0.5 mM), and 9-phenanthrol (50 μM), and the
solvent controls ethanol (1%) and DMSO (0.05%) were not
found to affect cell viability (>88%). DMSO (100%) and
quinine (5 mM) were used as negative controls (Figure S1).
Cells were then washed again with KRHB and incubated with
MTT (0.83 mg/mL in DMEM) for 15 min under standard
conditions. Formazan formed was dissolved in DMSO, and the
absorbance was measured (570 nm; reference 650 nm) on an
Infinite M200 plate reader (Tecan, Switzerland). Untreated
control cells (KRHB) were used to normalize and calculate the
cell viability.

Localization of TRPM4 and TRPM5 by Immunocy-
tochemistry. For fluorescence labeling of HGT-1 cells,
50,000 cells were seeded at standard conditions for 24 h in a
poly-D-lysine (10 μg/mL)-coated glass bottom 10-well plate
(Greiner Bio-One GmbH, Leipzig, Germany). Then, the cells
were incubated with PBS for 30 min before cell membrane
staining with (1:2000) biotin-conjugated concanavalin A on
ice for 1 h, followed by fixation with 4% formaldehyde for 10
min. After washing steps with PBS (3×, 5 min), 0.5% Triton-X-
100 (1×, 5 min), and PBS (3×, 5 min), cells were incubated in
a blocking solution with 5% horse serum and 0.3% Triton X-
100 for 45 min to reduce the level of unspecific binding.
Primary antibodies anti-TRPM4 antibody (RRID:
AB_2040250) or ant i -TRPM5 ant ibody (RRID:
AB_2040252) (Alomone Labs, Jerusalem, Israel) (1:100)
and corresponding blocking peptide (1:50) were incubated in
blocking solution for approximately 1 h before applying to the
cells. As a secondary antibody (Alexa Fluor 488 antirabbit IgG
(RRID: AB_2536097) (Thermo Fisher Scientific Inc., USA)
(1:1000) and for cell membrane staining streptavidin, Alexa
Fluor 633 conjugate (RRID: AB_2313500) (Thermo Fisher
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Scientific Inc., USA) (1:1000) was selected and incubated for 1
h. The nucleus was labeled with Hoechst-33342 (1:2000) for 5
min, and the stained cells were embedded in Fluoromount-
GTM. Immunofluorescence images were acquired and analyzed
by confocal laser scanning microscopy using a Zeiss LSM 780
instrument (Carl Zeiss AG, Munich, Germany). For super-
resolution imaging, an Airyscan detector was used.

Determination of Intercellular Sodium Concentration
Using Sodium-Sensitive Fluorescent Dye SBFI. To
determine the intracellular sodium concentration, 50,000
cells per well of a black 96-well plate were seeded the previous
day. On the experimental day, cells were washed with KRHB
and then incubated with 5 μM Na+ sensitive fluorescent dye
SBFI-AM (in KRHB containing 0.1% DMSO and 0.01%
Pluronic F-127) for 2 h under standard conditions. Then, the
cells were washed again with KRHB and incubated for another
30 min under standard conditions to allow complete de-
esterification of the dye. After adding the test solutions, the
plate was incubated in a FlexStation 3 (Molecular Devices,
USA) for 60 min at 37 °C and fluorescence (excitation: 340/
380 nm, emission: 500 nm) was recorded every 5 min. After
calculation, according to the manufacturer’s protocol,
fluorescence intensity was determined after 30 min and
normalized to untreated control cells.

Characterization of Intracellular Calcium Mobiliza-
tion Using Calcium-Sensitive Fluorescent Dye Cal-520.
To measure intracellular calcium mobilization, 50,000 cells per
well of a black 96-well plate with a transparent bottom were
seeded the previous day. On the experimental day, cells were
washed with KRHB and then incubated with 1 μM Cal-520
AM (in KRHB containing 0.02% DMSO and 0.004% Pluronic
F-127) for 2 h under standard conditions. Cells were then
washed again with KRHB and incubated at 37 °C in a
FlexStation 3. Fluorescence (excitation: 495 nm, emission: 515
nm) was recorded at 1 s intervals. After 60 s, the test
substances were added in an automated setting and the
fluorescence was recorded continuously. The fluorescence
intensity was normalized to the first 60 s of the measurement
before addition of each substance.

Determination of the Intracellular Proton Concen-
tration. To examine the effects of the investigated compounds
on the proton secretion activity of HGT-1 cells, 100,000 cells
per well of a black 96-well plate were seeded the previous day
and incubated under standard conditions. After washing with
KRHB, cells were incubated for 30 min with 3 μM of the pH-
sensitive fluorescent dye SNARF-1-AM as previously
described.5,21 After another washing step, the cells were
stimulated with the test substances, and their intracellular
proton secretion was determined using a FlexStation 3. The
intracellular proton index (IPX) calculated from the measured
data reflects the change in proton concentration compared to
that of untreated control cells. Negative IPX values represent a
stimulation of proton secretion, while positive IPX values
indicate an inhibition of proton secretion.

