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Abstract The objective of this study was to explore the
role of apelin in the healing of gastric lesions induced by
stress. Male Wistar rats were exposed to water immersion
and restraint stress (WIRS) for 6 h with or without the
apelin receptor antagonist F13A. The rats were killed on
the 1st, 3rd, Sth or 10th day after the end of stress induc-
tion. Apelin and hypoxia-inducible factor-lo. expression
was increased on the 1st day after the end of stress expo-
sure and was decreased daily thereafter. However, F13A
retarded the healing of gastric lesions by preventing the
improvement of mucosal blood flow, prostaglandin E,
production and vascular endothelial growth factor expres-
sion in rats exposed to WIRS. Additionally, FI3A
increased the gastric 4-hydroxynonenol + malondialde-
hyde content on the 1st and 3rd days after the end of stress
induction but did not affect the change in gastric mucosal
nitric oxide levels. In conclusion, apelin may be a regula-
tory protein involved in the healing mechanism of stress-
induced gastric damage.
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Introduction

Apelin is the endogenous ligand for the G protein-linked
orphan receptor APJ [1]. Preproapelin consists of 77 amino
acids and is cleaved into several molecular forms in dif-
ferent tissues, including apelin-36, apelin-17 and apelin-13
[2]. A variety of physiological functions for apelin have
been described, including neuroprotection, regulation of
cardiovascular function, immune response, water intake
and feeding behavior [2, 3].

Apelin and the APJ receptor are widely expressed
throughout the body [2, 4], and both apelin and APJ are
highly expressed in the gastrointestinal system, especially
in the stomach [4, 5]. Apelin mRNA has been detected by
immunohistochemical methods in gastric mucous neck,
parietal, chief and endocrine cells [6], and APJ immunos-
taining has been shown on the surface epithelium of the rat
stomach [4, 5]. The distribution of the apelin/APJ system in
the stomach indicates a potential role for apelin in gastric
functions. Apelin is an angiogenic factor that is involved in
the proliferation of gastric cells [4] and the regulation of
gastric acid secretion [5, 7, 8]. Recently, centrally admin-
istered apelin-13 was shown to inhibit gastric emptying in
mice [9].
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The stomach is one of the main targets of stress. Gastric
ulceration caused by stress is an example of a stress-in-
duced organ injury. Water immersion and restraint stress
(WIRS), which is a complex of physical and psychological
stressors, causes lesions that mimic the gastric lesions
caused by sepsis, trauma or surgery [10, 11]. The gastric
mucosal lesions induced by stress are associated with
increased gastric acid secretion, nitric oxide production and
oxidative stress as well as decreased gastric mucosal
prostaglandin production and gastric blood flow [12]. The
recovery period of gastric mucosal damage is a dynamic
process that involves inflammation, cell proliferation and
differentiation, an increase in the gastric blood flow at the
ulcer margin, the expression of cytokines and growth fac-
tors and the formation of new vessels at the ulcer bed
[13, 14]. The major stimuli for the gastric mucosal lesion-
healing process are growth factors, such as vascular
endothelial growth factor (VEGF) and epidermal growth
factor (EGF) and vasodilator mediators, such as pros-
taglandin E, (PGE,) and nitric oxide (NO). These factors
are produced at the injury site and activate epithelial cell
migration and proliferation via autocrine and/or paracrine
effects [15, 16].

The regulatory mechanism underlying apelin expression
remains unknown; however, our previous findings indi-
cated that gastric apelin expression was upregulated by
WIRS and that the increase in apelin expression in the
gastric mucosa of rats exposed to WIRS might be due to
the induction of hypoxia-inducible factor-1 o (HIF-1a).
According to our study, the apelin-mediated reduction in
lipid peroxidation in the gastric mucosa can be regarded as
a protective effect against gastric damage due to stress
[17]. However, the role of apelin in gastrointestinal phys-
iology has received little attention, and the effects of apelin
on the healing of gastric damage have not been previously
described.

The aim of this study was to determine the role of
apelin in the healing of gastric lesions induced by WIRS.
The WIRS model appears to be very suitable to test the
effect of various factors on the healing of gastric mucosal
lesions [10, 17]. In the present study, we evaluated the
gastric mucosal blood flow (GMBF), which is a compo-
nent of the gastric mucosal barrier, and accompanying
changes in PGE, and NO production in the gastric
mucosa. Oxidative stress was assessed by measuring the
mucosal malondialdehyde (MDA) plus 4-hydroxynonenal
(4-HNE) content. Additionally, mucosal proliferative and
angiogenic factors, including apelin and VEGF, were
analyzed on the 1st, 3rd, 5th and 10th days after the end
of stress exposure. Finally, the APJ receptor antagonist
F13A was used to determine whether apelin was involved
in gastric injury healing.
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Materials and methods
Animals

The 180 adult male Wistar rats weighing 250-300 g used
in this study were provided by the Akdeniz University
Faculty of Medicine Experimental Animals Care and Pro-
duction Unit. The rats were housed in a temperature-con-
trolled environment (23 £ 1 °C) on a 12-h light/dark cycle
with free access to rat chow and tap water. The rats were
allowed to acclimate to the conditions for at least 7 days
prior to the experiments. All experimental procedures were
performed in accordance with mandated standards of
human care and were approved by the Animal Care and
Use Committee of Akdeniz University.

