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ABSTRACT

In order to investigate the role of the vagus nerve in the possible gastroprotective effect of obestatin on the
indomethacin-induced acute oxidative gastric injury, Sprague-Dawley rats of both sexes were injected sub-
cutaneously with indomethacin (25 mg/kg, 5% NaHCO3) followed by obestatin (10, 30 or 100 mg/kg). In
other sets of rats, surgical vagotomy (Vx) or selective degeneration of vagal afferent fibers by perivagal
capsaicin was performed before the injections of indomethacin or indomethacin þ obestatin (30 mg/kg).
Gastric serosal blood flow was measured, and 4 h after ulcer induction gastric tissue samples were taken for
histological and biochemical assays. Obestatin reduced the severity of indomethacin-induced acute ulcer via
the reversal of reactive hyperemia, by inhibiting ulcer-induced neutrophil infiltration and lipid peroxidation
along with the replenishment of glutathione (GSH) stores, whereas Vx abolished the inhibitory effect of
obestatin on blood flow and lipid peroxidation, and worsened the severity of ulcer. On the other hand, serosal
blood flow was even amplified by the selective denervation of the capsaicin-sensitive vagal afferent fibers, but
obestatin-induced reduction in ulcer severity was not altered. In conclusion, the gastroprotective effect of
obestatin on indomethacin-induced ulcer appears to involve the activation of the vagovagal pathway.
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INTRODUCTION

The use of non-steroidal anti-inflammatory drugs (NSAID), which are prescribed widely for their
analgesic and anti-inflammatory properties, is increased due to newly defined indications in the
aging world population. The most common side effects of NSAIDs are observed throughout the
entire gastrointestinal tract, and include dyspeptic complaints of varying severity, bleeding or
perforation of gastric and duodenal ulcers [1]. When the balance between the factors that prevent
or facilitate gastric mucosal damage (e.g. luminal factors, resistance of epithelial cells, subepithelial
microcirculation, afferent sensory neurons and mucosal immune system) is impaired, gastric
mucosal damage is inevitable. The dense gastric capillary network maintains the mucus and bi-
carbonate barrier, removes the back-diffused toxins and hydrogen ions and provides oxygen and
necessary nutrients for the viability of epithelial cells. When the mucosa is exposed to an irritating
substance or when there is hydrogen back-diffusion, a rapid increase in the mucosal blood flow
occurs due to the release of calcitonin gene related peptide (CGRP) from the submucosal afferent
sensory neurons and the subsequent release of the vasodilator nitric oxide (NO) from the
endothelia of the submucosal arteries [2–4]. In contrary, application of capsaicin to afferent
sensory neurons eliminates the gastric hyperemic response and mucosal damage occurs [5]. Ulcer
healing accelerates when mucosal blood flow increases [6]. A growing body of evidence has
demonstrated that stimulation of the vagal afferent fibers found in the mucosal and submucosal
layers of the digestive tract [7] activates a cholinergic anti-inflammatory reflex, by which the
efferent pathway inhibits the release of cytokines and prevents tissue damage in several inflam-
matory models [8–10]. On the other hand, vagotomy was shown to elevate the levels of inflam-
matory cytokines and enhance the severity of colonic inflammation [11, 12].

Obestatin, a 23-amino acid peptide hormone derived from the precursor protein pre-
proghrelin, is distributed in several tissues including the stomach and intestines [13]. Apart from
its controversial effects on food intake [14], obestatin was shown to exert anti-inflammatory
effects in several inflammatory models [15–17]. Despite the fact that gastric ulcer patients with
Helicobacter pylori infection had similar serum obestatin levels as H. pylori-negative patients
[18], bacterial eradication resulted in elevated serum obestatin levels [19], suggesting a gastro-
protective role of obestatin. In a chronic gastric ulcer model induced with topical acetic acid
application on the gastric serosa, obestatin was shown to accelerate ulcer healing by increasing
mucosal blood flow and decreasing the expression of pro-inflammatory cytokines in the gastric
mucosa [20]. However, the involvement of the vagus nerve in the putative gastroprotective effect
of obestatin has not been elucidated.

In the light of all the above mentioned studies, we aimed to investigate the role of the vagus nerve
in the gastroprotective impact of obestatin on NSAID-induced acute oxidative gastric injury in rats.

