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As the consumption of coffee beverages sometimes is reported to cause gastric irritation, for which an

increased stomach acid secretion is one of the promoting factors, different processing technologies

such as steam-treatment have been developed to reduce putative stomach irritating compounds.

There is evidence-based data neither on the effect of detailed processing variations nor on individual

coffee components affecting the proton secretory activity (PSA). This work aimed at developing a

screening model suitable for investigating the effects of commercial coffee beverages and components

thereof on human parietal cells. Human gastric cancer cells (HGT-1) were treated with reconstituted

freeze-dried coffee beverages prepared from customary coffee products such as regular coffee (RC,

n = 4), mild bean coffee (MBC, n = 5), stomach friendly coffee (SFC, n = 4), and SFC decaffeinated

(SFCD, n = 3). PSA was analyzed by flow cytometry using the pH-sensitive dye SNARF-AM.

Treatment of the cells with MBC did not result in a PSA different from RC treatment (p e 0.07),

whereas cells treated with SFC (p e 0.04) or SFCD (p e 0.03) showed a significantly lower PSA than

those treated with RC. Quantitative and principle component analysis of putative stomach irritating

compounds revealed significantly reduced contents of βN-alkanoyl-5-hydroxytryptamides, caffeine,

N-methylpyridinium, and catechol in SFCD compared to RC. However, none of these compounds

seem to act as the sole key bioactive reducing the PSA of SFCD, since their contents in MBC and

SFC samples were not different from those in RC samples, although the PSA of these beverages was

significantly lower than that of reconstituted freeze-dried RC beverage.

KEYWORDS: Gastric acid secretion; intracellular proton index; stomach irritation; HGT-1 cells; coffee

INTRODUCTION

Coffee ranges among the most popular beverages, next to
spring water, and is highly appreciated for its pleasant aroma and
its stimulating effect on the central nervous system. However, in
some subjects, habitual coffee consumption causes heartburn or
stomach irritation (1-3), which can be induced by, for example,
an increased stomach acid secretion (1,2). Repeated hyperacidity
of the stomach is well-accepted as one factor, among others,
promoting stomachdiseases, such as stomachulcer or cancer over
time (4).When compared to tap water or tea, the ingestion of 300
mL of coffee brew resulted in a significantly higher stomach

acidity measured by a pH electrode positioned in the distal
esophagus of healthy volunteers (5).

Literature reports suggest a contribution of the alkaloid caffeine
to increasedgastroesophageal reflux in healthy subjects. Studies on
the effect of decaffeination on gastroesophageal reflux in patients
with reflux disease revealed that, after removal of caffeine by
supercritical carbon dioxide extraction, the coffee induced gastro-
esophageal reflux to a lower extent (6). However, the authors
suggested that, in addition to caffeine, significant amounts of
βN-alkanoyl-5-hydroxytryptamides, a groupof candidate stomach
irritants with ulcerogenic effects on the gastric mucosa (7-10),
were removed from the coffee bean by the decaffeination process,
thus making the impact of caffeine still unclear.

Aimed at developing a “stomach-friendly” coffee, the steam
treatment of raw coffee beans was introduced already 80 years
ago (11-13). The main claim of the steam treatment technology,
first invented in the 1930s by Lendrich et al. (12) and later
improved byDarboven (13), is the partial removal of chlorogenic
acids from raw coffee, as this compound is believed to decompose
to give the candidate stomach-irritating hydroxybenzenes, such
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as, for example, catechol, 4-ethylcatechol, and pyrogallol (14), as
well as caffeoyl quinides (15-17) upon roasting. Studies on the
effect of regular and steam-treated coffee on gastric irritation and
the intragastric pH-value in humans revealed that oral adminis-
tration of a beverage prepared from steam-treated coffee induced
significantly less mucosal irritation in the four healthy volunteers
than the regular coffee brew, although the intragastric pHwas not
influenced (11).

Even though different technologies are applied to coffee beans
to effectively reduce putative stomach irritating compounds, it is
still not known which of these compounds stimulate the gastric
acid secretion and if these stimulants are present in the raw bean
or are formed upon roasting. Commercially, raw bean varieties
which result in a less acidic coffee beverage are blended toproduce
a coffee product labeled as “mild bean coffee”. These coffees are
also widely believed to mildly affect the stomach function,
although scientific evidence is lacking.

Another unanswered question is whether raw or roasted coffee
beans contain compounds that reduce acid secretion or exhibit
a stomach protective activity. In one of our previous studies,
N-methylpyridinium ions, liberated from trigonelline upon roast-
ing of coffee beans (19), was shown to have a chemopreventive
activity in vitro and in vivo (20) and to downregulate the
expression of the gastrin-receptor, which is involved in the
molecular mechanism inducing the stomach acid secretion in
parietal cells (21).

Therefore, the aim of the present study was to establish a cell
culture model that permits the investigation of coffee beverages
and their constituents for their effects on gastric acid secretion, as
one of the main causes of stomach discomfort. The human
parietal cell line HGT-1 was used as a model system, since this
cell line expresses all functional and regulatory proteins that are
related to gastric secretion (22, 23). The most promising experi-
mental approach to study the mechanism of stomach acid
secretion so far has been to determine the depolarization of cell
membranes after treatment of parietal cells with reconstituted
freeze-dried coffee beverages by patch clamp techniques (24).
However, this method is very useful for single cell-based assays
but lacks the possibility of a high throughput screening using
more thanone cell permeasurement. In this study,wedeveloped a
flow cytometric method for measuring the intracellular pH of
human stomach cells (HGT-1 cells) using 1,5-carboxyseminaph-
torhodafluor acetoxymethyl ester (SNARF-AM) as a suitable
dye to measure intracellular pH in multicellular systems (18, 25,
26). The assaywas validated by knownmodulators of gastric acid
secretion such as histamine and omeprazole (27-30), respec-
tively, and then applied to assess the stomach acid secretory
activity of different coffee brews prepared from commercial
samples of regular coffee, steam-treated coffee, decaffeinated
coffee, and steam-treated and decaffeinated coffee. In addition,
the candidate stomach irritants βN-alkanoyl-5-hydroxytrypta-
mides (C5HT), caffeine, N-methylpyridinium, chlorogenic acid
(CQA), chlorogenic acid lactones (CQL), and hydroxybenzenes
(Figure 1) were quantitatively determined in these coffee brews.
Finally, the effects of these coffees on the intracellular pH as an
indicator of protons secreted into the stomach lumen were
discussed in light of quantitative analytical data to give a first
insight into their structure-specific activity.

