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ARTICLE INFO ABSTRACT

Keywords: Background: The cardiovascular system is a primary target of stress and stress is the most important etiologic
Water immersion and restraint stres factor in cardiovascular diseases. Stressors increase expressions of atrial natriuretic peptide (ANP) and apelin in
Apelin ) ) cardiac tissue.

Atrial natriuretic peptide Aim: The aim of the present study was to investigate whether stress-induced apelin has an effect on the ex-
F13A . . . .

Heart pression of ANP in the right atrium of rat heart.

Methods: The rats were divided into the control, stress and F13A + stress groups. In the stress and F13A + stress
groups, the rats were subjected to water immersion and restraint stress (WIRS) for 6 h. In the F13A + stress
group, apelin receptor antagonist F13A, was injected intravenously immediately before application of WIRS. The
plasma samples were obtained for the measurement of corticosterone and atrial natriuretic peptide. The atrial
samples were used for immunohistochemistry and western blot analysis.

Results: F13A administration prevented the rise of plasma corticosterone and ANP levels induced by WIRS.
While WIRS application increased the expressions of apelin, HIF-1a and ANP in atrial tissue, while F13A pre-
vented the stress-induced increase in the expression of HIF-1a and ANP.

Conclusion: Stress-induced apelin induces ANP expression in atrial tissue and may play a role in cardiovascular

homeostasis by increasing ANP expression under WIRS conditions.

1. Introduction

Apelin, an endogenous peptide, is a ligand for the G protein-coupled
receptor APJ. Preproapelin consisting of 77 amino acids is cleaved to
the apelin-36 and to the more biologically active peptides apelin-17 and
apelin-13 (Carpene et al., 2007; Charles, 2007). Apelin and APJ are
highly synthesized in the gastrointestinal tract, brain, kidney, adipose
tissue, lung, mammary gland and cardiovascular system (Carpene et al.,
2007; Charles, 2007). Apelin peptides have been reported to regulate
many activities, such as feeding behavior, fluid intake, heart con-
tractility and regulation of blood pressure (Barnes et al., 2010; Carpene
et al.,, 2007; Lv et al., 2013), angiogenesis (Tiani et al., 2009), and
proliferation of vascular smooth muscle cells (Li et al., 2013). Apelin
which is widely expressed in the endothelium activates APJ receptors
distributed in endothelial cells, myocardial cells and smooth muscle
cells (Carpene et al., 2007; Charles, 2007). Recently, the functional

significance of apelin-APJ system in the rat heart was demonstrated
(Szokodi et al., 2002; Tatemoto et al., 2001). These findings suggest
that apelin may act as an important regulator of the cardiovascular
homeostasis. However, it has been shown that apelin increases cardiac
contractility and reduces vascular tone by triggering the release of nitric
oxide from endothelial cells (Szokodi et al., 2002).

It has been shown that apelin peptides are expressed in the myo-
cardium and the over expression of apelin mRNA in chronic heart
failure (Kleinz and Davenport, 2005). This data suggests that apelin
gene is regulated by hypoxia in cardiomyocytes via the hypoxia-in-
ducible factor-la (HIF-1a). In our previous studies, we demonstrated
that water-immersion and restraint stress (WIRS) increases the ex-
pression of apelin in cardiomyocytes (Ustunel et al., 2014) and gastric
mucosa by inducing the expression of HIF-1a (Izgut-Uysal et al., 2014),
Also, the expression of AJP in cardiac tissue is upregulated by WIRS
(Ustunel et al., 2014). The increase in the expression of APJ receptor in
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cardiac tissue under stresful conditions suggests that apelin has a pi-
votal role in the cardiac functions against stress.

Stress damages many tissues and organs, especially the cardiovas-
cular system. Many studies have shown that stress overload is asso-
ciated with the cardiovascular disturbances. Cardiac dysfunction and
cardiomyocyte injuries are the most common of these disturbances
(Wang et al., 2009). It has been demonstrated that stress factors in-
crease the expression of natriuretic peptides in cardiac tissue and the
release of atrial natriuretic peptide (ANP) (Wann et al., 2010). ANP is a
cardiac hormone and mainly produced by the atrium, belongs to a fa-
mily of polypeptide hormones, reported as natriuretic peptides. ANP
produces potent natriuretic, diuretic and vasorelaxant effects and plays
a major role in the homeostasis of blood pressure and water and salt
balance. The rise of blood pressure and tachycardia is associated with
the release of ANP that is elevated in association with myocardial
dysfunction (Oikonomou et al., 2017). Many studies suggest the ANP is
not only related to the pathology, but also can provide the protection of
the heart (Wann et al., 2010). During the hypoxia, the activation of ANP
gene and the release of hormone plays an important role in heart
adaptation to hypoxia (Chen, 2005). ANP stimulates the antioxidant
defense in vascular cells and cardiomyocytes (Laskowski et al., 2006)
and can also play an important role to modulate cell growth, counteract
the oxidant-induced cell damage and contribute to antiiinflammatory
processes (De Vito et al., 2010; Vollmar, 2005).