Experimental protocol

The animals were randomly divided into nine groups (8—10
rats per group) as follows: control group, the rats were not
exposed to stress; WIRS 1 day group, the rats were killed
on the 1st day after the end of stress induction; WIRS 3 day
group, the rats were killed on the 3rd day after the end of
stress induction; WIRS 5 day group, the rats were killed on
the 5th day after the end of stress induction; WIRS 10 day
group, the rats were killed on the 10th day after the end of
stress induction; F13A + WIRS 1 day group, the rats were
treated with the APJ receptor antagonist F13A immediately
prior to WIRS and killed on the 1st day after the end of
stress induction; F13A + WIRS 3 day group, the rats were
treated with F13A immediately prior to WIRS and killed
on the 3rd day after the end of stress induction;
F13A + WIRS 5 day group, the rats were treated with
F13A immediately prior to WIRS and killed on the 5th day
after the end of stress induction; F13A 4+ WIRS 10 day
group, the rats were treated with F13A immediately prior
to WIRS and killed on the 10th day after the end of stress
induction.

In the WIRS and F13A + WIRS groups, the conscious
rats were restrained individually in rectangular polypropy-
lene cages (28 cm high x 8 cm wide x 8 cm deep) and
immersed up to the depth of the xyphoid process in a 23 °C
water bath for 6 h to induce WIRS, as described in previous
reports [10, 17, 18]. F13A (150 pg/kg, i.v., Phoenix Phar-
maceuticals, Burlingame, CA, USA, 057-29) was injected
into the tail veins of the rats in the F13A + WIRS groups
immediately prior to the application of WIRS. Following an
18-h fasting period, the animals were anesthetized with a
single intraperitoneal (i.p.) injection of xylazine-ketamine
(10 and 90 mg/kg, respectively, Alfasan International B.V.,
Woerden, The Netherlands). After measurement of the
GMBF, stomach specimens were collected for analysis.
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Western blotting analysis of apelin and VEGF

Tissues were homogenized in 300 pl of lysis buffer [10 mM
Tris (pH 7.4), 100 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1 mM NaF, 20 mM Na,P,05, 2 mM Na3;VO,, 1 % Triton-
X, 10 % glycerol, 0.1 % SDS and 0.5 % deoxycholate]
supplemented with 5 pl of a protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO, USA, P2714) per 100 mg of
gastric tissue. The samples were centrifuged at 15,000 rpm
for 10 min at 4 °C. Then, the supernatants were mixed with
reagents such as the NuPAGE LDS sample buffer (4X)
(Invitrogen, Carlsbad, CA, USA, NP00O7) and reducing
agent (10X) (Invitrogen, Carlsbad, CA, USA, NP0004). The
protein concentration was determined with a commercial kit
(Thermo Scientific, Rockford, IL, USA, NIJ176939)
according to the method of Bradford et al. [19].

Prior to electrophoresis, the samples were boiled for
10 min at 70 °C. Samples containing 35 pg of total protein
were loaded onto a 10 % NuPAGE-Bis-Tris Gel (Invitro-
gen, Carlsbad, CA, USA, NP0316BOX) with a molecular
weight marker (Fermentas, L'T-02241 Vilnius, Lithuania,
SM1811). The gels were run at 200 mV for 45 min (XCell
SureLock™ Mini-Cell Electrophoresis System, Carlsbad,
CA, USA, EI0001), and then, the proteins were transferred
onto a PVDF membrane for 7 min (iBlot® Dry Blotting
System, Invitrogen, Carlsbad, CA, USA, IB1001).