MATERIALS AND METHODS

Animals

Sprague-Dawley rats of both sexes (10-week-old, 280–320 g) were supplied by the Marmara
University (MU) Animal Center (DEHAMER) and were housed in an air-conditioned room
with 12-h light and dark cycles, where the temperature (22 ± 2 8C) and relative humidity
(65–70%) were kept constant. Rats were fed with standard laboratory chow and had free access

244 Physiology International 107 (2020) 2, 243–255



to water. All experimental protocols were approved by the MU Animal Care and Use Com-
mittee (approval number: 15.2010.mar.)

Experimental design and surgery

After overnight fasting, indomethacin (25 mg/kg in 5% NaHCO3; Sigma-Aldrich, Missouri, USA)
was injected subcutaneously (s.c.) for the induction of acute gastric ulcer, while the non-ulcer
control groups received NaHCO3 (1 ml/kg, s.c). In order to determine the effective dose of obestatin
in alleviating gastric injury, rats were treated with one of the three doses (10, 30 or 100 mg/kg in
saline; intraperitoneally, i.p.) of obestatin 15 min after the indomethacin injection (n 5 8 in each
group), while the vehicle-treated ulcer (n 5 8) and control (n 5 8) groups were given saline. The
mid-dose (30 mg/kg) was chosen for the rest of the experiments, because this intermediate dose was
efficient in both suppressing ulcer-induced neutrophil infiltration and high ulcer score (Fig. 1).

In another set of animals (n 5 24), surgical vagotomy (Vx) was performed to evaluate the
contribution of the vagal pathway in the gastroprotection afforded by obestatin. On the 8th day
after Vx, rats were treated with indomethacin or indomethacin plus obestatin (30 mg/kg) or
NaHCO3 (control-Vx). In order to differentiate the role of vagal afferent fibers in the gastro-
protective action of obestatin, selective degeneration of vagal afferent fibers was performed in a
third group of rats (n 5 16). On the 8th day following perivagal capsaicin application, rats were
treated with indomethacin or indomethacin plus obestatin (30 mg/kg).

One hour after the indomethacin or NaHCO3 injection, all rats were anesthetized for the
measurement of gastric serosal blood flow and were decapitated 3 h later. Macroscopic lesion
indices were recorded, gastric tissue samples were obtained for the measurement of myelo-
peroxidase (MPO) activity and malondialdehyde (MDA) and glutathione (GSH) levels, and
extra tissues were placed in formaldehyde solution for histological examinations.

Vagotomy (Vx)

Under aseptic conditions, rats were anesthetized with a combination of ketamine (100 mg/kg)
and xylazine (10 mg/kg) given in an i.p. injection. After a midline incision, gastric Vx was

Fig. 1. A) Histological lesion index, B) Myeloperoxidase (MPO) activity in gastric tissue; *P < 0.05, ***P < 0.001
compared to non-ulcer control group, þP < 0.05, þþþP < 0.001 compared to saline-treated ulcer

group
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performed by transection of the dorsal vagal trunk just under the diaphragm, and the hepatic
and celiac branches of the ventral vagus nerve and the ventral gastric nerve filament were also
transected at the region close to the stomach [21]. The incision was closed; the rats were
returned to their cages and monitored for a week until the injection of indomethacin or
NaHCO3 on the 8th day, which was followed by obestatin or saline administration.

Capsaicin application onto the vagus nerve

Under ketamine and xylazine anesthesia, tracheostomy was performed and a tracheal tube was
inserted through which the animals breathed room air spontaneously. In order to decrease the
acute respiratory and cardiovascular effects of capsaicin, rats were pretreated with atropine
sulfate (2 mg/kg, i.p.). After a midline incision, the sub-diaphragmatic vagal trunks (both
anterior and posterior) were exposed between the diaphragm and the gastric cardia. Then, to
perform vagal afferent denervation, a 1% solution of capsaicin (in 10% ethanol, 10% Tween 80,
and 80% saline 0.9%; Sigma-Aldrich) was applied topically onto the vagus nerve by a soaked
swab, while the underlying tissues were protected by a layer of parafilm. The application was
continued for 30 min and the total capsaicin dose did not exceed 1 mg/rat [22]. The vagal area
was rinsed with sterile saline to remove capsaicin, and the incision was closed. In the sham
group, vehicle (Tween 80 in saline and ethanol) was applied onto the vagus nerve for 30 min
before the closure of the incision. The rats were returned to their cages and observed for a week.
On the 8th day, capsaicin-treated and sham rats were tested by applying 1% NH4OH solution
into the eye. The absence of the eye-wiping response verified that the corneal afferents were
impaired and lacked chemosensitivity [23]. Then, obestatin (30 mg/kg) or saline was applied
immediately after the injection of indomethacin or NaHCO3.