Under stressful conditions, the increased expression of ANP is ac-
companied with the expression of apelin, suggesting a role of apelin in
the synthesis of ANP. Although, it has been demonstrated that chronic
infusion of apelin-13 into the paraventricular nucleus increased myo-
cardial atrial natriuretic peptide (Zhang et al., 2014), the direct effect of
apelin induced by WIRS on the expression of ANP in myocard is not
known.

The aim of the present study was to investigate whether stress-in-
duced apelin has an effect on the expression of ANP in heart tissue.

2. Materials and methods
2.1. Animals

Wistar rats, weighing 200-250 g were housed at a room tempera-
ture of 22-24 °C with a 12-h light/dark cycle and with free access to rat
chow and tap water ad libitum. Animals were adapted for at least
7 days before the experiments. All experimental procedures were per-
formed in accordance with mandated standards of human care and
were approved by Animal Care and Use Committee of Akdeniz
University (Protocol no. B.30.2.AKD.0.05.07.00/20).

2.2. Experimental protocol

Following 18 h starvation, the animals were anesthetized with in-
traperitoneal (i.p.) injection of xylazine-ketamine (10 mg/kg and
90 mg/kg respectively, Alfasan, Holland). The animals were divided
into such as control (n = 10) and experimental (n = 20) groups. The
rats in experimental group were divided into 2 groups as stress
(n = 10) and F13A + stress (n = 10). In the stress group, the conscious
rats were restrained individually in rectangular polypropylen cages
(28 cm high x 8 cm wide x 8 cm depth) and immersed up to the depth of
the xyphoid process in 23 °C water for 6 h as mentioned in the previous
reports (Guo et al., 2012; Harada et al., 2005; Kitagawa et al., 1979;
Warzecha et al., 2011). In the F13A + stress group, the rats were given
150 pg/kg of F13A (Phoenix Pharmaceuticals, Burlingame, CA) into the
tail vein just before the application of WIRS. The blood sample was
withdrawn from the abdominal aorta and collected into chilled tubes
containing ethylenediaminetetraacetic acid (EDTA, 1 mg/ml blood).
The sample was centrifuged at 5000 g for 15 min at 4 °C. The plasma
was collected and stored at —80 °C until corticosterone and ANP
measured. The specimens from atria were used in
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immunohistochemistry and western blot analysis.
2.3. Determination of plasma corticosterone and ANP

To determination of plasma corticosterone level was used the
Enzyme Immuno Assay (EIA) kit which is designed as a competitive
immunoassay for the quantitative determination of corticosterone in
body fluids (Enzo Life Sciences, Plymouth Meeting, PA). Samples were
diluted with assay buffer (1:1000 v/v). Steroid Displacement Reagent
was added to the plasma sample containing steroid binding proteins
(1:40). Assay procedure was performed with according to the manu-
facturer's instructions. The optical densities of the wells were measured
by microplate reader (Biotek, ELx800, Highland Park, USA) at 405 nm
and the concentration of corticosterone was calculated by using stan-
dard curve as ng/mL.

Plasma ANP level was evaluated by using commercial available
Enzyme-Linked Immuno Sorbent Assay (ELISA) according to the man-
ufacturer’s instructions (AssayPro, AssayMax Rat ANP ELISA Kit, cat-
alog #ERA7010-1, St. Charles, USA). Briefly, standard solutions and
samples were added to microplate wells pre-coated with a polyclonal
antibody specific for rat ANP. Unbound material was then washed away
with wash buffer and Streptavidin-peroxidase enzyme substrate is
added. After the raction has stopped,the optical densities were mea-
sured by microplate reader at 450 nm, and the concentration of ANP
was calculated by using standard curve as ng/mL.