The membrane was processed for Western blotting
analysis (BenchPro Card Processing Station, Invitrogen,
Carlsbad, CA, USA, 4100) using the following steps:
30 min of blocking (5 % non-fat dry milk in 10 mM PBS,
pH 7.4); 10 min rinse (double-distilled water); 60 min
incubation with the apelin (sc-33805) or VEGF (sc-507)
primary antibody (Santa Cruz Biotechnology, CA, USA)
diluted 1:200 in 5 % non-fat dry milk in 10 mM PBS (pH
7.4); 20 min wash (10 mM PBS, pH 7.4); 30 min incuba-
tion with an HRP-conjugated secondary antibody [Santa
Cruz Biotechnology, CA, USA (sc-2004)] diluted 1:4000
in 5 % non-fat dry milk in 10 mM PBS (pH 7.4); 20 min
wash; 6 min rinse. After stripping, the same procedure was
performed wusing a GAPDH antibody (Santa Cruz
Biotechnology, CA, USA, sc-47724, diluted 1:250) in
BenchPro. Finally, the blots were visualized using a
chemiluminescent detection system kit according to the
manufacturer’s instructions (Chemicon, Temecula, CA,
USA, 2600). The membranes were exposed to hyperfilm
(Amersham Biosciences, Buckinghamshire, UK,
RPN3103 K) and subsequently analyzed using the ImageJ
v. 1.37 software [20].

Immunohistochemistry

To detect HIF-1oo and apelin expression using immuno-
histochemistry, 5-pm-thick sections of formalin-fixed

paraffin-embedded tissues were dried overnight at 56 °C.
The samples were deparaffinized twice in xylene at room
temperature for 10 min, dehydrated with a graded ethanol
series and then washed in distilled water. Antigen retrieval
was performed by soaking the slides in a citrate buffer (pH
6.0, 0.01 M) and then boiling them in a microwave oven at
100 °C for 7 min. Endogenous peroxidase activity was
blocked by incubating the sections with 0.3 % H,O, for
15 min. Then, the slides were incubated with blocking
serum for 7 min to block non-specific immunoglobulin
binding. The sections were incubated with either an anti-
HIF-1o. mouse monoclonal primary antibody (Santa Cruz
Biotechnology, CA, USA, sc-53546) or an anti-apelin
rabbit monoclonal primary antibody (Santa Cruz Biotech-
nology, CA, USA, sc-33805) at a 1:400 dilution overnight
at 4 °C. Subsequently, the sections were incubated with a
biotinylated goat anti-mouse IgG (Vector, Burlingame,
CA, USA, BA-9200) for HIF-1a or a horseradish peroxi-
dase (HRP)-conjugated secondary antibody (Santa Cruz
Biotechnology, CA, USA, sc-2004) for apelin at a 1:400
dilution for 45 min. Then, the sections were overlaid with
peroxidase-labeled streptavidin (HRP LSAB-2 system,
K0609, DakoCytomation, Glostrup, Denmark) for 25 min,
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. The evaluation of the
immunohistochemical labeling of HIF-1a in the samples
was performed using H-SCORE [21]. Briefly, the sections
were evaluated using an Axioplan microscope (Zeiss,
Oberkochen, Germany) with a special ocular scale. Three
randomly selected slides, each representing five different
fields at a 200x magnification, were evaluated for the
immunochemical labeling of HIF-1a. The labeling was
scored in a semi-quantitative fashion that included the
intensity of the specific labeling in the sections. For each
tissue, an H-SCORE value was derived by summing the
percentages of cells labeled at each intensity multiplied by
the weighted intensity of the labeling as follows:
H-SCORE = ) P; (i + 1), where i is the intensity score
and P; is the corresponding percentage of cells. Two
observers blinded to the experimental groups performed
the H-SCORE evaluations, and the average score was used.

Gastric lesion evaluation
To determine the lesion index, the stomachs were
removed, incised along the greater curvature and pinned
onto a platform. The macroscopic appearance of the
stomachs was imaged and transferred to a computer. The
total hemorrhagic erosions were determined as the lesion

index (in mm? using the ‘SPOT Advanced Analysis
Program’.
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Gastric mucosal blood flow measurement

The gastric mucosal blood flow was assessed using laser
Doppler flowmetry (LDF 100C, Model TSD 145, Biopac,
Goleta, CA, USA), which is based on the principle of light
reflectance from moving red blood cells [22]. The rats were
anesthetized with xylazine-ketamine, and their abdomens
were opened with a midline incision. The stomach was
exposed and carefully opened along the greater curvature.
The gastric content was gently evacuated, and the gastric
mucosa was washed with 5 ml of PBS (pH 7.4). An optical
probe immobilized using a micromanipulator was gently
placed 0.5 mm above perpendicular to the mucosal surface
in the oxyntic gland area to monitor the GMBF, which was
displayed in mV (value of the Doppler signal voltage) on
the digital panel of the flowmeter. After stabilization, four
points were selected for measurement (one point for
1 min), and the average value was calculated as the BPU
(blood per unit).

