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Abstract
AIM: To investigate the mechanism of gastric mucosal 
demage induced by water immersion restraint stress 
(WRS) and its prevention by growth hormone releasing 
peptide-6 (GHRP-6).

METHODS: Male Wistar rats were subjected to conscious 
or unconscious (anesthetized) WRS, simple restraint (SR), 
free swimming (FS), non-water fluid immersion, immer-
sion without water contact, or rats were placed in a cage 
surrounded by sand. To explore the sensitivity structures 
that influence the stress reaction besides skin stimuli, a 
group the rats had their eyes occluded. Cervical bilateral 
trunk vagotomy or atropine injection was performed in 
some rats to assess the parasympathetic role in muco-
sal damage. Gastric mucosal lesions, acid output and 
heart rate variability were measured. Plasma renin, en-

dothelin-1 and thromboxane B2 and gastric heat shock 
protein 70 were also assayed. GHRP-6 was injected 
[intraperitoneal (IP) or intracerebroventricular (ICV)] 
2 h before the onset of stress to observe its potential 
prevention of the mucosal lesion.

RESULTS: WRS for 6 h induced serious gastric muco-
sal lesion [lesion area, WRS 81.8 ± 6.4 mm2 vs  normal 
control 0.0 ± 0.0 mm2, P  < 0.01], decreased the heart 
rate, and increased the heart rate variability and gastric 
acid secretion, suggesting an increase in vagal nerve-
carrying stimuli. The mucosal injury was inversely cor-
related with water temperature (lesion area, WRS at 
35 ℃ 56.4 ± 5.2 mm2 vs  WRS at 23 ℃ 81.8 ± 6.4 mm2, 
P  < 0.01) and was consciousness-dependent. The in-
jury could not be prevented by eye occlusion, but could 
be prevented by avoiding contact of the rat body with 
the water by dressing it in an impermeable plastic suit. 
When water was replaced by vegetable oil or liquid 
paraffin, there were gastric lesions in the same grade 
of water immersion. When rat were placed in a cage 
surrounded by sand, there were no gastric lesions. All 
these data point to a remarkable importance of cutenu-
ous information transmitted to the high neural center 
that by vagal nerves reaching the gastric mucosa. FS 
alone also induced serious gastric injury, but SR could 
not induce gastric injury. Bilateral vagotomy or atropine 
prevented the WRS-induced mucosal lesion, indicating 
that increased outflow from the vagal center is a deci-
sive factor in WRS-induced gastric injury. The mucosal 
lesions were prevented by prior injection of GHRP-6 via  
IP did, but not via  ICV, suggesting that the protection is 
peripheral, although a sudden injection is not equivalent 
to a physiological release and uptake, which eventually 
may affect the vagal center.

CONCLUSION: From the central nervous system, vagal 
nerves carry the cutaneous stimuli brought about by the 
immersion restraint, an experimental model for inducing 
acute gastric erosions. GHRP-6 prevents the occurrence 
of these lesions.
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INTRODUCTION
Stress is an adaptive physiological response to disruption 
of  homeostasis. Serious stress can induce organ injury or 
contribute to diseases, such as gastric ulcers, hyperten-
sion, diabetes, and cancer. The stomach is one of  the 
main targets of  stress. Stress-induced gastric ulceration 
is a typical example of  stress-associated organ injuries[1]. 
Water immersion restraint stress (WRS) mimics the clini-
cal acute gastric ulcerations caused by trauma, surgery, or 
sepsis[2] and has been widely accepted for studying stress 
ulceration[3]. It is theoretically and clinically significant to 
demonstrate the mechanism of  stress-induced gastric in-
jury and develop respective therapeutic drugs.

Both psychological and physiological responses occur 
during stress and these are involved in the pathogenesis 
of  gastric ulceration. The psychological responses include 
anxiety, depression, feeling of  helplessness, fear, threat 
of  drowning, etc. The physiological responses include 
neurohormonal and immunological activations, including 
the involvement of  corticotropin-releasing factor. These 
two systems may interact during stressful challenges[4,5], 
known as psychosomatic reactions. Nonetheless, the 
mechanisms of  gastric stress ulceration remain unclear.

Developing protective drugs against gastric stress 
ulceration is an important clinical issue. Based on previ-
ous studies, agonizing the growth hormone secretagog 
receptor (GHSR) might be a strategy. Growth hormone 
releasing peptides (GHRP) are peptidyl growth hormone 
secretagogs (GHS) and are the synthetic ligands for the 
GHSR. The family members of  GHRP include GHRP-1, 
GHRP-2, GHRP-6 and hexarelin[6]. GHSR, and its natu-
ral ligand ghrelin, are widespread in many tissues, includ-
ing the gastrointestinal tract[7] and cardiovascular system[8]. 
Although the GH-releasing actions of  both the natural 
and synthetic GHS have been demonstrated in different 

