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Background: Stress ulcer is a severe complication in critically ill patients and causes a high

mortality. The proton pump inhibitor esomeprazole is widely applied in the treatment of

stress ulcers because of its powerful acid suppression ability. However, the mechanism of

stress ulcer and the precise gastroprotective effect of esomeprazole in stress ulcer remain

unclear.

Purpose: In the present study, the rats with water-immersed and restraint (WIR)-induced

stress ulcer were used to further elucidate the anti-ulcerogenic capacity of esomeprazole in

stress ulcer in addition to its anti-acid secreting ability.

Methods and results: The rats were randomly divided into 5 groups: control group (NS),

water-immersed and restraint group (WIR), high-dose application of esomeprazole plus

stress ulcer-induced group (HE+WIR), low-dose application of esomeprazole plus stress

ulcer-induced group (LE+WIR), and high-dose application of esomeprazole without stress

ulcer-induced group (HE). Our study showed that the pretreatment of esomeprazole alle-

viated gastric tissue damage in both macroscopic and histopathological manifestations.

Pretreatment of esomeprazole elevated the decline in PEG2 level affected by WIR; and it

inhibited the secretion of gastric acid, gastrin and pepsin. Moreover, esomeprazole exerted its

antioxidant effects by reducing malondialdehyde levels, enhancing the expressions of anti-

oxidant factors like glutathione and superoxide dismutase (SOD) and reducing the compen-

satory transcriptional elevation of SOD1 gene. Esomeprazole also reduced the levels of MPO

(myeloperoxidase), tumor necrosis factor (TNF)-α and interleukin (IL)-1β according to its

anti-inflammatory effects. We further explored the possible mechanism of esomeprazole

pretreatment on stress ulcer and demonstrated that esomeprazole attenuated the high phos-

phorylation levels of nuclear factor kappa B (NF-κB) p65 and p38 MAPK, and decreased the

NF-κB p65 nuclear translocation induced by WIR related stress ulcer.

Conclusion: Our study provides some evidence that the esomeprazole pretreatment exerts

gastroprotective effects in WIR-induced stress ulcer through not only its antisecretory effect

but also its antioxidant effect by inactivating the p38 MAPK and NF-κB signaling pathways.
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Introduction
Stress ulcer, sometimes called stress-related mucosal disease (SRMD), generally

refers to an acute mucosal lesion of the stomach or even the duodenum that occurs

during shock, trauma, post-operation and severe bacterial infections.1 It is an
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intense threat to many critically ill patients because it

could cause a high mortality.1–4 Imbalance between

aggressive factors (such as gastric acid, pepsin) and

defense factors (such as mucosal blood flow and prosta-

glandin E2, PGE2) accounts for the pathophysiology of

stress ulcer.1,5 However, the precise mechanism still

remains unclear.

ROS are atoms or molecules which can cause oxidative

stress that promote the development of epithelial necrosis

and mucosal ulceration.7,12 Malondialdehyde (MDA) is

one of the most important products of membrane lipid

peroxidation and is regarded as an advisable marker of

ROS-mediated tissue damage.7,13–15 Superoxide dismutase

(SOD) and glutathione (GSH) are two free radical scaven-

gers which play a critical antioxidative role. Changes in

these three indicators can be used to reflect the severity of

tissue oxidative damage.

The mitogen-activated protein kinases (MAPKs) are

major intracellular signal transduction pathways and

include several subgroups, and p38 MAPK is one of

the most representative members. As a redox-sensitive

kinase, it is activated by extracellular stress stimuli,

such as ROS overproduction or inflammation.7,16

Oxidative stress increases the phosphorylation of p38

MAPK and activates the p38 MAPK pathway.17 The

activated p38 MAPK pathway is thought to be closely

related to the activation of the nuclear factor kappa B

(NF-κB) pathway,7 which is shown to respond directly

to stress and inflammatory reaction and plays a vital role

in the pathogenesis of stress ulcer.6,8 RELA (p65) is a

subunit of NF-κB that is responsible for activating spe-

cific gene transcription. In general, p65 is bound to IκB
proteins located in the cytoplasm as an inactive form.

Various pro-inflammatory factors and ROS can either

directly18,19 or via the activated p38-MAPK signaling

pathway exit the NF-κB pathway through the modified

IκBs degradation and the p65 translocation into the

nucleus. Tumor necrosis factor (TNF)-α and IL-1β, as
the downstream molecules of NF-κB pathway, have a

central role in mediating neutrophil infiltration and

mucosal damage involved in stress ulcer.6–11,20,24 They

can also act as the external stimuli for the formation of

ROS and lead to the activation of NF-κB by promoting

the nuclear translocation of the p65 subunit.21–23 This

positive feedback loop may exacerbate the damage to

the gastric mucosa.25,26 Myeloperoxidase (MPO) is the

specific markers of neutrophils and the activity of MPO

can reflect the severity of inflammation in tissues.27,28

Esomeprazole belongs to proton pump inhibitors (PPIs)

and is widely used in clinical practice because of a satisfac-

tory acid inhibition effect.29 Recently, many studies found

that, besides inhibiting acid secretion, PPIs such as esome-

prazole also protected gastric mucosa through mechanisms

connected with the mitigation of oxidative damage, the

inhibition of inflammation and the suppression of NF-κB
and p38 MAPK pathways.14,28,30–32 Most of these studies

focused on diseases such as NSAID-induced gastric-intest-

inal ulcers or gastro-esophagitis reflux disease. However,

the detailed mechanisms underlying the relief of stress

ulcers by esomeprazole are still unclear.