MATERIAL AND METHODS

Chemicals. All chemicals were obtained from Sigma-Aldrich
(Deisenhofen, Germany), solvents used were of HPLC quality, and water
was Millipore quality. The internal standards d3-pyrogallol (31), d4-
catechol (31), d3-4-ethylcatechol (31), and d3-N-methylpyridinium (32)
were synthesized following literature protocols. Reference materials of

3-O-caffeoyl-γ-quinide, 4-O-caffeoyl-γ-quinide, 5-O-caffeoyl-epi-δ-qui-
nide, 4-O-caffeoyl-muco-γ-quinide, and 5-O-caffeoyl-muco-γ-quinide
were prepared as published recently (17). Reference materials of βN-
stearoyl-, βN-arachinoyl-, βN-heneicosanoyl-, βN-behenoyl-, βN-tricosa-
noyl-, and βN-lignoceroyl-5-hydroxytryptamides were synthesized as
reported recently (33).

Sample Preparation. Sixteen commercial coffee samples were pur-
chased from local grocery stores and divided into the following four groups
according to the product declaration: regular coffee (RC, n=4), mild bean
coffee (MBC, n=5), stomach-friendly coffee (SFC, n=4), and stomach-
friendly coffee decaffeinated (SFCD, n=3). Coffee beverages were pre-
pared following a standard recipe which is typically used for household
preparations. From a batch of ground roast coffee powder, 54 g of
homogeneous material were weighed into a cellulose filter (Melitta Gold,
Nr. 4, Aldi, Germany) and then percolated with portions (100 mL each) of
hot tap water (95 �C) until 1000 mL of the coffee beverage were obtained.
After cooling to room temperature in an ice-bath, the coffee brew was
freeze-dried for 48 h (0.77mbar), and the yield of the extractwas determined
by gravimetry. Total yields obtained after freeze-drying of the commercial
samples did not vary significantly and were in the range of 28 ( 2%.

Cell Culture. The human parietal carcinoma cell line HGT-1 was
obtained from Dr. C. Laboisse (Laboratory of Pathological Anatomy,
Nantes France). The cells were cultured under standard tissue culture
conditions at 37 �C and 5% CO2. Dulbeccos Modified Eagle Medium
(DMEM, PAA, Coelbe, Germany) with glucose (4%, PAA, Coelbe,
Germany) was used as culture medium and supplemented with 20% fetal

Figure 1. Chemical structures of candidate gastric acid modifiers in coffee
beverages. βN-Alkanoyl-5-hydroxytryptamides (1): βN-stearoyl-5-hydroxy-
tryptamide (1a; n = 16), βN-arachinoyl-5-hydroxytryptamide (1b, n = 18),
βN-heneicosanoyl-5-hydroxytryptamide (1c, n = 19), βN-behenoyl-5-hy-
droxytryptamide (1d, n = 20), βN-tricosanoyl-5-hydroxytryptamide (1e, n =
21), and βN-lignoceroyl-5-hydroxytryptamide (1f, n = 22); caffeine (2);
N-methylpyridinium (3); chlorogenic acids (4) with 3-O-chlorogenic acid
(R1 = caffeic acid, R2,3 = H), 5-O-chlorogenic acid (R3 = caffeic acid, R1,2 = H),
4-O-chlorogenic acid (R2 = caffeic acid, R1,3 = H); caffeoyl quinides
(R = caffeic acid): 5-O-caffeoyl-muco-γ-quinide (5), 3-O-caffeoyl-γ-
quinide (6), 4-O-caffeoyl-muco-γ-quinide (7), 5-O-caffeoyl-epi-δ-quinide
(8), and 4-O-caffeoyl-γ-quinide 9); hydroxybenzenes: pyrogallol (10),
catechol (11), and 4-ethylcatechol (12).
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calf serum (PAA, Coelbe, Germany), 2% L-glutamine (PAA, Coelbe,
Germany), 2% penicillin streptomycin (PAA, Coelbe, Germany), and 2%
4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid (HEPES)-buffer
(PAA, Coelbe, Germany). Cells were seeded in a density of 500 000 cells
in a T75 flask, and the cell growth was controlled by the transepithelial
electrical resistance. Cells were cultivated with FCS for a period of 4-5
days, since at this time they showed a confluence of 90-100%. Synchro-
nization of the cells was performed for 24 h in media without FCS.
According to the literature, HGT-1 cells are well differentiated for
experiments at the confluent state (22). For the flow cytometry assay,
the cells were washed once with phosphate-buffered saline (PBS; PAA,
Coelbe, Germany) and were harvested with a cell scraper after accutase
(PAA, Coelbe, Germany) treatment. The suspended cells were counted
using a hemocytometer (Neubauer, VWR, Germany), and the viability
was assessed by trypan blue (PAA, Coelbe, Germany) staining and using
an automated cell counter (Sch€arfe System, Reutlingen, Germany). Cells
were finally adjusted to a concentration of 1 million viable cells per
milliliter of PBS.

Secretory Activity Measurement by Flow Cytometry. An aliquot
(2 mL) of the cell suspension, corresponding to 2,000,000 cells, was used
for each biological independent experiment andwas incubatedwith 2.5mg
of coffee lyophilizate per mL of PBS at 37 �C for 10 min. Afterward, the
fluorescent pH-sensitive dye 1,5-carboxy-seminaphtorhodafluor acetox-
ymethyl ester (SNARF-AM, Invitrogen, Karlsruhe, Germany) was added
in a concentration of 3 μmol/L and the incubationwas continued on ice for
another 30 min. Finally, the cells were centrifuged at 300g for 5 min and
resuspended in ice-cold PBS prior to the flow cytometric measurement. A
calibration curve was generated for each experiment by staining the cells in
potassium buffers of varying pHvalues ranging from 6.4 to 8.2 and adding
2 μmol/L of the ionophor nigericin (PAA, Coelbe, Germany) to equili-
brate intracellular pH (pHi) and extracellular pH (pHex). The composition
of the calibration Kþ-clamp buffers was as follows: 20 mmol/L NaCl, 110
mmol/L KCl, 1 mmol/L CaCl2, 1 mmol/L MgSO4, 18 mmol/L D-glucose,
and 20mmol/LHEPES that was adjusted to different pH values (6.4-8.2)
by titration with NaOH.

