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Abstract: Alcoholic beverages stimulate pancreatic enzyme secretions by inducing cholecystokinin
(CCK) release. CCK is the major stimulatory hormone of pancreatic exocrine secretions, secreted
from enteroendocrine I-cells of the intestine. Fermentation products of alcoholic beverages, such
as maleic and succinic acids, influence gastric acid secretions. We hypothesize that maleic and
succinic acids stimulate pancreatic exocrine secretions during beer and wine ingestion by increasing
CCK secretions. Therefore, the effects of maleic and succinic acids on CCK release were studied
in duodenal mucosal cells and the enteroendocrine cell line STC-1. Mucosal cells were perfused
for 30 min with 5 min sampling intervals, STC-1 cells were studied under static incubation for
15 min, and supernatants were collected for CCK measurements. Succinate and maleate-induced
CCK release were investigated. Succinate and maleate doses dependently stimulated CCK secretions
from mucosal cells and STC-1 cells. Diltiazem, a calcium channel blocker, significantly inhibited
succinate and maleate-induced CCK secretions from mucosal cells and STC-1 cells. Maleate and
succinate did not show cytotoxicity in STC-1 cells. Our results indicate that succinate and maleate
are novel CCK-releasing factors in fermented alcoholic beverages and could contribute to pancreatic
exocrine secretions and their pathophysiology.

Keywords: cholecystokinin (CCK); enteroendocrine cells STC-1; pancreatic secretions; pancreatitis;
alcohol; fermentation; maleic and succinic acids; intracellular calcium

1. Introduction

Cholecystokinin (CCK) is the major stimulatory hormone of pancreatic exocrine secretions,
secreted in response to intraluminal nutrients by the enteroendocrine I-cells of the duodenum [1].
Various substances, like peptides, essential amino acids, and fatty acids, stimulate CCK release
via calcium-sensing receptors and GPR40, respectively [2,3]. Physiological doses of CCK-8 induce
pancreatic enzyme secretions, and supramaximal doses of CCK-8 cause inflammation and cell deaths,
which are features of human pancreatitis [4]. Pancreatitis is an inflammatory condition that leads
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to acinar atrophy and fibrosis. A major etiological factor is alcohol abuse [5,6]. About one-third of
acute pancreatitis cases in the United States are alcohol-induced, and 60%—90% of pancreatitis patients
have a history of chronic alcohol consumption [7]. It is estimated that drinking more than 80 gm
of alcohol/day for 6-12 years is required to cause pancreatitis [8]. A variety of alcoholic beverages
stimulate pancreatic enzyme secretions, contributing to the development of pancreatitis [9,10]. Pure
alcohol itself is a rather weak stimulator of pancreatic secretions and some studies even reported an
inhibition [11]. A population-based study in Denmark showed a two-fold risk of pancreatitis in a
cohort of 17,905 men and women drinking more than 14 beers/week, compared to wine and spirits [12].
It has been demonstrated that alcohol and alcoholic beverages that increase plasma levels of ethanol
do not affect pancreatic enzyme secretions in humans [13]. In contrast, it has been shown that beer
in lower doses (250 mL) increased pancreatic enzymes (trypsin 1053% and amylase 323%), while in
higher doses (850 mL), it did not [9]. The authors suggested that circulating ethanol neutralized the
stimulatory effect of the nonalcoholic components of beer on pancreatic secretions [9].

However, alcoholic beverages contain numerous nonalcoholic compounds that could have
beneficial or harmful effects on pancreatic functions [14]. About 2000 organic and inorganic constituents
were identified in the beer and 1000 in wine [14]. Pancreatic secretion studies in humans suggested
that nonalcoholic constituents of alcoholic beverages might be responsible for pancreatic enzyme
secretions [15]. An in vitro study using freshly isolated pancreatic acinar cells and the AR4-2] cell
lines demonstrated that beer stimulates amylase secretions at the same magnitude as the maximally
effective concentrations of CCK [16]. Teyssen et al. demonstrated that alcoholic beverages produced by
fermentation stimulate gastric acid output and gastrin release in healthy humans [17]. The same group
found that fermentation products” maleic and succinic acids were powerful stimulants of gastric acid
output in humans [18]. Beer contains approximately 135 uM succinic acid and 948 uM maleic acid [18].

Under physiological conditions, plasma succinate concentrations in rodents range from 6 to 20 uM
and, in humans, 2-20 uM, whereas lower levels were found in the serum [19,20]. Succinate is a ligand
for orphan G-protein coupled receptor GPR91 and acts as a signaling molecule. Maleate also activates
GPROI1 but is 5-10-fold less potent than succinate [21]. The authors reported that half-maximal response
concentrations of succinate were 56 + 8 pM in humans and 28 + 5 uM in mice, indicating that under
physiological conditions the levels are too low to activate GPR91 [21].

We hypothesize that maleic and succinic acids stimulate pancreatic secretions via release of CCK
after ingestion of alcoholic beverages. In the present study, the effects of maleate and succinate on CCK
release from isolated duodenal mucosal cells and enteroendocrine STC-1 cells were investigated.

2. Results

2.1. Succinate and Maleate Stimulate CCK Secretions from Mucosal Cells and STC-1 Cells

The basal CCK secretions from intestinal mucosa cells were 3.9 pmol/30 min. Succinate dose
dependently stimulated CCK release to a maximum of 23.3 pmol at 10~ M succinate (Figure 1A).
The half-maximal response was obtained with 107 M succinate. Maleate caused a similar dose
response curve from duodenal mucosal cells (Figure 1B), inducing a maximum secretion of 13.1 pmol
CCK by 1072 M maleate and the half-maximal stimulation by 10~ M maleate.