2.4. Immunohistochemistry

Immunohistochemistry was performed as described previously
(Acar et al., 2012). To detect the expression of HIF-1a, apelin and ANP
five micrometer thick sections of formalin-fixed paraffin-embedded
tissues were dried overnight at 56 °C. Samples were deparaffinized in
xylene at room temperature for 10 min twice, dehydrated with graded
ethanols 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 in microwave oven at 100 °C for 7 min. Endogenous per-
oxidase activity was blocked by incubating the sections with 0.3% H,04
for 15 min. Then for blocking non-specific immunoglobulin binding,
slides were incubated with blocking serum for 7 min. The sections were
incubated with anti-apelin rabbit polyclonal primary antibody (Santa
Cruz Biotechnology, California, sc-33805) at 1:50, anti-HIF-1a mouse
monoclonal primary antibody (Santa Cruz Biotechnology, California,
sc-53546) at 1:50 and anti-ANP mouse monoclonal primary antibody
(Santa Cruz Biotechnology, California, sc-80686) at 1:400 overnight at
+4 °C. Negative control staining was performed by replacing the pri-
mary antibodies with their nonimmune isotypes at the same con-
centrations. Subsequently, sections were incubated with biotinylated
goat anti-mouse IgG (Vector, Burlingame, CA, USA, BA-9200) for slides
with apelin primer antibody and biotinylated goat anti-rabbit IgG
(Vector, Burlingame, CA, USA, BA-1000) for slides with HIF-1la and
ANP primary antibodies at 1:400 for 45 min. The sections were overlaid
with peroxidase labeled streptavidin (HRP LSAB-2 system, K0609, Da-
koCytomation, Glostrup, Denmark) for 25 min, which was followed by
rinsing in PBS for 15 min. Antibody complexes were visualized by in-
cubation with diaminobenzidine chromogen (DAB, Vector, SK-4105).

2.5. Image J analysis

The evaluation of the immunohistochemical labeling intensity of
apelin, HIF-1a and ANP in samples was performed using IMAGE J
analysis program (Acar et al, 2012). For determination of im-
munohistochemical expression intensities of ANP we used atrial region
of heart since ANP rather concentrated in the atria than ventricules.
From each group of preparations immunostained with HIF-a, apelin
and atrial ANP, five preparations were selected and included in the
evaluation. Firstly, the appropriate threshold was arranged in such a
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way as to mask the whole stained area (containing haematoxylin
+ DAB) and the intensity was measured. Then, the threshold was set to
mask only the DAP-positive areas to measure the colour intensity of the
area. The degree of staining was established through the division of the
intensity of the DAB positive area into the total staining intensity of
haematoxylin, DAB and this result is multiplied by 100. The average
intensity was expressed as a percentage in the range of 0-100.

2.6. Western blot analysis

The samples were homogenized with 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 NayP,0,, 2 mM NazVOy,, 1% Triton-X, 10% glycerol, 0.1% SDS
and 0.5% deoxycholate) supplemented with 5l protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA, P2714), per 100 mg of
heart tissue. The samples were centrifuged at 15,000 rpm for 10 min at
4 °C. Then supernatant of exudate mixed with reagents such as NuPAGE
LDS sample buffer (4X) (Invitrogen, Carlsbad, CA, USA, NP0007) and
reducing agent (10X) (Invitrogen, Carlsbad, CA, USA, NP0004). Protein
content was measured using a commercial kit (Thermo Scientific,
Rockford, IL, USA, NJ176939) (Bradford, 1976) The samples were
boiled for 10 min at 70 °C. 35 pug of total protein was loaded on 10%
NuPAGE-Bis-Tris Gel (Invitrogen, Carlsbad, CA, USA, NP0316BOX)
with accompaniment of molecular weight marker (Fermentas, LT-
02241 Vilnius, Lithuania, SM1811) and run at 200 mV for 45 min
(XCell SureLock™ Mini-Cell Electrophoresis System, Carlsbad, CA, USA,
EI0001), followed by transfer onto PVDF membrane for 7 min (iBlot”
Dry Blotting System, Invitrogen, Carlsbad, CA, IB1001). Subsequently
membrane was placed to western processing system (BenchPro Card
Processing Station, Invitrogen, Carlsbad, CA, 4100), chosen proper
program and treated a series of process such as 30 min blocking (5%
non-fat dry milk in 10 mM PBS, pH 7.4), 10 min rinse (double distilled
water), 60 min apelin primary antibody (Santa Cruz Biotechnology, CA,
sc-33805, dilution 1:200), HIF1-a primary antibody (Santa Cruz Bio-
technology, CA, sc-53546, dilution 1:100) orANP primary antibody
(Santa Cruz Biotechnology, CA, sc-80686, dilution 1:100) and 5% non-
fat dry milk in 10 mM PBS, pH 7.4, 20 min washing (10 mM PBS, pH
7.4), 30 min the proper HRP-conjugated secondary antibody (Santa
Cruz Biotechnology, CA, sc-2004, dilution 1:4000 and 5% non-fat dry
milk in 10 mM PBS, pH 7.4), 20 min washing and 6 min rinse; The same
procedure was performed using [(-Actin antibody (Santa Cruz Bio-
technology, CA, sc-130656, dilution 1:250).The blots were visualized
using chemiluminecent detection system kit according to the instruc-
tions of manufacturer’s protocol (Chemicon, Temecula, CA, USA, 2600).
Membranes were exposed to hyperfilm (Amersham Biosciences, Buck-
inghamshire, UK, RPN3103K) which was subsequently analyzed using
Image J, 1.37 v software (Blackmore and Lord, 2000).