Measurement of serosal blood flow

The gastric serosal blood flow was evaluated using a laser-Doppler flowmeter (PeriFlux System
5000, Perimed, Sweden). For the recording of gastric blood flow, all rats were anesthetized
(ketamine plus xylazine) 1 hour after the indomethacin or NaHCO3 injection. The laser probe
was inserted through a small cannula and fixed in position with a stabilizer on the corpus of the
stomach to record for 40 min. Following an initial 30-min period of stabilization, the average
flow within a 10-min period was used to express the blood flow in terms of perfusion unit (PU)
[24].

Lesion index

Four hours after the indomethacin or NaHCO3 injection, rats were decapitated and the dissected
stomachs were cut along the greater curvature. For the macroscopic analysis of hemorrhagic
lesions, the mucosa was rinsed with normal saline. The length (millimeter) of each lesion was
measured, summed per stomach, and expressed as ulcer index, in which three petechia were
counted as 1 mm.

Measurementof myeloperoxidase (MPO) activity

MPO is an enzyme found mainly in the azurophilic granules of polymorphonuclear leukocytes
(PMN). Since tissue MPO activity has a positive correlation with the number of PMN
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determined histochemically in the tissues, it is frequently used for the estimation of PMN
accumulation in inflamed tissue areas [25]. MPO activity was measured according to the
modified method of Hillegass et al. [26]. Gastric samples were homogenized in 50 mM potas-
sium phosphate buffer (KPB, pH 6.0) and centrifuged at 41,400 g (10 min); pellets were sus-
pended in 50 mM KPB containing 0.5% hexadecyltrimethylammonium bromide (HETAB).
After three freeze and thaw cycles, with sonication between cycles, the samples were centrifuged
at 41,400 g for 10 min. Aliquots (0.1 mL) were added to 2.9 mL of reaction mixture containing
50 mM KPB, o-dianisidine and 20 mM H2O2. One unit of enzyme activity was defined as the
amount of MPO that caused a change in absorbance measured at 460 nm for 3 min. MPO
activity was expressed as U/g tissue.

Measurement of malondialdehyde (MDA) and glutathione (GSH) levels

Gastric tissue samples obtained from each animal were stored at �70 ◦C for the measurement
of MDA and GSH levels. Gastric tissue samples were homogenized with ice-cold trichloroacetic
acid (10%) using an Ultra Turrax tissue homogenizer. MDA levels were assayed on the basis of
products of lipid peroxidation by monitoring thiobarbituric acid reactive substance formation.
Lipid peroxidation was expressed in terms of MDA equivalents in gram tissue. GSH mea-
surements were performed using a modification of the Ellman procedure. Briefly, after centri-
fugation, the supernatant was added to Na2HPO4$2H2O solution. 0.2 mL of
dithiobisnitrobenzoate solution (0.4 mg/mL in 1% sodium citrate) was added and immediately
after mixing, the absorbance was measured at 412 nm [15].

Light microscopic preparation and analysis

Ulceration was quantified by light microscopic analysis. Samples from the corpus of the stomach
were placed in 10% formaldehyde and processed by routine techniques before embedding in
paraffin. Tissue sections (4 mm) were stained with hematoxylin and eosin (H&E) and examined
under an Olympus BX51 photomicroscope (Tokyo, Japan). Gastric injury was assessed semi-
quantitatively using the criteria previously described by an experienced histologist (F.E.) blinded
to the treatments of the experimental groups: Desquamation of surface epithelium (0–3, where 0,
None; 1, Mild; 2, Moderate; 3, Severe), Hemorrhage, focal necrosis and mucosal congestion (0–3),
Degeneration of glandular cells (0–3), Inflammatory cell infiltration (0–3), with a maximum score
of 12 [27].