We further studied succinate (Figure 2A) and maleate-stimulated (Figure 2B) CCK secretions
using the enteroendocrine cell line STC-1. Basal CCK release from STC-1 cells was 4.1 pmol/15 min.
Succinate (1075 M) caused a maximum CCK release of 10.5 pmol and a half-maximal response at 10~/
M succinate. Maleate (107> M) caused a maximum CCK release of 9.1 pmol, with a half-maximal
response at 1077 M maleate from STC-1 cells.

Additional factors released from the intestinal mucosa and STC-1 cells may also influence amylase
release from pancreatic acini. A specific CCK1 receptor antagonist (L-364718) completely inhibited
amylase release from pancreatic acini in the bioassay from the eluates from intestinal mucosal cells
and the supernatant from STC-1 cells; therefore, CCK values did not differ from the basal. In addition,
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no direct effect on amylase secretion was observed with maleate or succinate on freshly isolated
pancreatic acini.
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Figure 1. Dose responses of succinate and maleate in duodenal mucosal cells. Cholecystokinin (CCK)
release from duodenal mucosal cells by succinate (A) and maleate (B). Succinate and maleate doses
dependently stimulated CCK release from duodenal mucosal cells. CCK was measured in a bioassay
and is expressed as a CCK release/30 min collection period. Results were expressed as mean + SEM,
n==6.*p<0.05*p<0.01,** p <0.001, compared with basal values.
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Figure 2. Dose responses of succinate and maleate in the enteroendocrine cell line STC-1. CCK release
from STC-1 cells by succinate (A) and maleate (B). Succinate and maleate doses dependently stimulated
CCK release from duodenal mucosal cells. CCK was measured in a bioassay and is expressed as a CCK
release/15 min collection period. Results were expressed as mean + SEM, n = 8. *p < 0.05, ** p < 0.01,

compared with basal values.
2.2. Calcium Channel Inhibitor: Diltiazem Inhibits Succinate and Maleate-Stimulated CCK Releases

Diltiazem, an L-type voltage-sensitive calcium channel (VSCC) inhibitor, might affect amylase
release from pancreatic acini in the bioassay. Therefore, a radioimmunoassay (RIA) kit was used for
measurement of CCK from STC-1 cells. Preincubation of STC-1 cells (Figure 3) with 1075 M diltiazem
(calcium channel inhibitor) reduced 2.5 mM succinate-stimulated CCK secretions, from 12.5 pmol CCK
to 7.1 pmol (43% inhibition). Maleate-stimulated CCK secretions (5 mM) were also reduced by 107> M
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diltiazem, from 16.5 pmol to 10.5 pmol CCK (36.4% inhibition). The intra-assay CV was <14% and
interassay CV was with 10% within the limits provided by the manufacturer.
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Figure 3. Effects of the L-type voltage-sensitive calcium channel blocker diltiazem on succinate and
maleate in STC-1 cells by radioimmunoassay (RIA). Diltiazem 1075 M reduced succinate-stimulated
CCK secretions by 43% and maleate-induced CCK release by 36.4%, respectively. Results were expressed
as mean = SEM, n = 4. *p < 0.05.

2.3. Lactate Dehydrogenase (LDH) Release with Succinate and Maleate for Cytotoxicity

Both succinate and maleate significantly inhibited lactate dehydrogenase (LDH) release, compared
to the maximum LDH release control from STC-1 cells (Figure 4). The LDH releases with 5 mM
succinate and 5 mM maleate were 2.4% and 2.6%, respectively, compared to a maximum LDH release
(100%). A buffer caused a 2.2% LDH release.
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Figure 4. Both succinate and maleate inhibited lactate dehydrogenase (LDH) release from STC-1 cells.
Results were expressed as mean + SEM, n = 4. * p < 0.05, ** p < 0.01, ** p < 0.001.

3. Discussion

Our results demonstrate that the fermentation products succinate and maleate stimulate CCK
release from duodenal mucosal cells and the enteroendocrine cell line STC-1. L-type calcium channels
play a central part in the release of CCK from intestinal mucosa [22-24]. The increase in intracellular
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calcium concentrations are regulated by receptor-dependent activations of calcium channels on the
extracellular membrane and intracellular calcium stores [25]. We found that r-type calcium channel
blocker diltiazem inhibited the succinate and maleate-induced CCK releases from the enteroendocrine
cells. Our results indicate that L-type calcium channel blocker diltiazem inhibits CCK secretions from
STC-1 cells.

The duodenum is a central site for the regulation of pancreatic secretions. The specialized endocrine
cells in the mucosa respond to the ingested nutrients with a release of gastrointestinal hormones
like CCK into the blood, which leads to increased pancreatic secretions [26]. CCK is synthesized in
endocrine I-cells, pituitary corticotrophs and melanotrophs, in thyroid C-cells, and adrenal medullary
cells [27,28]. In circulation, CCK originates mainly from intestinal endocrine cells. CCK mediates its
effects through two receptors: CCK1 and CCK2, which are G-protein-coupled receptors. CCK1 is
expressed in gallbladder, gastric mucosa, pancreatic acinar cells, and certain areas of the central and
peripheral nervous systems, while CCK2 is expressed in the stomach, human pancreas, and central
nervous system (CNS) [29]. The CCK1 receptor is highly specific and binds O-sulfated CCK peptides
with high affinity, while CCK2 receptor is less specific and binds both sulfated and nonsulfated CCK
peptides and gastrin [30,31]. It has been shown that the CCK1 receptor is present with distinct cellular
distributions in the exocrine pancreas of rodents, guinea pigs, and humans [32-34]. CCK stimulates
exocrine secretions from the pancreas by activating a phospholipase C (PLC)-inositol triphosphate
receptor (IP3R) signaling cascade that induces intracellular calcium releases from the endoplasmic
reticulum [35].

