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Introduction

Tr. A. Hlinku 2, 949 76 Nitra, Slovak Republic

ABSTRACT. The aims of the study were: 1. to evaluate the in vivo interaction of
opioid and cholinergic receptors in the regulation of Met-enkephalins (native and
total) and ghrelin concentrations in the rat intestine; 2. to explore the association of
opioids, muscarinic and nicotinic receptors in the regulation of in vitro secretion of
peptidergic hormones such as Met-enkephalin, ghrelin, gastrin and somatostatin
from rat intestine. Two experiments were performed on adult, male Wistar rats:
1. in in vivo experiment animals received a single intraperitoneal injection of
NaCl (control), naltrexone (opioid receptor antagonist), atropine (muscarinic
receptor antagonist) or hexamethonium (nicotinic receptor antagonist), and Met-
enkephalins concentration and expression ofmRNAfor proenkephalin, and ghrelin
concentration were measured in the intestine; 2. in in vitro experiments above
receptors antagonists were added to tissue culture alone or in combination; native
Met-enkephalin, ghrelin, gastrin and somatostatin concentrations were measured
in the medium. In vivo inhibition of receptors increased the concentration of total
Met-enkephalin and potentiated the expression of mRNA for proenkephalin.
Ghrelin concentration was increased by naltrexone and decreased by atropine.
In vitro secretion of Met-enkephalin was decreased by both cholinergic receptor
antagonists but this effect was fully reversed by naltrexone. Ghrelin and gastrin
release from the intestine was increased by all three antagonists given alone;
in vitro somatostatin release from the intestine was attenuated by receptor
antagonists given alone or in combination. The obtained results clearly showed
the interaction of opioids and acetylcholine in the regulation of synthesis,
concentration and release of peptidergic hormones from the rat intestine.

secretion of digestive enzymes and then absorp-
tion are regulated by the neuroendocrine system

The nervous system and the gastrointestinal (Goldspink et al., 2018). It was found that enteric
(GI) tract share several common features including nervous system (ENS) is a component of the neu-
reciprocal interconnections and several neurotrans- ral control systems and affects the intestinal motil-
mitters and peptides known as gut peptides, neuro- ity, fluid transport, blood flow and nutrient ingestion
peptides or hormones. The processes of digestion, (Gribble and Reimann, 2019).
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In the ENS, acetylcholine is the most common
neurotransmitter to induce gastrointestinal smooth
muscle contractions (Skulsky et al., 2007). Acetyl-
choline receptors (AChRs) in the gastrointestinal
tract are represented by the metabotropic muscarinic
receptors (Abrams et al., 2006) and the ionotropic
nicotinic receptors (Albuquerque et al., 2009). Both
share the property of being activated by the endog-
enous neurotransmitter acetylcholine (ACh), and
they are expressed by neuronal and nonneuronal
cells throughout the body (Foong et al., 2015).

Enteric neurons synthesize and release not only
acetylcholine, substance P but also opioid peptides
serving as their transmitters (Holzer, 2009). Opioids
affect primarily neuronal excitability in the enteric
circuitry by the interaction with the ENS neuro-
transmitters. The major effects of opioid receptor
agonists in the GI tract are reduction of contractions
and impairment of peristalsis by inhibition of the re-
lease of acetylcholine and substance P, as well as
decrease of GI peptides secretion by lowering the
activity of ACh-containing neurons.

In the GI tract, opioid receptors: mi for endor-
phins (MOR), delta for enkephalins (DOR) and
kappa for dynorphins (KOR) are localized on enteric
neurons, interstitial cells of Cajal and immune cells.
In humans, opioid receptors link to inhibition of ACh
release from enteric interneurons and motorneurons.
Enkephalins are short opioid peptides, which are
produced mainly by the pituitary, adrenal glands
and the GI tract where they are formed in gastric
and intestinal endocrine cells (Sobczak et al., 2014).
There are two enkephalins, Leu- and Met-enkephalin
existing in the native, short form and total, extended
proenkephalin form. Both peptides are potent DOR
agonists, and additionally possess some affinity to
MOR. The major physiological effect of enkephalins
is antinociception and inhibition of pain signaling in
the central nervous system (CNS) and the periphery,
including the GI tract (Galligan and Sternini, 2017).