Water-immersed and restraint (WIR) of rat is recog-

nized as the most reproducible and clinically relevant

animal model of stress ulcer and frequently used in med-

ical research.7 Therefore, by using such animal model, this

study aims to further verify the function of esomeprazole

in suppressing gastric secretion and to explore the mechan-

isms involved in the regulation of ROS, inflammatory

factors TNF-α and IL-1β, and NF-κB and p38 MAPK

pathways. Our study provides a better understanding of

esomeprazole’s gastric protective effects in the WIR-

induced experimental stress ulcer, thus supporting the

application of esomeprazole in stress ulcers.

Materials and methods
Animals
Fifty male Sprague Dawley (SD) rats, weighing 200±20 g,

were purchased from Shanghai SLAC Laboratory Animal

Co., Ltd (Shanghai, China) and raised in individual cages

with a relatively constant temperature. The animals were

in a controlled environment and had free access to food

and water. All the operations were conducted ethically

following the Guide for the Care and Use of the

Administration Committee of Experimental Animals of

Wenzhou Medical University (Permit no. wydw2017-

0074). All animals were acclimated in the above environ-

ment for 1 week before the experiment.

Preventive use of esomeprazole and

establishment of stress ulcer models
The esomeprazole was provided by CHIATAI TIANQING

(CTTQ) Pharmaceutical (Lianyungang, Jiangsu, China). All

substances administered to animals were dissolved in the

normal saline. The rats were randomly divided into five

groups of ten rats each as follows: control group (NS),

water-immersed and restraint group (WIR), high-dose
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application of esomeprazole plus stress ulcer-induced group

(HE+WIR), low-dose application of esomeprazole plus

stress ulcer-induced group (LE+WIR) and high-dose appli-

cation of esomeprazole without stress ulcer-induced group

(HE). In HE+WIR group and HE group, animals were

subjected to daily intraperitoneal injection of esomeprazole

at a high dose (50 mg/kg/day), animals in LE+WIR group

were subjected to the administration of esomeprazole at a

low dose (10 mg/kg/day). The rats in NS group and WIR

group received the same amount of normal saline. The

doses of esomeprazole were selected based on preliminary

experiments and drug instructions. The rats in the above

groups received prophylactic administration for 7 days.

The rat stress ulcer model was achieved with a method

called water-immersed and restraint (WIR).6 Briefly, the

rats were fasted for 24 hrs but allowed free access to

water before the experiment. Then, the rats for the WIR

group, the WIR+HE group and the WIR+LE group were

restrained and immersed in water to the depth of the xiphoid

process at 21°C for 12 hrs to induce the stress ulcer. Then,

these rats were taken out, unrestrained and gathered

together with other groups (NS and HE) for the next step.

Assessment of gastric acid secretion
Determination of gastric acid was carried out based on the

methods used in previous studies.14,33,34 After the WIR

treatment for 12 hrs, all rats from five groups were rounded

up and anesthetized with isoflurane, and then the rat’s abdo-

men was opened by midline laparotomy and the stomach

was fully exposed, the pylorus was then ligated and the

abdominal incision was temporarily closed. Two hours later,

the incision was opened again, the lower end of the eso-

phagus was ligated and the entire stomach was then sepa-

rated. The gastric content was emptied, transferred into

graduated centrifuge tubes and centrifuged for 10 mins

(4°C, 3000× g). The pH of the supernatant obtained after

centrifugation was measured and recorded with a pH meter

(METTLER TOLEDO, Zurich, Switzerland)

Macroscopic assessment of the gastric

mucosa
The assessment of gastric mucosal damage was scored

according to previous research carried out by Guth.35

Briefly, the stomach contents and extravagated blood were

rapidly washed out to obtain a legible view. Mucosal lesions

were scored by an unaware investigator. Petechial lesions

were scored as 1, injuries less than 1 mm were scored as 2,

injuries ranged from 1 to 2 mm were scored as 3, injuries

ranged from 2 to 4 mm were scored as 4 and injuries

beyond 4 mm were scored as the actual length in mm.

Pathological examination of the gastric

mucosa
The stomach tissues were fixed in 4% paraformalde-

hyde solution (Solarbio, Beijing, China) for 24 hrs,

then dehydrated through ethanol (75–100%), followed

by clearing with xylenes. Then, the tissues were

embedded, sectioned and stained with H&E (Solarbio,

Beijing, China). Specimen slices were observed under

a light microscope at a magnification of either x100 or

x400. Microscopic evaluation was carried out by a

pathologist according to a previous research.36 Briefly,

the pathological scores were evaluated in three aspects:

mucosal necrosis, inflammatory cells infiltration and

congestion. Every pathologic change was divided into

six ranks (0–5 scores) independently based on the ratio

of changed area relative to that of whole gastric

mucosa (less than 5%, between 10% and 20%, between

20% and 40%, between 40% and 60%, between 60%

and 80%, and more than 80%). The scores of mucosal

necrosis, inflammatory cells infiltration and congestion

were added up to total scores.

Evaluation of oxidative markers and MPO

activity in the gastric tissue
Gastric tissues were weighed accurately and homogenized.

After a centrifugation, the MDA, GSH, SOD and MPO in

the supernatants were measured with the commercial kits

(Nanjing Jiancheng Bioengineering Institute, Nanjing,

Jiangsu, China). The results were expressed as nmol/mgprot

of tissue for MDA; μmol/gprot of tissue for GSH, U/mgprot

of tissue for SOD and U/gprot of tissue for MPO.