Determination of the PGE, concentration

The PGE, assay was performed according to the proto-
col supplied with the PGE, Enzyme Immunoassay Kit
(Cayman, Ann Arbor, MI, USA, 514010). At the end of
the experimental period, the stomachs were opened
along the greater curvature. The mucosa was scraped
with glass slides, immediately frozen in liquid nitrogen
and stored at —80 °C. During analysis, the tissue
scrapings were weighed and homogenized in 1 ml of
homogenization buffer (0.1 M phosphate buffer, pH 7.4)
containing 1 mM EDTA and 10 pM indomethacin per
100 mg of tissue. Then, the tissue homogenates were
spun at 8000xg for 10 min. According to the protocol,
the resultant supernatants were diluted 1:500 with assay
buffer. After measurement of the protein concentration,
the PGE, level was assayed in 96-well plates. The PGE,
level in the gastric mucosa is expressed as pg per mg of
tissue.

Determination of the nitrate/nitrite concentration

The nitrate/nitrite (NO,) concentration in the stomach
was determined using a colorimetric assay kit (Cayman,
Ann Arbor, MI, USA, 780001). Briefly, tissue samples
were weighed and homogenized in 1 ml of PBS (pH 7.4)
per 100 mg of tissue. The exudates were centrifuged at
2500 rpm for 10 min. The supernatant was passed
through a 30 kDa filter by centrifugation at
29,000x g for 60 min. The filtrate was incubated with the
nitrate reductase and cofactor mixtures for 3 h at room
temperature according to the manufacturer’s instructions
to convert the nitrate in the sample to nitrite. The optical
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density of the wells was measured with a microplate
reader (Biotek, ELx800, Highland Park, VT, USA) at
540 nm, and the total nitrite concentration, which
reflected the amount of NOx in the sample, was calcu-
lated using a standard nitrate curve after reaction with
Griess reagent. The results are expressed as UM per mg
of protein.

Determination of 4-HNE-MDA concentration

To evaluate lipid peroxidation in the gastric mucosa, the
4-HNE plus MDA concentration was determined according
to the protocol supplied with the colorimetric assay (Oxis
Research Bioxytech LPO 586, Burlingame, CA, USA,
21012). Briefly, tissue samples were homogenized in 10 ml
of ice-cold phosphate buffered saline (PBS, 20 mM, pH
7.4) per 1 g of tissue. Prior to homogenization, 10 pl of
0.5 M butylated hydroxytoluene in acetonitrile was added
to 1 ml of tissue homogenate to prevent the oxidation of
the tissue sample during homogenization. The prepared
homogenate was centrifuged at 3000x g at 4 °C for 10 min.
The resultant clean supernatant was used for the assay. The
samples were transferred to a colorimetric assay kit
according to the manufacturer’s instructions. The 4-HNE
plus MDA concentration was calculated using a standard
curve, and the results were expressed as nM per mg of
tissue.

Statistical analysis

The data were analyzed using the SPSS v. 13.0 software.
The Kruskal-Wallis test followed by the Mann-Whitney
U test was used to evaluate the data. Quantitative data were
described as medians (minimum-maximum values). For the
graphical presentation of the medians (minimum-maxi-
mum values), box plots [display showing the upper and the
lower quartiles (75 and 25 percentiles, respectively) and
range] were used. P < 0.05 was considered statistically
significant.

Results

Stress-induced apelin expression gradually
diminishes during the healing of gastric mucosal
lesions

To assess the relationship between the apelin expression
and the healing of gastric lesions induced by stress, we
determined the changes of apelin expression via Western
blotting analysis during gastric lesion healing. Increased
apelin expression was observed on the 1st day after the end
of WIRS induction [0.99 (0.74-1.10) in the control group
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and 2.33 (2.06-3.25) in the WIRS 1 day group, p < 0.05].
However, the apelin overexpression gradually diminished
in the days following the stress exposure and returned to
the level of the control group on the 10th day after the end
of stress induction (p < 0.05 vs. the WIRS 1 day group)
(Fig. 1a).

The immunohistochemical analysis demonstrated an
increase in apelin staining in the neck region of the gastric
mucosa after exposure to stress (Fig. 1b).

Stress-induced HIF-1a expression diminishes
during the healing of gastric mucosal lesions

To assess the relationship between HIF-1a expression and
the healing of gastric lesions induced by stress, we deter-
mined the changes in HIF-1a expression via immunohis-
tochemical analysis during gastric lesion healing. Similar
to apelin expression, increased HIF-lo expression was

observed on the 1st day after the end of stress induction
(p < 0.05 vs. the control group) and gradually diminished
during gastric mucosal lesion healing (Fig. 2).