Various food ingredients, such as fat, proteins, and amino acids, are the most potent stimulants
of CCK secretions in humans [36]. Removal of extracellular calcium and/or application of the L-type
voltage-gated calcium channel (VGCC) blocker nicardipine significantly reduced, e.g., the free fatty
acids induced by intracellular calcium rises and CCK secretions in STC-1 cells [37,38]. Furthermore,
bitter substances, such as denatonium benzoate, phenylthiocarbamide, and quinine, induce CCK
secretions [39,40]. Yamazaki et al. demonstrated that mature hop bitter acid (MHBA) induced CCK
secretions in STC-1 cells through increases in intracellular Ca®* via 1-type voltage-sensitive Ca2*
channels [41].

These compounds stimulate CCK secretions directly [36] and/or indirectly by CCK-releasing
hormones from duodenal mucosa [26]. Animal and human studies on pancreatic secretions suggest that
physiological doses of CCK activate neural pathways and the cholinergic receptors on the acinar cells [42].
Furthermore, cholinergic hyperstimulation of the pancreas has been implicated as a mechanism of
alcohol-induced pancreatitis, including NF-«kB (nuclear factor-kappa B) activation [43]. Ethanol itself
might cause pancreatic injuries, e.g., by reducing pancreatic blood flow and microcirculation in
stimulated organs, as shown in animal models [44]. In addition, animal studies have demonstrated that
NF-«B activation is an early event in hormone-induced pancreatitis [4]. Experiments using rat pancreatic
acini have shown that supraphysiological concentrations of CCK induces NF-«B through PKC (protein
kinase C) activation and by increasing intracellular calcium [45]. These studies demonstrate that CCK
and cholinergic stimulations of pancreatic acini induce pancreatitis. Animal studies have shown that
CCK and its receptors are initiating factors in acute pancreatitis [46,47]. Pancreatic hyperstimulation
with CCK is one potential factor in the pathophysiology of alcohol-induced pancreatitis [48].

In humans, it has been demonstrated that fermented alcoholic beverages stimulate gastric acid
secretions [18]. Similar to the gastric acid secretions, pancreatic secretions are stimulated by fermented
alcoholic beverages, while distilled alcoholic beverages do not stimulate the exocrine pancreas [9,10].
Succinate and maleate have been identified as stimulators of gastric secretions in response to the
ingestion of beer or wine [18]. Succinate and maleate are produced by fermentation processes of
alcoholic beverages and by yeast when glucose is fermented [9]. This might be the reason that
fermented alcoholic beverage products like maleate and succinate induce CCK release, which further
could contribute to the development of pancreatitis.
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In summary, we have identified succinate and maleate as potential CCK-releasing factors in
fermented alcoholic beverages acting on enteroendocrine cells, and thus, stimulating pancreatic exocrine
secretions. Their contributions in the development of pancreatitis would need further investigations,
e.g., by reducing their amounts in beer.

4. Materials and Methods

4.1. Materials

CCK-8 was purchased from Bachem, Bubendorf, Switzerland; L364718 from Merck, Darmstadt,
Germany; collagenase (CLSPA grade) from Worthington, NJ, USA; amylase detection reagent from
Boehringer Mannheim, Germany; EU-RIA CCK kit for CCK measurements from EuroDiagnostic,
Malmo, Sweden; Sephadex G-50 from Pharmacia, Freiburg, Germany; and C18 Sep-Pac cartridges
were from Water Corporation, Milford, MA, USA. All other reagents were purchased from Sigma,
Deisenhofen, Germany.

4.2. Intestinal Mucosa Cell Perfusions

Mucosa cells were prepared from the proximal 20 cm small bowels of Wistar rats, as previously
described [49,50]. The gut segments were opened longitudinally and washed with saline, followed by
incubation in a calcium-free saline buffer containing 2.5 mM EDTA at 37 °C for 4 min. Detached cells
were separated in a shaking water bath and collected by centrifugation at 300 g for 3 min. The pellets
were resuspended in HEPES-buffered Ringer solution; filtered through gauze; mixed with swollen
Sephadex G-50; and aliquots of 4 mL were transferred into perfusion columns (Renner KG, Dannstadt,
Germany). Cells were perfused at 37 °C with a flow of 1 mL/min, and samples were collected for 5 min.
The cells in the perfusion system were equilibrated with HEPES-buffered Ringer solution and perfused
for 50 min prior to the experiment. Then, two fractions of 5 mL each were collected as a baseline.
The cells in the perfusion columns were stimulated with increasing concentrations each of succinate
and maleate, ranging from 10~/ M to 1073 M, for 3 periods of 5 min. After the last stimulation period,
further 5 min samples were collected. The samples were extracted on C18 Sep-Pac cartridges, eluted
with acetonitrile-water (80:20), and eluates were dried under a flow of nitrogen and analyzed for CCK
in bioassay.

