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ARTICLE INFO ABSTRACT

Keywords: Stress increases the apelin content in gut, while exogenous peripheral apelin has been shown to induce chole-
Apelin cystokinin (CCK) release. The present study was designed to elucidate (i) the effect of acute stress on enteric
Restraint stress production of apelin and CCK, (ii) the role of APJ receptors in apelin-induced CCK release depending on the
Cholecystokinin nutritional status. CCK levels were assayed in portal vein blood samples obtained from stressed (ARS) and non-
?:s{i;::eptor stressed (NS) rats previously injected with APJ receptor antagonist F13A or vehicle. Duodenal expressions of

apelin, CCK and APJ receptor were detected by immunohistochemistry. ARS increased the CCK release which
was abolished by selective APJ receptor antagonist F13A. The stimulatory effect of ARS on CCK production was
only observed in rats fed ad-libitum. Apelin and CCK expressions were upregulated by ARS. In addition to the
duodenal I cells, APJ receptor was also detected in CCK-producing myenteric neurons. Enteric apelin appears to
regulate the stress-induced changes in GI functions through CCK. Therefore, apelin/APJ receptor systems seem

to be a therapeutic target for the treatment of stress-related gastrointestinal disorders.

1. Introduction

Functional gastrointestinal disorders (FGID) are defined as a group
of functional abnormalities characterized by persistent pattern with no
structural or biochemical abnormalities that account for the symptoms
(Oshima and Miwa, 2013, 2014; Talley, 2008). In modern societies,
most individuals experience mental, physical and social stressors on a
daily basis. Exposure to stress is known to play a pivotal role in etio-
pathogenesis of FGIDs such as functional dyspepsia (FD). Chronic ex-
posure to a stressor results in permanent changes in neurobiology of the
brain-gut axis which yields autonomic dysfunction (Bhatia and Tandon,
2005; Lenz et al., 1988; Tache and Bonaz, 2007). Comprising of both
physical and psychogenic components, acute restraint stress (ARS) is a
commonly used model in rodents (Lenz et al., 1988) which was shown
previously in rodents to induce GI motor dysfunction including delayed
solid gastric emptying (GE) (Martinez et al., 2004; Nakade et al., 2005),
disturbed migrating motor complex (Zheng et al., 2009) and ac-
celerated colonic transit rate (Bulbul et al., 2012; Bulbul et al., 2016).

Apelin, the endogenous ligand for the G-protein-coupled APJ re-
ceptor, was initially isolated from bovine stomach in 1998 (Tatemoto
et al., 1998). Apelin gene encodes the pre-proapelin molecule which
contains 77 amino acids with a signal peptide in the N-terminal region.
Among the numerous biological active products of preproapelin, apelin-
13 has been shown to be the most abundant form with a greater affinity

for APJ in rodents (De Mota et al., 2000; Medhurst et al., 2003). Within
the GI tract, wide distribution of apelin/APJ receptor system suggests
that the released apelin from gut may exhibit a regulatory role in GI
functions (Han et al., 2008; Han et al., 2007; Susaki et al., 2005; Wang
et al., 2004; Wang et al., 2009).

Recently, acute stress-induced increase in gastric apelin content was
demonstrated in rats (Izgut-Uysal et al., 2014), furthermore, peripheral
administration of apelin has been shown to induce the release of cho-
lecystokinin (CCK), the well-defined alimentary peptide hormone
which is released in the postprandial stage in response to the meal in-
gestion (Bulbul et al., 2017a; Flemstrom et al., 2011; Wattez et al.,
2013). Therefore, using restraint stress model in male rats, the aim of
the present study was to investigate whether (i) ARS alters the pro-
duction of enteric apelin and CCK, (ii) increased endogenous apelin
induces CCK release and through APJ receptor, (iii) the endogenous
apelin-induced actions are altered upon the nutritional status. Finally,
using double immunofluorescence labeling, we also investigated (iv)
the putative sources of enteric CCK that responding to endogenous
apelin through APJ receptor.
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2. Materials and methods
2.1. Animals

Wistar rats (280-300g) were housed at a room temperature of
22-24°C with a 12-h light/12-h dark cycle (light on 6:30 a.m. to
6:30 p.m.). Rats were given ad libitum access to food and water. All
experimental protocols used in this study were approved by the
guidelines of the Animal Ethical Committee of Akdeniz University. The
body weight of each rat was monitored for weight gain throughout the
experimental procedures. Also, to minimize the stress, animals were
acclimatized to handling for 7 days prior to the experimental proce-
dures.