The APJ receptor antagonist retards the healing
of gastric mucosal lesions

As shown in Fig. 3a, b, marked hemorrhagic lesions in the
gastric mucosa were observed on the 1st day after the end
of stress induction (p < 0.01 vs. the control group).
Although hemorrhagic lesions were still observed on the
3rd and 5th days after the end of WIRS induction, the
lesions were almost completely healed on the 10th day
after the end of stress induction. However, F13A treatment
delayed gastric lesion healing, with the gastric lesions
significantly increased on the 5th and 10th days after the
end of the stress exposure (p < 0.05 vs. WIRS 5 day group
and p < 0.05 vs. WIRS 10 day group).
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Fig. 1 a Determination of apelin expression in gastric tissues by
Western blotting analysis during gastric lesion healing in rats exposed
to WIRS for 6 h. Data are presented as box plots showing the range,
quartiles (25-75 %) and median. *p < 0.05 vs. the control group;

&p <0.05 vs. the WIRS 1 day group. b Immunohistochemical
staining of apelin in the gastric samples during gastric lesion healing
in rats exposed to WIRS for 6 h. Original magnification x200 (n = 4
rats/group)
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Fig. 2 a Immunohistochemical labeling of HIF-1a in gastric tissues
during gastric lesion healing in rats exposed to WIRS for 6 h. Original
magnification x200. b Graphics of the mathematical values of the
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Fig. 3 Gastric lesion index in stressed rats treated with and without
F13A (150 pg/kg b.w., i.v.) during gastric lesion healing on the Ist,
3rd, 5th or 10th day after the end of stress induction. a Representative
macroscopic appearance of gastric tissues of the experimental rats.
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Fig. 4 Gastric mucosal blood
flow in stressed rats treated with
and without F13A (150 pg/kg
b.w., i.v.) during gastric lesion
healing on the Ist, 3rd, 5th or
10th day after the end of stress
induction. Data are presented as
box plots showing the range,
quartiles (25-75 %) and
median. **p < 0.01 vs. the
control group; ¥4%p < 0.001
vs. the WIRS 10 day group

(n = 8-10 rats/group)
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The APJ receptor antagonist prevents the recovery
of gastric mucosal blood flow during gastric mucosal
lesion healing

As shown in Fig. 4, the mucosal blood flow was 338.65
(298.80-362.30) BPU in the intact gastric mucosa. The
GMBF was decreased on the 1st, 3rd and 5th days after
the end of stress induction (p < 0.01 vs. the control
group) and then returned to the value of the control
group on the 10th day after the end of stress induction.
F13A pretreatment (150 pg/kg b.w., i.v.) did not change
the GMBF in the early phase of gastric damage healing.
However, F13A pretreatment prevented the increase in
GMBF on the 10th day after the end of stress induction
(»p < 0.001 vs. the WIRS 10 day group).

The APJ receptor antagonist prevents the increase
in VEGF production during the late phase of gastric
mucosal lesion healing

During the stress-induced gastric lesion-healing process,
VEGF expression was increased on the 3rd day (p < 0.05
vs. the control group) and remained high on the 5th and
10th days after the end of WIRS (p < 0.05 vs. the control
group). However, blockade of the APJ receptor reduced
VEGF expression in the gastric tissues on the Sth and
10th days after the end of WIRS (p < 0.05 vs. the WIRS

T
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| !
3d Sd

| ! I

I I
10d 1d 3d

Post-WIRS

+F13A

5 day group and p < 0.05 vs. the WIRS 10 day group)
(Fig. 5).

The APJ receptor antagonist prevents the increase
in PGE, production during gastric mucosal lesion
healing

As shown in Fig. 6, the gastric PGE, content was 233
(42-356) pg/mg tissue in the control rats. The PGE, level
was decreased to 126 (88-259) pg/mg tissue on the 1st day
after the end of stress exposure. On the 5th and 10th days
after the end of WIRS exposure, which corresponded to the
late phase of the healing process, the gastric PGE, con-
centration was significantly increased compared with the
control group [336 (125-527) pg/mg tissue in the WIRS 5
day group and 320 (268-560) pg/mg tissue in the WIRS 10
day group, p < 0.05]. However, pretreatment with F13A
significantly prevented the increase in the gastric PGE,
concentration on the 10th day after WIRS exposure [272
(189-307) pg/mg tissue, p < 0.05 vs. the WIRS 10 day

group].

