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Abstract: The lysosomal Ca2+ channel TRPML1 was found to be responsible for gastric acid secretion
in murine gastric parietal cells by inducing the trafficking of H+/K+-ATPase containing tubulovesicles
to the apical membrane. Therefore, we hypothesized a similar role of TRPML1 in regulating proton
secretion in the immortalized human parietal cell line HGT-1. The primary focus was to investigate
the involvement of TRPML1 in proton secretion using the known synthetic agonists ML-SA1 and
ML-SA5 and the antagonist ML-SI3 and, furthermore, to identify food-derived compounds that
target the channel. Proton secretion stimulated by ML-SA1 was reduced by 122.2 ± 22.7% by the
antagonist ML-SI3. The steroid hormone 17β-estradiol, present in animal-derived foods, diminished
the proton secretory effect of ML-SA1 by 63.4 ± 14.5%. We also demonstrated a reduction in the
proton secretory effects of ML-SA1 and ML-SA5 on TRPML1 knock-down cells. The food-derived
compounds sulforaphane and trehalose promoted proton secretion in HGT-1 cells but may act
independently of TRPML1. Also, histamine- and caffeine-induced proton secretion were affected
by neither the TRPML1 antagonist ML-SI3 nor the TRPML1 knock-down. In summary, the results
obtained suggest that the activation of TRPML1 promotes proton secretion in HGT-1 cells, but the
channel may not participate in canonical signaling pathways.

Keywords: TRPML1; Mucolipin1; MCOLN1; calcium; Lamp1

1. Introduction

Elucidating the functions of various chemosensory receptors in non-sensory tissues has
been of increasing interest for several years. These include taste and olfactory receptors and
transient receptor potential (TRP) channels responsible for chemesthetic perceptions in the
oral cavity. The TRP ion channel family comprises integral membrane proteins that function
as ion channels, and they are classified into seven subfamilies: TRPC (canonical), TRPV
(vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML (mucolipin), TRPA (ankyrin),
and TRPN (NOMPC-like) [1]. TRP ion channels are present in numerous tissues and cell
types, where they play a role in diverse physiological processes, including ion homeostasis,
motile functions, and sensing various stimuli [1].

The TRP channel TRPML1 belongs to the mucolipin TRP channel family, which con-
sists of three distinct members: TRPML1, TRPML2, and TRPML3. The human TRPML1
channel, comprising 580 amino acids with a molecular mass of 65 kDa, is mainly located in
the membrane of late endosomes and lysosomes responsible for membrane trafficking and
autophagy-related processes [2]. As a cation channel, it is permeable to Ca2+, Fe2+, Zn2+,
Na+, and K+ and regulates their transport to the cytosol [2]. Pharmacokinetic studies demon-
strated that TRPML1 interacts with various structurally barely related compounds. For
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example, the channel is activated by phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) [3,4],
rapamycin [5], and the synthetic agonists ML-SA1 [6] and ML-SA5 [7]. Described in-
hibitors include VacA, a toxin produced by Heliobacter pylori [8]; phosphatidylinositol
4,5-bisphosphate (PI(4,5)P2) [3]; and the synthetic antagonist ML-SI3 [9]. Furthermore, it
was shown that TRPML1 activation is potentiated at lower surrounding pH values [9,10].
TRPML1 has also been described as a proton leak channel in lysosomes that prevents
these organelles from becoming too acidic [11]. Regarding food-derived compounds, sul-
foraphane, an isothiocyanate formed from glucoraphanin in cruciferous vegetables after
slicing, with high concentrations in broccoli of 48.7 mg/100 g, was shown to stimulate
TRPML1 activity [12,13]. Li and colleagues [12] studied the effects of sulforaphane on
autophagy and lysosomal functions at concentrations of 5 µM–10 µM in HeLa cells and
suggested that a mild elevation in intracellular reactive oxygen species by sulforaphane
enhances the release of Ca2+ through TRPML1 channels and other nonidentified Ca2+

channels. Also, the disaccharide trehalose might modulate TRPML1 activity, since it was
proposed that trehalose acts on lysosomes by inducing a transient lysosomal membrane
permeability, causing a Ca2+ efflux at a concentration of 100 mM [14]. In addition, trehalose
was found to activate TRPML1 expression in models of motoneurons and activates TRPML1
by increasing PI(3,5)P2 levels [14,15]. On the other hand, 17β-estradiol, a steroid hormone
from animal-derived foods, was found to directly inhibit TRPML1 [16]. Chemical structures
of the well-described synthetic TRPML1 agonists ML-SA1 (at pHlysosomal EC50 = 9.7 µM;
at pH7.4 EC50 = 15.3 µM [9]) and ML-SA5 (EC50 = 0.885 µM [17]), the antagonist ML-SI3
(IC50 = 4.7 µM [16]), and the potential TRPML1 activity modulators sulforaphane (no EC50
data available), trehalose (no EC50 data available), and 17β-estradiol (IC50 = 5.3 µM [16])
are shown in Figure 1.

Figure 1. Chemical structures of the synthetic TRPML1 agonists ML-SA1 and ML-SA5, the antagonist
ML-SI3, and the potential food-derived TRPML1 activity modulators sulforaphane, trehalose, and
17β-estradiol.
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Mutations in the MCOLN1 gene encoding for TRPML1 are responsible for mucolipi-
dosis type IV, which is an autosomal-recessive lysosomal storage disorder characterized
by severe psychomotor delay, progressive visual impairment, and an additional stomach
parietal cell phenotype of selective vacuolation and constitutive achlorhydria [18]. This
medical condition indicates a critical role of TRPML1 in human gastric acid secretion.
The participation of TRPML1 in gastric acid secretion was already investigated in murine
models [7,19]. TRPML1-knockout mice showed impaired histamine-induced gastric acid
secretion and reduced H+/K+-ATPase expression, resulting in hypochlorhydria and hy-
pergastrinemia [18,19]. By contrast, the transgenic overexpression of TRPML1 in mouse
parietal cells resulted in constitutive acid secretion [7]. Thus, the TRPML1 channel was
identified as a histamine-activated Ca2+ channel in lysosomes and tubulovesicles (TVs)
necessary for gastric acid secretion in mice [7,19]. It was proposed that TRPML1 is re-
quired for TV formation and for trafficking TVs containing H+/K+-ATPases to the apical
membrane [7].

A well-established model for analyzing the mechanisms of human gastric acid secre-
tion in vitro is the HGT-1 cell line [20–24]. HGT-1 cells express histamine H2 receptors,
mediating one of the main pathways leading to proton secretion. The binding of histamine
to its receptor leads to adenylyl cyclase activation and cAMP production, thereby ini-
tializing the trafficking and exocytosis of H+/K+-ATPase-enriched tubulovesicles toward
the apical membrane [25,26]. Furthermore, HGT-1 cells express all principal receptors
and transporters involved in proton secretion [22,27]. Moreover, HGT-1 cells have been
established as a suitable cell model for investigating the effects of various food-derived com-
pounds on chemoreceptor-mediated proton secretion, ranging from bitter-tasting peptides
and amino acids to noncaloric sweeteners and small molecules like the bitter compound
caffeine [20–22,28]. Especially the bitter taste-like signaling pathway via the G-protein-
coupled receptors TAS2Rs has been intensively investigated in HGT-1 cells and shown
to be highly comparable to taste cells [21,22,28]. Recently, also the TRPM4 and TRPM5
channels were found to be involved in TAS2R-activated proton secretion in HGT-1 cells via
Na+ influx induced by increased cytosolic Ca2+ concentrations [21]. However, the exact
underlying signaling pathways have not been fully elucidated yet.

Based on the previous findings from mouse parietal cells, we hypothesized the
TRPML1 channel to be an essential component of proton secretion in cultured human
gastric parietal cells, irrespective of the triggering compound and the signaling pathway
induced by it. To verify our hypothesis, we studied the participation of TRPML1 in proton
secretion as part of the paracrine signaling pathway induced by histamine acting via cAMP
and the taste-like signaling pathway induced by the bitter compound caffeine acting via
Ca2+ mobilization from the ER. Furthermore, we applied the synthetic small molecules
ML-SA1, ML-SA5, and ML-SI3 as direct modulators of TRPML1. The described TRPML1-
targeting food-derived compounds 17β-estradiol, sulforaphane, and trehalose were also
chosen to investigate TRPML1’s general involvement in proton secretion in the human
parietal cell line HGT-1.

2. Results
2.1. TRPML1 Is Expressed in the Parietal Cell Line HGT-1

Since TRPML1 has recently been detected at the mRNA level in HGT-1 cells [21], we
first investigated its protein expression by immunocytochemistry. Specific antibody binding
could be verified after staining with the anti-TRPML1 antibody and the corresponding
blocking peptide (Figure S1). A high-resolution image of the immunostained HGT-1
cell visualizes the TRPML1 fluorescence signal in the plasma membrane, cytoplasm, and
nucleus (Figure 2).
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Figure 2. TRPML1 is expressed in HGT-1 cells detected with super-resolution imaging. Fluorescent-
labeled TRPML1 channels with anti-TRPML1 antibody and anti-Rabbit IgG with Alexa Fluor 488
fluorophore (green) are localized in the cell membrane, cytoplasm, and nucleus, in contrast to
membrane staining with ConA and streptavidin-Alexa Fluor 633 (red) and nucleus staining with
Hoechst-33342 (blue). The Zeiss LSM 780 microscope (Carl Zeiss AG, Munich, Germany) with
airyscan detection (Carl Zeiss AG, Munich, Germany) and a 40×/1.2 Imm Korr DIC M27 objective
lens (Carl Zeiss AG, Munich, Germany) was used for image acquisition. Scale bar: 5 µm.