Statistical analysis

Statistical analysis was carried out using GraphPad Prism 8.0.2 (GraphPad Software, San Diego,
CA). The results are expressed as means ± SEM. Data were compared by one-way analysis of
variance (ANOVA) followed by Tukey–Kramer Post-hoc test. Differences were considered
statistically significant when P < 0.05.

RESULTS

The initial dose-response study for obestatin revealed that the increased ulcer index in saline-
treated ulcer as compared to the control group (P < 0.001) was depressed significantly by 10 mg/kg
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and 30 mg/kg doses of obestatin (P < 0.001), but not by the 100 mg/kg dose (Fig. 1). On the other
hand, elevated gastric MPO activity (P < 0.001) in the saline-treated ulcer group was decreased by
both 30 mg/kg and 100 mg/kg doses (P < 0.05). Based on these results, the 30 mg/kg dose of
obestatin was chosen to be used in the rest of the experiments. In the saline-treated ulcer group, as
compared to the control group, serosal blood flow and gastric MDA level were also increased,

Fig. 2. A) Mean blood flow rate measured by laser Doppler from the gastric serosal surface and given as
perfusion unit (PU), B) Histological lesion index, C) Myeloperoxidase (MPO) activity, D) Malondialdehyde
(MDA) and E) Glutathione (GSH) levels; * P < 0.05, **P < 0.01, *** P < 0.001 compared to non-ulcer
control group, þP < 0.05, þþP < 0.01, þþþP < 0.001 compared to sham-operated ulcer group. In each

subgroup n 5 8, Vx 5 vagotomy
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whereas gastric GSH was depleted (P < 0.05; Fig. 2). The 30 mg/kg dose of obestatin reversed these
changes significantly (P < 0.05).

In the non-ulcer control rats, Vx resulted in changes similar to those of the saline-treated
indomethacin-ulcer group. As observed in the saline-treated ulcer group, blood flow, lesion
index, gastric MDA and MPO levels were all elevated in the control rats with Vx (P < 0.05–0.01),
but no change was observed in the GSH level (Fig. 2). When Vx rats were induced with ulcer,
neither the elevated blood flow nor the high lesion index was different from that of the ulcer

Fig. 3. A) Representative light micrographs of experimental groups. Regular gastric mucosa with surface
and glandular epithelium in the control group (A). Quite regular surface epithelium (arrow) and mild
dilatation in glands (arrow head) in the saline-treated control group with vagotomy (B). Severe degener-
ation of surface (arrow) and glandular (arrow head) epithelium and bleeding in mucosa (*) in indo-
methacin-treated ulcer (C) and indomethacin-treated ulcer plus vagotomy (D) groups. Quite regular
surface epithelium (arrow) and mild dilatation in glands (arrow head) in obestatin-treated ulcer group (E)

and obestatin-treated ulcer group with vagotomy (F). H&E staining. Original magnification: 3100
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group with intact vagi. However, Vx prior to ulcer induction further elevated the MDA level,
aggravating the ulcer-induced lipid peroxidation, which was accompanied by an increased GSH
content (P < 0.001). On the other hand, ulcer-induced elevation of gastric MPO activity was
pushed back to control levels in Vx-rats with ulcer (P < 0.05). Obestatin-induced reductions in

Fig. 4. A) Mean blood flow rate measured by laser Doppler from the gastric serosal surface and given as
perfusion unit (PU), B) Histological lesion index, *P < 0.05, **P < 0.01, ***P < 0.001 compared to non-ulcer
control group, þP < 0.05, þþP < 0.01, þþþP < 0.001 compared to sham (vehicle of capsaicin was applied)

ulcer group. In each subgroup n 5 8
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gastric blood flow, lesion index and MDA as compared to saline-treated ulcer rats were abol-
ished when rats were previously vagotomized (P < 0.05–0.01), suggesting the role of vagal
innervation in the gastroprotective effects of obestatin. However, obestatin-induced reduction in
MPO or replenishment in GSH was not affected by Vx.