4.3. Cell Cultures

The STC-1 cell line was derived from an intestinal endocrine tumor in a double-transgenic
mouse [51]. These cells are widely used as a model enteroendocrine cell line for CCK [25] and GLP-1
release [3]. Stock cultures of STC-1 cells were maintained in Dulbecco’s modified Eagles medium
(DMEM), supplemented with 2.5% fetal bovine serum and 15% horse serum in a humidified atmosphere
containing 5% CO, and 95% air at 37 °C. Cells were passaged after 4 days of growth. For the experiment,
the cells were plated in six-well plates with 1 X 10° cells and used when subconfluent. STC-1 cells
were stimulated for 15 min with maleate/succinate (ranging from 10~ M to 10™> M) or a buffer control.
The buffer was aspirated before and after 15 min of the stimulation period and analyzed for CCK
content by bioassay.

4.4. Rat Pancreatic Acini for CCK Bioassay

Rat pancreatic acini were prepared by collagenase digestion. Pancreatic acini were incubated
in 10 mM HEPES-buffered Ringer solution, containing 100 U/mL collagenase, 6 mM glucose, 0.5%
bovine serum albumin, 0.1% soy bean trypsin inhibitor, and Eagles minimum amino acid supplements.
The collagenase buffer was injected into the pancreatic interstitium to permit better digestion. After
30 min of incubation at 37 °C under O, saturation in a shaking water bath, acini were dispersed with
mild shearing forces, passed through double-filter gauze, purified by sedimentation, and resuspended
in HEPES-buffered Ringer solution. CCK was quantified by a bioassay measuring amylase release
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after stimulation of isolated pancreatic acini [52,53]. For amylase release experiments, aliquots of the
acini suspension were added to prepared vials containing the re-diluted eluates from the perfusions
and cell culture experiments or CCK at known concentrations for construction of a standard curve.
Vials were incubated in a shaking water bath at 37 °C under O, for 10 min. The reaction was stopped
by placing the vials on ice and separating the cells by centrifugation. Amylase release into the medium
and total acinar-amylase content were measured by a colorimetric assay. Amylase release is expressed
as a percentage of initial total amylase content. The amylase release from the unknown concentrations
from the eluate of the perfused mucosal cells or supernatant from the STC-1 cells were taken into the
standard curve constructed from the known concentrations of CCK, and thus, the bioactive CCK was
determined in the unknown samples.

To confirm the amylase release from pancreatic acini, a specific CCK1 receptor-antagonist -364718
(Ipg/mL) [54] was added to the CCK bioassay, in combination with the eluates from mucosa cells
or supernatants from STC-1 cells. The changes in intracellular calcium ion concentrations are
receptor-regulated signals and precede secretions. To study the possible involvement of calcium
channels in maleate and succinate-stimulated CCK release, we used diltiazem, which blocks L-type
calcium channels [23]. STC-1 cells were incubated for 15 min with 107> M diltiazem before stimulation
with succinate or maleate, and CCK was measured.

4.5. CCK Measurements by RIA

To exclude the possibility of amylase release by L-type calcium channel blocker diltiazem from
pancreatic acini [55], we used an RIA kit for CCK measurements. STC-1 cells were stimulated for
15 min with maleate and succinate (2.5 mM) or a buffer control. The maximum CCK secretion was
blocked by 1075 M diltiazem hydrochloride. Supernatant was aspirated before and after 15 min of
stimulation and analyzed for CCK by the RIA (RB 302 EURIA-CCK from Eurodiagnostic) kit as per the
manufacturer’s instructions.

4.6. Lactate Dehydrogenase (LDH) Release from STC-1 Cells

To confirm physiological effects of maleate and succinate, cytotoxic effects of maleate and succinate
were studied by measuring lactate dehydrogenase (LDH) release from STC-1 cells [3]. LDH is a
cytosolic enzyme release into the culture medium upon cell death due to plasma membrane damage.
Cells were cultured; 1 x 10° cells/well were plated into six-well plates and used when subconfluent.
Cells were washed twice with HEPES buffer and preincubated for 15 min with 1 mL of buffer at 37 °C,
5% CO,. The cells were treated with maleate or succinate and incubated for 15 min. After stimulation
period, the cells were lysed with lysis buffer to obtain the maximum LDH activity and incubated for
45 min. Supernatants were collected for LDH measurements by a LDH cytotoxicity assay kit (Thermo
Fisher Scientific, Waltham, MA, USA) as per user instructions, and the LDH release percentage was
calculated according to the manufacturer’s instructions.

4.7. Statistical Analyses

Statistical analyses were done by one-way ANOVA for all the groups. Differences were considered
statistically significant at p < 0.05 levels.

5. Conclusions

In conclusion, the present results identify succinate and maleate from fermented alcoholic
beverages as physiological stimulants in CCK release, stimulating pancreatic exocrine secretions. We
speculate that receptors on I-cells in the intestines detect succinate and maleate and that interference with
or blockade of these receptors might be protective against pancreatic hypersecretion and pancreatitis.