2.2. TRPML1 Activation Induces Proton Secretion in HGT-1 Cells

According to our hypothesis, applying the synthetic TRPML1 agonists ML-SA1 and
ML-SA5 and the antagonist ML-SI3 would modulate proton-secreting activity in HGT-1 cells,
as determined using a well-established proton secretion assay [20,22,23,29]. With pH-sensitive
dyes such as SNARF-AM, it is possible to measure intracellular pH values and thereby
determine intracellular H+ concentrations. This allows for the calculation of alterations in
intracellular H+ concentrations (∆H+) upon the treatment of the cells by subtracting the
intracellular proton concentrations of treated cells from the intracellular proton concentrations
of untreated cells. Therefore, the ∆H+ describes the extent of the induced proton secretion.
We could show that both agonists, ML-SA1 and ML-SA5, are generally sufficient to induce
proton secretion in HGT-1 cells, with ∆H+ values of 5.75 ± 0.7 nM and 3.81 ± 1.1 nM,
respectively (Figure 3). To classify the effect size of proton secretion induced by TRPML1
activation, we applied 1 mM histamine, which has an EC50 value of 50 µM regarding adenylyl
cyclase activity in human gastric mucosa but a saturating concentration of 1 mM [30]. In
comparison, proton secretion induced by TRPML1 activation is around 39% of the proton
secretion induced by 1 mM histamine (∆H+: 14.9 ± 0.7 nM, p ≤ 0.0001) (Figure 3). The
TRPML1 antagonist ML-SI3 expectedly had no effect on proton secretion at a concentration
of 5 µM but reduced the proton secretion induced by 5 µM ML-SA1 by 122.2 ± 22.7%
(p ≤ 0.05). This reduction of above 100% was probably due to the fact that the intracellular pH
of unstimulated cells is about 7.6, and proton secretion leads to an increase in the intracellular
pH as more protons are secreted. However, if the secretion is inhibited, the pH value can shift
below pH 7.6 because more protons are present in the cell than are secreted, which is why it is
possible to obtain a negative intracellular ∆H+ value and, therefore, also a reduction above
100%. On the contrary, ML-SI3 could not reduce the proton secretory effect of 5 µM ML-SA5
(−56.0 ± 53.5%, p > 0.05) (Figure 3). Notably, ML-SA1 and ML-SA5 concentrations higher
than 5 µM did not increase proton secretion (Figure S2). Also, Rühl et al. used 5 µM ML-SA1
to activate TRPML1 [16]. Therefore, a concentration of 5 µM ML-SA1, ML-SA5, and ML-SI3
was chosen for the following experiments.
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Figure 3. Effect on proton secretion in HGT-1 cells incubated with 5 µM of the synthetic TRPML1
agonists ML-SA1 and ML-SA5 and the antagonist ML-SI3. Intracellular ∆H+ concentrations in nM
are shown as mean ± SEM, n = 4–5, t. r. = 4–6. Statistics: Student’s t-test of untreated compared to
treated cells (two-tailed, unpaired); significant differences are indicated with ns = not significant,
* = p ≤ 0.05, and **** = p ≤ 0.0001. Student’s t-test of activator-only treated cells compared to cells
treated with the co-incubation of ML-SI3 with ML-SA1 or ML-SA5 (two-tailed, unpaired); significant
differences are indicated with ns = not significant; # = p ≤ 0.05.

2.3. TRPML1 Activation Leads to Increased Cytosolic Ca2+ Concentrations

Since activation of TRPML1 in parietal cells from mice led to the mobilization of
Ca2+ from the TVs into the cytosol [7], we next analyzed whether TRPML1 activation
generally increases cytosolic Ca2+ levels in HGT-1 cells. The applications of the agonists
ML-SA1 (5 µM, p ≤ 0.0001) and ML-SA5 (5 µM, p ≤ 0.0001) both led to an increase in the
cytosolic Ca2+ concentration (Figure 4). The ML-SA1-induced effect was fully inhibited by
the antagonist ML-SI3 (p ≤ 0.0001) (Figure 4A). In contrast to its effect on ML-SA5-induced
proton secretion, ML-SI3 could reduce the Ca2+ signal of ML-SA5 (p ≤ 0.001), but only by
around 35% compared to the control (Figure 4B). The application of ML-SA1 and ML-SA5
in nominal Ca2+-free buffer abolished the signal completely (Figure S3), indicating a Ca2+

influx rather than a Ca2+ release from intracellular stores. A TRPML1-specific knock-down
(kd) neutralized the ML-SA1-induced increase in cytosolic Ca2+ concentration completely
and the ML-SA5-induced effect by 35%. The comparison of the Ca2+ signals induced by
ML-SA1 and ML-SA5 to histamine, however, is problematic since histamine evoked a sharp
increase after application, possibly associated with artifacts (Figure S4).
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Figure 4. Inhibitory effect of ML-SI3 on ML-SA1- and ML-SA5-stimulated HGT-1 cells in the calcium
mobilization assay. (A): Co-incubation of ML-SA1 with ML-SI3 in the calcium mobilization assay. The
ML-SA1 signal in TRPML1 kd cells is shown in green. (B): Co-incubation of ML-SA5 with ML-SI3
in the calcium mobilization assay. The ML-SA5 signal in TRPML1 kd cells is shown in green. A
5 µM ionomycin was applied as a positive control. Data are shown as relative fluorescence (RFU)
normalized to baseline fluorescence n = 3, t. r. = 2.

2.4. H+/K+-ATPase Accumulation and Vacuolar Apical Compartment Formation in HGT-1 Cells

Upon the stimulation of parietal cells, apical canalicular membranes are engulfed
by the cell, forming multiple actin-wrapped vacuoles known as vacuolar apical compart-
ments [31]. Previous work showed that ML-SA5 induced vacuolar apical compartment
formation in the parietal cells of mice [7]. As shown in Figure 5, we also demonstrated
vacuolar apical compartment formation in HGT-1 cells upon the activation of TRPML1
with ML-SA1 (untreated control is shown in Figure 6B).

Figure 5. Super-resolution image of 5 µM ML-SA1-incubated HGT-1 cells stained for TRPML1 (green)
and the β-subunit of H+/K+-ATPase ATP4B (red) obtained with an airyscan detector: For image
acquisition, a Zeiss LSM 780 microscope equipped with airyscan detection and a 40×/1.2 Imm Korr
DIC M27 objective lens was used. Airyscan image processing was performed using the ZEN 2.3 SP1
black program. The scale bar represents 5 µm. The H+/K+-ATPase accumulation is indicated in the
direction of the arrow. The vacuolar apical compartment formation is displayed with the star.

The main fraction of H+/K+-ATPases in resting parietal cells has been demonstrated
to be localized in tubulovesicles and mobilized to the cell surface upon stimulation [25]. In
this work, we could detect the β-subunit of H+/K+-ATPase accumulated only on one side
of the cell, which may indicate the apical membrane (Figures 5 and 6B).
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Fragmented phalloidin (F-actin) staining is considered to demonstrate the resting state
of the cell and continuous phalloidin staining to demonstrate the stimulated state of the
cell [7,32]. In our experiments, however, stimulated cells showed no different phalloidin
staining from unstimulated cells, supporting the ready-to-release proton state of HGT-1
cells (untreated and 1 mM histamine-treated cells show exemplarily the stimulated state, as
depicted in Figure S5).

Figure 6. Co-localization of TRPML1 channels Lamp-1 and β-subunit of H+/K+-ATPase (ATP4B) in
HGT-1 cells. Cells were incubated with either 1 mM histamine or 5 µM ML-SA1 for 10 min before
staining with anti-TRPML1 antibody (green) and anti-human-CD107a (A in red) for Lamp-1. The
β-subunit of H+/K+-ATPase was stained with anti-ATP4B antibody (B in red). Scale bar represents
5 µm. The co-localization was calculated for TRPML1 with Lamp-1 (C) and ATP4B (D) based on the
pixel count. Data is presented as box plots with 10th and 90th percentiles. Data points outside of
this range are indicated as dots, n = 1–2, t. r. = 10–20. Statistics: Student’s t-test of control compared
treated cells (two-tailed, paired); ns: not significant.
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2.5. Stimulation with Histamine and ML-SA1 Causes the Shifting of Lamp-1 to the Cell Membrane
in Live-Cell Staining in HGT-1 Cells

By studying constitutively active TRPML1 channels, Dong et al. [33] hypothesized
that active TRPML1 channels trigger intra-lysosomal Ca2+ release and, consequently, the
appearance of TRPML1 and the lysosomal protein Lamp-1 at the plasma membrane. Since
TRPML1 was identified as a tubulovesicular channel responsible for TV exocytosis for
gastric acid secretion in mice, we investigated Lamp-1 expression at the cell membrane after
stimulation. Live-cell staining using a flow cytometer was performed to verify whether
a shift of Lamp-1-containing lysosomes or TVs occurs after stimulation. The detected
mean fluorescence for untreated cells was 27.2 ± 0.40 AU, that for 1 mM histamine-
treated cells was 28.4 ± 0.46 AU (p = 0.0645), and that for 5 µM ML-SA1-treated cells was
28.5 ± 0.51 AU (p = 0.0452). About 5000 cells were analyzed to calculate the mean fluores-
cence and the SEM; statistical significance was tested with an ordinary one-way ANOVA
and Fisher’s LSD test. This might indicate a small increase in Lamp-1 at the cell membrane
after stimulation with histamine and ML-SA1.