ELISA assessment
Blood samples were allowed to stand at room temperature

for 20 mins until they were naturally coagulated, and then

they were centrifuged. Gastric tissues mixed with PBS

were fully homogenized and centrifuged again. The super-

natant of each sample was transferred to new and labeled

centrifuge tubes. The ELISA kits (Shanghai Boyun

Biotech, Shanghai, China) were used following the manu-

facturer’s instructions to detect the concentrations of

TNF-α, IL-1β, PGE2, gastrin and pepsin in the serums or

tissue homogenates.
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Reverse-transcription quantitative

polymerase chain reaction analysis(RT-

qPCR)
Total RNAwas extracted from the gastric tissues which were

homogenized with TRIzol reagent (Sigma, Santa Clara, CA,

USA) according to the instructions provided by the manufac-

turer. The levels of RNAwere measured using Nanodrop 2000

ultraviolet-visible spectrophotometer (Thermo Fisher

Scientific, Waltham, MA, USA), and all specimens were

appropriately diluted to the identical concentration. Total

RNA of each sample (2 µg) was reverse-transcribed into

cDNA using the RevertAid First Strand cDNA Synthesis Kit

(Thermo Fisher Scientific, Waltham, MA, USA). The mRNA

expression was quantified by RT-qPCR on the ABI 7500

Sequence-Detection System using SYBR Green Real-time

PCR Master Mix Plus (Applied Biosystems; Thermo Fisher

scientific, Waltham, MA, USA). The cycling condition of RT-

qPCR was set as follows: 1 cycle of pre-degeneration for 10

mins at 95°C, 40 amplification cycles of 15 s at 95°C and 60 s

at 60°C. The expression levels of the samples were normalized

to that of the internal control GAPDH gene as the reference

gene. Results were calculated via 2−ΔΔCq analysis. All primers

used in the experiment were synthesized by Sangon Biotech

Company (Shanghai, China) and listed in Table 1.

Western blotting analysis
The gastric sample was first mixed in the phosphatase inhi-

bitor cocktail (Beyotime, Shanghai, China), PMSF

(Beyotime, Shanghai, China) and RIPA lysis buffer

(Beyotime, Shanghai, China), and then placed in a homo-

genizer for homogenization under an ice-cold environment.

After standing for 30mins, all samples were centrifuged with

a setting of 12,000 rpm for 15 mins at 4°C. The protein

concentration was detected by the bicinchoninic acid protein

assay kit (Beyotime, Shanghai, China). About 30 μg of the

supernatant was loaded on the 12% protein gel and ade-

quately separated with SDS-PAGE. The proteins were trans-

ferred to the PVDF membranes (EMD Millipore, Billerica,

MA, USA). The membranes were blocked in the 5% skim

milk for 2 hrs and washed in TBST for 3 times and then

incubated individually overnight at 4°C, with primary rabbit

antibodies against NF-κB p65 (1:1000, Abcam, Cambridge,

UK); rabbit antibodies against phosphor-NF-κB p65 (1:500,

Abcam, Cambridge, UK); rabbit antibodies against p38-

MAPK (1:1000, CST, Boston, MA, USA); rabbit antibodies

against phosphor-p38 MAPK (1:1000, CST, Boston, MA,

USA); rabbit antibodies against GADPH (1:1000, Abcam,

Cambridge, UK). After cleaning with the TBST, the mem-

branes were incubated with a secondary antibody for 1 hr at

room temperature. Immunoreactive bands were visualized

using an enhanced chemiluminescence detection kit (Bio-

Rad Laboratories, Inc. Hercules, CA, USA), and Image Lab

software version 4.1 (Bio-Rad Laboratories, Inc. Hercules,

CA, USA) was used for signal collection and densitometric

image analysis.

Immunohistochemistry
Gastric samples were fixed in 4% paraformaldehyde and

embedded in paraffin. The embedded samples were then

deparaffinated and rehydrated. Antigens were carefully

retrieved in a citrate buffer for 15 mins at 100°C.

Endogenous peroxidases of the samples were quenched

by incubation in 3% hydrogen peroxidase solution for 15

mins, and then the sample sections were blocked at 37°C

for about 1 hr using 5% goat serum. Thereafter, the sample

sections were rinsed in PBS buffer and incubated over-

night at 4°C with primary antibodies of NF-κB p65

(1:1,000, Abcam, Cambridge, UK), phosphor-NF-κB p65

(1:50, Abcam, Cambridge, UK) and phosphor-p38 MAPK

(1:100 CST, Boston, MA, USA). Then, all sample sections

were incubated with the specific secondary antibody at

ambient temperature for 30 mins. The sections were then

rewashed, dyed by DAB-substrate-chromagen, counter-

stained with hematoxylin and dehydrated. The sections

were observed and photographed with a biological ima-

ging microscope (Olympus Corporation, Tokyo, Japan).