2.2. Acute restraint stress loading

The rats were placed on a wooden plate with their trunks wrapped
in a confining harness for 90 min, as previously reported (Bulbul et al.,
2016; Bulbul et al., 2017b). During the ARS, rats were able to move
their limbs and head but not their trunks.

2.3. Experimental procedures

2.3.1. Surgery

For collection of the blood samples, the rats underwent chronic
portal vein cannulation, as described previously (Strubbe et al., 1999).
Briefly, under isoflurane anesthesia (5% for induction; 2.5% for main-
tenance in pure O, at a flow rate of 200-400 ml/min), the abdomen was
opened through a middle incision. The superior mesenteric vein was
then separated from the surrounding tissue and clamped. A 22G sterile
polyurethane catheter (C30PU-RPV1435, Instech, Plymouth Meeting,
PA, USA) was inserted into the mesenteric vein and advanced to the
portal vein. Immediately after the insertion, the clamp was removed
and the catheter was fixed onto vessel with using 5.0 silk. The catheter
was exteriorized through abdominal wall and ran towards the back
subcutaneously, then placed outside the neck skin. After filling with
heparinized saline (5001U/ml), the cathether was connected to a
plastic port (PNP3F22, Instech) which enables chronic aseptic access to
the catheter for multiple sampling. Before the experiments, all animals
were allowed to recover for 7 days.

2.3.2. Blood sampling

For measurement of the CCK concentrations in plasma, the portal
vein blood samples were collected before, throughout (with 30 min
intervals) and 60 min after the ARS loading from the rats previously
injected with vehicle or APJ receptor antagonist F13A 30 min before
the initiation of stress loading. F13A (300 pg/kg, i.p.) was dissolved in
sterile saline and administered by hand to the lightly restrained rats
gently wrapped in a soft cloth. The dose of F13A was obtained from our
previous report (Bulbul et al., 2017a). In a separate group of animals, to
test whether an overnight fasting alters the ARS-induced CCK release,
ad-libitum fed and fasted rats were loaded with ARS 30 min following
the injection of vehicle or F13A. In our first set of experiments, the
stress-induced CCK release was only detected in post-ARS samples,
therefore, in the second set of experiments, the blood samples were only
withdrawn 60 min after the termination of ARS. A representative flow
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chart of the experimental design is presented in Fig.1.

2.3.3. Quantification of CCK levels in plasma

The whole blood samples were aliquoted following a centrifugation
at 10,000 g then kept at —80°C prior to the analysis. Plasma CCK
concentrations were quantified using commercially available enzyme
immunoassay (EIA) kits (Phoenix Pharmaceuticals, CA, USA). Prior to
the assay, the samples were extracted using Sep-Pak C-18 (Phoenix
Pharmaceuticals) columns and assay procedures were carried out fol-
lowing the protocols of the manufacturer.

2.4. Histology

In a separate group of stressed (n = 3) and NS (n = 3) animals,
duodenums were obtained following cardiac perfusion (with 50 ml of
saline). The abdomen was opened and duodenal tissues were removed
and post-fixed 4% formalin for overnight, rinse with phosphate-buf-
fered saline (PBS) and embedded. Subsequently, 5 pm-thick duodenal
sections were cut using a microtome. Serial sections were collected on
SuperFrost Plus slides (Novoglas, Berne, Switzerland).