2.6. No Difference in the Co-Localization of TRPML1 with Lamp-1 and H+/K+-ATPase Could Be
Detected in HGT-1 Cells after Exposure to Histamine and ML-SA1

Following the assumption that histamine and ML-SA1 trigger lysosome or TV trafficking,
we incubated HGT-1 cells with these compounds, followed by staining for TRPML1, Lamp-1,
and ATP4B and analyzing their assumed co-localization via fluorescence microscopy (Figure 6).
Lamp-1 was chosen as a marker of lysosomes and ATP4B, the β-subunit of H+/K+-ATPase,
as a marker of TVs. We detected a mean co-localization of TRPML1 with Lamp-1 and H+/K+-
ATPase of 9.1 ± 1.8% and 12.9 ± 0.7%, respectively, with no difference in stimulated and
non-stimulated cells quantitated. However, as already demonstrated in murine models,
TRPML1 is present in H+/K+-ATPase-positive TVs and Lamp-1-containing lysosomes [7,19].
In agreement with the co-immunoprecipitation experiments with TRPML1 and H+/K+-
ATPase of Chandra et al. [19], but in contrast to Sahoo et al. [7], we could not detect a
high co-localization of TRPML1 with the H+/K+-ATPase β-subunit of 60–80% and thereby
strengthen the assumption that TRPML1 in parietal cells is more prominently associated with
TVs as compared to lysosomes. However, we cannot rule out that TVs sequester only the
α-subunit of the H+/K+-ATPase to the apical membrane.

2.7. The Potential TRPML1 Activity Modulators Sulforaphane, Trehalose, and 17β-Estradiol
Impact Proton Secretion in HGT-1 Cells

Since food and food-derived compounds are initiators of proton secretion, we next
analyzed whether not only synthetic ligands of TRPML1 but also food-derived compounds
that were associated with TRPML1 activity modulation and the regulation of lysosomal
biogenesis and autophagy via TRPML1 can impact the proton secretion in HGT-1 cells.
Therefore, the TRPML1 activity modulators sulforaphane [12], trehalose [14,15], and 17β-
estradiol [16] in the concentration ranges described were chosen based on previous reports.
In the demonstrated experiments, sulforaphane (p ≤ 0.01) and trehalose (p ≤ 0.01) stimu-
lated the secretion of protons in HGT-1 cells (Figure 7). In contrast, 17β-estradiol inhibited
proton secretion (Figure 7). For further experiments, 0.1 mM trehalose was chosen, as
this was the only concentration significantly affecting proton secretion. For sulforaphane
and 17β-estradiol, concentrations of 1 µM and 5 µM, respectively, were chosen, being in a
similar concentration range to the synthetic agonists and antagonists.
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Figure 7. Proton secretion-inducing effect of sulforaphane, trehalose, and 17β-estradiol on HGT-1
cells. Intracellular ∆H+ concentrations in nM are shown as a violin plot, n = 4–5, t. r. = 4–6. Statistics:
Student’s t-test (two-tailed, unpaired); significant differences are indicated with ns = not significant;
* = p ≤ 0.05; ** = p ≤ 0.01; **** = p ≤ 0.0001.

2.8. ML-SI3 Did Not Reduce the Proton Secretion Induced by Histamine, Caffeine, Trehalose, and
Sulforaphane

To verify the involvement of TRPML1 in the induction of proton secretion by sul-
foraphane and trehalose, the TRPML1 inhibitor ML-SI3 was applied. In addition, we also
used ML-SI3 to analyze whether TRPML1 participates in two canonical pathways of proton
secretion in HGT-1 cells: the H2-receptor-mediated cAMP-dependent pathway and the
TAS2R-mediated Ca2+-dependent pathway. Therefore, 1 mM histamine and 3 mM caffeine,
a well-described activator of proton secretion, at least via TAS2R7, 10, 14, 43, and 46 in
HGT-1 cells [21,22,34], as well as 1 µM sulforaphane and 0.1 mM trehalose were used
to analyze the impact of the pharmacological inhibition of TRPML1 upon applying the
antagonist ML-SI3. We could not detect a reduction in proton secretion by co-incubating
histamine with ML-SI3 (p > 0.05) (Figure 8A). Also, the induction of proton secretion by
caffeine (p > 0.05), trehalose (p > 0.05), and sulforaphane was not reduced by the TRPML1
antagonist ML-SI3 (Figure 8B–D). In fact, a significant increase in proton secretion during
co-incubation with ML-SI3 could be detected for sulforaphane (+64.1 ± 23.5%, p ≤ 0.05).
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Figure 8. Effect of ML-SI3 on histamine-, caffeine-, trehalose-, and sulforaphane-induced proton
secretion. Intracellular ∆H+ concentrations in nM are shown as mean ± SEM, n = 4–5, t. r. = 4–6.
Statistics: Student’s t-test (two-tailed, unpaired); significant differences are indicated with ns = not
significant; * = p ≤ 0.05. (A–D): Co-incubation of 5 µM ML-SI3 with 1 mM histamine, 3 mM caffeine,
1 µM sulforaphane, and 0.1 mM trehalose.

2.9. 17β-Estradiol Reduced the Proton Secretory Effect of ML-SA1 in HGT-1

Rühl et al. [16] showed that 17β-estradiol specifically inhibits the TRPML1 channel
with an IC50 value of 5.3 µM after activation with 5 µM ML-SA1. Therefore, we decided to
investigate the potential of 17β-estradiol (5 µM) to reduce the proton secretory effect of ML-
SA1 (5 µM) on HGT-1 cells (Figure 9), thereby demonstrating a reduction in proton secretion
by 63.4 ± 14.5% (p ≤ 0.01). This supports the findings of Rühl et al. [16] and indicates that
17β-estradiol in HGT-1 cells may influence proton secretion via the TRPML1 channel.
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Figure 9. Inhibitory effect of 17β-estradiol on ML-SA1-stimulated proton secretion. Intracellular
∆H+ concentrations in nM are shown as mean ± SEM, n = 4–5, t. r. = 4–6. Statistics: Student’s t-test
(two-tailed, unpaired); significant difference is indicated with ** = p ≤ 0.01.

2.10. Proton Secretion Induced by ML-SA1 and ML-SA5 Was Reduced in TRPML1 Knock-Down
(kd) Cells

To further test our hypothesis that TRPML1 participates in proton secretion in HGT-1
cells, we performed a specific kd of TRPML1 in HGT-1 cells. The highest kd efficiency was
determined via RT-qPCR after 72 h of transfection with 50 nM siRNA targeting TRPML1
(HSS126140). The expression of TRPML1 was reduced by 83.5 ± 3% (p ≤ 0.0001) at
the mRNA level and 25.9% (p ≤ 0.0001) at the protein level (Figures S6 and S7). Mock-
transfected cells showed no significant differences compared to non-transfected cells
(Figure 10). The general involvement of TRPML1 in proton secretion via the kd approach
was tested using the synthetic TRPML1 activators ML-SA1 and ML-SA5; the food-derived
compounds caffeine, sulforaphane, and trehalose; and histamine (Figure 10). In this set of
experiments, we could demonstrate a TRPML1-specific kd decrease in proton secretion
compared to the mock-transfected cells for ML-SA1 (−93.6 ± 37.7%, p ≤ 0.05) and ML-SA5
(−26.6 ± 16.7% p ≤ 0.01) (Figure 10B,C). The effect of 17β-estradiol on ∆H+ concentrations
was shifted toward the baseline in TRPML1 kd cells (−125.9 ± 42.8%, p ≤ 0.05). For sul-
foraphane, the respective decrease was borderline significant (−14.4 ± 21.7%, p = 0.0556).
The specific kd of TRPML1 had no impact on proton secretion induced by histamine,
caffeine, or trehalose (p > 0.05) (Figure 10A,D,F).
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Figure 10. Histamine, caffeine, and TRPML1-targeting compounds and the influence on the proton-
secreting effect in TRPML1 kd cells compared to mock-transfected and non-transfected HGT-1
cells. Intracellular ∆H+ concentrations in nM are shown for the comparison of non-transfected
(black bar), mock-transfected (dark grey bar), and TRPML1 kd (light grey bar) cells incubated with
1 mM histamine (A), 5 µM ML-SA1 (B), 5 µM ML-SA5 (C), 3 mM caffeine (D), 1 µM sulforaphane
(E), 0.1 mM trehalose (F), and 5 µM 17β-estradiol (G). Data are shown as mean ± SEM, n = 3–4,
t. r. = 6; statistics: Student’s t-test (two-tailed, paired [mock vs. TRPML1 kd], unpaired [non-
transfected vs. mock]); significant differences are indicated with ns = not significant; * = p ≤ 0.05;
** = p ≤ 0.01.
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These results imply that TRPML1 is functionally involved in the induction of proton
secretion by its activation in HGT-1 cells.

3. Discussion

In this study, we examined the TRPML1 channel in regard to its role in mechanisms
regulating gastric acid secretion by using known agonists and antagonists as well as food-
derived compounds that potentially target the TRPML1 channel in proton secretion assays
and immunofluorescence staining to reveal its role in proton secretion and tubulovesicle
trafficking in the human gastric parietal cell line HGT-1.