Determination of Gene Expression via RT-qPCR. For
gene expression studies, 500,000 cells per well of a 24-well
plate were seeded the previous day. On the day of the
experiment, the cells were washed with PBS and incubated
with the appropriate test solutions. This was followed by lysis
of the cells and RNA isolation according to the manufacturer’s
protocol using the peqGOLD RNA Kit (VWR Peqlab, USA).
When the general expression of TRP channels was examined,
the cells were directly lysed, and the RNA was extracted. The

concentration of RNA was determined on NanoDrop Onec
(Thermo Fisher Scientific Inc., USA). According to the
manufacturer’s instructions, removing gDNA contaminants
and synthesizing cDNA was performed using iScript gDNA
Clear cDNA Synthesis Kit (BioRad, Feldkirchen, Germany).
RT-qPCR was performed using SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad Laboratories, Inc., USA) and the
previously published primers.22 All determined gene expres-
sions were normalized to those of the reference genes
GAPDH23 and PPIA24.

Measurement of Intracellular Sodium Concentra-
tions via LA−ICP−MS. To validate intracellular sodium
concentrations in HGT-1 cells via single-cell laser ablation−
inductively coupled plasma−mass spectrometry (LA−ICP−
MS), 20,000 cells per well of a Cellview cell culture slide
(Greiner Bio-One, Austria) were seeded the previous day. On
the day of the experiment, the cells were washed with KRHB
and then incubated with caffeine (10 mM) or L-arginine (50
mM) for 30 min under standard conditions. This was followed
by another washing step with KRHB and drying of the slides
for 2 h under standard conditions.
All laser ablation measurements were carried out with an

Iridia 193 nm laser ablation system (Teledyne CETAC
Technologies, USA), coupled to a NexION 5000 multiquadru-
pole ICP−MS instrument (PerkinElmer, USA). The laser
ablation system was equipped with a cobalt long pulse ablation
cell and connected to the ICP−MS via the Aerosol Rapid
Introduction System (ARIS). Helium was used as a carrier gas
(0.3 L/min) for aerosol transport from the ablation cell to the
ICP. The LA−ICP−MS conditions were optimized on a daily
basis using the NIST SRM 612 glass certified reference
material (National Institute of Standards and Technology,
USA). The nebulizer gas flow (∼0.92−0.98 L/min) was fine-
tuned, generating maximum 140Ce+ signals, low oxide
formation based on 232Th+16O+ (<100) and low elemental
fractionation based on the 238U+/232Th+ ratio (∼1). The
quadrupole ion deflector (QID) parameters were optimized by
adjusting the QID lens scanning system for maximum
efficiency, measuring 7Li+, 24Mg+, 115In+, 140Ce+, 208Pb+, and
238U+ as representatives of the entire mass spectrum. A radio
frequency power of 1600 W, an auxiliary argon gas flow rate of
1.2 L/min, and a plasma gas flow rate of 16 L/min were used.
The LA−ICP−MS imaging experiments were measured in the
MS/MS standard mode (dwell time 23Na+: 50 ms) and
ablating an area of ∼200 × 175 μm line by line (unidirectional,
laser off between rows). Quantitative ablation was achieved by
selecting a fluence of 1.0 J/cm2 with a fixed dosage of 9, at a
repetition rate of 162 Hz and using a 3 μm circle spot size. The
integration and readout rate were optimized to match the laser
ablation repetition rate. The ICP−MS signal, received from
Syngistix v.3.3 (PerkinElmer, USA) was synchronized with the
timestamps in the laser log files from Chromium v.3.1
(Teledyne CETAC Technologies, USA) and further processed
with the laser ablation data software HDIP-v1.7.1 (Teledyne
CETAC Technologies, USA). Single cells were extracted as
regions of interest and visualized via HDIP-v1.7.1. The
complete instrument settings are listed in Table S1.

Transient Knockdown of TRPM4 and TRPM5 in HGT-1
Cells. To quantitate the functional role of the two ion channels
TRPM4 and TRPM5, a knockdown (kd) was performed using
siRNA. The procedure was analogous to the already published
protocol.25 Stealth siRNA TRPM4 (HSS123260) and TRPM5
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(HSS179077) were purchased from Thermo Fisher Scientific
(USA).

Stable TAS2R43 Knockout Using CRISPR-Cas9. For
experiments with TAS2R43 homozygote KO HGT-1 cells, the
same clone was used as previously published.5

Statistical Analysis. Unless otherwise described, all data
are presented as box plots with 10th and 90th percentiles. Data
points outside of this range are indicated as dots. At least four
independent biological replicates were used for each experi-
ment. Data were subjected to a Nalimov outlier test and then
analyzed via a one-way ANOVA Holm-Šidaḱ post hoc test.
Different p values are indicated with asterisks according to the
following scheme: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and
****p ≤ 0.0001.

■ RESULTS
TRPM4 and TRPM5 are Expressed in HGT-1 Cells.

First, the RNA expression of all 27 members of the human
TRP superfamily was investigated via RT-qPCR. Except for
TRPC5, the RNA expression of all TRP channels could be
detected in HGT-1 cells (Figure 1). Regarding the respective
transcript levels, TRPM4 revealed a slightly, yet statistically
significant, higher RNA expression level compared with
TRPM5 (p ≤ 0.0001; Figure 1).

Following our hypothesis, we next analyzed whether
TRPM4 and TRPM5 are expressed in HGT-1 cells on the
protein level via immunocytochemistry. Staining of HGT-1
cells for TRPM4 and TRPM5 led to a fluorescence signal in
the plasma membrane and the cytoplasm (Figure 2a,b).
Application of the respective blocking peptides diminished
these signals (Figure S2), thereby confirming the expression of
TRPM4 and TRPM5 on the protein level in HGT-1 cells.