species, the function of  GHS on alternative physiological 
systems has not been clearly elucidated. Studies over the 
past two decades have demonstrated that GHS exerts its 
physiological or pharmacological actions via GH-inde-
pendent pathways, except for its GH-dependent action[9]. 
In the cardiovascular system, GHRP and ghrelin exert 
protective effects, especially on myocardial infarction[10] 
and heart failure[8,11,12]. Ghrelin and GHSR are expressed 
in the rat and human stomach and may have significant 
physiological/pharmacological effects on gastric func-
tion and diseases[13,14]. Ghrelin exerts a potent protective 
action on the stomach of  rats exposed to WRS[15]. How-
ever, whether or not GHRP also protects against stress-
induced gastric injury is unknown. GHRP are much 
smaller in molecular weight, effective when administered 
orally, more stable and economically cheaper than ghre-
lin, and with minimal toxicity, they are better prospects 
for developing drugs for gastric protection. The purpose 
of  the study was to further investigate the mechanism of  
gastric stress ulceration using the WRS rat as a model and 
observe the potential protective effect of  GHRP-6 on 
this gastric injury.

MATERIALS AND METHODS
Stress procedures and animal grouping
A 78 4-mo old male Wistar rats of  310 ± 10 g, were in-
volved in the study. Before the experiment, each animal 
was housed in a single cage that had wire-net bottoms to 
avoid coprophagy and had free access to tap water and 
regular chow for at least 7 d. All animals were starved for 
24 h before the onset of  stress, but had free access to 
tap water. Animals were conscious during the stress pro-
cedures except those in the “WRS + anesthesia” group 
(described below), in which rats were anesthetized with 
50 mg/kg of  sodium pentothal intraperitoneal (IP) dur-
ing the whole 6-h stress procedures. The water tempera-
ture was set to 23 ± 0.5 ℃, except in the WRS group, in 
which three water temperatures were tested (see below).

The animals were randomly divided into 11 groups 
(n = 6 in each group/treatment): (1) WRS: rats were 
lightly anesthetized by ether inhalation and four limbs 
of  each rat were restrained on a wooden plate (25 cm × 
19 cm), with the upper limbs anchored at a horizontal 
position and the lower limbs extended downward. After 
awakening (usually 10-15 min after ether anesthesia), rats 
anchored on the wooden plates were immersed vertically 
(head up) in water to the level of  xiphoid process in a 
water bath thermostatically controlled at 23 ± 0.5 ℃, 19 
± 0.5 ℃ or 35 ± 0.5 ℃, with or without constant pento-
thal anesthesia, respectively (each n = 6). Anesthesia was 
achieved with 50 mg/kg of  sodium pentothal IP over the 
whole 6-h stress procedure; (2) simple restraint (SR): the 
procedure was the same as in the WRS group except that 
the water bath was empty; (3) free swimming (FS): rats 
were put into water (water depth 7 cm to avoid drown-
ing) and allowed free movement in the water for 6 h; (4) 
shallow water touch: rats were put into a water both (water 
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depth 1 cm) and kept for free moving in the water for 6 h;  
(5) WRS + eye occlusion: animals were eye-occluded 
with adhesive plasters and then underwent the WRS pro-
cedures, in an attempt to determine whether vision plays 
a role in the development of  stress ulcers; (6) immersion 
without water contact (NWCI): water immersion with the 
rat body into a plastic bag to avoid water contact but the 
rat could see the surrounding water; (7) non-water fluid 
immersion: the procedure was the same as WRS except 
that water was replaced by salad oil or liquid paraffin (each 
n = 6), in an attempt to elucidate if  skin sensation can 
differentiate different liquids and induce different gastric 
responses; (8) “burial” in sand: the restrained rat was 
placed in a box, the space between the box wall and the 
rat body was filled with fine sand, the level of  filling sand 
was also to the xiphoid process. To avoid compression of  
the body, pieces of  spongeous material were introduced 
into the sand; (9) WRS + vagotomy and WRS + atropine: 
rats underwent bilateral vagal nerve trunk cutting and 
then underwent WRS. Additional 6 WRS rats (without 
vagotomy) received atropine (1 mg/kg) IP injection 10 
min before the onset of  WRS; (10) WRS + GHRP-6: the 
rat received GHRP-6 (100 μg/kg) (ProSpec-Tany, Israel) 
IP or intracerebroventricular (ICV) injection 2 h before 
the WRS procedure. For IP injection, GHRP-6 was dis-
solved in saline, with a total volume of  0.25 mL per in-
jection; for ICV injection, GHRP was diluted in artificial 
cerebrospinal fluid, the volume and dosage of  GHRP 
per injection were 5 μL and 20 μg/kg; and (11) normal 
control: rats were not submitted to any stress procedure. 
Animals without GHRP-6 IP injection received same 
volume (0.25 mL) of  saline injection (placebo).

The animal use protocol was approved by the Life 
Ethics Committee of  Peking Union Medical College and 
was conducted in compliance with the United States Na-
tional Institutes of  Health Guidelines for the Care and 
Use of  Laboratory Animals (NIH Publication 85-23).