Met-enkephalin, can regulate intestinal secre-
tion by acting directly on enterocytes. In previous
experiments it was suggested that enterocytes iso-
lated from the crypt epithelium of guinea pigs have
both mi- and delta-types of opioid receptors (Lang
etal., 1996). It is possible that these cells participate
in opioid-mediated regulation of intestinal secre-
tion. Opioids reduce epithelial secretion and pro-
mote water and electrolyte absorption mainly by the
activation of DOR and MOR (Galligan and Sternini,
2017).

Enterocytes and ENS cells express muscarinic
and cholinergic receptors as well as opioids recep-

tors (Galligan and Sternini, 2017), which may sug-
gest that their interaction affects synthesis and re-
lease of many peptidergic hormones existing in GI
tract such as ghrelin, gastrin and somatostatin.

Ghrelin, called a stimulator of appetite, was
found in the GI system and in many other tissues as
liver, pancreas, heart, adrenal and nervous system.
Previously, it was also found that Met-enkephalin
interacts with the ghrelin activity at the GI and CNS
levels under stressful situations (Dyaczynski et al.,
2018).

Gastrin is a family of several peptides of vary-
ing length with different degrees of biological activ-
ity. It is released from gastric antrum and duodenum
(G cells) in response to direct contact with meal
and stomach distension. Physiologically, gastrin is
responsible for increasing the secretion of hydro-
chloric acid, stomach and pancreatic enzymes and
inhibiting/reducing the appetite. The gastrin gene
is expressed and gastrin is secreted in a variety of
cells: of small and large intestine (duodenal, jejunal,
ileal and colonic mucosas), pancreas and neuroen-
docrine tissue (Copps et al., 2009).

Since its isolation from the hypothalamus in
1973 by Guillemin’s group somatostatin has been
found in almost all peripheral tissues. In the GI tract
somatostatin was found in extrinsic and intrinsic
neurons of ENS and in endocrine D cells of gastric
and duodenal epithelia (Lewin, 1992). In the Gl tract,
somatostatin acts as a local tissue hormone, which
influences endocrine and other cells in the mucosa in
autocrine or paracrine manner. Somatostatin lowers
gastrin secretion and hydrochloric acid production,
and in the small intestine it lowers the secretion of
a number of other GI hormones (Makowska, 2019).

Disorders of GI system are common in animals
and humans and caused a lot of problems such as
pain, inflammation, constipation, diarrhoea, irritable
bowel syndrome, infections, colitis, colon polyps
and cancer. Many of these illness are functional or
motility disorders, influencing stability of endocrine,
nervous and immune systems (Montgomery et al.,
2016).

Unfortunately, an excessive action of opioids/
opiates released as a native peptides or given phar-
macologically as the analgesics, inhibits the pro-
cesses of GI system and might cause significant
health problems for humans and animals.

Many anatomical and biochemical evidences
indicate that opioidergic and cholinergic systems
are co-localized and also act on the same neu-
rons (Sobczak et al., 2014). However, in spite of
extended research, the regulatory mechanisms
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between cholinergic and opioidergic systems dur-
ing activation/inhibition of synthesis and releasing
of GI peptides have not been well characterized,
yet.

Thus, the aims of the study were: 1. to evaluate
the in vivo interaction of opioid and cholinergic
receptors in the regulation of Met-enkephalin and
ghrelin concentrations in the rat intestine; 2. to
explore the association of opioids and muscarinic
and nicotinic receptors in the regulation of in vitro
secretion of peptidergic hormones such as Met-
enkephalin, ghrelin, gastrin and somatostatin from
the rat intestine.

Material and methods

The protocol was approved by the First Local
Ethical Committee on Animal Testing in Krakow
(131/2013/1 LKE).