The APJ receptor antagonist does not affect NOx
production during gastric mucosal lesion healing

As shown in Fig. 7, the gastric NOx concentration was
84.9 (33.6-109.6) uM/mg protein in the control rats. The

@ Springer



380

J Physiol Sci (2017) 67:373-385

Fig. 5 VEGF expression in
gastric mucosa samples
obtained from the stressed rats
treated with and without FI3A
(150 pg/kg b.w., i.v.) during
gastric lesion healing on the 1st,
3rd, 5th or 10th day after the
end of stress induction.

a Representative appearance of
VEGEF expression in the gastric
samples of the experimental
groups. b Graphic of the
mathematical values of the

T I T L

VEGF/GAPDH ratios in the
gastric samples. Data are
presented as box plots showing
the range, quartiles (25-75 %)
and median. *p < 0.05 vs. the
control group, *p < 0.05 vs. the
WIRS 5 day group and

&p < 0.05 vs. the WIRS 10 day
group) (n = 4 rats/group)
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gastric NOx content was increased to 162.4 (140.0-230.6)
in the WIRS 3 day group (p < 0.05 vs. the control group),
144.3 (50.2-224.6) in the WIRS 5 day group (p < 0.05 vs.
the control group) and 170.4 (79-316) pM/mg protein in
the WIRS 10 day group (p < 0.05 vs. the control group).
F13A treatment did not affect gastric NOx production in
rats exposed to WIRS.

The APJ receptor antagonist increases lipid
peroxidation during the early phase of gastric
mucosal lesion healing

Figure 8 shows the effect of the APJ receptor antagonist on
lipid peroxidation during the gastric lesion-healing process.
Here, the 4-HNE plus MDA concentrations in the gastric
mucosa were increased in rats exposed to WIRS. During
gastric lesion healing, the gastric mucosal 4-HNE plus
MDA concentrations were increased 2.5-fold on the 1st day
(p < 0.01 vs. the control group), 2.7-fold on the 3rd day
(p < 0.001 vs. the control group), 5.2-fold on the 5th day
(p < 0.001 vs. the control group), and 5.7-fold on the 10th
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Post-WIRS

+F13A

day (p < 0.001 vs. the control group). Inhibition of the
effect of apelin using F13A increased the gastric mucosal
4-HNE plus MDA concentrations on the 1st day (p < 0.05
vs. the WIRS 1 day) and the 3rd day after the end of stress
induction (p < 0.001 vs. the WIRS 3 day). However, the
lipid peroxidation product concentrations were unchanged
in response to F13A treatment on the 5th and 10th days
after the end of stress induction.

Discussion

Our current study focuses on the mucosal expression of
apelin during the recovery phase of gastric damage after
the end of WIRS exposure and the effects of endogenous
apelin on the rate of healing of WIRS-induced gastric
damage. Previous studies conducted using experimental
stress models emphasized the importance of NO and PGE.,
their interaction with VEGF and the products of lipid
peroxidation in the healing of WIRS-induced gastric
lesions [16, 23, 24]. This study provides evidence that
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Fig. 6 PGE, concentration in
the gastric mucosa samples 600 — &
obtained from the stressed rats
treated with and without F13A *
(150 pg/kg b.w., i.v.) during 500 — l
gastric lesion healing on the 1st,
3rd, 5th or 10th day after the
end of stress induction. Data are -
presented as box plots showing 2 400 —
the range, quartiles (25-75 %) =
and median. *p < 0.05 vs. the = L
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Fig. 7 Nitrate/nitrite (NO,)
concentration in the gastric 400 —
mucosa samples obtained from
the stressed rats treated with and
without F13A (150 pg/kg b.w.,
i.v.) during gastric lesion *
healing on the Ist, 3rd, 5th or 300 —
10th day after the end of stress
induction. Data are presented as o
box plots showing the range, 8 *
quartiles (25-75 %) and g *
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inhibition of the effects of apelin using F13A retards the
healing of acute gastric lesions. This effect of FI3A is
accompanied by a marked increase in the level of lipid

peroxides and a decrease in PGE, production and VEGF
expression in the gastric mucosa. These effects, accompa-
nied by the disappearance of the increase in the GMBF,
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Fig. 8 The changes in lipid
peroxidation products

(4HNE + MDA) in stomachs
obtained from the stressed rats
treated with and without F13A
(150 pg/kg b.w., i.v.) during
gastric lesion healing on the Ist,
3rd, 5th or 10th day after the
end of stress induction. Data are
presented as box plots showing
the range, quartiles (25-75 %)
and median. **p < 0.01 and
*#%p < (0.001 vs. the control
group, tp < 0.05 vs. the WIRS
1 day group and **%p < 0.001
vs. the WIRS 3 day group

(n = 8-10 rats/group)
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suggest that apelin accelerates the healing of stress-induced
gastric lesions. This study demonstrates for the first time
the beneficial effect of apelin on the healing of WIRS-
induced gastric lesions.