2.4.1. Immunohistochemistry

Five-micrometer-thick sections of formalin-fixed paraffin-embedded
duodenal tissues were dried overnight at 56 °C. The samples were de-
paraffinized in xylene at room temperature for 10 min and rehydrated
with a graded ethanol series and then washed in distilled water.
Antigen retrieval was performed by boiling the slides in citrate buffer
(pH 6.0, 0.01 M) in a microwave oven at 100 °C for 7 min. The sections
were washed 3 times in PBS (pH:7.4) for 15min each. Endogenous
peroxidase activity was blocked by incubating the sections with 3%
H,0, for 15 min. Then, the slides were incubated with blocking serum
(Lab-vision, Fremont, CA, USA) for 7 min to block non-specific im-
munoglobulin binding. The sections were incubated with anti-CCK
mouse monoclonal primary antibody (ab37274, Abcam, Cambridge,
UK) at dilution of 1:200 overnight at 4 °C. Subsequently, the sections
were incubated with a biotinylated anti-mouse secondary antibody
(Vector Lab. Inc., Burlingame, CA, USA) at 1:400 dilution for 1h at
room temperature. The sections were overlaid with peroxidase-labeled
streptavidin (ab64629, Abcam) for 25 min and followed by rinsing in
PBS for 15 min. Diaminobenzidine (DAB, Vector, Burlingame, CA, USA)
was added as a substrate and the sections were observed until they
simultaneously turned brown. Finally, the sections were counterstained
with hematoxylin and examined with Axioplan light microscope (Zeiss,
Germany) and photographed. The CCK immunostaining was quantified
as the average percentage of CCK-staining area by using ImageJ soft-
ware.

2.4.2. Double-labeled immunofluorescence

Double labeling was carried out in a sequential manner. Briefly,
tissues were first incubated in rabbit anti-Apelin (1:200; bs-2425R,
Bioss Antibodies), rabbit anti-APJ (1:100; ab84296, Abcam, Cambridge,
UK), goat anti-GPR40 (1:100; SC-28416, Santa Cruz Biotechnology, CA,
USA) or mouse anti-CCK (1:200; ab37274, Abcam) for overnight at 4 °C
as a cocktail. Then tissues were washed in PBS three times for 5 min,
and incubated in the secondary antibodies donkey anti-mouse (1:400;
Alexa Fluor, A10037), donkey anti-goat (1:400; Alexa Fluor, A11057)

portal vein F13A Fig. 1. Representative flow chart of the experimental
cannulation o design. Portal vein cannulation was performed 7 days
. yehicle before the experiments. Blood samples were col-
Time (day) l _________ bloodsampling lected before, throughout and 60 min after the ARS
-7 -1 0 v v v v v loading from the fasted or ad-libitum fed rats which
C O C C C C C were administered with vehicle or APJ receptor an-
ad-li::!um =30 0 30 60 90 150 tagonist F13A (300 ug/kg, ip) 30 min prior to the

fasting Time (min) stress loading.
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or donkey anti-rabbit (1:400; Alexa Fluor, A21206) for 45 min at room
temperature as a cocktail. Tissues were then washed in PBS for 5 min
and visualized with a fluorescence microscope. The apelin im-
munostaining was quantified as the average percentage of apelin-
staining area by using ImageJ software.

2.5. Statistics

Statistical analyses were performed using SPSS v13.0 software. Data
were expressed as mean = SEM. The time course changes in CCK levels
in plasma levels were evaluated by repeated measures one-way
ANOVA, whereas two-way ANOVA followed by Tukey posthoc test
were used to assess the effects of the fasting or F13A pretreatment on
independent samples. The quantitative analyses of CCK and apelin
immunoreactivities were performed by Kruskal Wallis test followed by
Mann Whitney-U test. A p value < 0.05 was considered as statistically
significant.

3. Results
3.1. ARS increases CCK and apelin immunoreactivities in duodenum

CCK immunoreactivity was observed through the mucosa and tu-
nica muscularis layers of duodenal coronal sections obtained from NS
rats (Fig.2A). The CCK immunoreactivity was detected more intensely
in ARS group (Fig. 2B). In order to elucidate the apelin expression in
duodenum we applied immunoflorescence labeling (Fig.3A-F). A weak
apelin expression was observed in NS group (Fig.3B), while there was
an intense immunoreactivity for apelin in duodenal coronal sections
obtained from ARS-loaded rats (Fig.3E). Compared with NS rats, the
ARS-induced alterations in apelin and CCK immunoreactivities were
observed more intensely in duodenal mucosa (p < 0.05 vs NS) and
myenteric plexi (p < 0.01 vs NS), (Fig. 2C, 3G).

3.2. ARS increases CCK release through APJ receptor

Compared with the basal samples (190.7 + 62.8 pg/ml, n = 6)
collected in the pre-stress period, ARS caused a slight but non-sig-
nificant increase in CCK level at the time point 90 min (392.6 + 141.8,
n = 6). However, a remarkable increase in CCK was detected in the
post-ARS samples which were obtained 60 min after the termination of
stress loading (1224.4 = 155.1, n = 6, p < 0.01). In contrast, F13A
pretreatment completely abolished the ARS-induced elevations in CCK
levels in the post-ARS samples (112.5 + 46.7 pg/ml, n = 6), (Fig. 4).