3.1. HGT-1 Cells Localize TRPML1 in or around the Cell Nucleus

First, we analyzed the protein expression and subcellular localization of TRPML1 in
HGT-1 cells via immunocytochemistry. In addition to localization in the cytosol and at the
cell membrane, TRPML1 was also detected in or around the nucleus. Other studies could
not confirm the previously reported localization of TRPML1 channels in the nucleus of
mouse parietal cells [7,19]. On the other hand, it was also found that TRPML1 is mainly
expressed in the nucleus of PC-3, SK-MEL-30, U-2-OS, and glioblastoma cell lines [35–37],
which may allow for the conclusion that the localization of TRPML1 in the nucleus could be
characteristic of tumor cells. Furthermore, a nuclear localization motif (43–60 amino acids)
was found in the amino acid sequence of the TRPML1 channel [18]. Sahoo et al. [7] detected
the TRPML1 channel, mainly in Lamp-1-negative compartments in mouse parietal cells,
compared with a high co-localization of 60–80% with the α- or β-subunit of H+/K+-ATPase.
In contrast, in the work presented here, TRPML1 was found to have a relatively low mean
co-localization of 9.1 ± 1.8% with the late endosome/lysosome marker Lamp-1 and the
tubulovesicle marker H+/K+-ATPase (12.9 ± 0.7%) in HGT-1 cells. Also, the stimulation of
the cells with histamine or ML-SA1 did not alter the co-localization rates of TRPML1 with
Lamp-1 or H+/K+-ATPase. This presumably results from the strong signal of TRPML1
in the nucleus, where Lamp-1 and H+/K+-ATPase are not detectable. However, the co-
localization of TRPML1 with Lamp-1 would also agree with the presence of a leucine zipper
motif as a late endosomal/lysosomal targeting signal at the second transmembrane domain
of the channel [18].

We could show that vacuolar apical compartment formation occurs in HGT-1 cells upon
adding ML-SA1, indicating TV exocytosis due to the activation of the TRPML1 channel, which
supported the hypothesis that TRPML1 activation is able to induce proton secretion.

3.2. ML-SA5 and ML-SA1 Impact Proton Secretion and Intracellular Calcium Concentrations via
Different Mechanisms

The synthetic TRPML1 agonists ML-SA1 and ML-SA5 both stimulate proton secretion,
indicating that activation of TRPML1 is sufficient for this process in HGT-1 cells. However,
only the ML-SA1-induced proton secretion could be inhibited by the antagonist ML-SI3
(−122.2 ± 22.7%), while the ML-SA5-induced proton secretion was unaffected by the
inhibitor. This could be explained by previous studies from Schmiege et al. [9], who
described consistent binding sites for ML-SA1 and ML-SI3, namely the residues Phe465 in
PH1, Leu422, Met426, Cys429, Val432, Ala433, and Tyr436 in S5 and Phe505 and Phe513 in
S6, along with the residues Tyr499, Ser 503, Leu504, Tyr507, and Met508 in S6. Although
the exact binding site(s) for ML-SA5 have not been described yet, it has been shown
recently that this agonist is not selective for TRPML1, since ML-SA5 induced calcium
mobilization with almost identical EC50 values in TRPML1-overexpressing cells compared
to TRPML1 ko cells [17]. This aligns with our finding that the TRPML1 kd inhibited
ML-SA1-induced proton secretion by about 94%, whereas the ML-SA5-induced proton
secretion was reduced by about 27%. The fact that a TRPML1 kd with an efficiency of 25.9%
at the protein level almost abolishes proton secretion induced by ML-SA1 may point to the
requirement of cytosolic Ca2+ concentrations exceeding a threshold value to enable proton
secretion. In isolated rat parietal cells, a decrease in basal Ca2+ by 12 ± 3% abolished the
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Ca2+ signal induced by 10 µM carbachol completely and inhibited the action of histamine
by 70–100% [38]. This, however, would imply that TRPML1 may also participate in the
regulation of basal Ca2+ levels, which would be supported by our finding that the TRPML1
antagonist 17β-estradiol affects the proton secretion of HGT-1 cells already in the resting
state. However, this is speculative and needs to be clarified in future analysis.

Both ML-SA1 and ML-SA5 increased cytosolic Ca2+ concentrations, which were inhib-
ited by the antagonist ML-SI3 completely for ML-SA1 and reduced by 35% for ML-SA5.
This comparatively small reduction in the Ca2+ signal might be the reason for the finding
that ML-SA5-induced proton secretion was not significantly diminished by ML-SI3. The
absence of an increase in cytosolic Ca2+ concentrations upon the stimulation of HGT-1
cells with ML-SA1 and ML-SA5 in nominal Ca2+-free buffer indicates that the increase in
cytosolic Ca2+ concentrations results from an influx of Ca2+ mediated by TRPML1 channels
in the plasma membrane. This would be supported by the finding that the Ca2+ increase
in HGT-1 cells is rather prolonged, whereas a release from intracellular stores would gen-
erate a transient signal, as was shown in TRPML1-overexpressing cells [7]. However, we
cannot exclude an additional release of Ca2+ from acidic stores, which results in local Ca2+

increases that may not give rise to global Ca2+ increases.

3.3. 17β-Estradiol Reduced the Proton Secretory Effect of ML-SA1 on HGT-1 Cells

It is well established that food-derived substances can induce proton secretion in
HGT-1 cells via their interaction with taste receptors [22,24]. Therefore, various food
compounds triggering different signaling cascades were additionally tested with regard to
(i) their potential to induce proton secretion and (ii) the involvement of TRPML1 in this
process. First, sulforaphane, described as an agonist of TRPML1 [12], induced a mild but
significant proton secretion by HGT-1 cells. Also, trehalose (0.1 mM) led to a secretion
of protons from HGT-1 cells. For both substances, the intracellular ∆H+ concentrations
after the stimulation of the cells reached about 4 nM. While sulforaphane was shown to
directly interact with TRPML1 [12], trehalose was proposed to induce a transient lysosomal
membrane permeability, causing Ca2+ release [14]. Whether this release is mediated via
direct interaction with TRPML1 remains to be clarified. We cannot rule out the possibility
that trehalose acts, at least partly, via TAS1R3, as shown by Ariyasu et al. [39], since the
channel was expressed and functional in HGT-1 cells [28].

The described TRPML1 antagonist 17β-estradiol [16] decreased basal proton secretion
at a concentration of 5 µM. Also, proton secretion induced by 5 µM ML-SA1 was reduced
by 5 µM 17β-estradiol. This aligns with the results of Rühl et al. [16], who showed that
17β-estradiol has an inhibitory effect with an IC50 value of 5.3 µM on the TRPML1 channel.
In contrast to ML-SI3, 17β-estradiol inhibits the TRPML1 channel with an IC50 of 4.7 µM
after ML-SA1 activation [16]. A specific TRPML1 kd confirmed that 17β-estradiol indeed
targets TRPML1. These results might indicate that in HGT-1 cells, TRPML1 affects basal
proton secretion, which is in line with Chandra et al. [19], who showed that TRPML1
ko mice had significant impairments in basal gastric acid secretion. However, it is not
clear whether food-derived 17β-estradiol could influence gastric acid secretion since the
respective concentrations in foods are known to be low, ranging from 0.02 µg/L (0.073 nM)
in cow milk to 1.0 ± 0.2 pg/mg egg yolk [40,41].

3.4. Histamine and the Food-Derived Compounds Trehalose and Caffeine Do Not Act via TRPML1
in HGT-1 Cells

Regarding the canonical pathways, it is known that histamine induces gastric acid
secretion via the activation of H2 receptors and subsequent cAMP-mediated PKA acti-
vation [42,43]. The activation of TAS2Rs by bitter compounds such as caffeine leads to
a dissociation of the G protein Gαgustducin from the β3γ13 subunit, thereby activating
the phospholipase Cβ2 (PLCβ2) to cleave phosphatidylinositol-4,5-bisphosphate (PtdIns
(4,5) P2) into inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) [22,43]. IP3 then
activates the IP3 receptor, mobilizing intracellular Ca2+ from the ER to the cytosol, re-
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sulting in gastric acid secretion [22,43]. This pathway shares common features with the
Ca2+-dependent gastric acid secretion induced by acetylcholine via the muscarinic M3
receptor [42]. Also, interactions between the cAMP- and Ca2+-dependent pathways may
occur [38]. However, it is still poorly understood how the cAMP and Ca2+ signals initi-
ate proton secretion by the H+/K+-ATPase. Sahoo et al. [7] showed for histamine that
TRPML1 induces a cAMP-mediated, PKA-sensitive Ca2+ release from TVs, promoting a
Ca2+-dependent fusion of TVs containing the H+/K+-ATPase with each other and the apical
membrane for acid secretion in mice. This consequently implies that the cAMP production
and the subsequent Ca2+-release from TVs are essential for proton secretion.

To clarify whether TRPML1 participates in parietal proton secretion via the cAMP-
and/or the Ca2+-dependent pathway, we first applied the TRPML1 antagonist ML-SI3 to
pharmacologically inhibit TRPML1. ML-SI3, however, did not reduce the proton secretion
induced by the tested food-derived compounds and histamine. For sulforaphane, even an
increased proton secretion during co-incubation with ML-SI3 was detected. Only ML-SA1-
activated TRPML1 could be completely inhibited by ML-SI3 in HGT-1 cells. This may be
because ML-SI3 can only interfere with compounds binding to the same binding cavity, as
it cannot alter the activation by PI(3,5)P2, addressing a different binding site [9].