Experiment 1. The effects of opioid, nicotinic
and muscarinic receptors antagonists on the
ghrelin and Met-enkephalin synthesis and
concentration in the rat intestine

The experiment was carried out on male
Wistar rats (body weight (BW) 220 g, n = 24) kept
in standard conditions (individual cages) with
ad libitum access to commercial feed and water. After
adaptation to laboratory conditions, rats were divided
into 4 groups (control and 3 experimental); animals
received a single intraperitoneal (i.p.) injection of
physiological solution (control group); 3 mg/kg BW
of naltrexone (N group); 5 mg/kg BW of atropine
(A group); and 5 mg/kg BW of hexamethonium
(H group). Thirty minutes after injection animals
were euthanized by injection of 26 mg/kg BW of
pentobarbital according to AVMA Guidelines for the
Euthanasia of Animals (AVMA, 2020). Fragments of
intestine (duodenum) were immediately dissected and
divided into two parts (around 100 mg) for estimation
of hormones concentration (frozen at —80 °C) and for
mRNA expression of proenkephalin (PENK) (frozen
at —80 °C).

Experiment 2. The effects of opioid, nicotinic
and muscarinic receptors antagonists on the
in vitro release of hormones from the rat
intestine

The tissues for the experiment 2 were collected
from the intact male Wistarrats (BW 220 g,n=6) kept
in the standard conditions identical to those in the Ex-
periment 1. After rat euthanasia fragments of intes-

tine (duodenum) were immediately dissected, divid-
ed into six parts (around 50 mg each) for the in vitro
hormones release analysis and kept in the cold Krebs
buffer.

Methods

Estimation of hormones concentration in the
tissue and in the culture medium. Ghrelin and Met-
enkephalins levels in the tissues were estimated by
radioimmunoassay method (ghrelin-commercial kit
from Phoenix Pharmaceuticals, Belmont, CA, USA)
and method evolved by Pierzchala and Van Loon for
enkephalins (Pierzchala and Van Loon, 1990).

Gastrin and somatostatin concentrations in the
culture medium were estimated by the radioimmu-
noassay using commercial kits from DRG-MedTek
(DRG Instruments GmbH, R&D and Production,
Marburg, Germany).

PENK mRNA gene expression. PENK mRNA
gene expression was estimated by modified
method described by Lightman and Young (1987).
Briefly, the frozen fragments of intestine were
sliced (14 pm sections) using a Leica cryostat
microtome (—22 °C). The sections were thaw-
mounted on gelatin-covered microscopic slides,
and stored for 3 days at —20 °C before the assay.
Then, tissue sections were thawed and fixed in
4% formaldehyde in phosphate buffered saline
(PBS; pH 7.4) for 10 min. Next, sections were
acylated for 10 min in triethanolamine/acetic
anhydride (0.25%). Sections were dehydrated by
immersion through graded ethanol (70%, 80%,
95%, 100%) and air-dried. After pre-hybridization,
a synthetic deoxyoligonucleotide, complementary
to the fragment of rat PENK, was labelled using
33S-dATP (1200 Ci/nmol) to obtain a specific activity
about 4 x 106 cpm/pl. The probes were diluted in
ahybridization buffer (formamide, dextran sulphate,
saline-sodium citrate buffer (SSC), Denhardt’s
solution, yeast tRNA, herring sperm DNA).
Hybridization occurred after 20 h in humidified
chamber at 37 °C. Then, the sections were washed
once in SSC for 10 min, then four times for 15 min,
each in SSC/50% formamide at 40 °C, rinsed in
SSC and distilled water at room temperature and
air-dried. The sections were exposed to Kodak
film for 4 weeks (=80 °C). The photo-stimulated
luminescence (PSL) density of the irradiated
plates was measured with BAS-1000 readout
system. The PSL/mm? at the resultant film images
was determined using computer image analysis
system.
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In vitro Met-enkephalin, ghrelin, gastrin
and somatostatin secretions. Met-enkephalin
as well as other hormones secretions from
fragments of tissues were estimated according to
the method of Kowalski and Giraud (1993) with
some modifications. Briefly, 6 fragments of tissues
(50-60 mg) sliced by microtome were placed into
24-well plates with 2 ml of Krebs-Ringer bicarbonate
buffer (medium). Groups of intestine were treated
with antagonists: 100 pl of NaCl (control), 100 nM
of atropine (A), hexamethonium (H), naltrexone (N),
atropine plus hexamethonium (A+H) and atropine
plus hexamethonium plus naltrexone (N+A-+H).