2.7. Statistical analysis

Data are presented as the mean = SD. Statistical analyses were
performed by using Kruskal Wallis and Mann-Whitney U test. The level
of significance was accepted as p < 0.05.

3. Results
3.1. Corticosterone and ANP concentration

According to EIA results; plasma corticosterone level was sig-
nificantly increased as a function of the applied stress condition
(p < 0.05). To investigate whether apelin played a role in regulating
the release of corticosterone, the effect of apelin receptor antagonist
F13A was detected. The administration of apelin receptor antagonist
just before the beginning of WIRS caused a significant decrease in
plasma corticosterone concentration when compared to the stress group
(p < 0.05, Fig. 1a)
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Fig. 1. a) Plasma corticosterone levels. The results are the mean * SD of 10 per each
group. *p < 0.05 when compared to the control group, *p < 0.05 when compared to
the stress group. b) Plasma ANP levels. The results are the mean + SD of 10 per each
group. *p < 0.05 when compared to the control group, “p < 0.05 when compared to
the stress group.

Plasma ANP concentrations in rats exposed to 6-h WIRS were sig-
nificantly higher than those in the control rats (p < 0.05). F13A ad-
ministration significantly reduced the rise in plasma ANP levels due to
WIRS (p < 0.05), (Fig. 1b).

3.2. Apelin expression

Apelin immunolocalization in apelin positive cardiac cells in the
control group was observed in cytoplasm. In sections of rat heart tissue
of the control group, we observed apelin in endothelial cells lining
small intramyocardial blood vessels, small coronary arteries and in
endocardial endothelial cell lining the recesses of the atrial chamber
(Fig. 2a). We also detected apelin in mast cells near blood vessels. In
rats exposed to 6-h WIRS, apelin immunostaining intensity in cardiac
tissue was significantly increased (p < 0.05; Fig. 2b, e).

It was determined that in the F13A + stress group, apelin im-
munostaining intensity and number of apelin immunopositive cells in
heart tissue significantly decreased when compared to the stress group
(p < 0.05; Fig. 2c, e). As assessed by quantitative western blot ana-
lysis, 6-h WIRS promoted cardiac apelin expression when compared to
the control group (p < 0.05). Blockade of apelin receptor with F13A
decreased the cardiac apelin expression due to WIRS (p < 0.05,
Fig. 2f).

3.3. HIF-1a expression

As seen in Fig. 3a, HIF-la immunostaining was detected in peri-
nuclear region of endothelial cells and cardiomyocytes in the control
group.

While in rats exposed to WIRS, HIF-la immunostaining was sig-
nificantly increased (p < 0.05; Fig. 3b, e); in the F13A + stress group,
decreased when compared to the stress group (p < 0.05; Fig. 3c, e).
HIF-la immunostaining intensity showed similarity with apelin
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Fig. 2. Apelin immunolocalization in heart tissue. Apelin positive endothelial cells
(double arrows) and mast cells (arrows). a: control group, X 40. b: stress group, X 20. c:
F13A + stress group, X 40. d: negative control, X 40. e: Values of IMAGE J analysis of the
immunohistochemical labeling intensities of apelin. f: Apelin expression in heart tissue.
The results are the mean = SD of 10 per each group. *p < 0.05 when compared to the
control group, “p < 0.05 when compared to the stress group.

expression in cardiac tissue in the control and F13A + stress group.

Similar to immunohistochemical results, western blot analysis de-
monstrated that 6-h WIRS induced HIF-1a expression in cardiac tissue
(p < 0.05). The administration of apelin receptor antagonist pre-
vented the rise in the expression of HIF-1la due to WIRS (p < 0.05,
Fig. 3f).

3.4. ANP expression

As seen in Fig. 4a, ANP immunostaining was observed especially in
atrial cardiomyocytes in heart tissue of the control group.