Table 1 Nucleotide sequence of the primers used for the real-

time PCR assays

Gene Primer sequence

GAPDH

Forward

Reverse

5ʹ –CTGGAGAAACCTGCCAAGTATG- 3ʹ

5ʹ –GGTGGAAGAATGGGAGTTGCT- 3’

TNF-α

Forward

Reverse

5ʹ –CCGAGATGTGGAACTGGCAGAG- 3ʹ

5ʹ –CCACGAGCAGGAATGAGAAGAGG- 3’

IL-1β

Forward

Reverse

5ʹ- ACAAGAGCTTCAGGAAGGCAGTG-3ʹ

5ʹ- CACACTAGCAGGTCGTCATCATCC-3’

SOD1

Forward

Reverse

5ʹ- CCA CGA GAA ACA AGA TGA CT −3ʹ

5ʹ- GAC TCA GAC CAC ATA GGG AAT-3’

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TNF-α,
tumor necrosis factor-α; SOD, superoxide dismutase; SOD1, superoxide dismutase 1.
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Statistical methods
Statistical analysis was performed using GraphPad

Prism version 7.00 (GraphPad Software, Inc., San

Diego, CA, USA). Data were presented as mean ±

standard error of the mean (SEM). According to our

pre-experiment and clinical experiences of treatment of

peptic ulcer, the sample size was calculated using the

formula: N=2[(a+b)2σ2]/(μ1–μ2).
237 Data distribution

was checked by the Shapiro– Wilk test. Independent

sample t-test was used to compare the difference

between the HE+WIR group and the LE+WIR group.

The data of macroscopic assessment (lesion score) and

pathological examination (pathological scores) among

multiple groups were analyzed using Kruskal–Wallis

nonparametric test followed by the Dunn’s multiple

comparisons test. A one-way ANOVA followed by the

Dunnett’s multiple comparisons test was used to com-

pare the differences among multiple groups that data

were normally distributed. The level of significance

was set at P<0.05.

Results
Pretreatment with esomeprazole

mitigates the gastric mucosal injury on

macroscopic evaluations
As shown in Figure 1, the rats that received normal

saline (the NS group) showed no visible gastric mucosal

damage (Figure 1A); by contrast, the rats induced by

WIR (the WIR group) had a wide range of mucosal

damage (massive hemorrhage, severe edema, mucosal

lesion) (Figure 1B). However, the pretreatment with

esomeprazole at the dose of 50 mg/kg (the HE+WIR

group) decreased the rats’ gastric lesions to an extent

that was almost indistinguishable from that of the con-

trol group (Figure 1C). The rats treated with esomepra-

zole at the dose of 10 mg/kg (the LE+WIR group) also

revived the mucosal lesion, but the mucosal edema,

congestion and mucosal damage could still be found

(Figure 1D). The gastric lesions of the rats that received

the high dose of esomeprazole without stress ulcer (the

HE group) displayed no difference compared with that
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Figure 1 Macroscopic appearance of rat stomach.

Notes: (A–E) Macroscopic images of the stomach. (F) Lesion score. The data are expressed as the mean ± SEM of ten animals per group and at least three independent

experiments. ###P<0.001 was considered significantly different compared with the NS group; ***P<0.001 was considered significantly different compared with the WIR

group; $$$P<0.001 was considered significantly different compared with the LE+WIR group.
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of the normal group (Figure 1E). Guth’s lesion score

was used to further assess the extent of mucosal damage

(Figure 1F). WIR significantly increased the lesions with

a score of 59.7±4.3 in the WIR group and 0.6±0.2 in the

NS group (P<0.001). The pretreatment with esomepra-

zole at both high (50 mg/kg) and low (10 mg/kg) con-

centrations significantly decreased the mucosal lesions

to lower scores of 5.7±0.8 for the HE+WIR group and

31.9±3.1 for the LE+WIR group from the score of 59.7

±4.3 for the WIR group (P=0.0001<0.001).

Pretreatment with esomeprazole

mitigates the gastric mucosal injury on

microscopic evaluations
More detailed examination under microscopic level

showed that the WIR group displayed an extensive

destruction of the gastric mucosa. According to the

pathological score mentioned above, no obvious patholo-

gical changes were observed in the NS group (Figure 2A

and D), while severe necrosis of mucosal epithelial cells,

congestion and inflammatory cells infiltration were

observed in the gastric mucosa epithelium in the WIR

group, dilatating and congesting vessels and edema also

existed in the submucosa of the WIR group, the WIR

group and the NS group had the scores of 9.2±0.8 and

0.1±0.1, respectively (P=0.0001<0.001) (Figure 2B, E and

K). Esomeprazole (50 mg/kg) markedly alleviated the

gastric mucosal lesion, congestion and inflammatory cells

infiltration with the sores of 1.2±0.3 and 9.2±0.8 for the

HE+WIR group and the WIR group, respectively

(P=0.0001<0.001) (Figure 2C, F and K). Esomeprazole

(10 mg/kg) also alleviated these pathologic changes with

the scores of 5.4±0.5 for the LE+WIR group and 9.2±0.8

for the WIR group (P=0.0001<0.001) (Figure 2G, I and

K). Again, the high-dose pretreatment of esomeprazole
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Figure 2 H&E-stained gastric cross-sections and microscopic changes of rat.

Notes: (A–C, G, H) Microscopic images of the gastric mucosa, 100×. (D–F, I, J) Inflammatory cells among the gastric epithelium, 400×. ▲ labels inflammatory cells. (K)
Pathological score. The data are expressed as the mean ± SEM of ten animals per group and at least three independent experiments. ###P<0.001 was considered significantly

different between the WIR group and the NS group; ***P<0.001 was considered significantly different between the WIR group and either the HE-WIR group or the LE-WIR

group; $P<0.05 was considered significantly different between the HE-WIR group and the LE+WIR group.
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was more effective than the low-dose pretreatment (1.2

±0.3 in the HE+WIR versus 5.4±0.5 in the LE+WIR)

(P=0.017<0.05) (Figure 2K). Using esomeprazole (50

mg/kg) in the HE group did not cause any changes in the

mucosa (0.2±0.1 of the HE group versus 0.1±0.1 of the NS

group) (P>0.99) (Figure 2H, J and K).