Int. ]. Mol. Sci. 2020, 21, 589 8 of 10

Author Contributions: K.-H.H.,, S.T,, and K.K. designed the study. J.-H.E., G.S.R., and C.W. performed the
experiments and the assays. ].-H.E. wrote the first draft of the manuscript. All authors contributed and approved
the final manuscript.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Choi, S.; Lee, M,; Shiu, A.L.; Yo, S.J.; Hallden, G.; Aponte, G.W. GPR93 Activation by Protein Hydrolysate
Induces CCK Transcription and Secretion in STC-1 Cells. Am. |. Physiol. Gastrointest. Liver Physiol. 2007, 292,
G1366-G1375. [CrossRef]

Herzig, K.H.; Brunke, G.; Schon, L; Schaffer, M.; Folsch, U.R. Mechanism of Galanin’s Inhibitory Action on
Pancreatic Enzyme Secretion: Modulation of Cholinergic Transmission—Studies in Vivo and in Vitro. Gut
1993, 34, 1616-1621. [CrossRef] [PubMed]

Kamakura, R.; Kovalainen, M.; Riikonen, J.; Nissinen, T.; Shere Raza, G.; Walkowiak, J.; Lehto, V.P;
Herzig, K.H. Inorganic Mesoporous Particles for Controlled Alpha-Linolenic Acid Delivery to Stimulate
GLP-1 Secretion in Vitro. Eur. J. Pharm. Biopharm. 2019, 144, 132-138. [CrossRef] [PubMed]

Gukovsky, I.; Gukovskaya, A.S.; Blinman, T.A.; Zaninovic, V.; Pandol, S.J. Early NF-kappaB Activation is
Associated with Hormone-Induced Pancreatitis. Am. J. Physiol. 1998, 275, G1402-G1414. [PubMed]

Sarles, H. Chronic Pancreatitis and Diabetes. Baillieres Clin. Endocrinol. Metab. 1992, 6, 745-775. [CrossRef]
Spanier, B.W.; Dijkgraaf, M.G.; Bruno, M.]. Epidemiology, Aetiology and Outcome of Acute and Chronic
Pancreatitis: An Update. Best Pract. Res. Clin. Gastroenterol. 2008, 22, 45-63. [CrossRef]

Chowdhury, P.; Gupta, P. Pathophysiology of Alcoholic Pancreatitis: An Overview. World ]. Gastroenterol.
2006, 12, 7421-7427. [CrossRef]

Strate, T.; Yekebas, E.; Knoefel, W.T.; Bloechle, C.; Izbicki, J.R. Pathogenesis and the Natural Course of
Chronic Pancreatitis. Eur. |. Gastroenterol. Hepatol. 2002, 14, 929-934. [CrossRef]

Chari, S.T.; Harder, H.; Teyssen, S.; Knodel, C.; Riepl, R.L.; Singer, M.V. Effect of Beer, Yeast-Fermented
Glucose, and Ethanol on Pancreatic Enzyme Secretion in Healthy Human Subjects. Dig. Dis. Sci. 1996, 41,
1216-1224. [CrossRef]

Sand, J.; Lankisch, P.G.; Nordback, I. Alcohol Consumption in Patients with Acute or Chronic Pancreatitis.
Pancreatology 2007, 7, 147-156. [CrossRef]

Bayer, M.; Rudick, J.; Lieber, C.S.; Janowitz, H.D. Inhibitory Effect of Ethanol on Canine Exocrine Pancreatic
Secretion. Gastroenterology 1972, 63, 619—-626. [CrossRef]

Kristiansen, L.; Gronbaek, M.; Becker, U.; Tolstrup, ].S. Risk of Pancreatitis According to Alcohol Drinking
Habits: A Population-Based Cohort Study. Am. . Epidemiol. 2008, 168, 932-937. [CrossRef] [PubMed]
Hajnal, F.; Flores, M.C.; Valenzuela, J.E. Effect of Alcohol and Alcoholic Beverages on Nonstimulated
Pancreatic Secretion in Humans. Pancreas 1989, 4, 486-491. [CrossRef]

Gerloff, A.; Singer, M.V,; Feick, P. Beer and its Non-Alcoholic Compounds: Role in Pancreatic Exocrine
Secretion, Alcoholic Pancreatitis and Pancreatic Carcinoma. Int. J. Environ. Res. Public Health 2010, 7,
1093-1104. [CrossRef] [PubMed]

Hajnal, E; Flores, M.C.; Radley, S.; Valenzuela, J.E. Effect of Alcohol and Alcoholic Beverages on
Meal-Stimulated Pancreatic Secretion in Humans. Gastroenterology 1990, 98, 191-196. [CrossRef]

Gerloff, A.; Singer, M.V,; Feick, P. Beer but Not Wine, Hard Liquors, or Pure Ethanol Stimulates Amylase
Secretion of Rat Pancreatic Acinar Cells in Vitro. Alcohol. Clin. Exp. Res. 2009, 33, 1545-1554. [CrossRef]
Teyssen, S.; Lenzing, T.; Gonzalez-Calero, G.; Korn, A.; Riepl, R.L.; Singer, M.V. Alcoholic Beverages Produced
by Alcoholic Fermentation but Not by Distillation are Powerful Stimulants of Gastric Acid Secretion in
Humans. Gut 1997, 40, 49-56. [CrossRef]

Teyssen, S.; Gonzalez-Calero, G.; Schimiczek, M.; Singer, M.V. Maleic Acid and Succinic Acid in Fermented
Alcoholic Beverages are the Stimulants of Gastric Acid Secretion. J. Clin. Investig. 1999, 103, 707-713.
[CrossRef]

Sadagopan, N.; Li, W.; Roberds, S.L.; Major, T.; Preston, G.M.; Yu, Y.; Tones, M.A. Circulating Succinate is
Elevated in Rodent Models of Hypertension and Metabolic Disease. Am. J. Hypertens. 2007, 20, 1209-1215.