ANP immunoreactivity was significantly increased in cardiac tissue
in the stress group compared to the control group (p < 0.05; Fig. 4b,
e). In the F13A + stress group, ANP expression was found similar to the

94

Tissue and Cell 51 (2018) 91-96

*
I #
STRESS

F13A+STRESS

= N W
e @ @
! ! I

HIF-1a immunolabeling
intensities %

CONTROL

HIFl-a

B-actin
stress F13A  F13A

* +stress +stress

. I |

CONTROL STRESS F13A+STRESS

stress

control

control

HIF1-o/B-actin

0,6 -
0.4 -

02 -

Fig. 3. HIF-1la immunolocalization in heart tissue. HIF-1la positive endothelial cells
(double arrows) and cardiomyocytes (arrows). a: control group, x40. b: stress group,
x40. c: F13A + stress group, x40. d: negative control, x20. e: Values of IMAGE J
analysis of the immunohistochemical labeling intensities of HIF-1a. f) HIF-1a expression
in heart tissue. The results are the mean * SD of 10 per each group. *p < 0.05 when
compared to the control group, “p < 0.05 when compared to the stress group.

control group. ANP immunoreactivity significantly decreased in cardiac
tissue in the F13A + stress group when compared to the stress group
(p < 0.05; Fig. 4c, e). Western blot analysis showed that 6-h WIRS
promoted ANP expression in cardiac tissue (p < 0.05, Fig. 4f). The
administration of apelin receptor antagonist prevented the WIRS-in-
duced increase in the expression of cardiac ANP (p < 0.05, Fig. 4f).

4. Discussion

In the present study, we demonstrated that the administration of the
specific APJ receptor antagonist to the rats exposed to WIRS sig-
nificantly attenuated ANP protein expression in cardiac tissue and ANP
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Fig. 4. ANP immunolocalization in heart atrial tissue. ANP immunostaining is seen in
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F13A + stress group, X 40. d: negative control, X 40. e: Values of IMAGE J analysis of the
immunohistochemical labeling intensities of atrial ANP. f) ANP expression in heart tissue.
The results are the mean = SD of 10 per each group. *p < 0.05 when compared to the
control group, “p < 0.05 when compared to the stress group.

g

secretion. These results provide strong evidence for a role of apelin on
the expression in the heart and the release of ANP to the bloodstream.

WIRS is a form of emotional stress causing the activation of the
hypothalamic-pituitary-adrenal (HPA) axis. Previous studies have re-
ported that the effect of apelin on the function of the HPA axis is
mediated through the corticotrophin-releasing hormone (CRH)-depen-
dent mechanisms (Newson et al., 2013). Glucocorticoids which is re-
leased during activation of the HPA axis are the major mediators of the
stress response (Filaretova, 2011; Newson et al., 2009; Taheri et al.,
2002). In the present study, we measured the levels of corticosterone as
the main glucocorticoid in rats under WIRS conditions. Consistent with
previous studies (Filaretova, 2011; Izgut-Uysal et al., 2014; Newson
et al., 2009), the rats exposed to 6-h WIRS showed evidence of a stress
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response through activation of the HPA axis, judging from the high
level of plasma corticosterone. Blocking the effect of apelin with an APJ
receptor antagonist was resulted in a reduction of WIRS-induced cor-
ticosterone release. The results of the present study are consistent with
other studies demonstrating that apelin promotes the release of corti-
costerone (Izgut-Uysal et al., 2014; Newson et al., 2013). Thus, based
on the present findings, it is reasonable to assume that stress-induced
corticosterone release is upregulated by endogenous apelin.

In our previous study, we showed the high level of apelin and APJ
receptor in rat cardiac tissue under WIRS conditions (Ustunel et al.,
2014). Although the regulation of apelin expression is still not known
exactly, previous studies have shown that apelin gene expression may
be controlled by oxygen levels and HIF-1a (Eyries et al., 2008; Han
et al., 2008), HIF-1a is activated under hypoxic conditions because of
inhibition of oxygen-dependent HIF-1a prolyl-4-hydroxylase-mediated
proline hydroxylation, which under normoxic conditions targets the
HIF-1a subunit for ubiquination and proteosomal degradation (Eyries
et al., 2008; Han et al., 2008). HIF-1a regulates the expression of sev-
eral hypoxia-inducible genes including atrial natriuretic peptide and
apelin (Geiger et al., 2011; Liu et al., 2013; Zhang et al., 2013). It has
been reported that the expression of apelin is rapid in response to hy-
poxia, i.e. < 3 in isolated atrial cells and < 2 in cultured neonatal
cardiomyocytes (Ronkainen et al., 2007). According to our present
study, the exposure to 6-h WIRS for induced the expression of apelin
and HIF-1a in the atrium. These findings suggest that the increase in
apelin expression in cardiac tissue under stress conditions may be due
to hypoxia-induced HIF-1a induction.

It has been reported that HIF-1a regulates the expression of apelin
(Ustunel et al., 2014) and ANP in cardiomyocytes (De Vito, 2014). In
the current study, apelin receptor antagonist decreased the stress-in-
duced HIF-1a expression in cardiac tissue. However, we demonstrated
that the expression of ANP was increased due to WIRS and blockade of
apelin receptors prevented the rise in stress-induced ANP expression in
atrial tissue. Our findings suggest that the effect of stress-induced apelin
on ANP expression in cardiac tissue may be directly or by increasing
HIF-1a induction.