The flow cytometer (FACSCalibur, Becton & Dickinson, Heidelberg,
Germany) was used to excite the dye with 500 mW of the 488 nm argon
laser line. For the calibration curve and for the sample-treated cells, two
fluorescent bands (FL-1=550-590 nm,FL-2g 600nm)were collected as
an integral signal, and the ratio of these (FL-2/FL-3) was calculated with
an analog function board. The ratio channel number is linearly related to
the actual ratio FL-2/FL-3, with the ratio of 1 being in channel 256. The
filter combination to achieve these fluorescent bands was a 550 nm
blocking filter, a 590 nm dichroic filter, and a 610 nm long-pass filter.
The pHi calibration was fit to a linear regression, and the fitted parameters
were used to generate an equation which converted the ratio channel
number (FL-2/FL-3) from the medians of 10,000 cell counts to pHi. The
concentration of intracellular Hþ was calculated from the pHi and is
expressed in nmol/L for the validation experiments. For all other experi-
ments, the intracellular proton index (IPX) was calculated by log2
transformation of the intracellular proton concentration ratio between
treated cells and control cells. Histamine (1 mmol/L), as physiological
stimulant, and omeprazol (1 mmol/L) (both Sigma-Aldrich, Munich,
Germany), as a well-known inhibitor of stomach acid secretion, were
used as control compounds. In initial experiments with reconstituted
freeze-dried coffee-treated cells, time course and dose response studies
were performed to identify the concentration and treatment time resulting
in the most pronounced effect on the IPX. Finally, HGT-1 cells were
treated with 2.5 g/mL of each of the reconstituted freeze-dried beverages
prepared from the commercial coffee samples for 10 min.

High-PerformanceLiquidChromatography (HPLC).TheHPLC-
DAD system consisted of a L-7100 pump (Merck/Hitachi), a L-7612
degasser, a L-7200 autosampler, and a L-7450 detector monitoring the
effluent at a wavelength from 230 to 400 nm. For the analysis of caffeine,
the wavelength of 272 nm was extracted from the spectra, whereas
chlorogenic acids and caffeoyl quinides were analyzed at 324 nm. The
hardware was connected to the computer via an interface (Merck/Hitachi
D-7000), and the software used for data acquisition and processingwas the
HPLC system manager 4.1.

Quantitative Analysis of Caffeine, Chlorogenic Acids, and Caf-

feoyl Quinides, Respectively. For the quantitative analysis of caffeine

and the individual chlorogenic acids, namely 3-O-, 4-O-, and 5-O-caffeoyl
quinic acid, freshly prepared coffee brew was diluted with water (1þ 9, v:v)
and, after membrane filtration (0.45 μm), an aliquot (10 μL) was injected
into the HPLC-DAD-system. For quantitation of the caffeoylquinides,
namely 3-O-caffeoyl-γ-quinide, 4-O-caffeoyl-γ-quinide, 5-O-caffeoyl-epi-δ-
quinide, 4-O-caffeoyl-muco-γ-quinide, and 5-O-caffeoyl-muco-γ-qui-
nide (17), freshly prepared coffee brew was diluted with water (1:1, v:v)
and, after membrane filtration (0.45 μm), an aliquot (20 μL) was injected
into theHPLC-DADsystem.Chromatographywas performedona 4.6mm
� 250mm, 5μm,Luna phenyl-hexyl column (Phenomenex,Aschaffenburg,
Germany) operated at a flow rate of 0.8 mL/min. Eluent A was an aqueous
ammonium formate solution (0.25 mmol/L), adjusted to pH 3.5 with
concentrated formic acid, and eluent B was methanol. Eluent B was
increased from 22 to 25% within 25 min and then to 100% within 5 min,
followed by isocratic elution for 5 min. Quantitation was performed using a
5-point external calibration in the concentration range from 5 to 500 μmol/
L. Caffeine, caffeoylquinic acids, and caffeoyl quinides were quantified
using caffeine and 5-caffeoylquinic acid, respectively, as external standards.

Quantitative Analysis of βN-Alkanoyl-5-hydroxytryptamides.
βN-Alkanoyl-5-hydroxytryptamides, namely βN-stearoyl-, βN-arachi-
noyl-, βN-heneicosanoyl-, βN-behenoyl-, βN-tricosanoyl-, and βN-lignocer-
oyl 5-hydroxytryptamides, were quantitatively determined by means of the
stable isotope dilution analyzes developed recently (33). Briefly, an aliquot
of the coffee brew was spiked with the stable isotope labeled internal
standards, mixed and diluted with methanol. After membrane filtration
(0.45 μm), the samples were injected into the LC-MS/MS system (5 μL).

Quantitative Analysis of Hydroxybenzenes. The hydroxybenzenes
pyrogallol, catechol, and 4-ethylcatechol were quantitatively determined
by means of stable isotope dilution analyses developed previously (31).
The coffee brew sample (25 mL) was placed into a 80 mL centrifugation
tube with a screw cap (Schott AG,Mainz, Germany), defined amounts of
the internal standards d3-pyrogallol, d4-catechol, and d3-4-ethylcatechol
were added, and, after closing the tube, the sample was equilibrated for
20 min at room temperature under an atmosphere of nitrogen while
stirring. The solution was extracted with diethyl ether (25 mL) and
centrifuged (10 min, 3000 rpm), the organic supernatant was separated,
and the solvent was removed in vacuum. The residue was taken up in
methanol/water (1:1, v:v; 1 mL) and membrane filtered (0.45 μm), and
aliquots (5 μL) were analyzed by means of HPLC-MS/MS.