Evaluation of gastric mucosal lesion
After the stress procedures, animals were released from 
the plate and were decapitated under pentobarbital an-
esthesia. The stomachs were then harvested and opened 
along the lesser curvature. The severity of  mucosal le-
sions was grossly inspected and digitally photographed. 
Gastric tissues were then fixed in 10% formalin, dehy-
drated and imbedded in paraffin wax. Paraffin sections of  
5 μm were cut and stained with hematoxylin and eosin. 
Histological changes were checked under a microscope. 
The length and width of  each lesion, including epithe-
lial cell damage, glandular disruption, vasocongestion, 
hemorrhage and deep necrosis, were measured by stere-
oscopy and the total area of  the lesions in one stomach 
was assessed by planimetry[16]. The measurement of  ulcer 
index was determined by protocol-blinded researcher. 
The number of  animals showing these histopathological 
lesions in each group was compared with that of  other 
groups.

Surface electrocardiograms recording and heart rate 
variability analysis
Surface electrocardiograms (ECG) were recorded with a 
computer assisted BL-420S system (Chengdu Technol-
ogy and Market Co. Ltd., Chengdu, China) with a sample 
rate of  1000 HZ. To avoid the influence of  circadian 
variation of  gastric susceptibility, we restricted the ECG 
recording time to 09:00-15:00 for all subjected animals. R 
waves were detected off-line with wavelet transform algo-
rithm and then by manual artifact removal. Linear param-
eters of  heart rate variability (HRV), including mean R-R 
intervals, standard deviation of  the normal-to-normal 
R-R intervals (SDNN) and root mean square of  succes-
sive difference (RMSSD) of  R-R intervals, and non-linear 
parameter (Poincaré plot) were analyzed as we previously 
described[17].

Vagotomy
Under light ether inhalation anesthesia, bilateral cervi-
cal vagal nerve trunks were exposed and cut off. After 
closure of  the incision, rats were allowed 3 h to recover 
from the surgery and anesthesia before the WRS proce-
dure.

Measurement of gastric acid secretion
To avoid interrupting the development and observation 
of  gastric erosion, an additional 24 rats were used to mea-
sure gastric acid secretion during the stress. These rats 
were randomly assigned to four groups: WRS, WRS + 
GHRP-6, RS and Normal + GHRP-6 groups, respectively 
(each n = 6). Gastric acid outputs were measured accord-
ing to the reported protocols[18,19] with minor modifica-
tions. After a 24-h fast, animals were anesthetized by light 
ether inhalation. For each animal, a transverse incision 
was made in the abdomen. Both cardia and pylorus were 
intubated via incisions with open polyethylene cannulae 
and then ligated. The incisions were closed with thread 
adhesive to avoid water invasion, and ether was discon-
tinued. To remove any solid contents, the stomach was 
gently rinsed with 2 mL of  saline at 37 ℃ three times 
before the drainage of  the gastric juice. Two milliliters 
of  saline warmed to 37 ℃ were then injected into the 
stomach, left for 30 min and then aspirated and replaced 
by a fresh saline solution. The process was repeated twice 
to obtain acid secretion before stress and once every 30 
min after the beginning of  stress, for 3 h. The aspirated 
fluids were titrated to pH 7.0 with 0.01 mol/L (normality) 
NaOH using a pH meter, and acid output was calculated 
as μEq/30 min.

Intracerebroventricular cannulation
At least one week before the ICV injection, a brain can-
nula made of  polyethylene tubing (PE-10; Clay Adams, 
Parsippany, NJ) was inserted into the left lateral cerebral 
ventricle (A-P, 1.5 mm caudal to the bregma; L, 2.0 mm 
lateral to the midline; V, 3.0 mm below the skull surface) 
under pentobarbital anesthesia (35 mg/kg, IP), as re-
cently reported[20]. The cannula implanted into the brain 
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was securely fixed by dental cement and synthetic resin. 
When injections were given to the rats, a microsyringe 
for injection was directly connected to the cannula. ICV 
injections were performed only in conscious rats.

Measurement of plasma renin activity, endothelin-1 and 
thromboxane B2
Blood was sampled from the ventroartery and prepared 
for the measurements of  stress-related vasoconstricti
ve factors. Kits for assaying the factors were purchased 
from the People’s Liberation Army General Hospital, 
Beijing, China. Plasma renin activity (PRA) was indicated 
by the production of  angiotensin I (Ang I) in a reaction 
system including rat plasma (containing renin and an-
giotensinogen), rabbit anti-human Ang I antiserum, Ang 
I standards, and 125I-Ang I. Ang I was measured by the 
respective radioimmunoassay (RIA) kit. The direct reac-
tion between sample plasma and Ang I antiserum served 
as a control. The radiation intensity (counts/min) in each 
tube was converted to nanograms per milliliter (ng/mL), 
with reference to the Ang I standard curve. PRA was cal-
culated by the equation: PRA (ng/mL per hour) = (Ang I 
concentration in test tube-Ang I concentration in control 
tube)/incubation time (h). All assays were performed in 
duplicate.