Histological evaluation revealed a regular gastric mucosa in the control group (Fig. 3A), but a
quite regular surface epithelium with a mild dilatation of glands was observed in the control
group with Vx (Fig. 3B). In the saline-treated ulcer group with intact vagi (Fig. 3C), severe
damage of the surface mucous cells and gastric pits was noticed, while dilated and mostly
degenerated glandular cells, severe inflammatory cell infiltration and mucosal hemorrhage were
evident. In the saline-treated ulcer group with Vx (Fig. 3D), severe degeneration of surface
epithelium, severe dilatation of glands and mucosal bleeding were observed. On the other hand,
regular surface mucosal cells and gastric pits along with a moderate damage of glandular cells
and inflammatory cell infiltration were observed in the obestatin-treated ulcer group with intact
vagi (Fig. 3E). The obestatin-treated ulcer group with Vx (Fig. 3F) showed a quite regular surface
epithelium and mild dilatation of glands.

In order to differentiate the contribution of vagal afferents in obestatin-induced gastro-
protection afforded by the vagus nerve, capsaicin-induced vagal afferent denervation was
accomplished. In contrast to truncal vagotomy, afferent denervation in the ulcerated stomach
resulted in a decrease in blood flow back to control levels (P < 0.001; Fig. 4). On the other hand,
the inhibitory effect of obestatin on ulcer-induced high blood flow was abolished and increased
by 3-fold in the afferent-denervated group. However, in contrary to total Vx, obestatin-induced
alleviation of ulcer severity was not modified solely by afferent denervation, suggesting the
additional role of the vagal efferent pathway in obestatin's gastroprotective property.

DISCUSSION

The results demonstrate that obestatin reduced the severity of indomethacin-induced acute ulcer
via the reversal of reactive hyperemia, inhibition of ulcer-induced neutrophil infiltration and
lipid peroxidation along with the replenishment of GSH stores. Vagotomy abolished the
inhibitory effect of obestatin on blood flow and lipid peroxidation, and thereby worsened the
ulcer severity. Although obestatin-induced reduction in ulcer severity was not altered by the
selective denervation of the capsaicin-sensitive vagal afferent fibers, inhibition of blood flow by
obestatin was abolished and the flow was even amplified in the absence of afferent innervation.
Thus, our findings suggest that the gastroprotective effect of obestatin on indomethacin-induced
ulcer involves the activation of the vagovagal pathway.

It is well described that NSAIDs increase mucosal permeability, cause neutrophil infiltration
and adhesion and enhance the formation of reactive oxygen species (ROS), which result in the
oxidation of important biomolecules (e.g. lipid, protein and DNA) along with a reduction in
antioxidant molecules [28–31]. However, it was shown that when circulating neutrophils were
depleted, NSAID-induced gastric damage was significantly improved, implicating that
marginalization of circulating neutrophils is critical in the pathogenesis of NSAID-induced
gastropathy. Accordingly, our results revealed that the increased ulcer index and elevated gastric
MDA level due to indomethacin administration were alleviated by obestatin treatment, whereas
MPO activity was depressed, suggesting that the anti-ulcer action of obestatin involves the
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inhibition of neutrophil infiltration. Similarly, in several other inflammatory models the anti-
inflammatory and anti-oxidant effects of obestatin were associated with the inhibition of
neutrophil infiltration to the affected tissues [15–17, 32]. In parallel, the acceleratory effect of
repetitive obestatin treatment on chronic ulcer healing was attributed to its inhibitory action on
the expression of mucosal pro-inflammatory cytokines, which are dominantly released by the
invading neutrophils [20]. In a recent study, obestatin given at the same dose as in our study was
shown to alleviate indomethacin-induced acute gastric ulcer by reducing gastric acid secretion,
increasing gastric nitric oxide level and by up-regulating the expression of vascular endothelial
growth factor (VEGF) [24]. Our findings revealed that a single injection of obestatin also
protected against indomethacin-induced acute gastric ulcer via the inhibition of neutrophil
infiltration. Although our results showed that vagotomy in the control rats increased the
accumulation of neutrophils, which are known to be suppressed by vagal stimulation [33],
obestatin-induced suppression of neutrophil recruitment to the ulcerated stomach was not
changed by vagotomy. Thus, as it is observed in other inflamed tissues, obestatin provides
gastroprotection by limiting the infiltration of neutrophils and replenishing GSH stores, which
were depleted upon ulceration. On the other hand, these effects of obestatin were still evident in
the absence of gastric vagal innervation, indicating that this gastroprotective mechanism is
independent of the vagal anti-inflammatory pathway. However, destruction of gastric vagal
innervation amplified ulcer severity and gastric lipid peroxidation, which were alleviated by
obsestatin. Accordingly, depression of serosal blood flow by obestatin treatment was abolished
by vagal afferent denervation or total vagotomy, suggesting that the gastroprotective effect of
obestatin involves its modulatory role on gastric microcirculation via the vagovagal pathway.