Esomeprazole inhibits gastric secretion in

stress ulcer
We further examined the effect of esomeprazole on acid

secretion and the levels of gastrin and pepsin. As expected,

the pH value of the NS group was relatively low compared

with that of the WIR group (P=0.007<0.01). The pretreat-

ment with esomeprazole significantly increased pH value

in a dose-dependent manner (P=0.03<0.05) (Figure 3A;

Table 2). Interestingly, the pH value of the HE group was

higher than that of the NS group, suggesting that esome-

prazole used at the high dose without stress ulcer could

cause a significant inhibition of acid secretion

(P=0.001<0.01) (Figure 3A; Table 2).

The serum gastrin levels in the WIR group were

elevated compared with that in the NS group

(P=0.003<0.01) and decreased in the HE+WIR

group (P=0.003<0.01) and in the LE+WIR group

(P=0.047<0.05) by the administration of esomeprazole

(Figure 3B; Table 2). Despite not statistically significant,

it could be observed that the rats accepted the prophylac-

tic administration of high-dose esomeprazole for 7 days

in the HE group which had a tendency of increasing

serum gastrin compared with that in the rats of the NS

group (P=0.121>0.05). Analogously, serum pepsin was

also enhanced in the WIR group compared to that in the

NS group (P=0.043<0.05), and significantly reduced as a

result of prophylactic administration of esomeprazole at

high dose (P=0.009<0.01) and at low dose

(P=0.042<0.05) (Figure 3C; Table 2).

Pretreatment with esomeprazole

ameliorates the oxidative damage to the

gastric tissue
We further detected the levels of MDA, GSH and SOD to

assess the degree of oxidative stress damage in gastric

tissue. Gastric mucosal levels of MDA in the WIR group

were significantly elevated compared with that in the NS
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Figure 3 Effect of esomeprazole on pH, gastrin and pepsin in stress ulcer induced by WIR.

Notes: (A) pH value of the gastric juice measured by the pH meter; (B) levels of serum gastrin analyzed by ELISA; (C) levels of serum pepsin analyzed by ELISA. The data

are expressed as the mean ± SEM of ten animals per group and at least three independent experiments. #P<0.05, ##P<0.01 were considered significantly different compared

with the NS group; *P<0.05, **P<0.01, ***P<0.001 were considered significantly different compared with the WIR group; $P<0.05 was considered significantly different.

Table 2 Data of pH, serum gastrin, serum pepsin and gastric PGE2 levels from various groups

Animal group pH of gastric juice Serum gastrin (ng/L) Serum pepsin (ng/L) Gastric PGE2 (ng/L)

NS group 4.9±0.3 108.4±13.8 85.2±13.4 173.8±5.1

WIR group 3.3±0.3## 172±11.8## 135.3±15.7# 116.5±6.3###

WIR+HE group 6.1±0.4***,$ 112.1±10.5** 79.1±6.2** 157.4±6.5**,$

WIR+LE group 4.1±0.4* 124.6±12.7* 91±11.6* 129.1±8.9

HE group 6.9±0.3## 147.6±14.9 96.2±12.6 185.3±10.7

Notes: The data are expressed as the mean ± SEM of ten animals per group and at least three independent experiments. #P<0.05, ##P<0.01, ###P<0.001 were considered

significantly different compared with the NS group; *P<0.05, **P<0.01, ***P<0.001 were considered significantly different compared with the WIR group; $P<0.05 was

considered significantly different.
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group (P=0.0001<0.001). The administration of esomepra-

zole in different doses significantly reduced the MDA levels

in the HE+WIR group (P=0.0001<0.001) and the LE+WIR

group (P=0.0001<0.001) (Figure 4A; Table 3). Compared

with the NS group, the level of GSH in the WIR group was

declined (P=0.012<0.05), which was rescued by the high-

dose esomeprazole treatment (P=0.036<0.05) (Figure 4B;

Table 3). The assessment revealed that the WIR treatment

significantly reduced the levels of SOD relative to that of

the NS group (P=0.025<0.05), and this condition was

reversed by the prophylactic administration of the high-

dose esomeprazole (P=0.048<0.05) (Figure 4C; Table 3).

Interestingly, the expression of the SOD1 (Cu/Zn super-

oxide dismutase) gene displayed an opposite effect and

was significantly upregulated by the WIR treatment

(P=0.0001<0.001), and it was significantly downregulated

following the high-dose esomeprazole treatment

(P=0.0001<0.001) (Figure 4D). The rats in the HE group
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Figure 4 Effect of esomeprazole on oxidative stress markers in stress ulcer induced by WIR.

Notes: (A–C) Levels of MDA, GSH and SOD in the gastric tissue were measured. (D) Total mRNA was extracted from colonic tissue and reversely transcribed into cDNA.

The mRNA expressions of SOD1 gene were detected by RT-qPCR and normalized with GAPDH mRNA levels. The data are expressed as the mean ± SEM of ten animals per

group and at least three independent experiments. #P<0.05, ###P<0.001 were considered significantly different compared with the NS group; *P<0.05, ***P<0.001 were

considered significantly different compared with the WIR group; $P<0.05 was considered significantly different compared with the LE+WIR group.