Results

Hormones concentration in the tissue
(Experiment 1, Table 1)

Met-enkephalin concentration. Injection of
naltrexone significantly decreased the concentration
of native Met-enkephalin in the intestine from
39.5 £ 2.5 in control rats to 22.5 + 1.9 fmol/mg
protein (P < 0.05). In contrast, concentration of
total Met-enkephalin and expression of mRNA
for PENK were increased after inhibition of the
opioid receptors (P < 0.05), by 53.4 and 90.9%,
respectively.

Table 1. The effects of opioid and cholinergic receptors antagonists on concentrations of native and total Met-enkephalin, mRNA of proenkephalin

and ghrelin in the rat intestine (x £ SEM)

) Groups'
Indices control N A H
Native Met-enkephalin, fmol/mg protein 39.5 252 225+1.9 435+ 3.7° 335+£29%
Total Met-enkephalin, fmol/mg protein 486 + 332 746 £ 65° 840 + 66° 705 + 55
mRNA proenkephalin, PSL/mm? 303 +£20.32 630 +12.6° 770 £22.5° 586 + 41.8>
Ghrelin, fmol/mg protein 356 + 332 573 +43° 266 £ 21° 291 £ 23

' — animals received: a single intraperitoneal injection of physiological solution (control group); 3 mg/kg body weight (BW) of naltrexone
(N group); 5 mg/kg BW of atropine (A group) and 5 mg/kg BW of hexamethonium (H group); PSL — photo-stimulated luminescence; ¢ — values

with different superscripts are significantly different at P < 0.05

After a 30-min preincubation period, tissues were
incubated at 37 °C for five successive 30-min periods
in 2 ml of medium according to the sequence: 1.
basal medium; 2. stimulating medium with 100 nM
of opioids or cholinergic receptors antagonists;
3. basal medium; 4. basal medium; 5. stimulating
medium with 56 mM KCI. Stimulation with KCl
served to validate survival of the tissue through the
experiment. The concentration of Met-enkephalin,
ghrelin, gastrin and somatostatin in the basal media
were not significantly different, so the results were
pooled and presented as hormones release under
basal conditions.

Protein estimation. Concentrations of all hor-
mones in the tissues or incubation media were cal-
culated per mg of total protein. Proteins were esti-
mated by Folin—Ciocalteu reagent (FCR) according
to Lowry et al. (1951).

Statistical analysis

The obtained results were tested for the homoge-
neity of variances (Hartley-Cochran-Bartlett test) and
the normality of distribution (Shapiro-Wilk test). The
data were analysed statistically by one-way analysis
of variance (ANOVA) followed by the Fisher LSD
post-hoc test. All results were expressed as mean va-
lue and standard error of means (X £ SEM). A value
of P <0.05 was considered statistically significant.

Inhibition of muscarinic receptors by atropine
caused increase of total Met-enkephalin concen-
tration by 72.7% (to 840 + 66 fmol/mg protein,
P < 0.05) as well as the expression of mRNA for
PENK (increase to 770 + 22.5 PSL/mm?, 133.3%,
P < 0.05). Similarly to atropine, hexamethonium
did not changed the native Met-enkephalin concen-
tration, but significantly (P < 0.05) increased the
total Met-enkephalin concentration (by 44.9%) and
expression of mMRNA PENK (by 75.8%).

Ghrelin concentration. Injection of naltrexone
increased the tissue concentration of ghrelin from
356 £ 33 to 573 = 43 fmol/mg protein (P < 0.05,
60.9%). Unexpectedly, nicotinic cholinergic recep-
tors inhibition did not change the peptide concen-
tration in the rat intestine. In contrast, atropine de-
creased the concentration of ghrelin from 356 + 33
to 266 + 21 fmol/mg protein (P < 0.05).