3.3. Fasting impairs the ARS-induced increases in CCK release

In post-ARS samples obtained from ad-libitum fed rats, ARS induced
approximately 6-fold increase in CCK, whereas it was prevented by
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F13A which caused a 63.5% decline in CCK concentration. Conversely,
the stimulatory effect of ARS was no longer observed in rats underwent
an overnight fasting in which CCK levels exhibited a 9.2% decline.
Compared with the ad-libitum fed rats, the F13A-induced decline was
observed to a lesser degree (—33.4% of basal) in fasted rats (Fig.5).

3.4. APJ receptor is present in duodenal enteroendocrine I cells and
myenteric neurons

GPRA40 is a G-protein coupled receptor for the long-chain free fatty
acids which is commonly used for identification of the CCK-producing
enteroendocrine I cells. Double immunolabeling with primary anti-
bodies for APJ receptor (APJ) (Fig.6B), and GPR40 (Fig.6C) identified
individual epithelial cells in the rat duodenum, additionally, these cells
were present throughout the duodenal mucosa and subset of coex-
pressing cells were found to be visible (Fig.6D, E). Similarly, double
immunolabeling with primary antibodies for CCK (Fig.7B), and APJ
(Fig.7C) identified the circular smooth muscle co-expression
throughout the duodenal muscle layer, while the strongest double-po-
sitive reaction was observed in the neuronal cells of myenteric plexus
(Fig.7D, E).

4. Discussion

In the present study, our findings have demonstrated that restraint
stress loading for 90 min increased the expression of apelin remarkably
in duodenum. The increased endogenous apelin appears to stimulate
the release CCK from enteric neurons and enteroendocrine I cells in
duodenum through the mediation of APJ receptors. Moreover, the
apelin-induced stimulatory action of ARS on CCK seems to be depen-
dent on the nutritional status, so that it was abolished completely in rats
exposed to an overnight fasting.

The accumulating evidence provided from the recent rodent studies
indicate the stimulatory action of exogenously applied apelin on the
CCK release from gut (Flemstrom et al., 2011; Kapica et al., 2012; Wang
et al., 2004; Wattez et al., 2013). In line with these findings, we have
shown previously in rats that peripheral administration of apelin-13
caused a significant delay in solid GE through an APJ receptor-medi-
ated pathway which was abolished by pretreatment of CCK1 receptor
antagonist lorglumide suggesting the mediation of CCK in apelin-in-
duced gastroinhibitory action. Importantly, it has been shown recently
that the expression of apelin in stomach was upregulated in rats ex-
posed to acute water immersion restraint stress (Birsen et al., 2016;
Izgut-Uysal et al., 2014). Our present data demonstrated that ARS in-
creased the CCK release significantly in samples collected 60 min after
the termination of stress, however, the stimulatory effect of ARS was
abolished in rats pretreated with F13A which indicates the mediation of
APJ receptors in the stimulatory action of ARS on CCK release from gut.

Susaki and colleagues demonstrated the measurable levels of apelin

O NS
B ARS

-
o
1

ok

CCK Staining
(% Area)
N
<

o
1

M SM TM MP M SM TM MP

Fig. 2. Distribution of CCK-immunoreactive cells in coronal duodenal sections obtained from NS (A) and ARS-loaded (B) rats. C: the quantitative analysis of CCK
immunoreactivity. TM: tunica muscularis, SM: submucosa, M: Mucosa, MP: myenteric plexus, ARS: acute restraint stress. Black arrows indicate immunoreactive cells
in myenteric ganglia. Scale bars represent 100 um. The statistical comparisons were performed by Kruskal Wallis test followed by Mann Whitney-U test. *p < 0.05,