Abbreviations: MDA, malondialdehyde; GSH, glutathione; SOD, superoxide dismutase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Table 3 Data of gastric MDA, gastric GSH, gastric SOD and gastric MPO levels from various groups

Animal group Gastric MDA

(nmol/mgprot)

Gastric GSH

(μmol/gprot)

Gastric SOD

(U/mgprot)

Gastric MPO

(U/gprot)

NS group 4.4±0.3 41.8±6.4 125.9±14.8 0.5±0.04

WIR group 14.9±1.1### 12.9±2.1# 63.4±8.1# 1.0±0.06###

WIR+HE group 6.4±0.6*** 36.5±5.8*,$ 114.8±7.4* 0.7±0.07**

WIR+LE group 8.6±0.9*** 16.4±3.5 79.3±15.1 0.8±0.09*

HE group 4.9±0.4 45.2±6.3 141.6±19.9 0.4±0.03

Notes: The data are expressed as the mean ± SEM of ten animals per group and at least three independent experiments. #P<0.05, ###P<0.001 were considered significantly

different compared with the NS group; *P<0.05, **P<0.01, ***P<0.001 were considered significantly different compared with the WIR group; $P<0.05 was considered

significantly different compared with the LE + WIR group.
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did not show any significant changes in the levels of MDA

(P=0.963), GSH (P=0.980), SOD (P=0.875) and SOD1

(P=0.809) in the stomach tissue compared with the NS

group rats (Figure 4A–D).

Prophylactic application of esomeprazole

alleviates the inflammatory damage in

stress ulcer
Our ELISA results showed that the expressions of TNF-α
and IL-1β in serums (Figure 5A and B; Table 4) and in

gastric tissues (Figure 5C and D; Table 4) were elevated

following WIR stress and significantly suppressed with the

prophylactic application of the high-dose esomeprazole

(Figure 5C and D; Table 4). Although not as effective as

the high-dose esomeprazole, the low-dose esomeprazole

also partially inhibited the TNF-α and IL-1β expression in

gastric tissues (Figure 5C and D; Table 4). To confirm our

results further, we assessed the mRNA expression levels of

the pro-inflammatory factor in gastric homogenates by RT-

qPCR. The expressions of TNF-α and IL-1β genes in

gastric tissues were significantly upregulated due to the

treatment of WIR (P<0.001) relative to those of the NS

group and downregulated following the esomeprazole

treatments at different doses compared with those of the

WIR group (Figure 5E and F). MPO in gastric tissues was
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Figure 5 Effect of esomeprazole on pro-inflammatory cytokines levels after induction of stress ulcer induced by WIR.

Notes: (A and B) Levels of TNF-α and IL-1β in serum detected by ELISA. (C and D) Levels of TNF-α and IL-1β in gastric tissues detected by ELISA. (E and F) Total
mRNA was extracted from gastric tissue and reversely transcribed into cDNA. The mRNA expressions of TNF-α and IL-1β genes were detected by RT-qPCR and

normalized with GAPDH mRNA levels. The data are expressed as the mean ± SEM of ten animals per group and at least three independent experiments. #P<0.05,
###P<0.001 were considered significantly different compared with NS group; *P<0.05, ***P<0.001 were considered significantly different compared with WIR group;
$P<0.05, $$P<0.01, $$$P<0.001 were considered significantly different compared with LE+WIR group.

Abbreviations: TNF-α, tumor necrosis factor α; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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elevated following WIR stress (P=0.0001<0.001), and sig-

nificantly suppressed with the prophylactic application of

the high-dose esomeprazole (P=0.0012<0.01) and the low-

dose esomeprazole (P=0.042<0.05) (Figure 6A, Table 3).

Application of esomeprazole to the rats of the HE group

did not significantly affect inflammatory factor levels. It

was noted that the gastric mucosal PGE2 level was con-

siderably reduced in the WIR group compared with that in

the NS group (P=0.0001<0.001), and the high-dose

esomeprazole pretreatment significantly increased the

PGE2 level (P=0.002<0.01) (Figure 6B, Table 2).

Pretreatment of esomeprazole inhibits

NF-κB and p38 MAPK signaling pathways

in stress ulcer
To explore antioxidative and anti-inflammatory benefits

of esomeprazole pretreatment in signaling pathways, we

measured the phosphorylation of NF-κB p65 and p38

MAPK by the Western blotting (Figure 7A). The phos-

phorylation of NF-κB p65 was dramatically increased in

the WIR-induced stress ulcer and significantly decreased

with the pretreatment of esomeprazole in a dose-depen-

dent way (WIR versus NS, P=0.0002<0.001, HE+WIR

versus WIR, P=0.0001<0.001, HE+WIR versus LE

+WIR, P=0.012<0.05, Figure 7B). The phosphorylation

levels of p38 MAPK were significantly elevated in the

WIR group and dose-dependently suppressed by esome-

prazole (WIR versus NS, P=0.0001<0.001, HE+WIR

versus WIR, P=0.0001<0.001, LE+WIR versus

WIR, P=0.0001<0.001, HE+WIR versus LE+WIR,

P=0.046<0.05, Figure 7C). Immunohistochemistry was

consistent with Western blotting results, and the phos-

phorylation of p38 MAPK and NF-κB p65 in the NS

group and the HE group showed little or no positive

expression, while they were dramatically increased in

the gastric epithelial cells in the WIR group.