Bitter Compounds but Not Histamine Increased
Intracellular Fluorescence Signals of the Na+ Sensitive
Dye SBFI. According to our hypothesis, a bitter signaling
pathway like in taste cells should lead to Ca2+ mobilization
from the endoplasmic reticulum and, consequently, to
TRPM4/M5-mediated Na+ influx after applying bitter

compounds via activation of TAS2Rs expressed in HGT-1
cells. Therefore, we assessed whether incubation of HGT-1
cells with different concentrations of the TAS2R agonists
caffeine and L-arginine for 30 min results in an increase in the
intracellular Na+-dependent fluorescence of the dye SBFI. The
two compounds were selected based on their different TAS2R
target profile and their ability to induce proton secretion in
HGT-1 cells. While caffeine is the prototypical coffee bitter
substance activating 5 of the 25 human TAS2Rs (TAS2R7, 10,
14, 43, and 46)26 and demonstrated to induce gastric acid
secretion in healthy subjects,5 L-arginine is the third most bitter
amino acid27 and also a potent inducer of proton secretion in
HGT-1 cells.28 L-arginine induced a robust increase of the
cytosolic Ca2+ concentration (Figure S3), while caffeine
application resulted in a notable dip in the fluorescence
intensity (Figure S3), probably due to its well-known
quenching properties.29 However, concentration−response
analyses revealed a caffeine-concentration-dependent increase
in SBFI-fluorescence intensity. For the caffeine-concentration-
dependent rise in the intracellular Na+ concentration, an EC50
value of 0.65 mM was calculated (Figure 3a orange line). The
bitter compound L-arginine also induced a concentration-
dependent increase in the intracellular SBFI-fluorescence
(Figure 3a blue line) with an EC50 value of 10.38 mM.
However, the efficacy was higher for L-arginine compared to
that of caffeine (p ≤ 0.0001). By incubating cells from four
different cell passages with varying concentrations of caffeine
(1, 3, 5, and 10 mM), we could show that these changes in the
SBFI-fluorescence intensity are stable and repeatable (Figure
S4). Since histamine stimulates gastric acid secretion in HGT-
1 cells TAS2R-independent30 via the H2 receptor, HGT-1 cells
were incubated with two different histamine concentrations,
and the SBFI-fluorescence was analyzed. As hypothesized,
stimulating the cells with histamine did not increase the SBFI-
fluorescence signal (p > 0.60; Figure 3b), indicating that the
increased SBFI-fluorescence is TAS2R dependent.

Pharmacological Inhibition of TAS2Rs and Genetic
Knockout of TAS2R43 Diminishes the Na+ Influx. We
next aimed to analyze whether the influx of Na+ is initiated via
binding of bitter compounds to TAS2Rs provoking taste-cell-

Figure 1. Representation of gene expression of TRP channels in
HGT-1 cells normalized to the reference genes GAPDH and PPIA.
Four different passages in three technical replicates were examined.
Numbers above the bars indicate in how many samples the specific
PCR product was found. The dashed line represents the mean gene
expression of all 27 TRP channels. Data are shown as mean ± SEM, n
= 4, t. r. = 3.

Figure 2. TRPM4 and TRPM5 are expressed in HGT-1 cells. Super-
resolution images were acquired with the Airyscan detector of Zeiss
LSM 780. Ion channel expression is detected by anti-TRPM4
antibody (a) and anti-TRPM5 antibody (b) in combination with an
Alexa Fluor 488 antirabbit IgG (green). The nucleus is visualized by
Hoechst-33342 (blue), and the plasma membrane by biotin-
conjugated concanavalin A in combination with Alexa Fluor 633
conjugate (red). Scale: 5 μm.
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like signaling. For this, the bitter-masking TAS2R antagonist
homoeriodictyol (HED), which has been described to reduce
the bitter taste of caffeine in human sensory panels by up to
49%,20,31 as well as the caffeine-evoked proton secretion in
HGT-1 cells5 by inhibiting TAS2R20/31/43/50,5 was applied.
When HGT-1 cells were coincubated with caffeine and HED,
the caffeine-induced Na+ influx (+3.89 ± 0.20%; p ≤ 0.0001)

was reduced by 61.8 ± 2.5% (p ≤ 0.0001; Figure 4a).
Incubation of the cells with 0.3 mM HED alone led to a small,
yet statistically significant, influx of Na+ (+0.96 ± 0.12%; p ≤
0.0001). The respective solvent control (0.05% DMSO) had
no impact (p > 0.99). In addition to caffeine, bitter-tasting
amino acid L-arginine also increased Na+ influx into HGT-1
cells (+10.24 ± 1.00%; p ≤ 0.0001; Figure 4b). This
stimulatory effect was reversed by coincubation with HED
(−131.7 ± 4.8%; p ≤ 0.0001) so that coincubated cells
revealed a lower intracellular Na+ concentration than untreated
cells.
Since HED targets TAS2R43, and caffeine has been shown

to activate, among others, TAS2R43, we next analyzed whether
the Na+ influx upon caffeine stimulation of HGT-1 cells is
reduced in CRISPR/Cas TAS2R43 knockout (TAS2R43ko)
cells, which were established previously.5 Upon stimulation
with different concentrations of caffeine, the TAS2R43ko cells
revealed a lower Na+ influx compared to that of the wild-type
cells (p = 0.038; effect size −17.30 ± 6.17% for 5 mM caffeine)
(Figure 4c).