Quantitative Analysis of N-Methylpyridinium. Quantitation of
N-methylpyridinium ions was performed by means of a stable isotope
dilution analysis following a literature protocol (20, 32) with some minor
modifications. An aliquot of the freshly prepared coffee beverage (1 mL)
was spiked with an aqueous solution of d3-N-methylpyridinium iodide
(1.5 μmol/mL; 100 μL). After mixing and equilibration for 10 min, the
solution was applied onto a CBA cation exchange SPE-cartridge (1 g,
5 mL; Varian, Darmstadt, Germany), which had been conditioned with
methanol, followed by water (5 mL each). After application of the sample,
the cartridgewas rinsedwithwater andmethanol (5mL each), followed by
a solution of 20% aqueous formic acid (5 mL). The acidic effluent was
diluted with water (1:1, v:v), and an aliquot (5 μL) was analyzed by means
of HPLC-MS/MS. Chromatography was performed isocratically with a
mixture (1:1, v:v) of methanol and aqueous ammonium acetate (50 mmol/
L) on a 50 mm� 2 mm, 5 μm, GROM-Sil80 SCX column (Alltech Grom
GmbH, Rottenburg-Hailfingen, Germany). Using the multiple reaction
monitoring (MRM)mode, the transitions from the parent ion [M]þ to the
fragments after collision-induced dissociationwere recorded as follows:N-
methylpyridinium ion:m/z 94fm/z 79,m/z 94fm/z 78, andm/z 94fm/
z 52; d3-N-methylpyridinium: m/z 97fm/z 79, m/z 97fm/z 78, andm/z
97 f m/z 52. Calibration of the internal standard was performed by
analyzing mixtures of analyte and internal standard in molar ratios from
1:10 to 10:1. A regression line was calculated from a graph prepared from
area ratios (analyte/internal standard) vs concentration ratios (analyte/
internal standard). The equation was y=1.1108xþ 0.002 (R2 = 0.9992).

High Performance Liquid Chromatography/Mass Spectrometry

(HPLC-MS/MS). The Agilent 1200 Series HPLC-system (Agilent,
Waldbronn, Germany) consisting of a pump, a degasser, and an auto-
sampler was connected to a 3200API triple quadrupolemass spectrometer
(Applied Biosystems/MDS Sciex, Darmstadt) equipped with an electro-
spray ionization (ESI) source. The software used for instrumentation
control and data collection was analyst v1.4.1 (Sciex, Toronto, Canada).
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The MS-parameter settings for the analysis of βN-alkanoyl-5-hydroxy-
tryptamides (33) and hydroxybenzenes (32) were the same as those
published recently. For the analysis of N-methylpyridinium (NMP), the
ESI source was operated in positive mode, nitrogen was used as the
nebulizer gas (65 psi) and curtain gas (25 psi), respectively, the heater gas
was set at 60 psi, and the temperature was 350 �C. The declustering
potential (DP) was 50, the cell exit potential (CXP) was 15, and the
collision energy (CE) was 33. The dwell time for each mass transition was
50 ms. The quadrupoles operated at unit mass resolution, and the ion
spray voltage was 5500 V.

Statistical Analysis. Statistics were performed with Excel 2003
(Microsoft, Munich, Germany) and SigmaStat (Systat Software GmbH,
Erkrath, Germany), respectively. Single comparisons between treated and
control cells were done with the two-tailed Student’s t-test for equal
variances unless otherwise stated. For time course and dose-response
analysis, a one-way ANOVAwas performed with a Holm-Sidak posthoc
test. The number of independent biological replicates for each treatment
was at least n = 3. Data are presented in mean values ( standard error
(SE). Analytical data on coffee beverage constituents is given as the mean
of duplicates with relative standard deviation <10%, and mean values of
individual categories were analyzed by a one-way ANOVA with
Holm-Sidak posthoc test.

PrincipalComponentAnalysis (PCA). PCAwas computed by using
the software Systat version 12.0 (Systat Software GmbH, Erkrath,
Germany). PCA was performed to identify associations between the
differentially labeled commercial coffees. As parameter set for extraction
of the loading factors for a single coffee beverage, we used the content of
each compound quantified in the corresponding beverage. For those
compounds with equal chemical structure but different substitutions, such
as βN-alkanoyl-5-hydroxytryptamides and caffeoyl quinides, we used the
sum value. The settings for PCA were used as follows: minimum
eigenvalue = 1, factors = 4 (according to the four different types of
coffee beverages), rotation = varimax. We performed various PCAs in
order to determine the influence of single compounds on the association
between single coffee beverages. First, a PCA including the quantified

contents of all compounds and, second, a PCA was applied to those
compounds that showed significant differences among the tested bev-
erages, such as catechol, N-methylpyridinium, caffeine, and βN-alkanoyl-
5-hydroxytryptamides (Table 1).

RESULTS AND DISCUSSION

In order to evaluate the gastric acid secretory potential of
coffee brews, a screeningmodel using the human stomach cell line
HGT-1 had to be developed. Previously published studies using

HGT-1 cells examined the constitution of HGT-1 cells and their
ability to express those proteins which are involved in the
mechanism of proton secretion. To the best of our knowledge,
the here presented work describes the effect of food extracts on
proton secretion for the first time. Carmosino et al. 2000 (22)
characterized the mechanisms of proton secretion in HGT-1 cells
using a pH-sensitive fluorescent dye but did not address the

question whether food components affect the transport systems
of acid secretion. From a technical point of view, the cellular
uptake of radiolabeled aminopyrine by stimulated parietal cells
may serve as an indicator of proton secretion (34). Also, Fiebich
et al. (24) applied a patch clamp technique to analyze potassium
and chloride ion fluxes as indicators of proton secretion. Com-

pared to the here presented method by which the intracellular pH
is measured as a direct consequence of proton secretion, the
methods published by Berglindh et al. (34) and Fiebich et al. (24)
analyze only indirect markers of proton fluxes.

The here presented assay was applied to commercial coffee
samples of different product categories to find out whether the
differences in processing technologies indicated by the product
label result in specific effects on the intracellular proton index
(IPX) as a measure of proton secretion.

Table 1. Concentrations of Nitrogen-Containing Coffee Constituentsa in Brews Prepared from the Product Categories Regular Coffee (RC), Mild-Bean Coffee
(MBC), Stomach-Friendly Coffee (SFC), or Stomach-Friendly Decaffeinated Coffee (SFCD)