Using Western blotting analysis, we detected apelin
overexpression during the recovery period of gastric
mucosal damage induced by WIRS. Our present immuno-
histochemical analyses demonstrated a time-dependent
increase in apelin staining in the neck region of the gastric
mucosa after stress exposure. Maximal apelin expression
was observed on the 1st day after the end of exposure to
stress and decreased gradually over the following days. The
increased apelin staining was similar to the findings
obtained from the Western blotting analysis. Although the
regulation of apelin expression remains uncharacterized,
previous studies have demonstrated that apelin gene
expression may be controlled by the oxygen level and HIF-
Lo [25, 26]. Our results indicate that the increase in apelin
expression is accompanied by an increase in HIF-1a
expression. Based on our current knowledge, stress causes
both sympathetic and parasympathetic stimulation of the
stomach, thereby increasing gastric motility and muscular
contraction. These changes ultimately lead to vascular
compression and mucosal ischemia. Sympathetic stimula-
tion also causes arteriolar vasoconstriction and thus redu-
ces the blood flow to the gastric mucosa, leading to local
hypoxia and ischemia [27]. HIF-lo is activated under
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hypoxic conditions because of the inhibition of oxygen-
dependent HIF-1a prolyl-4-hydroxylase-mediated proline
hydroxylation under normoxic conditions, which targets
the HIF-lo subunit for ubiquitination and proteasomal
degradation. Additionally, reactive oxygen species (ROS)
act as signaling molecules in gastric tissues that stimulate
HIF-1a protein synthesis via the activation of the phos-
phatidylinositol 3’-kinase (PI3 K)/Akt and p42/p44 mito-
gen-activated protein kinase (MAPK) pathways [28]. The
findings of our study suggest that the HIF-1o overexpres-
sion induced by WIRS may increase apelin expression.

In our previous study, we investigated the preventive
effect of apelin on the formation of stress-induced lesions.
The lesion index was measured immediately after the end
of stress exposure, and apelin was found to be very
effective in preventing gastric lesions in rats exposed to
stress [17]. In the present study, the gastric lesion areas
induced by stress were smaller than the lesions determined
in the stomach in our previous study as a result of the
initiation of healing on day 1 after the end of stress. Using
an experimental model of stress injury, we found that these
lesions were substantially healed within 5 days and almost
completely healed within 10 days. Additionally, a decrease
in GMBF was noted on the 1st day after the end of stress
induction. The GMBF progressively increased, reaching
values similar to those recorded for the intact mucosa
within 10 days. F13A pretreatment reduced the healing of
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stress-induced gastric lesions and delayed GMBF recovery.
These results indicate that the promoting effect of apelin on
the healing of stress-induced gastric lesions is related to the
mucosal blood flow during the late phase of healing. The
prevention of the increase in the GMBF during the late
phase of gastric healing via the apelin blockade suggests
that the effect of apelin on the GMBF may be related to
angiogenesis. The increase in VEGF expression is followed
by an increase in apelin expression, whereas the disap-
pearance of the increase in VEGF expression due to pre-
treatment with the APJ receptor antagonist is associated
with a delay in gastric healing. The present findings indi-
cate that this peptide may be involved in gastric lesion
healing on the 3rd day after the end of stress induction.
Furthermore, the prevention of VEGF expression with the
APJ receptor antagonist may delay the healing of stress-
induced gastric lesions.

VEGF, which is a fundamental regulator of angiogene-
sis, is an essential component of healing [23, 29]. VEGF
binds to VEGF-R1 and VEGF-R2 and induces phospho-
rylation of the cytosolic proteins involved in signal trans-
duction that initiate the proliferation and migration of
endothelial cells and microvascular tube formation [16].
Angiogenesis is important because this process provides
the damaged area with nutrients and oxygen supplies.
Restoration of the blood supply to the damaged area is an
important factor in the healing process based on the finding
of a correlation between reduced mucosal blood flow and
the development of gastric ulcers [14]. Angiogenesis and
VEGF play major roles in the healing of gastric ulceration
resulting from damaging factors in the gastric mucosal
barrier [29]. The stimulation of angiogenesis by VEGF
treatment promotes the healing of gastric ulcers in rats
[29]. VEGF production is stimulated by nitric oxide and
prostaglandins in addition to growth factors and cytokines
[16]. Prostaglandins are important vasodilators, and the
increased GMBF during the healing of stress-induced
damage is related to an enhanced production of pros-
taglandins as a result of increased COX-1 and COX-2
activity [15, 24]. Prostaglandins appear to play an impor-
tant role in the repair of the gastric mucosa after acute
damage caused by stress via their antisecretory, mucopro-
tective and hyperemic activities. NSAIDs retard ulcer
healing by inhibiting epithelial cell proliferation, migration
and angiogenesis [24]. In our study, VEGF expression was
markedly observed in the gastric tissue as expected on the
5th day after the formation of WIRS-induced gastric
damage. Similarly, PGE, was simultaneously observed in
the stress-induced damaged mucosa. F13A pretreatment
prevented the increase in VEGF expression and PGE,
production during the healing process of damaged gastric
mucosa. Our findings demonstrated that the enhancing
effect of apelin on GMBF was accompanied by VEGF

expression and an increase in PGE, production in damaged
gastric mucosa. The gastric blood flow gradually improved
during healing and was accompanied by PGE, production.
This finding suggests that endogenous prostaglandins may
contribute to VEGF expression and angiogenesis; pros-
taglandins may also account for the gradual repair of the
mucosa after damage induced by WIRS.