**p < 0.01 vs NS, n = 3 per group.
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Fig. 3. Apelin immunoexpression in coronal duodenal sections obtained from NS (A-C) and ARS-loaded (D-F) rats. G: the quantitative analysis of apelin im-
munoreactivity. TM: tunica muscularis, SM: submucosa, M: mucosa, MP: myenteric plexus, ARS: acute restraint stress. The scale bar represents 100 um. The Kruskal
Wallis test followed by Mann Whitney-U test was carried out to statistical comparisons. **p < 0.01 vs NS, n = 3 per group.
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Fig. 4. Effect of F13A on ARS-induced alterations in plasma CCK levels. Data
were expressed as mean = SEM. *p < 0.05 vs basal, #p < 0.05 vs vehicle.
ARS: acute restraint stress. The oblique parallel lines designate the 60 min time
period spent after termination of ARS loading. The statistical analyses were
performed using repeated measures one-way ANOVA, n = 6 in all groups.
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Fig. 5. The effect of fasting on ARS-induced elevations in plasma CCK levels
overnight fasted or ad-libitum fed rats which were pretreated with vehicle or
F13A. Data were expressed as mean *+ SEM. *p < 0.05 vs fasted; #p < 0.05
vs ARS. ARS: acute restraint stress. Statistical analysis was performed using
two-way ANOVA followed by Tukey posthoc test, n = 6 in all groups.
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levels both in the gut lumen and the systemic circulation suggesting
that endogenous apelin acts on mediation of the GI functions in an
endocrine and/or paracrine manner (Susaki et al., 2005). Within GI
tract, the expression of apelin/APJ receptor system expression has been
demonstrated in mucosal enteroendocrine cells, mucous-producing
epithelial cells (Susaki et al., 2005) and parietal cells in oxyntic mucosa
(Susaki et al., 2005; Wang et al., 2004), while the immunoreactivity for
APJ receptor was also shown in neuronal cells in myenteric plexus
(Fournel et al., 2015), duodenal goblet cells (Wang et al., 2009), pyloric
mucosal cells (Pope et al., 2012) and smooth muscle layers of the GI
tract (Wang et al., 2009). Despite the previous findings suggesting that
the released apelin from gut may play a role in regulation of
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Fig. 6. Immunofluorescence staining in coronal
duodenal section obtained from ad-libitum fed NS
rats. A: DAPI (blue), B: APJ receptor (green), C:
GPR40 (red) and D: colocalization of APJ with
GPR40 (yellow). The scale bar represents 100 um.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

Fig. 7. Immunofluorescence staining in coronal
duodenal section obtained from ad-libitum fed NS
rats. A: DAPI (blue), B: CCK (red), C: APJ receptor
(green) and D: colocalization of APJ with CCK
(yellow). E: high magnification of boxed region de-
picting double-positive cells in myenteric plexus. The
scale bar represents 100 um. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

postprandial alterations in GI functions through CCK-mediated
pathway, the apelin-responding source of CCK has not been identified.
However, our immunohistochemical analyses demonstrated the ex-
pression of APJ receptor in CCK-producing cells in myenteric plexus
and GPR40-positive enteroendocrine cells in duodenal mucosa. There-
fore, these findings suggest that in response to stress-induced or exo-
genous administered apelin, CCK is released possibly from distinct
sources which appear to be I cells and neuronal cells in myenteric plexi.

In the present study, our findings have revealed that apelin ex-
pression is up-regulated upon ARS, moreover, the stimulatory action of
ARS on CCK release was abolished completely in rats exposed to an
overnight fasting suggesting the effect of nutritional status on APJ
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receptor signaling. The accumulating evidence indicates that CCK-
mediated effects of exogenously administered apelin appear to be de-
pendent on the nutritional status. It has been demonstrated in mice that
fasting caused a decrease in apelin mRNA expression in adipocytes,
while it was recovered by feeding (Boucher et al., 2005). More im-
portantly, it has been demonstrated previously in rats by Flemstrom
that an overnight fasting caused an 8-fold decrease in APJ receptor
expression in duodenal mucosa which resulted in ineffectiveness of
100-fold greater dose of exogenous apelin on bicarbonate secretion
compared with the ad-libitum fed rats (Flemstrom et al., 2011). In line
with the latter finding, we have found recently in rats that exposure to
an 18 h of fasting decreased the expression of APJ receptor mRNA re-
markably in both gastric and duodenal samples (Bulbul et al., 2018). In
our experiments, we have found that ARS caused a 2-fold increase in
plasma CCK level. In contrast, the ARS-induced stimulatory action was
abolished and no longer observed in rats fasted overnight. CCK is re-
leased in response to the dietary fatty acids from upper GI tract (Liou
et al., 2011; Sykaras et al., 2014; Wang et al., 2001). The physiological
effects of CCK on GI motor functions in the postprandial period mainly
include retarding of GE (Grider, 1994; Yamagishi and Debas, 1978) and
CT (Varga et al., 2004) and the disruption of MMC (Deloose et al., 2012;
Romanski, 2009). It has been demonstrated that the inhibitory actions
of CCK on GI motor functions are mediated mainly by CCK1 receptors
expressed on the peripheral endings of vagal sensory fibers, however,
the enteric neurons have been also demonstrated to produce CCK in
rodents (Lay et al., 1999). Therefore, in addition to acting in endocrine
fashion, CCK seems to exert inhibitory actions on GI motor functions in
neurocrine manner (Monnikes et al., 1997; Zittel et al., 1999).