Using a TRPML1-specific kd, we could demonstrate the participation of TRPML1 in
proton secretion for ML-SA1 and partly for ML-SA5. The kd of TRPML1, however, had
no effect on histamine-induced proton secretion. If histamine application actually induces
increases in cytosolic Ca2+ via TRPML1 in HGT-1 cells, these increases could be considered
to occur via TRPM4/M5, which was not triggered upon histamine application [21]. This is
in contrast to the results in mice [7] but in line with the finding that Ca2+ signaling from
lysosomes is not impaired in TRPML1 ko mice [19]. Therefore, it remains unclear whether
Ca2+ efflux from lysosomes or TVs generally is the key mechanism behind the TRPML1
signaling cascade.

One explanation, however, could be that this mechanism is species specific, presum-
ably due to species-dependent engagement of different Gα proteins. In canine parietal cells,
H2 receptor downstream signaling does not cause an increase in intracellular Ca2+ [44].
Contrarily, it could be demonstrated that histamine-induced H2 receptor activation can lead
to both Ca2+-dependent and -independent signaling pathways in rabbit parietal cells [45].
In isolated rat parietal cells, cAMP- and Ca2+-mediated signaling are necessary for proton
secretion [38]. In human parietal cells, it could be both or even just a Ca2+-independent
pathway. Also, the TRPML1 channel differs between species. A sequence alignment using
Clustal W showed a higher score for the human TRPML1 channel (UniprotID: Q9GZU1)
with the rabbit TRPML1 channel (UniprotID: G1T1X3), at 94.3, than for the murine TRPML1
channel (UniprotID: Q99J21), at 91.3, and for known rat TRPML1 sequences (UniprotIDs:
D3ZRF9, A0A8I6AQ69, A0A8I6G3L4), with scores between 91.0 and 91.4 [46–48].

However, proton secretion via Ca2+-dependent TAS2R stimulation by caffeine does not
seem to be reliant on TRPML1 channels, at least on the basis of the results presented here.
Proton release stimulated by 3 mM caffeine was neither inhibited by 5 µM ML-SI3 nor reduced
in TRPML1 kd cells. Consequently, this also suggests that proton secretion via TAS2Rs appears
to be completely independent of TRPML1 signaling in HGT-1 cells, at least that triggered by
caffeine. This might indicate that Ca2+ is necessary for proton secretion in HGT-1 cells, but the
process does not necessarily depend on Ca2+ release from TVs via TRPML1.

On the other hand, TRPML1 might be involved in the induction of proton secretion
by sulforaphane, which tended to be decreased in TRPML1 kd cells. The incubation of
sulforaphane with the TRPML1 antagonist ML-SI3 did not show a reduction in proton
secretion, indicating that sulforaphane’s activation mechanism is different from ML-SA1-
mediated TRPML1 activation. Sulforaphane appears to be an interesting food-related
compound involved in TRPML1-regulated gastric acid secretion, independent of direct
TAS2R activation. However, since the structurally related allylisothiocyanyte is known
to be bitter and activates TAS2R38 [34], it also can not be ruled out that other signaling
pathways might be involved. Whether sulforaphane can affect gastric acid secretion via the
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TRPML1-mediated release of Ca2+ ions after the consumption of sulforaphane-containing
foods remains to be elucidated.

4. Material and Methods
4.1. Chemicals

Chemicals used in assays were dissolved and stored at −20 ◦C. ML-SA1 (purity ≥ 98%)
was bought from Bio-Techne, Wiesbaden, Germany; ML-SA5 (purity ≥ 98%) from Merck
KGaA, Darmstadt, Germany; and ML-SI3 (purity ≥ 98%) from BIOZOL Diagnostics
Vertrieb GmbH, Eching, Germany, and dissolved in DMSO. D-(+)-trehalose dehydrate
(purity ≥ 99%) dissolved in ddH2O and 17β-estradiol (purity ≥ 98%) in EtOH were
bought from Merck KGaA, Germany. Sulforaphane (purity ≥ 98.19%) dissolved in DMSO,
1× DMEM Glutamax, Fluoromount-GTM, 16% formaldehyde solution methanol-free,
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), siRNAs HSS126140
and HSS126141, Lipofectamine RNAiMAX, Opti-Medium, and SNARF-1-AM were pur-
chased from Fisher Scientific GmbH, Munich, Germany. FBS and penicillin–streptomycin
(10,000 U/mL penicillin, 10 mg/mL streptomycin) were bought from PAN-Biotech GmbH,
Aidenbach, Germany, and horse serum from Biowest, Nuaillé, France.

4.2. Cell Culture

The human gastric parietal cell line HGT-1 (RRID: CVCL_A609) was provided by C.
Laboisse (Laboratory of Pathological Anatomy, Nantes, France). HGT-1 cells were cultured in
cell culture flasks at 37 ◦C and 5% CO2 (standard conditions) in 1× DMEM (10% FBS and 1%
penicillin–streptomycin). Experiments were performed with cells between passages 15 and 30.

4.3. Immunostaining and Confocal Laser Scanning Microscopy (CLSM)

For immunostaining, 25,000–50,000 HGT-1 cells were seeded at standard conditions
for 24 h in a poly-D-lysine (10 µg/mL)-coated glass-bottom 10-well plate (GreinerBio-One
GmbH, Frickenhausen, Germany). If the influence of different compounds was to be
investigated, the cells were washed with 37 ◦C prewarmed PBS buffer and treated with the
substances diluted in PBS buffer for 10 min at standard conditions. The immunostaining
of HGT-1 cells was then performed as described in Richter and Andersen et al. [21]. If the
actin filaments were stained, the cells were incubated with DyLight ™ 554 Phalloidin (Cell
Signaling Technology, Danvers, MA, USA) nucleus stain. The used stains, primary and
secondary antibodies, and dilutions are shown in Table 1.

Table 1. Stains and antibodies.

Staining Antibody/Chemical Company Working Solution

Hoechst-33342 Fisher Scientific GmbH, Munich, Germany 1:2000

Concanavalin A biotin conjugate Sigma-Aldrich, Munich, Germany 1:2000

Streptavidin, Alexa Fluor™ 633 conjugate
(RRID:AB_2313500) Fisher Scientific GmbH, Munich, Germany 1 µg/mL

DyLight™ 554 Phalloidin Cell Signaling Technology, Beverly, MA USA 1:100

Anti-TRPML1 antibody (RRID: AB_10915894) Alomone labs, Jerusalem, Israel 8 µg/mL

TRPML1 blocking peptide Alomone labs, Jerusalem, Israel 8 µg/mL

Alexa Fluor 488 anti-Rabbit IgG (RRID:
AB_2536097) Fisher Scientific GmbH, Munich, Germany 1 µg/mL

Anti-human-CD107a (LAMP-1) (RRID:AB_467426) Fisher Scientific GmbH, Munich, Germany 10 µg/mL

Anti-ATP4B Monoclonal Antibody (2G11)
(RRID:AB_2227726) Fisher Scientific GmbH, Munich, Germany 1:100

eFluor™ 570 anti-Mouse IgG (RRID: AB_2573606) Fisher Scientific GmbH, Munich, Germany 1 µg/mL
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Images were acquired using a Zeiss LSM 780 microscope (Carl Zeiss AG, Munich,
Germany) with a 40×/1.2 Imm Korr DIC M27 objective lens, LSM T-PMT detector, and
the ZEN 2.3 SP1 black program. An airyscan detector was used to obtain pictures with
high resolution. The ZEN 2.3 SP1 blue program was used to detect co-localization. Co-
localization was then calculated by dividing the pixels that detected both fluorescence
signals by the total pixels counted with the signal minus the background pixels.

4.4. Cell Viability

To measure cell viability, 100,000 cells were seeded in a transparent 96-well plate and
incubated overnight. Before treating the cells with the compounds of interest for 30 min at
standard conditions, the cells were washed with KRHB (10 mM HEPES,
11.7 mM D-glucose, 4.7 mM KCl, 130 mM NaCl, 1.3 mM CaCl2, 1.2 mM MgSO4, and
1.2 mM KH2PO4, pH 7.4). Then, 0.83 mg/mL MTT in DMEM was incubated for 15 min
under standard conditions. The formed formazan was dissolved in DMSO and measured at
570 nm (reference wavelength 650 nm) in an Infinite M200 plate reader (Tecan, Männedorf,
Switzerland). Pure 100% DMSO served as a negative control, and KRHB-only treated cells
(=100%) were used for normalization to calculate cell viability. For 10 µM sulforaphane,
500 µM trehalose, 100 µM 17β-estradiol, 20 µM ML-SA, 10 µM ML-SA5, and 10 µM ML-SI3,
cell viability was not affected (p > 0.05) in HGT-1 cells (Figure S8).

4.5. Proton Secretion Assay

To determine the intracellular pH alteration in HGT-1 cells after incubating with
different effectors, an assay for proton secretion detection with the pH-sensitive fluores-
cent dye SNARF-1-AM was used as developed and applied previously [20,22,23,29]. For
this, 100,000 viable cells were seeded per well in a black 96-well plate and incubated for
20–24 h. On the day of the experiment, the cells were washed with KRHB and stained
with 3 µM SNARF-1-AM for 30 min under standard conditions. After a washing step with
KRHB, the cells were incubated with the test substances in the desired concentrations. In
each assay, 1 mM of histamine served as a positive control. The proportion of solvents
DMSO and ethanol were max. 0.1% in each probe. The pH was calculated by applying
a calibration curve with various pH values in the presence of 20 µM nigericin. After
12 min incubation, fluorescence was detected at 580 and 640 nm emission after excitation
at 488 nm using the plate reader FlexStation 3 (Molecular Devices, San Jose, CA, USA).
After determining intracellular H+ concentrations from the intracellular pH values, changes
in the intracellular H+ concentration (∆H+) were calculated by subtracting treated cells
from untreated cells. The ∆H+ describes how many protons were secreted compared to
untreated cells. To compare values from different experiments, the data were normalized
to the positive control with 1 mM histamine.