Peptidergic hormones in vitro release
from intestine (Experiment 2)

Met-enkephalin (Figure 1). Native Met-
enkephalin release from intestine was decreased
by both cholinergic receptors antagonists (atropine
and hexamethonium) (P < 0.05) by 90.9 and
28.6%, respectively. In contrast, naltrexone alone
potentiated the in vitro release of Met-enkephalin
(by 66.7%, P < 0.05). Naltrexone added together with
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Figure 1. Effects of opioid and cholinergic receptors antagonists on the in vitro secretion of native Met-enkephalin from the rat intestine (fmol/mg
protein, x £ SEM). a—d - bars with different superscripts are significantly different at P < 0.05.
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Figure 2. Effects of opioid and cholinergic receptors antagonists on the in vifro secretion of ghrelin from rat the intestine (fmol/mg protein,
x £ SEM). a—f - bars with different superscripts are significantly different at P < 0.05.

both cholinergic receptors antagonists stimulated
Met-enkephalin in vitro release from intestine by
114.5% (P < 0.05).

Ghrelin (Figure 2). Atropine increased ghrelin
release from the basal level of 3.2 £ 0.15 to
5.1£0.3 fmol/mg protein (P < 0.5); hexamethonium
potentiated the hormone release by 121.9% to
7.1 £ 0.7 fmol/mg protein (P < 0.05). Unexpectedly,
combination of atropine and hexamethonium
decreased the ghrelin release by 28% (P < 0.05).

Blockade of opioid receptors by naltrexone
alone did not change the level of ghrelin secretion
but in combination with both cholinergic receptors
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antagonists significantly decreased the ghrelin
release to the level of 1.4 + 0.11 fmol/mg protein
(fall by 56%, P < 0.05).

Gastrin (Figure 3). Both cholinergic receptors
antagonists added separately to the medium
increased the gastrin release from the intestine
by 201.5% after atropine from the basal level of
1.33+£0.11t04.01 £0.33 fmol/mg protein (P <0.05),
and more than 11 times by hexamethonium to the
level of 17.12 = 1.35 fmol/mg protein (P < 0.05).
Similarly to ghrelin, combined addition of atropine
and hexamethonium caused inhibition of gastrin
secretion (P < 0.05).

O baseline (B)

[ atropine (A)

W hexamethonium (H)

& naltrexone(N)

B atropine + hexamethonium (A+H)

¥ naltrexone + atropine + hexamethonium (N+A +H)

Figure 3. Effects of opioid and cholinergic receptors antagonists on the in vitro secretion of gastrin from rat the intestine (fmol/mg protein,
x £ SEM). a—f — bars with different superscripts are significantly different at P < 0.05.
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Naltrexone alone caused increase of gastrin se-
cretion up to 7.63 + 0.55 fmol/mg protein (P < 0.05),
however added together with muscarinic and nico-
tinic receptors antagonists increased the hormone re-
lease only to 4.77 &+ 0.35 fmol/mg protein (P < 0.05).

Somatostatin (Figure 4). Opioid receptor
antagonist and cholinergic receptors antagonists
significantly attenuated somatostatin release from the
rat intestine in in vitro conditions, however their effect
was different — the lowest change was observed after
hexamethonium (decrease by 39.3%, P < 0.05), the
highest — after atropine + hexamethonium addition
(decrease by 73.5%, P <0.05).

The opioid peptides of the gut, mainly
B-endorphin and Met-enkephalin are present in
the neurones of the myenteric plexus. Axonal
projections from these neurones innervate the
circular muscle layer and reach the myenteric
Auerbach plexus. Neural receptors for the opioid
peptides have been identified in the myenteric
plexus causing hyperpolarization of neurones,
inhibition of ACh release and blockade of muscle
contraction. Recently, it was found that opioid
receptors are co-expressed in cholinergic neurons
of mouse ileum myenteric plexus (Altarifi et al.,
2017).
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Figure 4. Effects of opioid and cholinergic receptors antagonists on the in vitro secretion of somatostatin from the rat intestine (fmol/mg protein,
x £ SEM). a—d - bars with different superscripts are significantly different at P < 0.05.