Pretreatment with esomeprazole dose-dependently

Table 4 Data of pro-inflammatory cytokines levels detected by ELISA from various groups

Animal group Serum TNF-α

(ng/L)

Serum IL-1β

(ng/L)

Gastric TNF-α

(ng/L)

Gastric IL-1β

(ng/L)

NS group 64.7±11.3 10.8±1.2 32.8±4.2 3.5±0.5

WIR group 103.1±15.1# 17.4±2.5# 74.1±8.5### 11.3±0.5###

WIR+HE group 64.8±4.9* 9.9±0.7* 26.4±2.2***,$$ 3.6±0.2***,$$$

WIR+LE group 82.5±8.1 14.2±2.4 52.8±5.0* 7.2±0.2***

HE group 57.2±8.2 11.5±0.9 33.9±5.8 3.6±0.6

Notes: The data are expressed as the mean ± SEM of ten animals per group and at least three independent experiments. #P<0.05, ###P<0.001 were considered significantly

different compared with the NS group; *P<0.05, ***P<0.001 were considered significantly different compared with the WIR group; $$P<0.01, $$$P<0.001 were considered

significantly different compared with the LE+WIR group.

Abbreviations: TNF-α, tumor necrosis factor α; IL-1β, interleukin β.

1.5

1.0

0.5

0.0

200

250

150

100

50

0

M
P

O
(U

/g
 p

ro
t o

f t
is

ss
ue

)

G
as

tri
cP

G
E

2 l
ev

el
 (n

g/
g)

A B

###

**

*
###

**

$

Figure 6 Effect of esomeprazole pre-treatment on MPO and PGE2 levels after induction of stress ulcer induced by WIR.

Notes: (A) Level of MPO in the gastric tissue. (B) Level of PGE2 in the gastric tissue. The data are expressed as the mean ± SEM of ten animals per group and at least three

independent experiments. ###P<0.001 was considered significantly different compared with the NS group; *P<0.05, **P<0.01 were considered significantly different

compared with the WIR group; $P<0.05 was considered significantly different compared with the LE+WIR group.
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reduced the phosphorylation of p38 MAPK and NF-κB

p65 in a gastric epithelial cell in stress ulcer models

(Figure 8A and B). In addition, the immunohistochem-

istry results on the nuclear translocation of NF-κB p65

showed that NF-κB p65 proteins were expressed at a

low level and equally localized in the cytoplasm of

gastric epithelial cells in the NS and HE groups

(Figure 8C). The nuclear translocation of NF-κB p65

was observed in some gastric epithelial cells in the WIR

group, and the prophylactic usage of esomeprazole dose-

dependently blocked the nuclear translocation.

Discussion
The development of stress ulcers in rats subjected to WIR

stress is related to vagal stimulation of gastrin release,

followed by increased acid secretion of gastric juice.38

The prophylactic use of PPIs is an indispensable treatment

in the clinical practice because of their puissant ability of

acid inhibition3,39–41 by the back diffusion of hydrogen

ions into the mucosa.42

In our study, the pH of the rat stomach in the WIR

group was significantly reduced during the progression of

stress ulcers and was dose-dependently reversed by the
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Figure 7 Effect of esomeprazole pretreatment on p38-MAPK and NF-κB activity after induction of stress ulcer induced by WIR.

Notes: (A) The proteins were extracted from gastric tissue and analyzed by Western blotting. GAPDH levels were used as internal controls. The mean density

values of targeted protein were expressed as a ratio relative to that of GAPDH. (B) Relative protein level of p-p65/p65. (C) Relative protein level of p-p38/p38. The

data are expressed as the mean ± SEM of ten animals per group and at least three independent experiments. ###P<0.001 was considered significantly different

compared with the NS group; ***P<0.001 was considered significantly different compared with the WIR group; $P<0.05 was considered significantly different

compared with the LE+WIR group.

Abbreviations: p38-MAPK, mitogen-activated protein kinase p38; NF-κB, nuclear factor kappa B; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 8 Representative pictures showing the immunohistochemical analysis of p-p38, p-p65 and NF-κB p65 in sections of gastric mucosa obtained from rats.

Notes: (A and B) The immunohistochemical staining of p-p38 and p-p65 in the gastric tissues (magnification, 200×) in different groups, brown staining denotes positive

expression. (C) The immunohistochemical detection of the nuclear translocation of p65 subunit in gastric tissues, ▲ labels epithelial cells with hyperchromatic area around

nucleus (magnification, 200×) in different groups.

Abbreviations: p-p38, phosphorylated p38; p-p65, phosphorylated p65; NF-κB, nuclear factor kappa B.
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pretreatments with esomeprazole due to its vigorous acid

suppression ability (Figure 3A). Our study also showed

that prophylactic application of esomeprazole decreased

the secretion of pepsin (Figure 3C) in agreement with

previous studies.43 We speculate that the decrease of pep-

sin levels may be partially associated with the inhibition of

acid caused by esomeprazole.

Some studies pointed out that esomeprazole can be

used to suppress gastric acid output which can reflectively

elevate the level of gastrin, and that hypergastrinemia can

be considered as a risk factor for gastric carcinoid and

cancer.44–46 However, it needs a very long time of admin-

istration with a large dose of PPI. In our study, we found

that the level of gastrin was significantly elevated after

stress and inhibited by pretreatment of esomeprazole.

Nevertheless, we noticed that, although it was not signifi-

cant, the gastrin level in the HE group mildly increased,

consistent with the observations of previous research.47–50

Thus, it is possible that esomeprazole could increase gas-

trin slightly when it is used alone, but it may cause an

opposite effect to reduce gastrin level under stress ulcers.

Besides, esomeprazole is given acutely in our study, so

that it may not bring any visible increase in gastrin levels

in the given time. The increase of gastrin level that is

feedback-induced by the low acid environment may not

surpass the potent inhibitory effect of esomeprazole. It has

also been reported that the elevated gastrin level caused by

PPIs will return to normal soon after stopping the drug,49

and so a short-term use of esomeprazole is relatively safe.