Along with the previous findings, our present data suggest that
during the postprandial period, endogenous apelin reinforces and reg-
ulates the actions of CCK on GI functions (Bulbul et al., 2017a;
Flemstrom et al., 2011; Wang et al., 2004). In physiological perspective,
in the postprandial stage, the released CCK from upper small intestine
exhibits a strong inhibitory effect on GE (Yamagishi and Debas, 1978).
During distension of the stomach, lipids are major triggers of dyspeptic
symptoms such as nausea, bloating, pain, and fullness so that they
modulate upper gastrointestinal sensations and symptoms, so that CCK
is a major mediator of the sensitization of gastric perception by lipids in
patients with functional dyspepsia (FD) as the CCK-A receptor antago-
nists markedly diminish this effect (Fried and Feinle, 2002). Individuals
with FD, the increased peripheral tonus of CCK is believed to contribute
to the development of the dyspeptic symptoms following the meal in-
gestion (Lal et al., 2004; Mayer et al., 2006; Saad and Chey, 2006). In
rodent studies, CCK-induced sensitization of distension-related sensory
and motor responses have been demonstrated (Cremonini et al., 2005;
Lal et al., 2004). In fact, CCK1 receptor antagonists are being tested and
under development for the treatment of the patients suffering from FD
and constipation-predominant form of irritable bowel syndrome (Cann
et al., 1994; Dobrek and Thor, 2009; Varga, 2002; Varga et al., 2004).
Our immunohistochemical analyses revealed that ARS for 90 min in-
creased the CCK immunoreactivity in duodenum, whereas the most
prominent changes were observed in myenteric plexus suggesting the
possibility that the upregulated CCK contributes to the stress-induced
alterations in small intestinal motility through a local neurocrine me-
chanism.

Interestingly, double immunofluorescence analyses demonstrated
the presence of APJ-receptor in the CCK-producing myenteric neurons
in duodenum which indicates the mediation of APJ receptors in neu-
ronal CCK production. Thus, it appears to be convincible that the an-
tagonism of enteric APJ receptors may improve the treatment strategies
designed with CCK receptor antagonists. Although recent rodent studies
have demonstrated that endogenous apelin was upregulated in brain
(Bulbul et al., 2016) and gut (Izgut-Uysal et al., 2014) upon stress, in
fact, it has not been investigated whether endogenous apelin in gut
alters in pathophysiological conditions such as functional GI disorders.
However, it was proposed previously in humans that apelin levels in
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serum could be a potential predictor for such diseases including myo-
cardial infarction (Liu et al., 2015), neonatal sepsis (Gad et al., 2014),
chronic hepatitis (El-Mesallamy et al., 2011), type 2 diabetes mellitus
(Karakoc et al., 2016). Importantly, it has been demonstrated recently
in mice that apelin inhibited the response of gastric tension sensitive
afferents to circular stretch in SLD mice fed with control diet while this
effect was not observed in mice fed chronically with high fat diet. These
findings suggest the modulatory role of apelin in gastric vagal afferent
signaling in a nutritional status dependent manner (Li et al., 2018).
Therefore, it could be speculated that stress exposure increases the
endogenous apelin which in turn contributes to the stress-induced al-
terations in GI functions through the mediation of CCK.

5. Conclusion

Taken together, the present findings highlight that stress exposure
increases the apelin production in gut which in turn stimulates the re-
lease of CCK from enteric sources through an APJ receptor mediated
pathway. Endogenous enteric apelin might be a regulator of both stress-
induced and meal-related alterations in GI functions through CCK.
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