4.6. Transient Knock-Down of TRPML1

The protein expression of TRPML1 was reduced by the degradation of TRPML1
mRNA through small interfering RNA (siRNA). Transfection efficiency was measured
after transfection was performed according to the manufacturer’s protocol and as already
published for HGT-1 cells [20]. Briefly, Lipofectamine RNAiMAX in Opti-Medium was
mixed with the siRNA in Opti-Medium at final concentrations of 1 nM, 10 nm, and 50 nM
with either of the two siRNAs, HSS126140 and HSS126141. A 10 nM concentration of mock
siRNA as a negative control and 10 nM MAPK1 (VHS40312) as a positive control were
used analogously. The transfection rate was determined by RT-qPCR after RNA isolation.
For the proton secretion assay, 20,000 cells per well were seeded 24 h before transfection
with 50 nM siRNA (TRPML1: HSS126140) into a black 96-well plate. Mock transfection
as a negative control was performed analogously with 50 nM unspecific siRNA. After
72 h of transient transfection, the proton secretion assay was performed with TRPML1
knock-down HGT-1 cells and mock-transfected HGT-1 cells for comparison.
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4.7. Relative Quantitation of RNA with qPCR and Real-Time PCR

First, RNA from HGT-1 cells was isolated using the peqGOLD MicroSpin Total RNA
Kit (VWR International GmbH, Ismaning, Germany) according to the manufacturer’s
instructions. Then, DNase digestion and cDNA synthesis were performed using an iS-
CriptTM gDNA Clear cDNA Synthesis Kit (Bio-Rad Laboratories GmbH, Feldkirchen,
Germany) according to the manufacturer’s instructions in a C1000 Touch Thermal Cy-
cler (Bio-Rad Laboratories GmbH, Feldkirchen Germany). RT-qPCR was performed with
50 ng of cDNA and the Advanced Universal SYBR® Green Supermix (Bio-Rad Laboratories
GmbH, Feldkirchen Germany) in a C1000 Touch Thermal Cycler (Bio-Rad Laboratories
GmbH, Feldkirchen Germany) equipped with a CFX96TM Real-Time System (Bio-Rad
Laboratories GmbH, Feldkirchen Germany). The 500 nM primers for TRPML1 were
used as previously published [49]. The primers for MAPK1 and the two reference genes,
peptidylprolyl isomerase A (PPIA [29]) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH [50]), are listed in Table S1; assay controls were purchased from Bio-Rad Labora-
tories GmbH, Feldkirchen Germany. The difference between the Ct mean of the gene of
interest and that of the GAPDH and PPIA was calculated for the relative quantitation of
gene expression.

4.8. Flow Cytometry

To investigate the tubulovesicle and lysosomal fusion with the cell membrane upon
stimulation, flow cytometry experiments were performed with an antibody against Lamp-1.
For this purpose, 100,000 cells in 1×DMEM without phenolic red were incubated with
different compounds for 10 min. Then, 0.25 µg of CD107a (LAMP-1) antibody, PE-Cyanine5
(Fisher Scientific GmbH, Germany, RRID: AB_10547280), per 100 µL cell suspension was
added and incubated again for 5 min at RT. Before the cells were applied to the flow
cytometer MACSQuant® Analyzer 16 (Miltenyi Biotec B.V.&Co. KG, Bergisch Gladbach,
Germany), each sample was diluted with 500 µL of PBS buffer. Data were analyzed using
the FlowLogicTM (Inivai Technologies, Mentone, Australia) program.

4.9. Intracellular Ca2+ Mobilization Assay

Intracellular Ca2+ mobilization was measured as described by Richter and Andersen
et al. [21]. Briefly, 50,000 cells per well in a black 96-well plate with a transparent bottom
were grown for 20–24 h. After one washing step with KRHB, the cells were incubated
with 1 µM Cal-520 AM (in KRHB with 0.02% DMSO and 0.004% Pluronic F-127) for 2 h
under standard conditions. Measurements (excitation: 495 nm, emission: 515 nm) were
performed in 2 s intervals in a FLIPRTETRA system (Molecular Devices, San Jose, CA, USA).
After 60 s, the compounds of interest were applied automatically, and the fluorescence
was recorded continuously. Relative fluorescence (RFU) was calculated relative to baseline
fluorescence. For experiments without Ca2+, KRHB without CaCl2 and with 1 mM EGTA
was added to the cells before fluorescence measurement.

4.10. Statistical Analysis

Data were analyzed using GraphPad Prism 9.4.0. Values are presented as mean ±
standard error of the mean (SEM) if not mentioned otherwise. Data from the proton
secretion assay were subjected to a Nalimov outlier test and analyzed with a two-tailed
Student’s t-test of untreated cells compared to treated cells, if not mentioned otherwise.
Depending on whether the values were compared in one assay with the same biological
or technical replicates, paired values were analyzed; otherwise, they were unpaired. The
test used is indicated in the respective figure legends. Different p values are indicated with
asterisks according to the following scheme: * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001,
**** = p ≤ 0.0001.
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5. Conclusions

This study provides first evidence that the direct activation of the Ca2+ channel
TRPML1 can induce proton secretion in the human gastric parietal cell line HGT-1. We
could demonstrate that the TRPML1 agonists ML-SA1 and ML-SA5 triggered proton se-
cretion in HGT-1 cells that was reduced in TRPML1 kd cells. Furthermore, the TRPML1
inhibitor 17β-estradiol inhibited proton secretion in resting HGT-1 cells as well as upon
the stimulation of the cells with ML-SA1. On the other hand, TRPML1 does not seem to
participate in histamine- and caffeine-induced proton secretion. These results suggest that
TRPML1 can play a role in proton secretion in HGT-1 cells, but (i) this role depends on
the activation or inhibition of the channel itself, (ii) it is insufficient for full induction, and
(iii) TRPML1 is not involved in canonical signaling cascades, especially in histamine-
stimulated proton secretion. It seems feasible that the TRPML1 channel can regulate proton
secretion, but it very likely works in conjunction with other cellular mechanisms. It will be
of great interest to identify the endogenous signals leading to proton secretion via TRPML1.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25168829/s1.

Author Contributions: Conceptualization, G.A. and V.S.; Formal analysis, A.U.M.; Investigation,
A.U.M. and P.R.; Supervision, V.S.; Visualization, A.U.M.; Writing—original draft, A.U.M.; Writing
—review and editing, G.A., P.R. and V.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data generated during and/or analyzed during the current study
are not publicly available due to the institutional statutes but are available from the corresponding
author on reasonable request.

Acknowledgments: The authors thank Kristin Kahlenberg for excellent technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Nilius, B.; Owsianik, G. The transient receptor potential family of ion channels. Genome Biol. 2011, 12, 218. [CrossRef]
2. Wang, W.; Zhang, X.; Gao, Q.; Xu, H. TRPML1: An ion channel in the lysosome. Handb. Exp. Pharmacol. 2014, 222, 631–645.

[CrossRef]
3. Zhang, X.; Li, X.; Xu, H. Phosphoinositide isoforms determine compartment-specific ion channel activity. Proc. Natl. Acad. Sci.

USA 2012, 109, 11384–11389. [CrossRef] [PubMed]
4. Dong, X.-P.; Shen, D.; Wang, X.; Dawson, T.; Li, X.; Zhang, Q.; Cheng, X.; Zhang, Y.; Weisman, L.S.; Delling, M.; et al. PI(3,5)P2

controls membrane trafficking by direct activation of mucolipin Ca2+ release channels in the endolysosome. Nat. Commun. 2010,
1, 38. [CrossRef] [PubMed]

5. Zhang, X.; Chen, W.; Gao, Q.; Yang, J.; Yan, X.; Zhao, H.; Su, L.; Yang, M.; Gao, C.; Yao, Y.; et al. Rapamycin directly activates
lysosomal mucolipin TRP channels independent of mTOR. PLoS Biol. 2019, 17, e3000252. [CrossRef] [PubMed]

6. Schmiege, P.; Fine, M.; Blobel, G.; Li, X. Human TRPML1 channel structures in open and closed conformations. Nature 2017, 550,
366–370. [CrossRef] [PubMed]

7. Sahoo, N.; Gu, M.; Zhang, X.; Raval, N.; Yang, J.; Bekier, M.; Calvo, R.; Patnaik, S.; Wang, W.; King, G.; et al. Gastric Acid
Secretion from Parietal Cells Is Mediated by a Ca2+ Efflux Channel in the Tubulovesicle. Dev. Cell 2017, 41, 262–273.e6. [CrossRef]
[PubMed]

8. Capurro, M.I.; Greenfield, L.K.; Prashar, A.; Xia, S.; Abdullah, M.; Wong, H.; Zhong, X.Z.; Bertaux-Skeirik, N.; Chakrabarti, J.;
Siddiqui, I.; et al. VacA generates a protective intracellular reservoir for Helicobacter pylori that is eliminated by activation of the
lysosomal calcium channel TRPML1. Nat. Microbiol. 2019, 4, 1411–1423. [CrossRef]

9. Schmiege, P.; Fine, M.; Li, X. Atomic insights into ML-SI3 mediated human TRPML1 inhibition. Structure 2021, 29, 1295–1302.e3.
[CrossRef] [PubMed]