Discussion

Enteroendocrine cells, the largest and most
diverse population of mammalian endocrine
cells, comprise a number of different cell types in
the gut mucosa that synthesize store and secrete
peptides and larger proteins that are involved into
regulation of many aspects of gut physiology. Most
enteroendocrine cells release their hormones or
regulatory peptides into the local environment from
which they act in paracrine manner, reach nerve
endings or enter the blood. Although the endocrine
cells are present in all parts of the intestine, in
the present experiments we have focused on the
duodenum, where sensory cells are predominant and
determine contents entering from the stomach and
send signals to other organ systems. These signals
are necessary to effectively process and utilize the
food or defend the organism against possible harmful
chemicals or toxins. The endogenous opioids and
opioid receptors that participate in these physiologic
processes are expressed by neurons in the gut where
they mediate functions such as gastric emptying,
gut motility and intestinal secretion (Holzer, 2009;
Galligan and Sternini, 2017).

Expression of proopiomelanocortin and PENK
was found in several parts of intestine and proved that
their native forms — f-endorphin and Met-enkephalin
were secreted in the gastric, duodenal and jejunal
lumena. However, little is known about the types of
cells that are the source of endogenous opioid peptides
delivered to the gut lumen (Altarifi et al., 2017 ).

In the first experiment (in vivo) inhibition of opi-
oid receptors by injection of naltrexone decreased the
native, five amino acids Met-enkephalin concentra-
tion in the intestine along with the significant increase
of total form (PENK) of the opioid. It seems prob-
able that antagonist blocking the opioid receptors in
the duodenum caused immediate release of the na-
tive form of Met-enkephalin from the nerves to the
intestine lumen. Previously, it was found that naltrex-
one decreased the level of native Met-enkephalin in
various tissues throughout the body. Interestingly,
the concentration of total Met-enkephalin which
contains mainly PENK was increased by 54% in the
tested duodenum fragments. Probably, PENK was
not processed by hydrolytic enzymes to the native,
biologically active peptide. Moreover, the mRNA ex-
pression of PENK was increased by more than 90%
after naltrexone injection, which may suggest the
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stimulation of the synthesis by negative feedback,
ACh, gastrointestinal hormones or by unidentified
factors.

Interestingly, naltrexone affected also ghrelin
secretion or/and synthesis in the duodenum increas-
ing its concentration almost by 61%. Interaction
of opioids and ghrelin was found in lamb, piglet
(Pierzchata-Koziec, 2012) and human (Dyaczynski
et al., 2020). It can be speculated that endogenous
opioids in the gut may have a local modulating ef-
fect on the ghrelin secretion. In this case, low level
of the native, physiologically active enkephalin
along with the blocked opioid receptors caused inhi-
bition of ghrelin secretion which resulted in higher
concentrations of both — total Met-enkephalin and
ghrelin in the duodenum tissue.

In contrast to naltrexone, injections of choliner-
gic antagonists atropine (muscarinic receptor) and
hexamethonium (nicotinic receptors) did not affect
the concentration of native Met-enkephalin, but
again increased the concentration of total form of
enkephalin as well as mRNA PENK expression. It
is worth to emphasize that the stimulating effect of
muscarinic receptors inhibition was much stronger
than that caused by hexamethonium. Similarly to
this, only atropine significantly decreased ghrelin
concentration in the duodenum, the diminishing
effect of hexamethonium on the ghrelin was weak
and caused only tendency to lower the peptide level.
Probably, the muscarinic and nicotinic receptors
distribution in the duodenum is variable and their
activation by agonists and inhibition by antagonists
lasted for different period of time.

These suggestions are in agreement with the
fact that activation of muscarinic receptors causes
excitatory input for GI motility (Sobczak et al.,
2014). From the five muscarinic receptors subtypes
(M1-M5) only M2 and M3 are present on the
smooth muscle cells of GI tract and expressed at ra-
tio 3:1, respectively. The muscarinic metabotropic
receptors are second messenger, G protein-coupled
seven-transmembrane proteins. Activation of mus-
carinic acetylcholine receptors (mAChRs) is rela-
tively slow (milliseconds to seconds) and, depend-
ing on the subtypes present (M2-M3), they directly
alter cellular homeostasis of phospholipase C, inosi-
tol trisphosphate, cAMP and free calcium (Takeuchi
et al., 20006).

On the other hand, the fast ionotropic cationic
nicotinic receptor channel (nAChR) activity is in-
duced in the micro- to submicrosecond range and
the effect on the release and/or synthesis of hor-
mones lasted for very short time making impossible
to notice the changes (Takeuchi et al., 20006).