Plasma endothelin-1 (ET-1) was measured with a RIA 
kit according to the manufacturer’s protocols. The prima-
ry antibodies were rabbit anti-human ET-1 which showed 
interactions with rat ET-1. We also used standards of  
these hormones and blank controls to guarantee the qual-
ity of  the measurement. The measuring sensitivities were 
< 5 pg/mL for ET-1. The intra- and interassay variabili-
ties were < 10% and < 15% for ET-1.

Plasma thromboxane B2 (TXB2) was measured with 
an RIA kit (People’s Liberation Army General Hospi-
tal, Beijing), according to the manufacturer’s protocols. 
Thromboxane A2 (TXA2) is unstable (half-life 30 min) 
and is rapidly metabolized to the relatively stable TXB2; 
therefore, we used TXB2 as an indicator of  TXA2 level. 
One milliliter of  blood was drawn from the abdominal 
aorta into a test tube containing 0.06 mL of  indometh-
acin-EDTA solution and then mixed. The blood was 
centrifuged at 3500 r/min for 15 min and the plasma was 
separated and stored at -20 ℃. At the beginning of  the 
measurement, the plasma was defrosted and centrifuged 
again at 3500 r/min for 10 min. The supernatant was 
used to measure the TXA2 level using the RIA kit. 

Western blotting
The gastric mucosal tissues were harvested immediately 
after decapitation, and 100 mg of  mucosal tissues for 
each animal were used for the following procedures. Total 
protein extracts were prepared by homogenizing mucosal 
tissues in lysis buffer. Protein (80 μg per sample) electro-
phoresis were subjected to sodium dodecylsulfate-poly-
acrylamide gel and then transferred onto a nitrocellulose 
membrane. Primary antibodies [goat anti-rat heat shock 
proteins 70 (HSP70), polyclonal] (Santa Cruz Biotechnol-

ogy, Inc., dilution 1:500) were added onto the membrane 
to react overnight at 4 ℃ and then incubated with rabbit 
anti-goat horseradish peroxidase-conjugated secondary 

antibody (Santa Cruz, Inc., dilution 1:2500) for 1 h. The 
immunoreactive bands were visualized using Western 
blotting luminal reagents and were scanned with Image 
Analysis software (Alpha Innotech, United States).

Statistical analysis
Data are presented as mean ± SD. Student’s t-test was 
used for two group comparison and analysis of  variance 
followed by Newman-Keuls multiple comparisons were 
used in case for multiple comparisons. Differences with P 
value < 0.05 were considered significant.

RESULTS
The water immersion restraint stress-induced gastric 
mucosal lesion is skin-sensing dependent but is vision 
or restraint independent
Visual inspection showed that WRS for 6 h (water tem-
perature 23 ℃) induced serious gastric bleeding erosions, 
as indicated by the mucosal hemorrhage and mucosal 
erosive lesion (Figure 1) and the calculated area of  the 
lesions (Table 1). The hemorrhage was observed mainly 
in the gastric body and antrum, but not in the fundus 
and duodenum (Figure 1). Under the microscope, the 
mucosa in the WRS rat was disrupted and covered with 
coagulated blood and inflammatory cell infiltration (Fig-
ure 1). Rats with SR did not show gastric mucosal lesions 
(Figure 1, Table 1). Compared with the serious gastric 
mucosal damage in all the WRS rats (Figures 1 and 2), eye 
occlusion of  WRS rats did not provide any protection 
from the mucosal lesions (Figure 2, Table 1), suggesting 
that vision does not play an important role in the patho-
genesis of  gastric damage. Rats with NWCI showed an 
intact mucosa (Figure 2, Table 1), again supporting that 

Table 1  The lesion areas of gastric mucosa in different groups

Group Lesion area (mm2)

WRS (23 ℃) 81.8 ± 6.4b

WRS (19 ℃) 97.5 ± 8.7b

WRS (35 ℃) 56.4 ± 5.2d

WRS + GHRP-6 12.0 ± 2.8d

SR   0.0 ± 0.0d

FS (23 ℃) 99.5 ± 6.9b

Shallow water touch   0.0 ± 0.0d

WRS + eye occlusion 91.2 ± 8.4b

R + NWCI   0.0 ± 0.0b

R + SO immersion 80.6 ± 6.9b

R + LP immersion 82.3 ± 7.1b

R + sand immersion   0.0 ± 0.0d

WRS + anesthesia   0.0 ± 0.0d

WRS + vagotomy   0.0 ± 0.0d

WRS + atropine   0.0 ± 0.0d

Normal control  0.0 ± 0.0

bP < 0.01 vs simple restraint (SR) or normal control; dP < 0.01 vs water im-
mersion restraint stress (WRS) group. FS: Free swimming; NWCI: Non-
water contact immersion; SO: Salad oil; LP: Liquid paraffin; R: Restraint.

Guo S et al . GRHP-6 prevents acute gastric ulcer in restrained rats
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the view that vision is not important in inducing gastric 
mucosal lesion. FS for 6 h also induced serious muco-
sal bleeding erosions (Figure 2, Table 1), indicating that 
water immersion without restraint is also sufficient for 
inducing gastric mucosal lesions.