A disturbed mucosal microcirculation was proposed to have a crucial role in the patho-
genesis of acute gastric ulceration, including those induced by NSAIDs [34, 35]. In patients
with active gastric ulcers, gastric mucosal blood flow (GMBF) was significantly decreased in
most of the gastric regions, but significantly higher GMBF values were observed around the
healing ulcer than in the surrounding normal mucosa [36]. In several studies conducted in
rats, development of gastric mucosal lesions by NSAID administration was associated with
gastric hypermotility, which resulted in reduced GMBF and increased neutrophil-endothelial
interaction [30]. However, in our study serosal blood flow was significantly increased 1 h after
the indomethacin treatment, which reflects a reactive hyperemia in response to the acute
injurious effect of indomethacin. Since the enhanced serosal blood flow is accompanied by
increased neutrophil infiltration and gastric injury, it suggests that the immediate rush of
blood is involved in the generation of acute indomethacin damage. Similar hyperemic re-
sponses with increased mucosal and serosal blood flow measurements were obtained when the
gastric mucosa was exposed to an acidic solution [37]. Moreover, our results revealed that
obestatin, when administered prior to indomethacin, alleviated ulcer with a concomitant
inhibitory effect on ulcer-induced increase in blood flow, which was reversed back to control
level. However, in an acetic acid-induced chronic ulcer model, which also resulted in increased
mucosal blood flow, obestatin further augmented gastric mucosal blood flow [20]. Taken
together with the aforementioned studies, it may be proposed that obestatin modifies the
disturbed gastric microcirculation, which may be increased or decreased at different time
points of ulcerogenesis. Moreover, present findings further suggest that the modulatory effect
of obestatin on gastric blood flow of the ulcerated stomach is mediated by the vagus nerve and
depends specifically on the intactness of vagal afferents.
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Extensive evidence supports that protection against gastric mucosal damage due to various
agents requires the integrity of capsaicin-sensitive splanchnic afferents, whereas Vx aggravates
the damage by eliminating the beneficial effects of these gastroprotective substances [38–40].
In our indomethacin-induced acute ulcer model, the anti-ulcer effects of obestatin were
partially reversed by vagotomy, which aggravated the gastric injury with a concomitant
enhancement in lipid peroxidation. On the other hand, selective denervation of the vagal
afferents abolished the inhibitory effect of obestatin on ulcer-induced hyperemia. In parallel
with these results, either vagotomy or capsaicin denervation was reported to attenuate the
gastroprotective effects of ghrelin, which is derived from the same precursor as obestatin
[5, 41]. Previously it was shown that the stimulatory effect of obestatin on pancreatic secretion
and its inhibitory effect on gastroduodenal motility were mediated via the vagus nerve [42, 43].
Taken together with our results, it may be speculated that the regulatory effect of obestatin
under both physiological and pathophysiological conditions involves the activation of the
vagovagal pathway. Although the presence of ghrelin receptors on the vagal afferents have
already been demonstrated [23], further studies are required to elucidate the existence of
obestatin receptors on the vagal afferents.

In conclusion, the results of the present study revealed for the first time that even a single
dose of obestatin is effective in alleviating indomethacin-induced acute gastric ulcer through a
vagovagal mechanism. Thus, obestatin, which has been shown to have protective effects under
various inflammatory conditions, may be a highly promising agent to prevent the occurrence of
NSAID-related gastropathy when given in conjunction with NSAID intake.
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