These results revealed the presence of opioid re-
ceptors delta and proved the synthesis of enkephalin
and ghrelin in the duodenum cells and showed the
interaction with cholinergic receptors.

However, the question is arising — how the inhi-
bition of cholinergic and opioid receptors affect (di-
rectly or indirectly) the secretion of Met-enkephalin,
ghrelin, gastrin and somatostatin from duodenum. In
order to find the answer, we created the model for in
vitro peptides secretion based on the short cell culture
method enabling to estimate immediate stimulation/
inhibition of hormones release into the medium (in
vitro experiment).

Basal in vitro release of native Met-enkephalin
from the intestine fragments was only 5% of that
level measured in the intestine in in vivo condition
(2.1 £0.1 vs 39.5 + 2.5 fmol/mg protein, respective-
ly). Increased opioid secretion by naltrexone was in
the agreement with the result observed in the in vivo
experiment in which the native Met-enkephalin level
was decreased. It can be speculated that low-dose na-
Itrexone (LDN) used in our in vivo and in vitro ex-
periments acted as a partial agonist and stimulated
the release of native Met-enkephalin which has po-
tential as an anti-inflammatory agent. In the review of
Parker et al. (2018) it was shown that LDN has posi-
tive anti-inflammatory effect in patients with Crohn’s
disease and taking into account that Met-enkephalin
decreases inflammation, higher degree of this pep-
tide secretion may help in modulating this pathology.
Owczarek et al. (2011) demonstrated that serum free
(native) Met-enkephalin levels were depressed in pa-
tients with inflammatory bowel disease (IBD). Con-
versely, Met-enkephalin levels in colonic biopsies
collected from inflammatory lesions of IBD patients
were significantly higher as compared to sections
without inflammatory lesions and their level corre-
lated with disease activity. Altogether, the changes
of synthesis, secretion of Met-enkephalin indicate
that endogenous opioid plays also a role in the anti-
inflammatory process in the GI tract.

Interestingly, atropine and hexamethonium added
separately or gradually to the cell culture decreased
the in vitro Met-enkephalin secretion. It seems that
the cholinergic nerves activity is necessary to control
the opioids release via ACh. Unexpectedly, naltrex-
one reversed this diminishing effect of both choliner-
gic receptor antagonists on the opioid secretion and
significantly increased the Met-enkephalin secretion.
Possibly, in in vitro conditions the lack of acetylcho-
line and additional unspecified factors (enzymes/hor-
mones) let naltrexone fully stimulate the release of
opioid peptide from the intestine (Kokrashvili et al.,
2009).
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Quite opposite results were obtained for ghrelin
secretion from the intestine — naltrexone itself did
not affect the release of this hormone, but both
cholinergic receptors antagonists added separately
increased in vitro ghrelin secretion. Intriguing result
was observed after treating the tissue consecutively
with both — atropine and hexamethonium, because
the ghrelin secretion was lowered below the
basal level. It seems probable that inhibition of
muscarinic and nicotinic receptors and lack of
ACh activity prevents the ghrelin stimulation in
the intestine. Similar results were obtained in rats
after vagotomy, which inhibited the release of
ghrelin from the stomach and duodenum fragments
(Dyaczynski et al., 2018). Vagotomy also changed
the concentration of ghrelin and Met-enkephalin
in the GI tract indicating the interaction of ghrelin,
opioids and vagus nerve (Wieczorek and Pierzchala-
Koziec, unpublished results). These findings are
in contrast to results obtained in experiments on
sheep, in which ACh decreased the secretion of
ghrelin (Scerif et al., 2011), therefore extrapolating
results from rodents to another species should be
very cautious.

In vitro gastrin secretion from the intestine was
increased by atropine and hexamethonium, however
in different degree. Since gastrin release is directly
stimulated by ACh released from vagal fibres
predominantly via muscarinic receptors (Copps
et al., 2009), it may be speculated that inhibition of
these receptors by atropine reciprocally stimulated
the activity of nicotinic receptors, which are less
involved in this process. In turn, blockade of
nicotinic receptors by hexamethonium, potentiated
the activity of muscarinic receptors and the
level of secreted gastrin to the culture media was
significantly higher in comparison to the amount of
hormone released after atropine treatment.