We also observed the influence of  water temperature 
on WRS-induced gastric mucosal lesions. WRS with cool 
water (23 ℃) (Figure 1) or cold water (19 ℃) (Figure 2) 
both induced serious mucosal lesions, but the extent of  
the lesions was smaller when warm water (35 ℃) was 
used (Figure 2, Table 1).

The liquid immersion-induced gastric mucosal lesion 
depends on the deepening of immersion but not 
depends on the nature of a liquid
Water immersion (WI) to the level of  the xiphoid induced 
serious gastric mucosal lesions (Figure 1), but partial WI 
(shallow water tough) did not induce mucosal lesions 
(Figure 2, Table 1), suggesting that the depth of  the im-
mersion determines the occurrence of  mucosal lesions. 

In an attempt to determine if  different liquids would lead 
to different response patterns in the gastric mucosa, we 
observed the effects of  immersion with two other liquids 
(salad oil and liquid paraffin, which are not obviously 
skin-hazardous) on gastric mucosa. Immersion to the 
level of  xiphoid process with either of  the two liquids 
induced similar gastric mucosal lesion (Figure 2, Table 1) 
as WRS did (Figure 2). “Burying” the body into sand (with 
the head exposed) did not induce mucosal lesions (Figure 
2, Table 1). These results suggest that it is the liquid, but 
not the chemical nature of  the liquid, that determines 
whether the mucosal lesions would occur, and “burying” 
the body in solid materials does not induce gastric muco-
sal lesions.

The WRS-induced gastric mucosal lesion depends 
on the functional neural integrity and increased vagal 
outflow to the stomach
WRS without anesthesia (i.e., conscious rats) induced 
serious gastric mucosal lesions (Figure 1, Table 1), but 

WRS

WRS + GHRP-6

SR

WRS                                WRS + GHRP-6                                  SR

Antrum

Duodenum

Gastric body

Fundus

Figure 1  Gross anatomy of rat gastric mucosa in different groups. Left three columns: The gross inspections of the gastric mucosa in water immersion restraint 
stress (WRS), WRS + growth hormone releasing peptide-6 (GHRP-6) and simple restraint (SR) groups, respectively. Note that there were serious mucosal hemor-
rhages (black color) in the WRS group, while the hemorrhage was minimal in the WRS + GHRP-6 group. No mucosal hemorrhage was observed in the SR group; the 
forth column: Hematoxylin-eosin staining of the mucosa, mucosal structure disruption and hemorrhage (brown color) were observed in the WRS group, but not in the 
WRS + GHRP-6 and SR groups.
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WRS with anesthesia (unconscious rats) did not, no mat-
ter what a water temperature was used (Figure 2, Table 
1). The HRV analyses (Figures 3 and 4) showed that the 
R-R intervals of  the ECG in WRS rats gradually became 
longer, in other words, the HR gradually decreased; the 
SDNN and RMSSD of  the R-R intervals increased, sug-
gesting an increase of  HRV, underlying an increase of  the 
vagal outflow. Simple restraint induced a gradual shorting 
in R-R intervals and decreases in SDNN and RMSSD 
(Figure 3), suggesting an increase in sympathetic outflow 
to the heart. The Poincaré plot of  R-R intervals (Figure 
4) also supported the above observations. Previous injec-

tion of  atropine also abolished the WRS-induced gastric 
mucosal lesion (Figure 2), further supporting the vagal 
hypothesis of  this injury.

WRS stimulated gastric acid secretion (Figure 5), also 
indicative of  increased vagal efferent activity. Simple 
restraint did not affect gastric acid output (Figure 5), 
indicating that restraint alone did not stimulate parasym-
pathetic activity. Bilateral vagotomy totally prevented the 
development of  WRS-induced mucosal lesions (Figure 
2), also supporting the hypothesis that increased vagal 
outflow to the stomach plays a leading role in the devel-
opment of  WRS-induced mucosal lesions.

Figure 2  Representative pictures of the gastric mucosa in different groups. WRS: Water immersion restraint stress; R: Restraint; NWCI: Immersion without wa-
ter contact; LP: Liquid paraffin; SO: Salad oil; Anes.: Anesthesia; ICV: Intracerebroventricular injection; IP: Intraperitoneal injection.