concentration (μg/L) of concentration (mg/L) of

sample 1a 1b 1c 1d 1e 1f
P

1a-f 2 3

RC A 3.8 114.3 1.8 303.9 5.4 46.1 475.3 713.8 19.9

B 2.4 76.3 1.5 168.3 4.3 22.6 275.4 598.4 20.8

C 3.1 80.6 2.5 182.7 3.3 25.3 297.5 618.6 19.3

D 1.5 42.9 1.3 87.2 3.1 13.7 149.7 620.5 38.8

299.5( 134.1a 637.8( 51.6 a 24.7( 9.4 a

MBC E 4.5 87.9 3.1 171.8 3.9 24.5 295.7 752.0 25.3

F 3.4 94.8 1.7 251.6 6.1 47.1 404.7 608.4 20.9

G 3.9 81.3 1.5 162.4 4.9 25.2 279.2 735.2 22.9

H 3.3 77.8 1.7 162.9 3.5 23.4 272.6 688.0 29.3

I 5.2 133.5 1.9 300.5 5.8 42.0 488.9 656.9 24.9

348.2( 95.2 a 688.1( 58.4 a 24.7( 3.1 a

SFC J 2.8 100.4 2.6 251.7 5.1 38.0 400.6 729.5 17.5

K 3.6 87.8 2.2 185.0 4.7 24.6 307.9 759.5 21.8

L 2.7 97.8 1.6 199.4 5.1 31.8 338.4 815.5 21.8

M 1.8 85.9 1.7 182.5 3.3 23.6 298.8 638.1 21.2

336.2( 46.0 a 735.7( 74.2 a 20.6( 2.1 a

SFCD N 1.1 16.9 0.8 30.1 1.7 11.9 62.5 35.1 12.9

O 1.2 17.2 0.7 32.3 1.8 11.8 65.0 18.8 14.8

P 0.9 15.6 0.5 31.1 1.7 11.4 61.2 17.3 18.9

62.9( 1.9 b 23.7( 9.9 b 15.5( 3.1 b

a The nitrogen-containing compounds are βN-stearoyl-5-hydroxytryptamide (1a), βN-arachinoyl-5-hydroxytryptamide (1b), βN-heneicosanoyl-5-hydroxytryptamide (1c), βN-
behenoyl-5-hydroxytryptamide (1d), βN-tricosanoyl-5-hydroxytryptamide (1e), βN-lignoceroyl-5-hydroxytryptamide (1f), caffeine (2), and N-methylpyridinium (3). Different index
letters in each row indicate significant differences between the respective product categories (p < 0.05).
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Quantitative data of putative stomach irritating coffee com-
pounds and those ofwhich the concentrations are known to differ
among commercially applied processing technologies were ana-
lyzed and discussed in light of the functional IPX data.

AssayCalibration.The assay for assessment of secretedprotons
by HGT-1 cells is based on intracellular pH-measurement using
the fluorescent dye SNARF-AM. When cultivated cells are
treated with potassium calibration buffers of varying pH values
ranging from 5.5 to 8.4 in the presence of the ionophor nigericin,
the intracellular pH (pHi) and the extracellular pH (pHex)
equilibrate. This allows the determination of pHi by analyzing
the pH-characteristic fluorescence of SNARF-AM(18,25,26). In
this study, treatment of HGT-1 cells with potassium calibration
buffers adjusted to various pH values between 6.8 and 8.2
accordingly resulted in characteristic changes of SNARF-AM
fluorescence. Increasing intracellular pH values shifted the in-
tensity of FL-1 to lower counts, whereas the intensity of FL-2was
shifted to higher counts (Figure 2). Fluorescent FL-2/FL-3
channel ratios and pH values of the calibration buffers ranging
frompH6.8 to 8.2were fit to a linear regressionwith a correlation
coefficient of R2 = 0.9905 and y = 0.5163x ( 5.026, and the
values were used to calculate pHi and the intracellular concentra-
tion of protons in sample-treated cells. In the next set of experi-
ments, we aimed at testing whether histamine, a well investigated
stimulant of stomach acid secretion (30), as well as omeprazol, a
potent inhibitor (29), show the expected effects and, thus, prove
the applicability of the assay. Treatment of the HGT-1 cells with
histamine resulted in an 8% (two-tailed t-test; pe 0.001) decrease
in intracellular proton concentration, indicating an increased
proton efflux compared to the case of nontreated control cells.
In omeprazol treated cells, in contrast, the concentration of
protons increased by 22% (two-tailed t-test; p e 0.001), which
indicates a reduced proton efflux compared to the case of controls
(Figure 3).

Dose and Time Dependent Effects of Regular Coffee on IPX.

Assuming that activation of proton secretion is dose dependent and
takes place in a short ormidterm response inHGT-1 cells, dose and
time-course experiments were performed. For data calculation, a
log2 transformation of the intracellular proton concentration ratio
between treated cells and control cells was performed and expressed
as intracellular proton index (IPX). In general, variance stabiliza-
tion is one of the primary reasons that raw data are log2-trans-
formed before further analysis, in particular when larger intensities
tend to have larger variations when repeatedly measured. This
violation of a constant variance across the measurement range
imposes a serious challenge when applying parametric tests, such
as the Student’s t-test, or analysis of variance (ANOVA) (35).

Although log2-transformation is mainly applied to microarray
data (36), the data presented here were log2-transformed, as we
expected a broad range of effect magnitude for the very hetero-
geneous group of commercial coffee samples, which were not stan-
dardized for, i.e., coffee variety or processing techniques. Thus, we
could not exclude the hypothesis of “larger intensities” having
larger variations and, therefore, defined the IPX based on the
hypothesis that, in this assay, the intracellular concentration of Hþ

decreases due to proton secretion. The higher the IPX, the more
protons remain in the cell, indicating a lower secretory activity,
whereas lower IPX values indicate a higher proton secretion.

For the dose and time-course experiments, the IPX was mea-
sured after 5, 10, 20, and 30min of treating the cells with aqueous
solutions of reconstituted freeze-dried regular coffee in concen-
trations ranging from 0.5 up to 5.0 mg/mL (Figures 4A and 4B).
The lowest IPX values, indicating the highest proton efflux,
were demonstrated for cells treated with 2.5 mg/mL of recon-
stituted freeze-dried coffee beverage for 10 min (both one-way
ANOVA; pe 0.05). The decrease of the IPX to-0.10( 0.01 after
treatment with a concentration of 2.5 mg/mL was tested to be
significantly lower compared to the case for other concentrations
by Holm-Sidak posthoc analysis (p e 0.05, Figure 4A). A time-
dependent minimum of-0.18( 0.02 in IPX after treatment with
the reconstituted freeze-dried regular coffee beverage (2.5 mg/
mL) was demonstrated after 10 min of exposure (Figure 4B). The
IPX at this time point was significantly different (one-way
ANOVA, Holm-Sidak posthoc test: p e 0.05) from those for

Figure 2. FL-1 (A) and FL-2 (B) fluorescent intensity of HGT-1 cells after treatment with potassium buffer solutions adjusted to pH values ranging from 6.8 to
8.0, and the fluorescent dye SNARF-AM (3 μmol/L).