http://dx.doi.org/10.1152/ajpgi.00516.2006
http://dx.doi.org/10.1136/gut.34.11.1616
http://www.ncbi.nlm.nih.gov/pubmed/7694889
http://dx.doi.org/10.1016/j.ejpb.2019.09.009
http://www.ncbi.nlm.nih.gov/pubmed/31521716
http://www.ncbi.nlm.nih.gov/pubmed/9843778
http://dx.doi.org/10.1016/S0950-351X(05)80164-8
http://dx.doi.org/10.1016/j.bpg.2007.10.007
http://dx.doi.org/10.3748/wjg.v12.i46.7421
http://dx.doi.org/10.1097/00042737-200209000-00002
http://dx.doi.org/10.1007/BF02088240
http://dx.doi.org/10.1159/000104251
http://dx.doi.org/10.1016/S0016-5085(19)33245-7
http://dx.doi.org/10.1093/aje/kwn222
http://www.ncbi.nlm.nih.gov/pubmed/18779386
http://dx.doi.org/10.1097/00006676-198908000-00014
http://dx.doi.org/10.3390/ijerph7031093
http://www.ncbi.nlm.nih.gov/pubmed/20617020
http://dx.doi.org/10.1016/0016-5085(90)91309-T
http://dx.doi.org/10.1111/j.1530-0277.2009.00983.x
http://dx.doi.org/10.1136/gut.40.1.49
http://dx.doi.org/10.1172/JCI3620

Int. ]. Mol. Sci. 2020, 21, 589 9 of 10

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Kushnir, M.M.; Komaromy-Hiller, G.; Shushan, B.; Urry, EM.; Roberts, W.L. Analysis of Dicarboxylic Acids
by Tandem Mass Spectrometry. High-Throughput Quantitative Measurement of Methylmalonic Acid in
Serum, Plasma, and Urine. Clin. Chem. 2001, 47, 1993-2002.

He, W.; Miao, EJ.; Lin, D.C.; Schwandner, R.T.; Wang, Z.; Gao, J.; Chen, J.L.; Tian, H.; Ling, L. Citric Acid Cycle
Intermediates as Ligands for Orphan G-Protein-Coupled Receptors. Nature 2004, 429, 188-193. [CrossRef]
[PubMed]

Mangel, A.W. Electrophysiology of Intestinal Cholecystokinin Secretion. Regul. Pept. 1995, 56, 121-129.
[CrossRef]

Larsson, K.P.; Akerman, K.E.; Magga, J.; Uotila, S.; Kukkonen, J.P.; Nasman, J.; Herzig, K.H. The STC-1 Cells
Express Functional Orexin-A Receptors Coupled to CCK Release. Biochem. Biophys. Res. Commun. 2003, 309,
209-216. [CrossRef]

Purhonen, A K.; Louhivuori, L.M.; Kiehne, K.; Kerman, K.E.; Herzig, KH. TRPA1 Channel Activation
Induces Cholecystokinin Release via Extracellular Calcium. FEBS Lett. 2008, 582, 229-232. [CrossRef]
[PubMed]

Petersen, O.H. Calcium Signal Compartmentalization. Biol. Res. 2002, 35, 177-182. [CrossRef] [PubMed]
Herzig, K.H. Cholecystokinin- and Secretin-Releasing Peptides in the Intestine—A New Regulatory
Interendocrine Mechanism in the Gastrointestinal Tract. Regul. Pept. 1998, 73, 89-94. [CrossRef]

Rehfeld, ].F; Johnsen, A.H.; Odum, L.; Bardram, L.; Schifter, S.; Scopsi, L. Non-Sulphated Cholecystokinin in
Human Medullary Thyroid Carcinomas. J. Endocrinol. 1990, 124, 501-506. [CrossRef]

Larsson, L.I; Rehfeld, J.F. Localization and Molecular Heterogeneity of Cholecystokinin in the Central and
Peripheral Nervous System. Brain Res. 1979, 165, 201-218. [CrossRef]

Beinfeld, M.C. An Introduction to Neuronal Cholecystokinin. Peptides 2001, 22, 1197-1200. [CrossRef]
Rehfeld, ].F. Cholecystokinin-from Local Gut Hormone to Ubiquitous Messenger. Front. Endocrinol. (Lausanne)
2017, 8, 47. [CrossRef]

Dufresne, M.; Seva, C.; Fourmy, D. Cholecystokinin and Gastrin Receptors. Physiol. Rev. 2006, 86, 805-847.
[CrossRef] [PubMed]

Liang, T.; Dolai, S.; Xie, L.; Winter, E.; Orabi, A.I.; Karimian, N.; Cosen-Binker, L.I; Huang, Y.C.; Thorn, P;
Cattral, M.S.; et al. Ex Vivo Human Pancreatic Slice Preparations Offer a Valuable Model for Studying
Pancreatic Exocrine Biology. . Biol. Chem. 2017, 292, 5957-5969. [CrossRef] [PubMed]

Galindo, J.; Jones, N.; Powell, G.L.; Hollingsworth, S.J.; Shankley, N. Advanced qRT-PCR Technology Allows
Detection of the Cholecystokinin 1 Receptor (CCK1R) Expression in Human Pancreas. Pancreas 2005, 31,
325-331. [CrossRef] [PubMed]

Jensen, R.T.; Lemp, G.E; Gardner, ].D. Interaction of Cholecystokinin with Specific Membrane Receptors on
Pancreatic Acinar Cells. Proc. Natl. Acad. Sci. USA 1980, 77, 2079-2083. [CrossRef] [PubMed]

Williams, J.A. Receptor-Mediated Signal Transduction Pathways and the Regulation of Pancreatic Acinar
Cell Function. Curr. Opin. Gastroenterol. 2008, 24, 573-579. [CrossRef] [PubMed]