WRS (23 ℃ )                WRS (23 ℃ ) + anes.              WRS + eye occlusion                  Free swimming                   Shallow water touch

R +NWCI                          R +LP immersion                  R +SO immersion                  R +bury in sand                        WRS (19 ℃ )

WRS (19 ℃ ) + anes.                 WRS (35 ℃ )                WRS (35 ℃ ) + anes.                 WRS + vagotomy                   WRS + atropine

WRS + GHRP-6 (ICV))             WRS + GHRP-6 (IP)                 Normal control
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Figure 3  Heart rate variability analyses showing the differences in mean R-R intervals, standard deviation of the normal-to-normal R-R intervals and root 
mean square of successive difference of R-R intervals in different groups. Note that the mean R-R intervals gradually prolonged along with the progress of wa-
ter immersion restraint stress (WRS), whereas this prolongation was much less in the WRS + growth hormone releasing peptide-6 (GHRP-6) group. The mean R-R 
intervals were shortened in the simple restraint (SR) group. The changes in standard deviation of the normal-to-normal (SDNN) and root mean square of successive 
difference (RMSSD) was more significant in WRS group than the other two groups. aP < 0.05, bP < 0.01 vs WRS+GHRP-6 group.
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GHRP-6 prevents WRS-induced gastric mucosal lesion 
mainly by suppressing the vagal effect on the stomach
GHRP-6 pre-injection via IP 2 h before the start of  WRS 
dramatically prevented the WRS-induced mucosal bleed-
ing erosion; only very slight or no hemorrhaging was ob-
served in the WRS + GHRP-6 group (Figure 1). The HE 
stains of  the gastric tissues (Figure 1) also confirmed that 
the mucosal injury/hemorrhage was minimal or not ob-
served in WRS rats pretreated with GHRP-6. Planimetry 
analyses (Table 1) showed that the lesion area was large in 
the WRS group; but was minimal in the WRS + GHRP-6 

group; lesion area was zero in the SR group. GHRP-6 did 
not have a protective effect on the mucosa of  WRS rats 
if  administrated centrally via ICV (Figure 2), suggesting 
that the protective effect of  GHRP-6 is mainly periph-
eral. 

GHRP-6 alleviated the changes of  HRV parameters 
induced by WRS (Figures 3 and 4), and decreased the gas
tric acid output during WRS (Figure 5), suggesting that 
GHRP-6 protects the mucosa, at least in part, by suppres
sing the vagal efferent effect on the stomach.

GHRP-6 could alleviate the intensity of  gastric stress 
response, which is reflected by the level of  expression of  
HSP70 in the mucosa. Western blotting results showed 
that both the WRS and SR induced a high expression of  
HSP70 in the gastric mucosal tissues (Figure 6), indicat-
ing a nonspecific response of  HSP70 expression to stress. 
GHRP-6 pretreatment significantly decreased the protein 
level of  HSP70 in the WRS rats (Figure 6), suggesting a 
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decrease in the stress intensity.
WRS significantly increased the plasma levels of  ET-1, 

renin activity and TXB2 compared with that of  the SR 
group, while GHRP-6 pretreatment significantly attenu-
ated the increases in these vasoconstrictive hormones (Ta
ble 2).

DISCUSSION
The mechanism of  WRS-induced gastric mucosal le-
sion is complicated and not yet fully understood. The 
pathogenesis of  the injury may be recognized at different 
levels, for example, at psychological, physiological, psy-
chosomatic[21], integrative, organic, cellular and molecular 
levels. This study focuses on the psychosomatic mecha-
nism of  WRS-induced gastric mucosal lesions in vivo.

We first differentiated the relative importance of  the 
pathways by which the stress stimulus signals were sens
ed and transferred to the central nervous system (CNS). 
When a conscious rat was immersed in water, it saw (intact 
vision) that its body was almost drowning, which may 
have induced fear. At the same time, the rat’s skin also 
sensed liquid immersion and generated a physiological re-
sponse and subsequent psychological stress response. By 
eye occlusion or NWCI manipulations, we determined 
that vision alone is not sufficient to induce gastric muco-
sal lesion, while WI alone is sufficient for the induction 
of  the lesion, because free swimming rats showed serious 
mucosal injury. These results also showed that immer-
sion depth significantly affects the severity of  mucosal 
lesions, as partial immersion in shallow water could not 
induce mucosal lesions. These results indicate that skin 
sensation is the leading input pathway for WRS-induced 
gastric bleeding erosion. The cutaneous stimuli may reach 
the integrative structures of  the upper central nervous 
system and, by the vagal pathway, produce gastric mucosa 
lesions. Rat is an animal of  nocturnal habit; therefore 
vision is not a fundamental sense for its defense. In all 
environments, rat performs a cognitive map to run away 
from an eventual predator. In an unstable environment, 
such as fluid, they may aware of  the difficulty of  running 
away.

Skin receptors can sense temperature, touch and nox-
ious stimulation. Whether or not skin sensors can also 
distinguish different liquids is unknown. To determine 

this point, we examined gastric mucosal responses to im-
mersion in different liquids or solid materials. Immersion 
in either salad oil or liquid paraffin induced serious muco-
sal hemorrhage similarly to WI, indicating that liquid im-
mersion-induced gastric mucosal injury does not depend 
on the chemical nature of  a liquid, but depends on liquid 
itself. “Burial” in sand did not induce gastric lesions, even 
when combined with restraint, suggesting that skin sen-
sors can differentiate whether a material is fluid or dry 
matter, and immersion in a liquid or “burial” in dry ma-
terial would lead to different gastric mucosal responses. 
Another possibility is that liquid immersion leads to lower 
body temperature compared with surrounding the body 
with solid materials.