NO is an important vasodilator mediator in the healing
of stress-induced gastric lesions. NO increases GMBF and
accelerates the healing of these lesions [5]. Our findings
demonstrated increased NO production in the gastric
mucosa during the gastric lesion healing process. Previous
studies reported the importance of NO derived from iNOS
activity in an ulcer-healing mechanism [30]. The selective
suppression of iNOS expression and activity was accom-
panied by a decrease in NO production, resulting in
delayed ulcer healing [14, 30]. Maximal iNOS expression
in the inflammatory cells at the ulcer base and ulcer margin
was noted on the 3rd day after ulcer induction and declined
by day 7 [30, 31]. We demonstrated an increase in NO
generation during the healing of lesions induced by stress;
however, the blockade of apelin did not affect the NO
content of the gastric mucosa. Previous studies suggested
that the hypotensive effect induced by apelin/APJ signaling
was mediated through NO production via eNOS activation
[6, 31]. This finding potentially indicates that apelin is
ineffective regarding the production of NO induced by
iNOS during the recovery from stress-induced gastric
lesions.

Stress-induced gastric lesions are the manifestation of an
inflammatory response. Gastric inflammation increases
leukocyte adherence to the endothelial surface of post-
capillary venules and is characterized by the migration of
macrophages and polymorphonuclear leukocytes into the
damaged area [12, 24, 32]. Superoxide radical anions
produced by neutrophils in the gastric mucosa react with
cellular lipids and lead to the breakdown of polyunsatu-
rated fatty acids to reactive short chain aldehydes, such as
4-HNE and MDA [33, 34]. Tissue MDA and 4-HNE levels
are typically useful for the assessment of the biological
effects of ROS [23, 33]. The MDA plus 4-HNE content of
the gastric mucosa is an indicator of lipid peroxidation
[35]. We reported that lipid peroxidation was involved in
the formation of stress-induced gastric mucosal damage
[35, 36]. In our previous study, the protective effect of
apelin against stress-induced gastric lesions was associated
with its antioxidant effect against lipid peroxidation in the
gastric mucosa [17]. Similar to the results of our previous
report [17], Foussal et al. showed that apelin stimulated the
activity of antioxidant enzymes, such as catalase and
superoxide dismutase, in cardiomyocytes and reduced
oxidative stress in these cells [37]. Additionally, apelin was
recently shown to suppress the production and release of
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ROS in adipocytes through its interaction with the APJ
receptor [38, 39]. According to the findings of Than et al.,
apelin promotes the expression of antioxidant enzymes via
the MAPK kinase/extracellular signal-regulated kinase
(ERK) and AMP-activated protein kinase (AMPK) path-
ways and inhibits the expression of prooxidant enzymes via
the AMPK pathway [38]. Pisarenko et al. demonstrated the
potential effects of structural apelin analogs on mitochon-
drial ROS generation in cardiomyocyte apoptosis [39]. In
this study, we demonstrated that blocking the APJ receptor
led to a marked increase in the formation of lipid peroxides
in the early phase of gastric damage healing (the 1st and
3rd days after the end of stress exposure) and that apelin
did not show a beneficial effect during the same period of
stress-induced gastric lesion healing. Our present study
provides evidence that blocking the effect of apelin with
F13A delays the healing of WIRS-induced gastric lesions
in the late phase of the healing process (the 5th and 10th
days after stress). The promoting effect of apelin in the
same period of gastric damage healing was associated with
increased VEGF expression and PGE, production in the
gastric mucosa. Gastric damage caused by stress begins to
heal on the 1st day after the end of stress induction. Var-
ious mechanisms are related to the healing of the damaged
gastric mucosa. According to our results, the reducing
effect of apelin on the production of lipid peroxides in the
early phase of gastric damage healing does not play a role
during the same gastric damage healing period.

In conclusion, our present results demonstrate a bene-
ficial role for stress-induced apelin during the healing of
stress-induced gastric lesions via a mechanism involving
the restoration of microcirculation by increasing gastric
mucosal PGE, production and VEGF expression. Further
studies may reveal whether apelin is useful for the treat-
ment of various gastrointestinal diseases under stress
conditions.
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