10. Dong, X.-P.; Cheng, X.; Mills, E.; Delling, M.; Wang, F.; Kurz, T.; Xu, H. The type IV mucolipidosis-associated protein TRPML1 is
an endolysosomal iron release channel. Nature 2008, 455, 992–996. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms25168829/s1
https://www.mdpi.com/article/10.3390/ijms25168829/s1
https://doi.org/10.1186/gb-2011-12-3-218
https://doi.org/10.1007/978-3-642-54215-2_24
https://doi.org/10.1073/pnas.1202194109
https://www.ncbi.nlm.nih.gov/pubmed/22733759
https://doi.org/10.1038/ncomms1037
https://www.ncbi.nlm.nih.gov/pubmed/20802798
https://doi.org/10.1371/journal.pbio.3000252
https://www.ncbi.nlm.nih.gov/pubmed/31112550
https://doi.org/10.1038/nature24036
https://www.ncbi.nlm.nih.gov/pubmed/29019983
https://doi.org/10.1016/j.devcel.2017.04.003
https://www.ncbi.nlm.nih.gov/pubmed/28486130
https://doi.org/10.1038/s41564-019-0441-6
https://doi.org/10.1016/j.str.2021.06.003
https://www.ncbi.nlm.nih.gov/pubmed/34171299
https://doi.org/10.1038/nature07311


Int. J. Mol. Sci. 2024, 25, 8829 20 of 21

11. Soyombo, A.A.; Tjon-Kon-Sang, S.; Rbaibi, Y.; Bashllari, E.; Bisceglia, J.; Muallem, S.; Kiselyov, K. TRP-ML1 regulates lysosomal
pH and acidic lysosomal lipid hydrolytic activity. J. Biol. Chem. 2006, 281, 7294–7301. [CrossRef] [PubMed]

12. Li, D.; Shao, R.; Wang, N.; Zhou, N.; Du, K.; Shi, J.; Wang, Y.; Zhao, Z.; Ye, X.; Zhang, X.; et al. Sulforaphane Activates a
lysosome-dependent transcriptional program to mitigate oxidative stress. Autophagy 2021, 17, 872–887. [CrossRef] [PubMed]

13. Cieslik, E.; Leszczynska, T.; Filipiakflorkiewicz, A.; Sikora, E.; Pisulewski, P. Effects of some technological processes on glucosino-
late contents in cruciferous vegetables. Food Chem. 2007, 105, 976–981. [CrossRef]

14. Rusmini, P.; Cortese, K.; Crippa, V.; Cristofani, R.; Cicardi, M.E.; Ferrari, V.; Vezzoli, G.; Tedesco, B.; Meroni, M.; Messi, E.; et al.
Trehalose induces autophagy via lysosomal-mediated TFEB activation in models of motoneuron degeneration. Autophagy 2019,
15, 631–651. [CrossRef] [PubMed]

15. Sharma, V.; Makhdoomi, M.; Singh, L.; Kumar, P.; Khan, N.; Singh, S.; Verma, H.N.; Luthra, K.; Sarkar, S.; Kumar, D. Trehalose
limits opportunistic mycobacterial survival during HIV co-infection by reversing HIV-mediated autophagy block. Autophagy
2021, 17, 476–495. [CrossRef]

16. Rühl, P.; Rosato, A.S.; Urban, N.; Gerndt, S.; Tang, R.; Abrahamian, C.; Leser, C.; Sheng, J.; Jha, A.; Vollmer, G.; et al. Estradiol
analogs attenuate autophagy, cell migration and invasion by direct and selective inhibition of TRPML1, independent of estrogen
receptors. Sci. Rep. 2021, 11, 8313. [CrossRef]

17. Peng, X.; Holler, C.J.; Alves, A.-M.F.; Oliviera, M.G.; Speake, M.; Pugliese, A.; Oskouei, M.R.; de Freitas, I.D.; Chen, A.Y.-P.;
Gallegos, R.; et al. Discovery and characterization of novel TRPML1 agonists. Bioorg. Med. Chem. Lett. 2024, 98, 129595. [CrossRef]

18. Sun, M.; Goldin, E.; Stahl, S.; Falardeau, J.L.; Kennedy, J.C.; Acierno, J.S., Jr.; Bove, C.; Kaneski, C.R.; Nagle, J.; Bromley, M.C.; et al.
Mucolipidosis type IV is caused by mutations in a gene encoding a novel transient receptor potential channel. Hum. Mol. Genet.
2000, 9, 2471–2478. [CrossRef]

19. Chandra, M.; Zhou, H.; Li, Q.; Muallem, S.; Hofmann, S.L.; Soyombo, A.A. A role for the Ca2+ channel TRPML1 in gastric acid
secretion, based on analysis of knockout mice. Gastroenterology 2011, 140, 857–867.e1. [CrossRef]

20. Richter, P.; Sebald, K.; Fischer, K.; Behrens, M.; Schnieke, A.; Somoza, V. Released during Gastric Digestion of Casein, Stimulate
Mechanisms of Gastric Acid Secretion via Bitter Taste Receptors TAS2R16 and TAS2R38. J. Agric. Food Chem. 2022, 70, 11591–11602.
[CrossRef]

21. Richter, P.; Andersen, G.; Kahlenberg, K.; Mueller, A.U.; Pirkwieser, P.; Boger, V.; Somoza, V. 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. J. Agric. Food Chem. 2024, 72, 4906–4917. [CrossRef]

22. Liszt, K.I.; Ley, J.P.; Lieder, B.; Behrens, M.; Stöger, V.; Reiner, A.; Hochkogler, C.M.; Köck, E.; Marchiori, A.; Hans, J.; et al. Caffeine
induces gastric acid secretion via bitter taste signaling in gastric parietal cells. Proc. Natl. Acad. Sci. USA 2017, 114, E6260–E6269.
[CrossRef] [PubMed]

23. Liszt, K.I.; Walker, J.; Somoza, V. Identification of Organic Acids in Wine That Stimulate Mechanisms of Gastric Acid Secretion.
J. Agric. Food Chem. 2012, 60, 7022–7030. [CrossRef]

24. Liszt, K.I.; Hans, J.; Ley, J.P.; Köck, E.; Somoza, V. Characterization of Bitter Compounds via Modulation of Proton Secretion in
Human Gastric Parietal Cells in Culture. J. Agric. Food Chem. 2018, 66, 2295–2300. [CrossRef]

25. Schubert, M.L. Gastric secretion. Curr. Opin Gastroenterol 2011, 27, 536–542. [CrossRef] [PubMed]
26. Laboisse, C.; Augeron, C.; Couturierturpin, M.; Gespach, C.; Cheret, A.; Potet, F. Characterization of a newly established human

gastric cancer cell line HGT-1 bearing histamine H2-receptors. Cancer Res. 1982, 42, 1541–1548.
27. Carmosino, M.; Procino, G.; Casavola, V.; Svelto, M.; Valenti, G. The cultured human gastric cells HGT-1 express the principal

transporters involved in acid secretion. Pflugers Arch. 2000, 440, 871–880. [CrossRef] [PubMed]
28. Zopun, M.; Liszt, K.I.; Stoeger, V.; Behrens, M.; Redel, U.; Ley, J.P.; Hans, J.; Somoza, V. Human Sweet Receptor T1R3 is Functional

in Human Gastric Parietal Tumor Cells (HGT-1) and Modulates Cyclamate and Acesulfame K-Induced Mechanisms of Gastric
Acid Secretion. J. Agric. Food Chem. 2018, 66, 4842–4852. [CrossRef] [PubMed]

29. Walker, J.; Hell, J.; Liszt, K.I.; Dresel, M.; Pignitter, M.; Hofmann, T.; Somoza, V. Identification of Beer Bitter Acids Regulating
Mechanisms of Gastric Acid Secretion. J. Agric. Food Chem. 2012, 60, 1405–1412. [CrossRef]

30. Simon, B.; Kather, H. Histamine-sensitive adenylate cyclase of human gastric mucosa. Gastroenterology 1977, 73, 429–431.
[CrossRef]

31. Nakada, S.L.; Crothers, J.M.; Machen, T.E.; Forte, J.G.; Natarajan, P.; Rosen, J.E.; Rakholia, M.; Okamoto, C.T. Apical vacuole
formation by gastric parietal cells in primary culture: Effect of low extracellular Ca2+. Am. J. Physiol. Physiol. 2012, 303,
C1301–C1311. [CrossRef] [PubMed]

32. Zavros, Y.; Orr, M.A.; Xiao, C.; Malinowska, D.H.; Donnelly, J.M.; Engevik, A.; Feng, R.; Boivin, G.P.; Li, J.; Houghton, J.
Sonic hedgehog is associated with H+-K+-ATPase-containing membranes in gastric parietal cells and secreted with histamine
stimulation. Am. J. Physiol. Gastrointest Liver Physiol. 2008, 295, G99–G111. [CrossRef] [PubMed]

33. Dong, X.-P.; Wang, X.; Shen, D.; Chen, S.; Liu, M.; Wang, Y.; Mills, E.; Cheng, X.; Delling, M.; Xu, H. Activating mutations of the
TRPML1 channel revealed by proline-scanning mutagenesis. J. Biol. Chem. 2009, 284, 32040–32052. [CrossRef] [PubMed]

34. Meyerhof, W.; Batram, C.; Kuhn, C.; Brockhoff, A.; Chudoba, E.; Bufe, B.; Appendino, G.; Behrens, M. The molecular receptive
ranges of human TAS2R bitter taste receptors. Chem. Senses 2010, 35, 157–170. [CrossRef]