Previous studies demonstrate that the biological functions of ANP
are not only restricted to blood pressure homeostasis, but similar to
apelin, the hormone can also contribute to anti-inflammatory processes
by decreasing proinflammatory cytokines such as TNF-a and IL-6,
modulation of cell growth, inhibition of oxidative stress-induced da-
mage (De Vito, 2014; De Vito et al., 2010; Zhang et al., 2014). How-
ever, ANP can induce antiproliferative effects on cancer cells by an Akt-
mediated cross talk between NHE-1 and Wnt signaling and inhibit
cancer cell growth (Serafino et al., 2012; Serafino and Pierimarchi,
2014). Thus, the stimulating effect of apelin on cell proliferation may be
prevented by ANP which is induced by apelin.

In conclusion; apelin induces ANP gene expression and may play a
role in cardiovascular homeostasis and the other biological functions by
increasing ANP expression under stresful conditions. Further studies are
needed to explain these findings.

Conflict of interest

This study has not been published elsewhere and has no relationship
with industry and financial institutions. The manuscript is not currently
under consideration for publication in another journal. The authors
declare no conflict of interest.

Acknowledgements

This work was supported by The Scientific Research Projects
Coordination Unit of Akdeniz University (Project Number:
2012.01.0103.011) and The Scientific and Technological Research
Council of Turkey (TUBITAK) funded by the Turkey Government
(Project number: 110S447).



V.N. Izgut-Uysal et al.

References

Acar, N., Korgun, E.T., Ustunel, I., 2012. Cell cycle inhibitor p57 expression in normal and
diabetic rat placentas during some stages of pregnancy. Histol. Histopathol. 27,
59-68.

Barnes, G., Japp, A.G., Newby, D.E., 2010. Translational promise of the apelin—-APJ
system. Heart 96, 1011-1016.

Blackmore, M.S., Lord, C.C., 2000. The relationship between size and fecundity in Aedes
albopictus. J. Vector Ecol. 25, 212-217.

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72,
248-254.

Carpene, C., Dray, C., Attane, C., Valet, P., Portillo, M.P., Churruca, I., Milagro, F.I.,
Castan-Laurell, 1., 2007. Expanding role for the apelin/AP: J system in physio-
pathology. J. Physiol. Biochem. 63, 359-373.

Charles, C.J., 2007. Putative role for apelin in pressure/volume homeostasis and cardi-
ovascular disease. Cardiovas. Hematol. Agents Med. Chem. 5, 1-10.

Chen, Y.F., 2005. Atrial natriuretic peptide in hypoxia. Peptides 26, 1068-1077.

De Vito, P., Incerpi, S., Pedersen, J.Z., Luly, P., 2010. Atrial natriuretic peptide and
oxidative stress. Peptides 31, 1412-1419.

De Vito, P., 2014. Atrial natriuretic peptide: an old hormone or a new cytokine? Peptides
58, 108-116.

Eyries, M., Siegfried, G., Ciumas, M., Montagne, K., Agrapart, M., Lebrin, F., Soubrier, F.,
2008. Hypoxia-induced apelin expression regulates endothelial cell proliferation and
regenerative angiogenesis. Circ. Res. 103, 432-440.

Filaretova, L., 2011. Glucocorticoids are gastroprotective under physiologic conditions.
Ther. Adv. Chronic Dis. 2, 333-342.

Geiger, K., Muendlein, A., Stark, N., Saely, C.H., Wabitsch, M., Fraunberger, P., Drexel,
H., 2011. Hypoxia induces apelin expression in human adipocytes. Hormone Metab.
Res. = Hormon- und Stoffwechselforschung = Hormones et metabolisme 43,
380-385.

Guo, S., Gao, Q., Jiao, Q., Hao, W., Gao, X., Cao, J.M., 2012. Gastric mucosal damage in
water immersion stress: mechanism and prevention with GHRP-6. World J.
Gastroenterol. 18, 3145-3155.

Han, S., Wang, G., Qi, X., Lee, H.M., Englander, E.W., Greeley Jr., G.H., 2008. A possible
role for hypoxia-induced apelin expression in enteric cell proliferation. American
journal of physiology. Regul. Integr. Comp. Physiol. 294, R1832-1839.

Harada, N., Okajima, K., Liu, W., 2005. Rebamipide decreases the susceptibility of gastric
mucosa to acid-induced injury in rats by inhibiting neutrophil activation. Dig. Dis.
Sci. 50 (Suppl. 1), S56-62.