The Increased Intracellular SBFI-Fluorescence is Na+

Specific and Results from Na+ Influx. Next, we wanted to
confirm that SBFI-fluorescence is a suitable indicator for
intracellular Na+ concentrations in HGT-1 cells. Therefore, we
determined intracellular Na+ concentrations via single-cell
LA−ICP−MS after incubating HGT-1 cells with concen-
trations for which the most pronounced effects of caffeine and
L-arginine are demonstrated in Figure 3a for the respective
solvent control. These analyses revealed that incubation of
HGT-1 cells with 10 mM caffeine (+42.5 ± 11.6%; p ≤ 0.01)

Figure 3. (a) Caffeine and L-arginine lead to a concentration-
dependent Na+ influx into HGT-1 cells. For caffeine, the EC50 is
reached at 0.65 mM, whereas the EC50 of L-arginine is 10.38 mM. (b)
Treatment of cells with caffeine (3 mM) increases intracellular Na+
concentrations compared to untreated control cells. However, the Na+
concentration of histamine-treated cells (0.1 or 1 mM) does not differ
from untreated cells. Statistics: n = 4, t. r. = 6, one-way ANOVA
Holm-Šidaḱ post hoc test; significant differences are expressed with
****p ≤ 0.0001.

Figure 4. Pharmacological inhibition of TAS2Rs by homoeriodictyol (0.3 mM) leads to a reduction in (a) caffeine- (3 mM) and (b) L-arginine-
induced (50 mM) Na+ influx in cells. (c) Stable TAS2R43 knockout by CRISPR-Cas9 reduces caffeine-induced Na+ influx into cells at different
caffeine concentrations (0.01−10 mM). Statistics: n = 4, t. r. = 6, one-way ANOVA Holm-Šidaḱ post hoc test; significant differences are expressed
with ***p ≤ 0.001, ****p ≤ 0.0001.
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or 50 mM L-arginine (+83.7 ± 20.8%; p ≤ 0.01) leads to an
increase in intracellular Na+ concentrations (Figure 5ab),
validating the measurements using the Na+ sensitive
fluorescent dye SBFI.
To verify that the increased intracellular Na+ concentrations

are based on Na+ influx from the extracellular space, HGT-1
cells were stimulated with either 3 mM caffeine or 50 mM L-
arginine in KRHB containing 130 mM Na+ and in nominal
Na+-free KRHB, respectively, followed by monitoring the
resulting SBFI-fluorescence. The presence of Na+ in the KRHB
solution led to the already observed increase of the intracellular
Na+ concentration after incubation with 3 mM caffeine (+4.00
± 0.32%; p ≤ 0.0001) and 50 mM L-arginine (+16.97 ±
0.47%; p ≤ 0.0001; Figure 5c, left), whereas incubation of
HGT-1 cells with caffeine and L-arginine in a nominal Na+-free
KRHB even led to lower intracellular Na+ concentrations
compared to untreated control cells (−4.73 ± 0.85% and
−6.22 ± 0.46%, respectively; p ≤ 0.0001; Figure 5c, right),
confirming that incubation of HGT-1 cells with the bitter

compounds caffeine and L-arginine induces an influx of Na+

from the extracellular space. Also, the proton secretion induced
by caffeine was reduced in nominal Na+-free buffer (p ≤ 0.05),
indicating the involvement of Na+ influx in this mechanism
(Figure 5d). This was not the case when proton secretion was
TAS2R-independently induced by histamine.

The Na+ Influx Induced by Bitter Compounds is
TRPM4 and TRPM5 Dependent. To test whether the Na+

influx elicited by the binding of bitter compounds to TAS2Rs
is mediated via TRPM4 and/or TRPM5, different antagonists
of TRPM4 and TRPM5 were applied (Figure 6). Pharmaco-
logical inhibition of TRPM5 with nicotine32 led to a lower Na+

influx in HGT-1 cells when costimulated with 3 mM caffeine
(−47.1 ± 11.6%; p ≤ 0.01; Figure 6a). Notably, this effect
could not be detected, when the TRPM5-specific inhibitor
TPPO33 was applied (Figure 6b). Since the TRPM4-specific
inhibitor 9-phenanthrol34 could not be entirely removed from
the cells and reveals spectral overlapping with the Na+ dye

Figure 5. (a) Measurement of intracellular Na+ concentration by LA−ICP−MS validated the results obtained by using Na+ sensitive fluorescent
dye. Incubation of HGT-1 cells with caffeine (10 mM) and L-arginine (50 mM) increases Na+concentration in the cell. (b) Bright-field images of
HGT-1 cells (left). Signal intensity maps of 23Na+ in HGT-1 cells obtained by LA−ICP−MS imaging (right). LA-Parameters: fluence: 1.0 J/cm2;
repetition rate: 162 Hz; spot size: 3 μm circle; fixed dosage mode: 9; dwell time 23Na+: 50 ms. (c) Treatment of cells with caffeine (3 mM) or L-
arginine (50 mM) in Na+-containing buffer (KRHB) resulted in an increase in the Na+-dependent fluorescence signal within the cells. Incubation
with the same substances but in Na+-free buffer did not increase the Na+ concentration within the cells. (d) Similar results were obtained when
measuring caffeine-induced stimulation of proton secretion. Here, treatment of cells with caffeine in the presence of Na+ in the external medium
resulted in increased proton secretion, whereas this was no longer detectable when measured in Na+-free buffer. However, treatment of the cells
with histamine (1 mM) resulted in stimulation of proton secretion in both cases. In (d), data are shown as mean ± SEM. Statistics: n = 4−5, t. r. =
6, one-way ANOVA Holm-Šidaḱ post hoc test; significant differences are expressed with *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001.
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SBFI, pharmacological inhibition of TRPM4 was, for technical
reasons, unsuccessful (data not shown).
Since the pharmacological inhibition experiments provided