35. Human Protein Atlas. Available online: https://www.proteinatlas.org/ (accessed on 24 March 2024).

https://doi.org/10.1074/jbc.M508211200
https://www.ncbi.nlm.nih.gov/pubmed/16361256
https://doi.org/10.1080/15548627.2020.1739442
https://www.ncbi.nlm.nih.gov/pubmed/32138578
https://doi.org/10.1016/j.foodchem.2007.04.047
https://doi.org/10.1080/15548627.2018.1535292
https://www.ncbi.nlm.nih.gov/pubmed/30335591
https://doi.org/10.1080/15548627.2020.1725374
https://doi.org/10.1038/s41598-021-87817-4
https://doi.org/10.1016/j.bmcl.2023.129595
https://doi.org/10.1093/hmg/9.17.2471
https://doi.org/10.1053/j.gastro.2010.11.040
https://doi.org/10.1021/acs.jafc.2c05228
https://doi.org/10.1021/acs.jafc.3c09085
https://doi.org/10.1073/pnas.1703728114
https://www.ncbi.nlm.nih.gov/pubmed/28696284
https://doi.org/10.1021/jf301941u
https://doi.org/10.1021/acs.jafc.7b01051
https://doi.org/10.1097/MOG.0b013e32834bd53f
https://www.ncbi.nlm.nih.gov/pubmed/21897223
https://doi.org/10.1007/s004240000363
https://www.ncbi.nlm.nih.gov/pubmed/11041553
https://doi.org/10.1021/acs.jafc.8b00658
https://www.ncbi.nlm.nih.gov/pubmed/29665689
https://doi.org/10.1021/jf204306z
https://doi.org/10.1016/S0016-5085(19)32233-4
https://doi.org/10.1152/ajpcell.00244.2012
https://www.ncbi.nlm.nih.gov/pubmed/23099641
https://doi.org/10.1152/ajpgi.00389.2007
https://www.ncbi.nlm.nih.gov/pubmed/18483183
https://doi.org/10.1074/jbc.M109.037184
https://www.ncbi.nlm.nih.gov/pubmed/19638346
https://doi.org/10.1093/chemse/bjp092
https://www.proteinatlas.org/


Int. J. Mol. Sci. 2024, 25, 8829 21 of 21

36. Uhlén, M.; Zhang, C.; Lee, S.; Sjöstedt, E.; Fagerberg, L.; Bidkhori, G.; Benfeitas, R.; Arif, M.; Liu, Z.; Edfors, F.; et al. A pathology
atlas of the human cancer transcriptome. Science 2017, 357, eaan2507. [CrossRef]

37. Morelli, M.B.; Amantini, C.; Tomassoni, D.; Nabissi, M.; Arcella, A.; Santoni, G. Transient Receptor Potential Mucolipin-1
Channels in Glioblastoma: Role in Patient’s Survival. Cancers 2019, 11, 525. [CrossRef] [PubMed]

38. Li, Z.-Q.; Mårdh, S. Interactions between Ca2+- and cAMP-dependent stimulatory pathways in parietal cells. Biochim. Et Biophys.
Acta (BBA)—Mol. Cell Res. 1996, 1311, 133–142. [CrossRef] [PubMed]

39. Ariyasu, T.; Matsumoto, S.; Kyono, F.; Hanaya, T.; Arai, S.; Ikeda, M.; Kurimoto, M. Taste receptor T1R3 is an essential molecule
for the cellular recognition of the disaccharide trehalose. In Vitro Cell. Dev. Biol. Anim. 2003, 39, 80–88. [CrossRef] [PubMed]

40. Malekinejad, H.; Rezabakhsh, A. Hormones in Dairy Foods and Their Impact on Public Health—A Narrative Review Article.
Iran. J. Public Health 2015, 44, 742–758.

41. Aslam, M.A.; Hulst, M.; Hoving-Bolink, R.A.; Smits, M.A.; de Vries, B.; Weites, I.; Groothuis, T.G.; Woelders, H. Yolk concentrations
of hormones and glucose and egg weight and egg dimensions in unincubated chicken eggs, in relation to egg sex and hen body
weight. Gen. Comp. Endocrinol. 2013, 187, 15–22. [CrossRef]

42. Yao, X.; Forte, J.G. Cell biology of acid secretion by the parietal cell. Annu. Rev. Physiol. 2003, 65, 103–131. [CrossRef] [PubMed]
43. Forte, J.G. The gastric parietal cell: At home and abroad. Eur. Surg. 2010, 42, 134–148. [CrossRef]
44. Forte, J.G.; Zhu, L. Apical recycling of the gastric parietal cell H,K-ATPase. Annu. Rev. Physiol. 2010, 72, 273–296. [CrossRef]
45. Negulescu, P.A.; Reenstra, W.W.; Machen, T.E. Intracellular Ca requirements for stimulus-secretion coupling in parietal cell. Am.

J. Physiol. 1989, 256, C241–C251. [CrossRef] [PubMed]
46. Consortium, T.U. UniProt: The universal protein knowledgebase in 2021. Nucleic Acids Res. 2020, 49, D480–D489. [CrossRef]

[PubMed]
47. Thompson, J.D.; Higgins, D.G.; Gibson, T.J. CLUSTAL W: Improving the sensitivity of progressive multiple sequence alignment

through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 1994, 22, 4673–4680.
[CrossRef] [PubMed]

48. UniPro. Available online: http://www.uniprot.org (accessed on 18 July 2024).
49. Andersen, G.; Kahlenberg, K.; Krautwurst, D.; Somoza, V. [6]-Gingerol Facilitates CXCL8 Secretion and ROS Production in

Primary Human Neutrophils by Targeting the TRPV1 Channel. Mol. Nutr. Food Res. 2023, 67, e2200434. [CrossRef]
50. Tiroch, J.; Sterneder, S.; Di Pizio, A.; Lieder, B.; Hoelz, K.; Holik, A.-K.; Pignitter, M.; Behrens, M.; Somoza, M.; Ley, J.P.; et al. Bitter

Sensing TAS2R50 Mediates the trans-Resveratrol-Induced Anti-inflammatory Effect on Interleukin 6 Release in HGF-1 Cells in
Culture. J. Agric. Food Chem. 2021, 69, 13339–13349. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1126/science.aan2507
https://doi.org/10.3390/cancers11040525
https://www.ncbi.nlm.nih.gov/pubmed/31013784
https://doi.org/10.1016/0167-4889(96)00006-7
https://www.ncbi.nlm.nih.gov/pubmed/8630331
https://doi.org/10.1290/1543-706X(2003)039%3C0080:TRTIAE%3E2.0.CO;2
https://www.ncbi.nlm.nih.gov/pubmed/12892531
https://doi.org/10.1016/j.ygcen.2013.02.045
https://doi.org/10.1146/annurev.physiol.65.072302.114200
https://www.ncbi.nlm.nih.gov/pubmed/12500969
https://doi.org/10.1007/s10353-010-0539-9
https://doi.org/10.1146/annurev-physiol-021909-135744
https://doi.org/10.1152/ajpcell.1989.256.2.C241
https://www.ncbi.nlm.nih.gov/pubmed/2465690
https://doi.org/10.1093/nar/gkaa1100
https://www.ncbi.nlm.nih.gov/pubmed/33237286
https://doi.org/10.1093/nar/22.22.4673
https://www.ncbi.nlm.nih.gov/pubmed/7984417
http://www.uniprot.org
https://doi.org/10.1002/mnfr.202200434
https://doi.org/10.1021/acs.jafc.0c07058

	Introduction 
	Results 
	TRPML1 Is Expressed in the Parietal Cell Line HGT-1 
	TRPML1 Activation Induces Proton Secretion in HGT-1 Cells 
	TRPML1 Activation Leads to Increased Cytosolic Ca2+ Concentrations 
	H+/K+-ATPase Accumulation and Vacuolar Apical Compartment Formation in HGT-1 Cells 
	Stimulation with Histamine and ML-SA1 Causes the Shifting of Lamp-1 to the Cell Membrane in Live-Cell Staining in HGT-1 Cells 
	No Difference in the Co-Localization of TRPML1 with Lamp-1 and H+/K+-ATPase Could Be Detected in HGT-1 Cells after Exposure to Histamine and ML-SA1 
	The Potential TRPML1 Activity Modulators Sulforaphane, Trehalose, and 17-Estradiol Impact Proton Secretion in HGT-1 Cells 
	ML-SI3 Did Not Reduce the Proton Secretion Induced by Histamine, Caffeine, Trehalose, and Sulforaphane 
	17-Estradiol Reduced the Proton Secretory Effect of ML-SA1 in HGT-1 
	Proton Secretion Induced by ML-SA1 and ML-SA5 Was Reduced in TRPML1 Knock-Down (kd) Cells 

	Discussion 
	HGT-1 Cells Localize TRPML1 in or around the Cell Nucleus 
	ML-SA5 and ML-SA1 Impact Proton Secretion and Intracellular Calcium Concentrations via Different Mechanisms 
	17-Estradiol Reduced the Proton Secretory Effect of ML-SA1 on HGT-1 Cells 
	Histamine and the Food-Derived Compounds Trehalose and Caffeine Do Not Act via TRPML1 in HGT-1 Cells 

	Material and Methods 
	Chemicals 
	Cell Culture 
	Immunostaining and Confocal Laser Scanning Microscopy (CLSM) 
	Cell Viability 
	Proton Secretion Assay 
	Transient Knock-Down of TRPML1 
	Relative Quantitation of RNA with qPCR and Real-Time PCR 
	Flow Cytometry 
	Intracellular Ca2+ Mobilization Assay 
	Statistical Analysis 

	Conclusions 
	References