Figure 3. Intracellular proton concentration of HGT-1 cells treated with
histamine (HIS, 1 mmol/L) or omeprazole (OMP, 1 mmol/L) compared to
nontreated control cells (bars show mean values ( SE; Student’s one-
tailed t-test: *** = p < 0.001; n = 4-6).
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the other treatment times tested. The precision of this assay,
expressed as the coefficient of variance (CV) obtained by ten
replicate treatments of cells of one passage with the same
sample, was below 2% (data not shown). Hereby, the HGT-1
model system was optimized for the measurement of proton
secretory activities induced by reconstituted freeze-dried
coffee beverages.

Determination of the Proton Secretory Activity of Coffee Sam-

ples. A total of 16 commercial coffee samples was classified
according to labels into the group of regular coffee (RC), mild
bean coffee (MBC), stomach friendly coffee (SFC), and stomach
friendly coffee decaffeinated (SFCD), and their proton secretory
activities were determined by means of the IPX measurement
(Figure 5). Whereas MBCs are commonly coffee blends exhibiting
a somewhat lower acidity when compared to RC, stomach friendly
coffees are steam-treated prior to roasting, and decaffeinated
stomach friendly coffees are extracted with carbon dioxide or
organic solvents followed by steam treatment and roasting.

Treatment of the HGT-1 cells with reconstituted freeze-dried
beverages from RC in a concentration of 2.5 mg/mL for 10 min
resulted in a mean secretory activity, defined as IPX, of -0.19(
0.02 thatwas statistically significant fromnontreated control cells
(one-tailed Student’s t-test: p e 0.001). Cells treated with recon-
stituted freeze-driedMBC beverages showed amore positive IPX
(-0.14( 0.04) than those from RC, although this result did not

reach statistical significance (one-tailed Student’s t-test: p =
0.0744). However, cells treated with reconstituted freeze-dried
beverages prepared from SFC and SFCD did show significantly
higher IPX values than those from RC (SFC: -0.13 ( 0.03;
SFCD:-0.10( 0.02; one-tailed Student’s t-test vs RC: pe 0.05),
indicating higher intracellular proton concentrations and, thus, a
lower proton secretory activity. These results demonstrate that
technological processing applied to coffee beans in order to pro-
duce stomach friendly coffee or decaffeinated coffee actually
does result in coffee beverages that show less proton secretory
activities in human stomach cells. In other words, commercial
extraction of raw coffee beans obviously removes compounds
that promote the secretory activity. This result is in contradiction
to a literature report ofFiebich et al. (24), who performed apatch-
clamp technique in single stomach cells and did not find differ-
ences in the proton secretory activity among two RC and one
steam-treated coffee samples. However, the small number of
coffee samples studied by Fiebich et al. (24) might not have been
sufficient to detect differences, which can also be seen from the
results presented in this work, since some of the reconstituted
freeze dried beverages prepared fromSFChad comparable effects
to those prepared fromRC (Figure 5). Also, themost pronounced
reduction in the proton secretory activity in the present study was
demonstrated for SFCD.

Quantification of Candidate Stomach Irritating Components in

Coffee and Correlation to the Proton Secretory Activity of Coffee

Samples. In order to get first insights into the candidatemolecules
which might be responsible for the proton secretory activity of
the coffee samples, coffee compounds putatively modulating the
gastric acid and gastrin secretion (Figure 1), such as βN-alkanoyl-
5-hydroxytryptamides (C5HT, 1a-1f), caffeine (2), N-methyl-
pyridinium (3), chlorogenic acids (4), and some of their roasting
products, e.g. caffeoyl quinides (5-9), pyrogallol (10), catechol (11),
and 4-ethylcatechol (12), were quantitatively determined in brews
obtained from customary coffee products (cf. Tables 1 and 2).

The total quantity of βN-alkanoyl-5-hydroxytryptamides
(C5HT), determined by stable isotope dilution analysis, was
below <0.5 mg/L and did not show substantial differences bet-
ween regular coffee (RC), mild bean coffee (MBC), and stomach
friendly coffee (SFC); for example, the means of the C5HT
contents in the respective product category were rather close
with 299.5 ( 134.1 μg/L (RC), 348.2 ( 95.2 μg/L (MBC), and

Figure 5. Intracellular proton index (IPX) of HGT-1 cells treated with
reconstituted freeze-dried coffee beverages prepared from commercial
coffee samples (regular coffee: RC, n = 4; mild bean coffee: MBC, n = 5;
stomach-friendly coffee: SFC, n = 5; decaffeinated stomach-friendly coffee:
SFCD, n = 3) in individual concentrations of 2.5 mg/mL for 10 min (single
data points are displayed in the diagram,mean values are indicated by bars
and were statistically evaluated by a one-tailed Student’s t-test for MBC,
SFC, or SFCD vs RC).

Figure 4. Time and dose dependent stimulation of proton secretion by
reconstituted freeze-dried regular coffee in HGT-1 cells. (A) intracellular
proton index (IPX) in HGT-1 cells after treatment with 0.5, 1.0, 2.5, or
5.0 mg/mL of a lyophilizate prepared from regular coffee (54 g/L) for
10 min; (B) intracellular proton index (IPX) in HGT-1 cells after treatment
of 2.5mg/mL of a lyophilizate prepared from regular coffee (55 g/L) for 0, 5,
10, 15, 20, 25, or 30min (bars showmean values(SE; one-way ANOVA,
Holm-Sidak posthoc test: * = p < 0.05; n = 3-10).
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336.2 ( 46.0 μg/L (SFC), respectively (Table 1). Also, the
distribution of the individualC5HTderivativeswas rather similar
in the samples RC, MBC, and SFC, respectively, and βN-
arachinoyl-, βN-behenoyl-, and βN-lignoceroyl-5-hydroxytrypta-
mide were found as the most abundant isomers, accounting for
about 20-30%, 65%, and 10% of the C5HTs, respectively. On
the basis of these data, neither steam treatment nor blending of
“mild” beans, revealing low acidity of the final beverage, resulted
in a significantly lowerC5HT content in the resulting coffee brew.