inconclusive results, TRPM4 and TRPM5 siRNA knockdown
(kd) experiments were performed. The mean knockdown
efficiency was determined as −42.1 ± 7.0% (p ≤ 0.01) for
TRPM4 and 68.7 ± 4.9% (p ≤ 0.0001) for TRPM5 (Figure
S5). Knockdown of TRPM4 or TRPM5 independently
reduced the Na+ influx induced by caffeine (−81.5 ± 20.6%
for TRPM4kd cells; p ≤ 0.05 and −77.6 ± 18.0% for
TRPM5kd cells; p ≤ 0.05) and L-arginine (−52.9 ± 11.3% for
TRPM4kd cells; p ≤ 0.001 and −75.2 ± 11.4% for TRPM5kd
cells; p ≤ 0.0001), thereby confirming the involvement of
TRPM4 and TRPM5 in the Na+ influx in HGT-1 cells upon
stimulation with bitter compounds (Figure 6c). No difference
was observed regarding the effect size for TRPM4 vs TRPM5
(p = 0.90 for caffeine, p = 0.15 for L-arginine), indicating that
both channels contribute about equally to the Na+ influx.
Also, bitter compounds impact not only TRPM4 and

TRPM5 on the functional level but also on the transcript level.
Incubation of the cells with 3 mM caffeine led to reduced
transcript levels of TRPM4 after only 10 min, while TRPM5
transcript levels were reduced after 30 min (Figure S6).

Activation of Muscarinic Acetylcholine Receptor
Leads to Na+ Influx by TRPM4 and TRPM5. Since
activation of the muscarinic acetylcholine receptor (M3)
leads to a mobilization of Ca2+ from the endoplasmic reticulum
to the cytosol, and both TRPM4 and M5 are activated by
increased cytosolic Ca2+ concentrations, we next investigated

whether activation of the cholinergic pathway also triggers
TRPM4- and TRPM5-mediated Na+ influx into HGT-1 cells.
Therefore, the cells were treated with carbachol, a well-known
structural analog of acetylcholine.35 As hypothesized, exposure
of the cells to 1 mM carbachol led to Ca2+ mobilization (Figure
S3) and increased the intracellular Na+ concentration by +5.14
± 2.05% (p ≤ 0.05). Again, the involvement of TRPM4 and
M5 was investigated by knockdown experiments. A reduction
in intracellular Na+ concentration of −90.9 ± 32.3% (p ≤
0.05) for TRPM4kd and −116.9 ± 51.4% (p ≤ 0.05) for
TRPM5kd cells, respectively, was detected (Figure 7).

TRPM4- and TRPM5-Dependent Na+ Influx is In-
volved in Proton Secretion. Next, we hypothesized that the
TRPM4/5-evoked Na+ influx induced by food constituents
modulates the proton secretion of HGT-1 cells. For this
purpose, the proton-secreting activity was analyzed after
stimulation of wild-type cells as well as TRPM4kd and
TRPM5kd cells with histamine, caffeine, and L-arginine,
respectively (Figure 8). We could show that both TRPM4 or
TRPM5 knockdown reduced the proton secretion upon
stimulation with 3 mM caffeine (−28.2 ± 6.5%; p ≤ 0.01
and −36.3 ± 12.6%; p ≤ 0.05) and 50 mM L-arginine (−15.1
± 1.2%; p ≤ 0.0001 and −11.6 ± 1.3%; p ≤ 0.0001),
respectively. This result was confirmed for caffeine by applying
TRPM5- (Figure S7a,b) and TRPM4-specific (Figure S7c)
antagonists. In contrast, incubation of TRPM4kd or TRPM5kd
cells with 1 mM histamine did not show any deviation from
mock-transfected cells regarding proton secretion.

Figure 6.Whereas coincubation of cells with caffeine (3 mM) and the (a) TRPM5 inhibitor nicotine (5 μM) leads to a reduction in Na+ influx, (b)
simultaneous treatment with the TRPM5 inhibitor TPPO (500 μM) increases Na+ influx. (c) Transient reduction of TRPM4 or TRPM5
expression by siRNA leads to decreased Na+ influx upon stimulation with caffeine (3 mM) or L-arginine (50 mM), respectively, compared with
mock-transfected cells. Statistics: n = 4, t. r. = 6, one-way ANOVA Holm-Šidaḱ post hoc test; significant differences are expressed with *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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■ DISCUSSION
Gastric acid secretion is a vital, yet tightly regulated process.
The physiological stimuli of proton secretion as key
mechanisms of gastric acid formation include acetylcholine,
gastrin, and especially, histamine. Apart from endogenous
signals, food-derived bitter compounds have also been shown
to induce proton secretion via binding to TAS2Rs located on
parietal cells.5 However, the particular underlying signaling
cascade, finally leading to proton secretion, has yet to be fully
elucidated. In contrast, the mode of action of bitter
compounds in taste cells located on the tongue has been
very well described and includes activation of the TRP
channels M4 and M5 leading to an influx of Na+.8,10 Here, we
hypothesized a similar cellular signaling pathway of bitter
compounds in the parietal cell line HGT-1, a well-established
surrogate model of human parietal cells.5,18