 The present data also indicated that the functional 
integrity of  neural regulation is essential for the induction 
of  gastric mucosal injury by WRS. In conscious animals, 
WRS induced injury that was inversely related to water 
temperature. However, in unconscious rats exposed to 
even the most severe condition (19 ℃), no ulceration oc-
curred, which agreed with the result of  Murison et al[21]. 
Pentobarbital does not block vagal output to the stom-
ach[22], but even enhances vagal output[21] ; therefore, the 
lack of  gastric erosion by WRS in unconscious rats may 
be caused by certain selective interruptions of  CNS-sto
mach communications by the anesthesia, potentially in-
cluding sensation of  body temperature and mobilization 
of  vasoconstrictive hormones, such as renin-angiotensin 
system[23], ET-1[24] and TXB2[25]. These vasoconstrictive 
factors may reduce gastric blood flow and lead to chang-
es in the ratio of  gastric blood flow/acid output, which 
favors the formation of  gastric ulcers[26].

Gastric acid secretion is controlled by sympathetic and  
parasympathetic nerves, and by certain hormones, such 
as gastrin. Generally, sympathetic activity inhibits, and 
parasympathetic activity stimulates, gastric acid secretion. 
Occasionally, sympathetic stimulation may also increase 
gastric acid secretion, because adrenalin releases gastrin; 
and vagal nerves may exert some sympathetic-like effect 
as they have adrenergic fibers. Our results indicate that 
increased vagal efferent activity is the leading cause of  
WRS-induced gastric mucosal injury, because HRV analy-
ses showed heart rate slowing and increasing of  some 
HRV parameters, and furthermore, bilateral vagotomy 
or atropine totally prevented the injury induced by WRS. 
This result is consistent with our previous study[17]. Our 
HRV analyses also showed that restraint alone induced 
moderate sympathetic hyperactivity, while sympathetic 
hyperactivity in the stomach prevents WRS-induced gas-
tric injury formation mainly via the inhibition of  gastric 
acid secretion, as observed in stroke prone spontaneously 
hypertensive rats[27].

Heart rate slowing is a universal response in all air-
breathing vertebrates when immersed in water (drown-
ing or diving), this is called diving bradycardia[28]. Diving 
bradycardia is triggered by apnea and accentuated by im-
mersion of  the face or whole body in cold water[28]. The 

Table 2  The effect of growth hormone releasing peptide-6 
on the plasma levels of stress-related factors in rats

ET-1 
(pg/mL)

Renin activity 
(pg/mL)

TXB2 
(ng/mL)

WRS 152.23 ± 10.70d 1.71 ± 0.59d 311.31 ± 50.54d

WRS + GHRP-6 115.11 ± 4.08b 0.65 ± 0.29a 125.84 ± 8.36b

SR 97.11 ± 4.71 0.11 ± 0.03 69.93 ± 22.13

aP < 0.05, bP < 0.01 vs WRS group; dP < 0.01 vs SR group. WRS: Water im-
mersion restraint stress; SR: Simple restraint; GHRP-6: Growth hormone 
releasing peptide-6; ET-1: Endothelin-1; TXB2: Thromboxane B2.
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diving response is mainly characterized by bradycardia, 
decreased cardiac output, peripheral vasoconstriction and 
increased arterial blood pressure[29,30]. The physiological 
significance of  this response is to conserve oxygen, a 
mechanism of  defense against hypoxic damage[28,31]. Our 
previous[17] and present observations in the rat model in-
dicate that bradycardia appears even when the immersion 
is partial and the face is not immersed (for example, im-
mersed to the xiphoid process in the present study), sug-
gesting that heart rate slowing during water immersion 
does not necessarily depend on face immersion. This 
reaction pattern may be formed in development, and is 
a heritable trait[32]. However, when humans are diving or 
swimming for longer times (for example, 8-h swimming), 
they usually do not develop gastric mucosal injury, while 
rats do. One potential mechanism for these differential 
gastric responses may be the psychological component: 
a man who is diving or swimming knows that he is just 
at work or recreation and will not drown; therefore, he 
has no severe psychological reactions. By contrast, a rat 
would not think so, it would feel it was about to drown 
and die, and therefore severe psychological responses 
would be triggered, which may partially contribute to gas-
tric injury.