Karhunen, L.J.; Juvonen, K.R.; Huotari, A.; Purhonen, A.K.; Herzig, K.H. Effect of Protein, Fat, Carbohydrate
and Fibre on Gastrointestinal Peptide Release in Humans. Regul. Pept. 2008, 149, 70-78. [CrossRef] [PubMed]
Sidhu, S.S.; Thompson, D.G.; Warhurst, G.; Case, R.M.; Benson, R.S. Fatty Acid-Induced Cholecystokinin
Secretion and Changes in Intracellular Ca2+ in Two Enteroendocrine Cell Lines, STC-1 and GLUTag. J. Physiol.
2000, 528, 165-176. [CrossRef]

Tanaka, T.; Katsuma, S.; Adachi, T.; Koshimizu, T.A.; Hirasawa, A.; Tsujimoto, G. Free Fatty Acids Induce
Cholecystokinin Secretion through GPR120. Naunyn Schmiedebergs Arch. Pharmacol. 2008, 377, 523-527.
[CrossRef]

Chen, M.C.; Wu, S.V.; Reeve, ].R,, Jr.; Rozengurt, E. Bitter Stimuli Induce Ca?t Signaling and CCK Release in
Enteroendocrine STC-1 Cells: Role of L-Type Voltage-Sensitive Ca>* Channels. Am. J. Physiol. Cell. Physiol.
2006, 291, C726—C739. [CrossRef]

Jeon, T.I; Seo, Y.K.; Osborne, T.F. Gut Bitter Taste Receptor Signalling Induces ABCB1 through a Mechanism
Involving CCK. Biochem. J. 2011, 438, 33-37. [CrossRef]

Yamazaki, T.; Morimoto-Kobayashi, Y.; Koizumi, K.; Takahashi, C.; Nakajima, S.; Kitao, S.; Taniguchi, Y.;
Katayama, M.; Ogawa, Y. Secretion of a Gastrointestinal Hormone, Cholecystokinin, by Hop-Derived Bitter
Components Activates Sympathetic Nerves in Brown Adipose Tissue. ]J. Nutr. Biochem. 2019, 64, 80-87.
[CrossRef] [PubMed]


http://dx.doi.org/10.1038/nature02488
http://www.ncbi.nlm.nih.gov/pubmed/15141213
http://dx.doi.org/10.1016/0167-0115(95)00017-6
http://dx.doi.org/10.1016/S0006-291X(03)01563-8
http://dx.doi.org/10.1016/j.febslet.2007.12.005
http://www.ncbi.nlm.nih.gov/pubmed/18082143
http://dx.doi.org/10.4067/S0716-97602002000200008
http://www.ncbi.nlm.nih.gov/pubmed/12415734
http://dx.doi.org/10.1016/S0167-0115(97)01062-8
http://dx.doi.org/10.1677/joe.0.1240501
http://dx.doi.org/10.1016/0006-8993(79)90554-7
http://dx.doi.org/10.1016/S0196-9781(01)00442-9
http://dx.doi.org/10.3389/fendo.2017.00047
http://dx.doi.org/10.1152/physrev.00014.2005
http://www.ncbi.nlm.nih.gov/pubmed/16816139
http://dx.doi.org/10.1074/jbc.M117.777433
http://www.ncbi.nlm.nih.gov/pubmed/28242761
http://dx.doi.org/10.1097/01.mpa.0000181487.50269.dc
http://www.ncbi.nlm.nih.gov/pubmed/16258365
http://dx.doi.org/10.1073/pnas.77.4.2079
http://www.ncbi.nlm.nih.gov/pubmed/6246521
http://dx.doi.org/10.1097/MOG.0b013e32830b110c
http://www.ncbi.nlm.nih.gov/pubmed/19122497
http://dx.doi.org/10.1016/j.regpep.2007.10.008
http://www.ncbi.nlm.nih.gov/pubmed/18456350
http://dx.doi.org/10.1111/j.1469-7793.2000.00165.x
http://dx.doi.org/10.1007/s00210-007-0200-8
http://dx.doi.org/10.1152/ajpcell.00003.2006
http://dx.doi.org/10.1042/BJ20110009
http://dx.doi.org/10.1016/j.jnutbio.2018.10.009
http://www.ncbi.nlm.nih.gov/pubmed/30471563

Int. ]. Mol. Sci. 2020, 21, 589 10 of 10

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Owyang, C. Physiological Mechanisms of Cholecystokinin Action on Pancreatic Secretion. Am. J. Physiol.
1996, 271, G1-G7. [CrossRef] [PubMed]

Lugea, A.; Gong, ].; Nguyen, ].; Nieto, J.; French, S.W.; Pandol, S.J. Cholinergic Mediation of Alcohol-Induced
Experimental Pancreatitis. Alcohol. Clin. Exp. Res. 2010, 34, 1768-1781. [CrossRef] [PubMed]

Widdison, A.L.; Alvarez, C.; Schwarz, M.; Reber, H.A. The Influence of Ethanol on Pancreatic Blood Flow in
Cats with Chronic Pancreatitis. Surgery 1992, 112, 202-208. [PubMed]

Han, B.; Logsdon, C.D. CCK Stimulates Mob-1 Expression and NF-kappaB Activation Via Protein Kinase C
and Intracellular Ca (2+). Am. J. Physiol. Cell. Physiol. 2000, 278, C344—C351. [CrossRef] [PubMed]
Evander, A ; Thse, I.; Lundquist, I. Influence of Hormonal Stimulation by Caerulein on Acute Experimental
Pancreatitis in the Rat. Eur. Surg. Res. 1981, 13, 257-268. [CrossRef]