First of all, we analyzed the expression of all members of the
TRP superfamily on the RNA level and the expression of
TRPM4 and M5 also on the protein level. We could

demonstrate the expression of a variety of TRP-specific
transcripts and, most importantly, the expression of TRPM4
and M5 on the protein level. Both channels are located in the
cytoplasm and the plasma membrane, which may indicate
regulation of cell surface expression via internalization in
HGT-1 cells, which was shown before for the TRPM4 channel
in a variety of cells.36−38 In the colorectal cancer cell line
HCT116, increasing concentrations of intracellular Ca2+ led to
the delivery of TRPM4-containing vesicles to the plasma
membrane.39 This presumed regulation of TRPM4 and
TRPM5 in HGT-1 cells could also explain the downregulation
of their specific transcripts due to a stimulation of the cells with
3 mM caffeine for 10 and 30 min, respectively.
According to our hypothesis, TRPM4 and TRPM5 are

functionally linked to TAS2Rs in HGT-1 cells. Therefore, we
tested whether stimulation of the cells with bitter compounds
leads to an influx of Na+. For this, the Na+ sensitive
fluorescence dye SBFI was applied. Incubation of the cells
with the food-derived bitter compounds caffeine, targeting the
bitter receptors TAS2R7, 10, 14, 43, and 46,26 as well as L-
arginine, targeting at least TAS2R1,28 led to concentration-
dependent increases in SBFI-fluorescence. Caffeine showed a
higher potency with an EC50 value of 0.65 mM but a lower
efficacy (maximal efficacy: 5.0%) than L-arginine (EC50: 10.38
mM; maximal efficacy: 16.3%). The higher potency of caffeine
for inducing a Na+ influx compared to L-arginine can be linked
to the lower bitter recognition threshold of caffeine, which has
been determined as ranging from 0.7 to 3.7 mM40,41 compared
to 75 mM for L-arginine.42 To our knowledge, no data are

Figure 7. Treating mock-transfected HGT-1 cells with the muscarinic
acetylcholine receptor agonist carbachol (1 mM) increases intra-
cellular Na+ concentrations. This increase cannot be detected in
TRPM4 or TRPM5 knockdown cells. Data are shown as mean ±
SEM, n = 4, t. r. = 6, statistics: one-way ANOVA Holm-Šidaḱ post hoc
test; significant differences are expressed with *p ≤ 0.05.

Figure 8. Transient knockdown of TRPM4 or TRPM5 leads to a
reduction in the stimulation of proton secretion induced by caffeine
(3 mM) or L-arginine (50 mM). Treatment with histamine (1 mM)
did not result in differentiation between TRPM4 or TRPM5
knockdown and mock-transfected cells. Data are shown as mean ±
SEM, n = 4, t. r. = 6, statistics: one-way ANOVA Holm-Šidaḱ post hoc
test; significant differences are expressed with *p ≤ 0.05, **p ≤ 0.01,
****p ≤ 0.0001.

Figure 9. TRPM4 and TRPM5 mediate Na+ influx upon stimulation
with bitter compounds and carbachol (acetylcholine) in parietal cells
from the cell line HGT-1 as major signaling pathway. AC:
adenylylcyclase; ADP: adenosinediphosphate; ATP: adenosintriphos-
phate; cAMP: cyclic adenosinmonophosphate; IP3: inositol-1,4,5-
trisphosphate; PIP2: phosphatidylinositol-4,5-bisphosphate; PKA:
protein kinase A; H2: histamine-H2-receptor; M3: muscarinic
acetylcholine receptor; TAS2R: family 2 of taste receptors; TRPM4:
transient receptor potential M4; TRPM5: transient receptor potential
M5; H+/K+ ATPase: hydrogen potassium ATPase; Gα: G protein
subunit alpha; Gs: G protein subunit s; β, γ: G protein beta-gamma
complex.
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available on whether the bitter perceptions of L-arginine and
caffeine in equimolar concentrations differ.
By additionally applying the fluorescence-independent and

direct method single-cell LA−ICP−MS, we could clearly
demonstrate that the SBFI-fluorescence not only is a suitable
indicator for intracellular Na+ concentrations in HGT-1 cells
but furthermore can be used in a semiquantitative manner. In
addition, the observed increased intracellular Na+ concen-
trations result from an influx of Na+ since the SBFI-
fluorescence did not increase when HGT-1 cells were
stimulated with caffeine and L-arginine in a nominal Na+ free
buffer. These results confirm former analyzes using SBFI to
measure Na+ fluxes in parietal cells from New Zealand White
rabbits, although the ion channel responsible was not
identified.43 Also, the detected Na+ influx is linked to
TAS2Rs since stimulating HGT-1 cells with histamine,
whose signaling pathway in parietal cells is mediated via the
H2 receptor, did not impact intracellular Na+ concentrations.
In fact, coincubating HGT-1 cells with caffeine or L-arginine
and the bitter-masking compound HED led to lower (−61.8 ±
2.5% for caffeine and −131.7 ± 4.8% for L-arginine)
intracellular Na+ concentrations. These findings strongly
suggest that Na+ influx in HGT-1 cells upon stimulation
with bitter compounds is mediated via the interaction with
TAS2Rs. Interestingly, stimulation of the cells with HED alone
did induce a Na+ influx (+0.96 ± 0.12%; p ≤ 0.0001), which
might be due to the fact that HED was identified not only as
an antagonist for the TAS2Rs 31, 43, 20, and 50 but also as an
agonist for TAS2R14 and TAS2R39.44 According to this
knowledge, the activation of TAS2R14 and/or TAS2R39 by
HED would lead to an influx of Na+, as measured.
As TAS2R43 can be activated by caffeine,26 the effect of