Izgut-Uysal, V.N., Gemici, B., Birsen, I., Acar, N., Ustunel, I., 2014. The protective effect of
apelin against water-immersion and restraint stress-induced gastric damage. J.
Physiol. Sci.: JPS 64, 279-289.

Kitagawa, H., Fujiwara, M., Osumi, Y., 1979. Effects of water-immersion stress on gastric
secretion and mucosal blood flow in rats. Gastroenterology 77, 298-302.

Kleinz, M.J., Davenport, A.P., 2005. Emerging roles of apelin in biology and medicine.
Pharmacol. Ther. 107, 198-211.

Laskowski, A., Woodman, O.L., Cao, A.H., Drummond, G.R., Marshall, T., Kaye, D.M.,
Ritchie, R.H., 2006. Antioxidant actions contribute to the antihypertrophic effects of
atrial natriuretic peptide in neonatal rat cardiomyocytes. Cardiovasc. Res. 72,
112-123.

Li, L., Li, L., Xie, F., Zhang, Z., Guo, Y., Tang, G., Lv, D., Lu, Q., Chen, L., Li, J., 2013.
Jagged-1/Notch3 signaling transduction pathway is involved in apelin-13-induced
vascular smooth muscle cells proliferation. Acta Biochim. Biophys. Sin. 45, 875-881.

Liu, X., He, L., Dinger, B., Stensaas, L., Fidone, S., 2013. Sustained exposure to cytokines
and hypoxia enhances excitability of oxygen-sensitive type I cells in rat carotid body:
correlation with the expression of HIF-1alpha protein and adrenomedullin. High
Altitude Med. Biol. 14, 53-60.

Lv, S.Y., Yang, Y.J., Chen, Q., 2013. Regulation of feeding behavior, gastrointestinal
function and fluid homeostasis by apelin. Peptides 44, 87-92.

96

Tissue and Cell 51 (2018) 91-96

Newson, M.J., Roberts, E.M., Pope, G.R., Lolait, S.J., O’Carroll, A.M., 2009. The effects of
apelin on hypothalamic-pituitary-adrenal axis neuroendocrine function are mediated
through corticotrophin-releasing factor- and vasopressin-dependent mechanisms. J.
Endocrinol. 202, 123-129.

Newson, M.J., Pope, G.R., Roberts, E.M., Lolait, S.J., O’Carroll, A.M., 2013. Stress-de-
pendent and gender-specific neuroregulatory roles of the apelin receptor in the hy-
pothalamic-pituitary-adrenal axis response to acute stress. J. Endocrinol. 216,
99-109.

Oikonomou, E., Zografos, T., Papamikroulis, G.A., Siasos, G., Vogiatzi, G., Theofilis, P.,
Briasoulis, A., Papaioannou, S., Vavuranakis, M., Gennimata, V., Tousoulis, D., 2017.
Biomarkers in atrial fibrillation and heart failure. Curr. Med. Chem. http://dx.doi.
org/10.2174/0929867324666170830100424. (Epub ahead of print).

Ronkainen, V.P., Ronkainen, J.J., Hanninen, S.L., Leskinen, H., Ruas, J.L., Pereira, T.,
Poellinger, L., Vuolteenaho, O., Tavi, P., 2007. Hypoxia inducible factor regulates the
cardiac expression and secretion of apelin. FASEB J. 21, 1821-1830.

Serafino, A., Pierimarchi, P., 2014. Atrial natriuretic peptide: a magic bullet for cancer
therapy targeting Wnt signaling and cellular pH regulators. Curr. Med. Chem. 21,
2401-2409.

Serafino, A., Moroni, N., Psaila, R., Zonfrillo, M., Andreola, F., Wannenes, F., Mercuri, L.,
Rasi, G., Pierimarchi, P., 2012. Anti-proliferative effect of atrial natriuretic peptide on
colorectal cancer cells: evidence for an Akt-mediated cross-talk between NHE-1 ac-
tivity and Wnt/beta-catenin signaling. Biochim. Biophys. Acta 1822, 1004-1018.

Szokodi, I., Tavi, P., Foldes, G., Voutilainen-Myllyla, S., Ilves, M., Tokola, H., Pikkarainen,
S., Piuhola, J., Rysa, J., Toth, M., Ruskoaho, H., 2002. Apelin, the novel endogenous
ligand of the orphan receptor APJ, regulates cardiac contractility. Circ. Res. 91,
434-440.

Taheri, S., Murphy, K., Cohen, M., Sujkovic, E., Kennedy, A., Dhillo, W., Dakin, C., Sajedi,
A., Ghatei, M., Bloom, S., 2002. The effects of centrally administered apelin-13 on
food intake, water intake and pituitary hormone release in rats. Biochem. Biophys.
Res. Commun. 291, 1208-1212.