Barrett, T.D.; Yan, W.; Freedman, ].M.; Lagaud, G.J.; Breitenbucher, ].G.; Shankley, N.P. Role of CCK and
Potential Utility of CCK1 Receptor Antagonism in the Treatment of Pancreatitis Induced by Biliary Tract
Obstruction. Br. J. Pharmacol. 2008, 153, 1650-1658. [CrossRef]

Saluja, A.K.; Lerch, M.M,; Phillips, P.A.; Dudeja, V. Why does Pancreatic Overstimulation Cause Pancreatitis?
Annu. Rev. Physiol. 2007, 69, 249-269. [CrossRef]

Herzig, K.H.; Schon, I; Tatemoto, K.; Ohe, Y.; Li, Y.; Folsch, U.R.; Owyang, C. Diazepam Binding Inhibitor is
a Potent Cholecystokinin-Releasing Peptide in the Intestine. Proc. Natl. Acad. Sci. USA. 1996, 93, 7927-7932.
[CrossRef]

Herzig, K.H.; Wilgus, C.; Schon, I.; Tatemoto, K.; Folsch, U.R. Regulation of the Action of the Novel
Cholecystokinin-Releasing Peptide Diazepam Binding Inhibitor by Inhibitory Hormones and Taurocholate.
Regqul. Pept. 1998, 74, 193-198. [CrossRef]

Rindi, G.; Grant, S.G.; Yiangou, Y.; Ghatei, M.A.; Bloom, S.R.; Bautch, V.L,; Solcia, E.; Polak, ]. M. Development
of Neuroendocrine Tumors in the Gastrointestinal Tract of Transgenic Mice. Heterogeneity of Hormone
Expression. Am. ]. Pathol. 1990, 136, 1349-1363. [PubMed]

Glassmeier, G.; Herzig, KH.; Hopfner, M.; Lemmer, K,; Jansen, A.; Scherubl, H. Expression of Functional
GABAA Receptors in Cholecystokinin-Secreting Gut Neuroendocrine Murine STC-1 Cells. J. Physiol. 1998,
510, 805-814. [CrossRef] [PubMed]

Herzig, K.H.; Bardocz, S.; Grant, G.; Nustede, R.; Folsch, U.R.; Pusztai, A. Red Kidney Bean Lectin is a
Potent Cholecystokinin Releasing Stimulus in the Rat Inducing Pancreatic Growth. Gut 1997, 41, 333-338.
[CrossRef] [PubMed]

Flemstrom, G.; Makela, K.; Purhonen, A.K.; Sjoblom, M.; Jedstedt, G.; Walkowiak, J.; Herzig, K.H. Apelin
Stimulation of Duodenal Bicarbonate Secretion: Feeding-Dependent and Mediated Via Apelin-Induced
Release of Enteric Cholecystokinin. Acta Physiol. (Oxf.) 2011, 201, 141-150. [CrossRef] [PubMed]

Arita, Y.; Kimura, T.; Yazu, T.; Ogami, Y.; Nawata, H. Effects of Calcium-Channel Blockers on Cytosolic Free
Calcium and Amylase Secretion in Rat Pancreatic Acini. Pharmacol. Toxicol. 1991, 68, 83-87. [CrossRef]
[PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1152/ajpgi.1996.271.1.G1
http://www.ncbi.nlm.nih.gov/pubmed/8760100
http://dx.doi.org/10.1111/j.1530-0277.2010.01264.x
http://www.ncbi.nlm.nih.gov/pubmed/20626730
http://www.ncbi.nlm.nih.gov/pubmed/1641761
http://dx.doi.org/10.1152/ajpcell.2000.278.2.C344
http://www.ncbi.nlm.nih.gov/pubmed/10666030
http://dx.doi.org/10.1159/000128192
http://dx.doi.org/10.1038/bjp.2008.44
http://dx.doi.org/10.1146/annurev.physiol.69.031905.161253
http://dx.doi.org/10.1073/pnas.93.15.7927
http://dx.doi.org/10.1016/S0167-0115(98)00021-4
http://www.ncbi.nlm.nih.gov/pubmed/2162628
http://dx.doi.org/10.1111/j.1469-7793.1998.805bj.x
http://www.ncbi.nlm.nih.gov/pubmed/9660895
http://dx.doi.org/10.1136/gut.41.3.333
http://www.ncbi.nlm.nih.gov/pubmed/9378388
http://dx.doi.org/10.1111/j.1748-1716.2010.02175.x
http://www.ncbi.nlm.nih.gov/pubmed/20726845
http://dx.doi.org/10.1111/j.1600-0773.1991.tb02040.x
http://www.ncbi.nlm.nih.gov/pubmed/1712969
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Succinate and Maleate Stimulate CCK Secretions from Mucosal Cells and STC-1 Cells 
	Calcium Channel Inhibitor: Diltiazem Inhibits Succinate and Maleate-Stimulated CCK Releases 
	Lactate Dehydrogenase (LDH) Release with Succinate and Maleate for Cytotoxicity 

	Discussion 
	Materials and Methods 
	Materials 
	Intestinal Mucosa Cell Perfusions 
	Cell Cultures 
	Rat Pancreatic Acini for CCK Bioassay 
	CCK Measurements by RIA 
	Lactate Dehydrogenase (LDH) Release from STC-1 Cells 
	Statistical Analyses 

	Conclusions 
	References