caffeine on Na+ influx was further investigated using
TAS2R43ko HGT-1 cells.5 The results obtained further
evidenced the contribution of TAS2Rs in initiating the Na+
influx since the TAS2R43 knockout cells demonstrated a
decreased Na+ influx as compared to the HGT-1 wild-type cells
(Figure 4c). The remaining Na+ influx in TAS2R43 knockout
cells is very likely caused by the activation of other TAS2Rs (7,
10, 14, and 46), which are also targeted by caffeine.26 Since we
hypothesized a non TAS2R43-specific effect here, we also
tested L-arginine, which is not a ligand for this receptor. The
results presented in Figure 4c support this hypothesis. Which
of the TAS2Rs has the greatest impact in stimulation Na+
influx has to be investigated in future studies. However, these
results implicate that, as in taste cells, the Na+ influx is
activated downstream of TAS2Rs.
Pharmacological inhibitors were applied to verify the

involvement of TRP channels M4 and M5 in the Na+ influx
triggered by bitter compounds. Co-incubation of the cells with
caffeine and the TRPM5 inhibitor nicotine led to a nearly 50%
lower Na+ influx than cells treated with caffeine. Incubation of
the cells with nicotine alone resulted in lower intracellular Na+
concentrations compared with control cells. This may indicate
a more general function of TRPM5 in the control of
intracellular Na+ concentrations. In addition, nicotine may
interact with other receptors in HGT-1 cells, leading to the
observed effects. However, contrarily, application of the
TRPM5-specific inhibitor TPPO33 alone led to a Na+ influx
in HGT-1 cells comparable to caffeine. In contrast,
coapplication with TPPO and caffeine doubled the impact of
the single compounds. Here, we hypothesize TPPO to interact
nonselectively with other ion channels in HGT-1 cells, which

has already been shown for Chinese ovarian hamster (CHO)
cells expressing P2X2/P2X3 receptors.45

Nevertheless, genetic knockdown of TRPM4 and TRPM5
decreased the Na+ influx in HGT-1 cells upon stimulation with
caffeine and L-arginine by 52.9−81.5%. These results show that
the Na+ influx in HGT-1 cells upon stimulation with food-
derived bitter compounds is mediated via TRPM4 and
TRPM5. A significant difference between the impact of
TRPM4 and TRPM5 was not detected. Thus, both channels
account for the Na+ influx about equally. This also reflects the
situation in taste cells, where TRPM4 and TRPM5 act
downstream of TAS2Rs and contribute to a similar degree to
the Na+ influx upon stimulation with bitter compounds.8

However, we cannot fully rule out the possibility that other
Na+ permeable ion channels, like the epithelial sodium channel
(ENaC), may also contribute, albeit to a smaller extent, to the
Na+ influx.46 On the other hand, activation of ENaC by bitter
compounds has not been described so far. Nonetheless,
TRPM4 and TRPM5 are also involved in the Na+ influx
induced by the structural acetylcholine analogue carbachol
since the knockdown of either ion channel decreased the
carbachol-induced proton secretion of HGT-1 cells up to
100%. This finding aligns with former results by Negulescu et
al., who detected a Na+ influx in parietal cells from New
Zealand White rabbits upon stimulation with 100 μM
carbachol.43 One open question to be elucidated in future
studies is whether carbachol targets, in addition to the M3
receptor, e.g., taste receptors.
In nonsensory tissue other than parietal cells, bitter

substances stimulated CCK secretion from enteroendocrine
STC-1 cells with the participation of TRPM5.47 Shah et al.
observed that bitter compounds elicited a TRPM5-specific
inward current, which might be responsible for the release of
CCK.48 In trpm5−/− mice, not only the glucose-induced insulin
secretion was reduced, but also the L-arginine-induced insulin
secretion.49 This finding was confirmed for L-arginine-induced
insulin secretion from rat β-cells using the TRPM5-specific
inhibitor TPPO.50 TRPM4, on the other hand, was shown to
be involved in glucose-induced insulin secretion but not L-
arginine-induced insulin secretion.51 However, L-arginine-
induced insulin secretion is mediated, at least partly, via
GPRC6A,52 and participation of bitter taste receptors in this
process has, to our knowledge, not been demonstrated so far.
Based on our findings, TRPM4 and M5 are cellular targets for
taste-active food ingredients, although knowledge regarding
food constituents that are capable of directly activating or
inhibiting TRPM4 or TRPM5 is scarce. For example, TRPM5
was shown to be modulated by the sweetener stevioside,53

which could imply an impact of this taste-active compound on
gastric acid secretion. Furthermore, the results presented may
raise the question of whether the observed physiological
functions of taste-active food constituents, especially those for
which beneficial health effects have been shown, e.g., coumaric
acid54 and polyphenols,55−57 are mediated via a taste-like
signaling pathway in nonsensory tissue.
To conclude, we provide evidence for the functional role of