Ghrelin, a peptide hormone originally isolated main
ly from the stomach, is the endogenous ligand for the 
GHSR. In the gastrointestinal tract, ghrelin regulates 
the motility of  the stomach and gut[33], gastric acid se-
cretion[34] and gastric mucosal defense[35,36]. Intravenous 
administration of  rat ghrelin dose-dependently increases 
both gastric acid secretion and gastric motility, actions 
that are blocked by pretreatment with either atropine 
or bilateral cervical vagotomy, but not by the histamine 
H2-receptor antagonist famotidine, suggesting ghrelin 
might have a physiological role in the vagal control of  
gastric function in rats[37]. Another study indicated that 
ghrelin inhibits gastric acid secretion[38]. This controversy 
deserves further investigation. GHRP, the mimetic of  
ghrelin, has been shown to have gastric motor effects[39]. 
However, the effect of  GHRP on gastric acid secretion is 
unknown. We show here that WRS significantly increased 
the gastric acid output, but restraint did not; GHRP-6 
significantly suppressed WRS-stimulated gastric acid se
cretion, although GHRP-6 did not significantly affect the 
basal gastric acid output in normal rats. These results, 
combined with the HRV data, suggest that the protec-
tive effect of  GHRP-6 on WRS-induced gastric mucosal 
injury is affected, at least in part, by suppressing vagal ef-
ferent effect on the stomach, including gastric acid secre-
tion, as gastric acid play an important role in the develop-
ment of  WRS-induced gastric ulcers[40]. Our results also 
indicate that the protective effect of  GHRP-6 is likely 
peripheral, potentially by affecting the function of  vagal 
efferent terminals and/or cell protection. However, we 
cannot exclude the possibility that GHRP-6 might also 
affect the vago-vagal or vago-sympathetic reflexes. One 
possibility is that GHRP-6 injected via ICV may not ef-
fectively reach its target CNS site (for example, the dorsal 

vagal complex); the other possibility is that GHRP-6 may 
also affect the vagal afferent nerves, which in turn affects 
the neuronal reflex. 

The protection of  GHRP-6 on WRS-induced gas-
tric injury could also be reflected by the level of  expres-
sion of  HSP70 in the gastric mucosal tissue. HSP are 
crucial for cell survival during and after various cellular 
stresses. WRS rapidly induces HSP70 expression and ac-
cumulation; the HSP70 level is inversely correlated with 
the severity of  mucosal lesions[41]. GHRP-6 significantly 
decreased the HSP70 protein level in the gastric mucosa 
of  WRS rats compared with WRS alone, indicating that 
the stress intensity is low in the GHRP-6 treated animals. 
This result also suggests that GHRP-6 can exert a cell 
protective effect.

Interestingly, we found that gastric mucosal injury never 
occurred in the gastric fundus, while ghrelin is secreted 
predominantly by enteroendocrine cells in the gastric 
fundus, although ghrelin gene transcripts and ghrelin-
producing cells are found throughout the gastrointestinal 
tract[13]. Whether the ghrelin-secreting fundus is ulcer-
resistant or only the acid-secreting areas (gastric body and 
antrum) are vulnerable to stress, deserves further investi-
gation. It is possible that locally released ghrelin may have 
a protective action on the fundic gastric mucosa.

In conclusion, this study demonstrates that vision-trig
gered psychosomatic responses do not play an important 
role in WRS-induced gastric mucosal lesions; however, 
skin sensation-induced increase of  vagal outflow and 
subsequent increase of  gastric acid secretion do play a 
leading role. Skin receptors cannot differentiate different 
liquids, and immersion with different liquids induced the 
same gastric injury as WI does. GHRP-6 protects against 
WRS-induced gastric lesions mainly by suppressing the 
vagal effect on gastric mucosa, and this protection is 
likely peripheral. The protective effect of  GHRP-6 on 
gastric stress ulceration suggests a clinical application in 
treating stress-related gastric injury.

COMMENTS
Background
Gastric ulcers are among the most frequently occurring stomach diseases 
across the world and stress is an important inducer of this disease. Therefore, 
an understanding of the key mechanism of gastric stress ulceration and the de-
velopment of preventive/therapeutic drugs are important in treating this disease.
Research frontiers
How stress induces gastric ulcers is an old question that needs a new answer. 
Most previous studies only looked at restricted areas, especially at the physi-
ological and molecular levels. Exploring the key mechanism and developing 
therapeutic drugs for gastric stress ulcer are urgently required. 
Innovations and breakthroughs
In contrast to other mechanistic studies on gastric stress ulceration, this in-
vestigation focuses on the psychosomatic mechanisms of water immersion 
and restraint stress (WRS)-induced gastric bleeding erosions, and found that 
increased outflow from the vagal center is the leading cause of WRS-induced 
gastric injury. Skin sensation, but not vision, triggers the stress reaction via va-
go-vagal reflex. The study also found that growth hormone releasing peptide-6 
(GHRP-6), a synthetic agonist for growth hormone secretagogues receptor, 
prevents the occurrence of gastric mucosal lesions, mainly by suppressing the 
vagal effect on the stomach.
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Applications
The study demonstrates the key signaling pathway by which water immersion 
induces gastric mucosal damage in the rat, and provides the first evidence that 
GHRP-6 can prevent this damage. The study suggests a clinical application of 
GHRP in treating gastric stress ulceration.
Peer review
Discovering the mechanism of gastric stress ulceration is a prerequisite for the 
prevention and treatment of this disease. This study shows that skin sensation 
and the subsequent vago-vagal reflex play a key role in the development of 
water immersion-induced gastric mucosal damage in the rat. GHRP-6 prevents 
this damage, probably by suppressing the vagal effect on the stomach. The 
study is innovative and with potential therapeutic interest.
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