Interesting results were obtained after treatment
with opioid receptors antagonist — naltrexone, which
potentiated the in vitro gastrin release when added
separately. However, naltrexone partially reversed
the diminishing effect of both cholinergic receptors
antagonists and significantly increased the gastrin
release. It may be suggested that increased secretion
of Met-enkephalin after naltrexone supplementation
partially lowered the level of ACh and the secretion
of gastrin was modulated according to various
cholinergic receptors activity. The very first results
obtained by Impicciatore et al. (1977) showed that
in human a small dose of atropine increases the
gastrin release to feeding, however the mechanism
was unclear.

This suggests that opioids are the link between
ACh and gastrin in mediation of nervous and
endocrine activity in the GI system.

Supplementation of opioid and cholinergic
receptors antagonists significantly decreased the
somatostatin release from the intestine cells, however
the diminishing effect of naltrexone given alone or in
combination with atropine and hexamethonium was
stronger than cholinergic antagonists. Somatostatin
is the main hormone controlling the activity of all
other GI hormones directly via specific receptors
or indirectly by inhibiting synthesis, secretion
and function of hormones. Somatostatin causes
relaxation of the intestinal smooth muscles, reduces
the secretion of digestive enzymes and gut hormones
(Thompson et al., 2014).

Unexpectedly, in the present in vitro experiment
was clearly shown that inhibited activity of
cholinergic and opioid receptors, and in turn lack
of ACh, had enormous attenuated effect on the
somatostatin release from the intestine.

It may be speculated that in the GI tract there
is extended bilateral relationship between the
peptidergic hormones, their receptors and vagus
nerve.

Contribution to the field

We have evaluated in vivo interaction of
opioid and cholinergic receptors in the regulation
of Met-enkephalin and ghrelin concentrations in
the rat intestine. Additionally, we have provided
evidence for functional selectivity of opioid and
cholinergic receptors and discussed potential
issues related to translation of organ-derived data
to the whole animal levels. Selective stimulation
of hormones release may be possible when
agonists are expressed by distinct cells or neuronal
subtypes. Peptides differ with their susceptibility
to degradation, complicating the interpretation
of studies of duration or magnitude of effects.
Furthermore, these peptides vary in their relative
affinities to specific receptors. The endpoints
that we measured may be indirect and result
from activation of complex pathways involving
a number of other, unspecified transmitters.
However, understanding the fundamental basis for
agonists/antagonists bias and determining whether
differences in the expression and release of
intestine hormones underlie the development and
maintenance of disease may be more promising
way to provide future insight for the development
of safer therapies.
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In the present studies it was shown strong
evidence for a bidirectional link between opioid
and cholinergic systems and the obtained results
potentially have impact on the future research
focused on delineating the relative contributions
of immune, neural and endocrine pathways in the
regulating of gastrointestinal milieu. Firstly, the
extension ofknowledge on physiological interactions
between hormones, enzymes and neurotrasmitters
as well as receptors may help to predict, prevent and
cure various GI diseases. Secondly, overdosing of
opiates in animals and humans (analgesic, anti-
inflammatory drugs) causes disorders of GI tract,
slows down the growth and development, which
meansthatfutureworkshould focusalsoonthisaspect.
And, thirdly and foremost, these results may have to
help understand the impact of various feed additives
on the modulation of the GI tract activity. Recent
articles present positive (Herosimczyk et al., 2018;
Dupak etal., 2020) or negative (Dziedzic et al.,2019;
Kapp-Bitter et al., 2020) aspects of feed additives
(inulin, plant antioxidants, menhaden oil, tannins)
on the proteome, metabolism and antioxidant status
of animals that clearly indicates that further work
is needed to better understand the mechanisms by
which different additives can differentially affect
neuroendocrine GI functioning.

Conclusions

It may be suggested that acetylocholine
affects the ghrelin and gastrin release mainly by
muscarinic receptors. The interaction of opioids
and acetylcholine in the regulation of synthesis,
concentration and release of peptidergic hormones
from the rat intestine was clearly shown.
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