TRPM4 and TRPM5 in immortalized human parietal cells,
wherein both channels are necessary for proton secretion upon
stimulation with food-derived bitter compounds by mediating
Na+ influx. Specifically, our results indicate that HGT-1 cells
possess a signal transduction pathway for bitter compounds,
which is equal to taste cells, thereby rendering HGT-1 cells a
suitable surrogate cell model for investigating the gustatory
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impact of taste-active compounds. As summarized in Figure 9,
the taste signaling pathway partially interacts with the well-
known signaling pathway of the secretagogue acetylcholine.
Although the precise mode of action and a potential
interaction with the cAMP pathway remain to be clarified,
this finding may help develop novel approaches that may
contribute to treating pathophysiological conditions due to
increased gastric acid secretion.
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Table S1: Instrumental parameters for the LA-ICP-MS measurements. 

NexION 5000 Multi-Quadrupole ICP-MS Iridia 193 nm Laser Ablation System 

Software Syngistix v.3.3 Software Chromium v.3.1 

Nebulizer Gas Flow 

[L/min] 
0.82-0.94 

Data Processing 

Software 
HDIP-v1.7.1 

Auxiliary Gas Flow 

[L/min] 
1.20 Ablation Cell Type 

Cobalt Long Pulse with 

Z-prime (100 mm x 

100 mm) 

Plasma Gas Flow 

[L/min] 
16 Fluence [J/cm2] 1.0 

ICP RF Power [W] 1600 Repetition Rate [Hz] 162 

Profile standard Spot size [µm] 3 

Analyte Na Mask shape circle 

Scan Mode MS/MS 
Image xy dimensions 

[µm] 
200x175 

Q1/Q3 Begin Mass 22.9898 
Lateral scan speed 

[µm/s] 
52 

IGM focusing Dosage 9 

Dwell Time Per AMU 50 Scan mode 

line by line uni-

directional, laser off 

between rows 

Rpq [V] 0.25 
Image xy dimensions 

[µm] 
200x175 
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Figure S1: Results of the experiments on cell viability. No relevant effects of viability after 

incubation of the investigated substances were found. DMSO (100%) and quinine (5 mM) were 

used as negative controls. Data were normalized to HGT-1 cells treated with KRHB only, n = 

4-5, t. r. = 3-6. 
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Figure S2: Specific immunostaining of TRPM4 and TRPM5 in HGT-1 cells. Receptor 

expression is detected by anti-TRPM4 antibody (a) and anti-TRPM5 antibody (b) in 

combination with an Alexa Fluor 488 anti-rabbit IgG (green). The nucleus is visualized by 

Hoechst-33342 (blue), and the plasma membrane by biotin-conjugated concanavalin A binding 

in combination with Alexa Fluor 633 conjugate (red). As antibody specificity control, primary 

antibodies were preincubated with the corresponding blocking peptide. Scale: 5 μM.  
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Figure S3: L-arginine (50 mM, a) and carbachol (1 mM, d) lead to an increase in intracellular 

Ca2+ concentration in HGT-1 cells, whereas this is not measurable for caffeine due to its 

already described quenching effect (3 mM, c). Ionomycin (1 µM, b) was used as a positive 

control. Substances were added after 60 seconds. In comparison, the untreated control (black) 

is shown. Data are shown as mean, n = 4, t. r. = 2. 
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Figure S4: Caffeine induced increases in intracellular Na+ are stable and reproducible. (a) 

Each grayscale represents the results of one biological replicate (t. r. = 6). In all cases, a 

reproducible increase in sodium concentrations in HGT-1 cells was shown starting at 

concentrations of 1 mM caffeine. (b) The combined results of the four biological replicates. 

Statistics: n = 4, t. r. = 6, one-way ANOVA Holm-Šidák post hoc test; significant differences 

are expressed with **** = p ≤ 0.0001. 
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Figure S5: Gene expression of TRPM4 and TRPM5 were reduced by incubating HGT-1 cells 

with lipofectamine and siRNA for 72 hours. The expression of MAPK1 was downregulated as 

a positive control. Nonspecific siRNA was used as a negative control (mock). Knock-down 

efficiencies are shown as mean ± SEM, n = 4, t. r. = 3, statistics: one-way ANOVA Holm-Šidák 

post hoc test; significant differences are expressed with ** = p ≤ 0.01, **** = p ≤ 0.0001. 

  

141



 

 

 

Figure S6: Incubation of the cells with caffeine (3 mM) resulted in a significant down-regulation 

of TRPM4 at the RNA level after only 10 minutes. This regulation was also still present after 

30 minutes. For the expression of TRPM5, there was no significant change after 10 minutes, 

but after 30 minutes the expression was strongly downregulated. Data are shown as mean ± 

SEM, n = 4, t. r. = 3, statistics: one-way ANOVA Holm-Šidák post hoc test; significant 

differences are expressed with * = p ≤ 0.05, ** = p ≤ 0.01. 
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Figure S7: Pharmacological inhibition with the TRPM5-specific inhibitors (a) nicotine and (b) 

TPPO and the TRPM4-specific inhibitor (c) 9-phenanthrol resulted in a reduction in caffeine-

induced (3 mM) stimulation of proton secretion of HGT-1 cells. Data are shown as mean ± 

SEM, n = 4, t. r. = 6, statistics: one-way ANOVA Holm-Šidák post hoc test; significant 

differences are expressed with ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001. 
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