Tatemoto, K., Takayama, K., Zou, M.X., Kumaki, I., Zhang, W., Kumano, K., Fujimiya, M.,
2001. The novel peptide apelin lowers blood pressure via a nitric oxide-dependent
mechanism. Regul. Pept. 99, 87-92.

Tiani, C., Garcia-Pras, E., Mejias, M., de Gottardi, A., Berzigotti, A., Bosch, J., Fernandez,
M., 2009. Apelin signaling modulates splanchnic angiogenesis and portosystemic
collateral vessel formation in rats with portal hypertension. J. Hepatol. 50, 296-305.

Ustunel, 1., Acar, N., Gemici, B., Ozbey, O., Edizer, 1., Soylu, H., Tepekoy, F., Izgut-Uysal,
V.N., 2014. The effects of water immersion and restraint stress on the expressions of
apelin, apelin receptor (APJR) and apoptosis rate in the rat heart. Acta Histochem.
116, 675-681.

Vollmar, A.M., 2005. The role of atrial natriuretic peptide in the immune system. Peptides
26, 1086-1094.

Wang, X., Liu, X., Kong, R., Zhan, R., Wang, X., Leng, X., Gong, J., Duan, M., Wang, L.,
Wu, L., Qian, L., 2009. NGFI-B targets mitochondria and induces cardiomyocyte
apoptosis in restraint-stressed rats by mediating energy metabolism disorder. Cell
Stress Chaperones 14, 639-648.

Wann, B.P., Audet, M.C., Anisman, H., 2010. Impact of acute and chronic stressor ex-
periences on heart atrial and brain natriuretic peptides in response to a subsequent
stressor. Horm. Behav. 58, 907-916.

Warzecha, Z., Dembinski, A., Ceranowicz, P., Dembinski, M., Cieszkowski, J., Kownacki,
P., Konturek, P.C., 2011. Role of sensory nerves in gastroprotective effect of ana-
ndamide in rats. J. Physiol. Pharmacol. 62, 207-217.

Zhang, Q.L., Cui, B.R,, Li, H.Y., Li, P., Hong, L., Liu, L.P., Ding, D.Z., Cui, X., 2013. MAPK
and PI3K pathways regulate hypoxia-induced atrial natriuretic peptide secretion by
controlling HIF-1 alpha expression in beating rabbit atria. Biochem. Biophys. Res.
Commun. 438, 507-512.

Zhang, F., Sun, H.J., Xiong, X.Q., Chen, Q., Li, Y.H., Kang, Y.M., Wang, J.J., Gao, X.Y.,
Zhu, G.Q., 2014. Apelin-13 and APJ in paraventricular nucleus contribute to hy-
pertension via sympathetic activation and vasopressin release in spontaneously hy-
pertensive rats. Acta Physiol. 212, 17-27.


http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0005
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0005
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0005
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0010
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0010
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0015
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0015
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0020
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0020
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0020
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0025
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0025
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0025
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0030
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0030
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0035
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0040
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0040
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0045
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0045
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0050
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0050
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0050
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0055
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0055
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0060
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0060
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0060
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0060
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0065
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0065
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0065
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0070
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0070
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0070
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0075
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0075
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0075
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0080
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0080
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0080
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0085
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0085
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0090
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0090
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0095
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0095
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0095
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0095
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0100
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0100
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0100
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0105
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0105
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0105
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0105
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0110
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0110
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0115
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0115
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0115
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0115
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0120
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0120
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0120
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0120
http://dx.doi.org/10.2174/0929867324666170830100424
http://dx.doi.org/10.2174/0929867324666170830100424
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0130
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0130
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0130
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0135
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0135
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0135
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0140
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0140
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0140
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0140
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0145
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0145
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0145
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0145
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0150
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0150
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0150
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0150
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0155
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0155
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0155
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0160
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0160
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0160
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0165
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0165
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0165
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0165
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0170
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0170
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0175
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0175
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0175
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0175
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0180
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0180
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0180
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0185
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0185
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0185
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0190
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0190
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0190
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0190
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0195
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0195
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0195
http://refhub.elsevier.com/S0040-8166(17)30199-4/sbref0195

	Apelin-APJ system is responsible for stress-induced increase in atrial natriuretic peptide expression in rat heart
	Introduction
	Materials and methods
	Animals
	Experimental protocol
	Determination of plasma corticosterone and ANP
	Immunohistochemistry
	Image J analysis
	Western blot analysis
	Statistical analysis

	Results
	Corticosterone and ANP concentration
	Apelin expression
	HIF-1α expression
	ANP expression

	Discussion
	Conflict of interest
	Acknowledgements
	References