In contrast, the decaffeination process had a significant impact
(t-test, p < 0.05) on the C5HT content; for example, the brew
prepared from steam treated-decaffeinated (SFCD) coffee
(61.2-65.0 μg/L) showed about 5 times lower concentrations of
C5HTs when compared to the regular product (299.5( 134.1 μg/
L) (Table 1). Differing from the samples RC, MBC, and SFC,
βN-behenoyl- and lignoceroyl-5-hydroxytryptamide accounted
for about 50 and 19% of the total C5HT content in the brew
made from the SFCD sample, respectively, while βN-arachinoyl-
hydroxytryptamide remained unchanged (25-27%) when com-
pared to the RC sample (Table 1).

Analysis of the alkaloid caffeine (2) also revealed no major
differences between the beverages prepared from coffee of the
category RC, MBC, and SFC, respectively; for example, caffeine
contents ranged from637.8( 51.6 (RC) to 688.1( 58.4 (MBC) to
735.7( 74.2 (SFC). As expected, the decaffeinated samples con-
tained only small amounts of caffeine (SFCD 23.8 ( 9.9 mg/L;
t-test p < 0.001) (Table 1).

The application of steam treatment did not lead to a coffee
brew significantly depleted in N-methylpyridinium (NMP, 3).
Analysis of NMP by means of stable isotope dilution analysis

revealed concentrations of 24.7 ( 9.4 mg/L in the brews pre-
pared from RC samples and 24.7 ( 3.1 mg/L and 20.6 (
2.1 mg/L in those from MBC and SFC samples. Interestingly,
the decaffeinated stomach friendly coffee samples (SFCD) were
analyzed for the lowest NMP concentrations of 15.5( 3.1 mg/L
(Table 1).

Surprisingly, analysis of the chlorogenic acids (CQAs), given as
the sum of the 3-O-, 5-O-, and 4-O-isomers, did not show remark-
able differences among the coffee samples analyzed (Table 2).
Independent of the product category group, concentrations
between 1140 and 1230 mg/L were found, which is in contra-
diction to existing patent claims (12, 13). The steam treatment
used for the production of commercial coffee products obviously
did not reduce the CQA content in coffee. In addition, quantita-
tive analysis of caffeoyl quinides, formed upon thermal degrada-
tion of the chlorogenic acids during roasting, revealed onlyminor
differences (p>0.05) between the samples RC (146.5( 19.8mg/
L), MBC (156.0 ( 9.8 mg/L), SFC (153.6 ( 18.1 mg/L), and
SFCD (140.8 ( 5.8 mg/L) (Table 2). Also, the ratio between the
different isomers 5-O-caffeoyl-muco-γ-quinide (5), 3-O-caffeoyl-
γ-quinide (6), 4-O-caffeoyl-muco-γ-quinide (7), 5-O-caffeoyl-epi-
δ-quinide (8), and 4-O-caffeoyl-γ-quinide (9) was almost identical
in all of the coffee brews investigated.

In addition, pyrogallol (10), catechol (11), and 4-ethylcatechol
(12) originating from the thermal chlorogenic acid breakdown
induced by coffee roasting (14) were determined by means of
stable isotope dilution analysis (Table 2). Concentrations of pyro-
gallol (10) and 4-ethylcatechol (12) ranged from3.49 to 7.09mg/L
and 0.91 to 1.69 mg/L. The beverages prepared from regular
coffee, mild bean coffee, stomach friendly coffee, and steam

Table 2. Concentrations of Phenolic Coffee Constituentsa in Brews Prepared from the Product Categories Regular Coffee (RC), Mild-Bean Coffee (MBC), Stomach-
Friendly Coffee (SFC), or Stomach-Friendly Decaffeinated Coffee (SFCD)

concentration (mg/L)

sample 4 5 þ 6b 7 8 9
P

5-9 10 11 12

RC A 1433.3 80.9 14.8 4.3 53.7 153.7 3.49 4.54 0.91

B 1318.1 63.1 18.1 5.1 36.2 122.5 5.12 8.66 1.15

C 1228.6 88.3 18.7 4.9 57.3 169.2 4.04 7.25 1.08

D 944.8 71.3 18.8 4.4 45.9 140.4 7.09 7.81 1.69

1231.2( 208.5 a 146.5( 19.8 a 4.94( 1.59 a 7.07( 1.78 a 1.21( 0.34 a

MBC E 1118.7 79.2 17.2 5.3 51.2 152.9 5.46 7.47 1.52

F 1254.4 69.9 15.7 3.9 53.2 142.7 3.72 5.68 0.94

G 1260.9 79.9 19.1 4.8 50.4 154.2 4.58 7.16 1.38

H 1113.6 83.1 17.3 4.4 56.6 161.4 5.90 7.08 1.52

I 957.2 86.5 19.5 4.0 58.9 168.9 4.79 5.15 1.28

1140.9( 124.8 a 156.0( 9.8 a 4.89( 0.84 a 6.51( 1.03 a 1.33( 0.24 a

SFC J 1445.9 86.5 19.5 4.0 58.9 168.9 3.70 4.54 1.14

K 1197.3 85.2 19.5 4.5 57.8 167.0 4.80 5.19 1.32

L 1252.1 67.0 16.4 3.7 43.2 130.3 5.42 6.43 1.58

M 956.5 74.6 17.6 4.2 51.9 148.3 4.63 5.28 1.22

1212.9( 201.5 a 153.6( 18.1 a 4.64( 0.71 a 5.36( 0.79 a 1.32( 0.19 a

STCD N 1298.6 70.5 19.0 4.6 50.7 144.8 3.98 5.11 1.13

O 1187.6 70.8 17.8 4.7 50.1 143.4 4.82 5.10 1.44

P 950.4 66.1 16.3 4.9 46.9 134.2 4.38 5.03 1.27

1145.5( 177.9 a 140.8( 5.8 a 4.39( 0.42 a 5.08( 0.04 b 1.28( 0.15 a

aPhenolic compounds are chlorogenic acids (4) given as the sum of 3-O-, 5-O-, and 4-O-caffeoyl quinic acids, caffeoyl quinides 5-O-caffeoyl-muco-γ-quinide (5), 3-O-caffeoyl-
γ-quinide (6), 4-O-caffeoyl-muco-γ-quinide (7), 5-O-caffeoyl-epi-δ-quinide (8), and 4-O-caffeoyl-γ-quinide (9), as well as the hydroxybenzenes pyrogallol (10), catechol (11),
and 4-ethylcatechol (12). Compounds 5 and 6 were quantified as the sum due to partial coelution. Different index letters in each row indicate significant differences between the
respective product categories (p < 0.05).
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treated-decaffeinated coffee showed comparable concentrations
which did not differ significantly from each other; for example,
4.94( 1.59mg/L (RC), 4.89( 0.84mg/L (MBC), 4.64( 0.71mg/
L (SFC), and 4.39 ( 0.42 mg/L (SFCD) were found (Table 2).
Interestingly, the concentration of catechol (11) was strongly
dependent on the product category. For example, the highest
concentrations of 7.07( 1.78 mg/L were found in regular coffees
and mild bean coffees (6.51 ( 1.03 mg/L), followed by steam
treated coffee (5.36( 0.79 mg/L) and SFCD-beverages contain-
ing the lowest amounts of 5.08 ( 0.04 mg/L (Table 2).

Taken together, the quantitative data indicate a significant
impact of the processing technology applied to SFCD, resulting
in the lowest concentrations of βN-alkanoyl-5-hydroxytrypta-
mides, N-methylpyridinium, caffeine, and catechol.

Results froma principal component analysis (PCA) performed
with the quantitative data from all of the commercial coffee
samples tested revealed the strongest association for the decaffei-
nated coffee beverages (Figure 6A). Since it was of special interest

whether βN-alkanoyl-5-hydroxytryptamides, N-methylpyridi-
nium, caffeine, or catechol weremostly responsible for this result,
PCAwas performedwith exclusion of either of these compounds.
The first approach, excluding βN-alkanoyl-5-hydroxytrypta-
mides, resulted in mostly similar factor loadings, such as those
achieved when βN-alkanoyl-5-hydroxytryptamides were not ex-
cluded, indicating that it is very unlikely that βN-alkanoyl-5-
hydroxytryptamides are the only components that are affected by
the technological processes applied (Figure 6B). Similar results
were obtained when catechol and N-methylpyridinium were ex-
cluded from PCA (data not shown). In contrast, when the PCA
was performed without the quantitative data for caffeine, sig-
nificantly different factor loadings, especially for coffee beverages
prepared from decaffeinated coffee samples, were achieved
(Figure 6C). However, despite exclusion of caffeine from PCA,
an association of coffee beverages prepared from “decaffeinated
coffee” samples, was still achieved. Therefore, we hypothesize that
additional compounds besides caffeine, N-methylpyridinium,
βN-alkanoyl-5-hydroxytryptamides, and catechol are substan-
tially affected by processing technologies applied to produce
“stomach friendly/decaffeinated coffee” (SFCD). This result is
in agreement with the data obtained from cell culture experiments
which showed a significantly lower impact of beverages prepared
from SFC and SFCD samples on proton secretion in human sto-
mach cells as compared to beverages prepared from regular (RC)
and mild bean (MBC) coffee samples. SFCD samples differed
from SFC samples in their contents of βN-alkanoyl-5-hydroxy-
tryptamides, N-methylpyridinium, caffeine, and catechol, but not
in their secretory activity on HGT-1 cells, indicating either effects
by yet unknown components and/or synergistic effects thereof.

All together, the quantitative data collected revealed that steam
treatment of coffee did not significantly affect the concentra-
tions of any of the putative gastric acid secretion modifiers
βN-alkanoyl-5-hydroxytryptamides (1a-f), caffeine (2), chloro-
genic acids (4), caffeoyl quinides (5-9), pyrogallol (10), and
4-ethylcatechol (12) present in the SFC brew prepared.

Data on the intracellular proton index (IPX) clearly show that
no singlemolecule out of the group of compounds, the contents of
which were reduced by decaffeination and steam treatment, can
be hypothesized to act as the key compound stimulating the
proton secretion in human stomach cells. Next to the cell’s
treatment with SFCD, also that with SFC samples resulted in
elevated IPX values compared to RC or MBC treated cells, but
significantly lower contents of putatively stomach-irritating
compounds compared to RC samples were only analyzed in
reconstituted freeze-dried beverages prepared from SFCD. In
consequence, either the synergistic effects of these compounds
might affect the proton secretory activity, and/or yet unknown
coffee ingredients need to function as potent inducers of acid
secretion. Future studies will have to follow one or the other
possibility in order to explain the acid secretory activity of coffee
on a molecular level.

In conclusion, a novel approach to evaluate the gastric acid
secretory activity of coffee beverages has been introduced and
demonstrated to be suitable for the analysis of the proton
secretory activity of coffee beverages. For the first time, quanti-
tative data on the concentrations of βN-alkanoyl-5-hydroxytryp-
tamides, the chemopreventive compound N-methylpyridinium,
and the caffeoyl quinides 5-O-caffeoyl-muco-γ-quinide, 3-O-caf-
feoyl-γ-quinide, 4-O-caffeoyl-muco-γ-quinide, 5-O-caffeoyl-epi-
δ-quinide, and 4-O-caffeoyl-γ-quinide in coffee beverages from
customary coffee products claimed as stomach friendly are
presented. The results indicate that, although the brews obtained
from steam treated coffees show reduced proton secreting acti-
vity, the concentrations of the putatively irritating compounds

Figure 6. Principal component analysis (PCA). Pearson correlation coef-
ficient and level of significance are displayed for each regression. (A) PCA
including all quantified compounds for extraction of loading factors. (B)
PCA including all quantified compounds for extraction of loading factors
except βN-alkanoyl-5-hydroxytryptamides. (C) PCA including all quantified
compounds for extraction of loading factors except caffeine.
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analyzed within this paper do not significantly differ from the
respective concentrations in untreated, regular coffees. Brews
prepared from solvent assisted decaffeinated and steam treated
products significantly differed in the contents of the four com-
pounds catechol, N-methylpyridinium, caffeine, and βN-alka-
noyl-5-hydroxytryptamides, and they showed a significantly
lower secretory activity compared to those of samples prepared
from regular and mild bean coffees. However, this secretory
activity was even reduced compared to those of only steam
treated coffees, although the concentrations of those four com-
pounds, catechol, N-methylpyridinium, caffeine, and βN-alka-
noyl-5-hydroxytryptamides, were not different between steam
treated and steam treated/decaffeinated coffees.

Correlation of the analytical and cell assay derived results
challenges the coffee industries’ hypothesis that chlorogenic acids
and their breakdown products, catechol, 4-ethylcatechol, and
pyrogallol, are the key players in stomach discomfort after
ingestion of coffee brew. Further studies aimed at identification
of compounds triggering anti- and prosecretory mechanisms of
proton efflux in gastric cells as biomarkers of gastric acid
secretion are currently under investigation.
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