As the secretion of gastrin is inhibited, the amount of

gastric acid secretion is also reduced, and the degree of

damage in gastric mucosa is relieved too. PGs like PGE2

can increase mucosal blood flow and even inhibit acid

secretion.5 Our research showed that pretreatment of

esomeprazole dose-dependently elevated the decline of

PEG2 level affected by WIR, which indicates that esome-

prazole may be able to achieve protective effects by

increasing mucosal blood flow and inhibiting acid secre-

tion through PGE2. In short, our study demonstrates that

esomeprazole exerts an anti-ulcer effect by inhibiting sev-

eral damage factors in gastric juice.

Accumulated evidence indicate that ROS plays a very

important role in the development of stress ulcers6 and

may directly damage tissues or induce some downstream

signaling pathways to mediate inflammatory damage to the

tissues. Various studies show that esomeprazole has the

capacity of antioxidation which is independent of acid

inhibition.14,34,51,52 Our results demonstrated that

esomeprazole can have an antioxidant effect. Indeed, we

observed that stress ulcer elevated MDA production and

decreased SOD and GSH levels in gastric mucosa. These

changes were notably reversed by prophylactic use of

esomeprazole, and the high dose of esomeprazole had a

more evident effect. The antioxidant mechanism of esome-

prazole may be explained by its conversion into a tetra-

cyclic sulfenamide with the help of gastric acid and its

sulfhydryl compounds performed as antioxidants.53

Unexpectedly, from the results of our RT-qPCR, the

expression of SOD1 gene increased in the WIR groups

but decreased in the groups that were given esomeprazole.

It is possible that stress ulcers produce many ROS and

consume endogenous antioxidants such as SOD and GSH,

which enhances the transcription of SOD1 gene for com-

pensation, and the application of esomeprazole could mini-

mize the need for ROS detoxification by reducing the gene

expression of antioxidant, including SOD1.

It has been indicated that PPIs have anti-inflammatory

effects, which is independent of the inhibition of gastric

acid production.31,54 Consistent with these studies, our

study showed that pretreatment with esomeprazole

reduced the expression of TNF-α and IL-1β at both tran-

scription and protein levels, and esomeprazole also

reduced the gastric MPO level induced by WIR treatment.

These results were further confirmed by the reduction of

inflammatory cell infiltration and gastric mucosal damage

observed under the microscope, indicating that esomepra-

zole also exerts an anti-inflammatory effect. Our results

also showed a dose-dependent effect of esomeprazole in

gastric tissue but not in serum, suggesting that the changes

of inflammatory factors in gastric tissues under stress

ulcers are more representative than in serum in agreement

of the view that the gastric epithelium itself also partici-

pates in the inflammatory response.7 Besides, the pretreat-

ments of esomeprazole in normal individuals did not affect

the inflammatory response.

Although it is traditionally believed that the activation

of NF-κB is dependent on the degradation of IκB and the

nuclear translocation of NF-κB p65, a growing number of

recent studies indicates that post-translational modifica-

tions of NF-κB, especially the phosphorylation of NF-κB
p65 in serine 276 (Ser 276), are also an essential step in

maximizing NF-κB transcriptional activity.17,19,55,56

Research also revealed that ROS can enhance the Ser

276 phosphorylation of NF-κB p65 through cAMP-depen-

dent protein kinase A.57 PPIs blocking NF-κB pathway

have been found in some in vitro studies and other disease
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models.32,58,59 In the present study, NF-κB pathway in the

WIR group was significantly activated as expected, and

the pretreatment of esomeprazole not only reduced the

nuclear translocation of NF-κB p65 subunit but also

decreased the formation of the phosphorylated NF-κB
p65 subunit. The high-dose pretreatment of esomeprazole

enhanced these effects. In short, our study demonstrated

for the first time that esomeprazole can dose-dependently

inhibit the nuclear translocation and phosphorylation of

the NF-κB p65 subunit to reduce the damage caused by

stress ulcer. The antioxidation effects of esomeprazole

either directly or indirectly inhibit the NF-κB pathway,

leading to the reduction of the TNF-α and IL-1β levels

and the inhibition of their feedback-induced activations of

ROS and NF-κB pathways, and finally reduce the damage

caused by the stress ulcers.

It is worth mentioning that some in vitro research

showed that low pH can activate the NF-κB pathway.60

So we presume that, under normal circumstances, the

mucus bicarbonate barrier works well to prevent gastric

epithelial cells from the interference of gastric acid. When

stress ulcers occur, ischemia and hypoxia make the barrier

weaker, along with the acid back-diffusion, thus causing a

dramatic decrease in pH around the gastric epithelial cells,

thereby activating the NF-κB pathway in epithelial cells.

The high pH environment caused by the prophylactic use

of esomeprazole can limit the activation of NF-κB
pathway.

Recently, p38 MAPK has been shown to be closely

related to the NF-κB pathway activation as a vital upstream

event. For instance, phosphorylation of p38 MAPK is

responsible for the phosphorylation of IκBα, resulting in

its dissociation from the NF-κB p65 subunit, thus facilitat-

ing the nuclear translocation of NF-κB p65 subunit.61 Jia

Yitao7 pretreated the rats with a selective p38 MAPK inhi-

bitor (SB 239063) and found the phosphorylation in both

IκB and p65 subunits decreased, suggesting that p38 MAPK

may be involved in the duration of ROS-dependent NF-κB
activation under the development of stress ulcer. A study in

skeletal myoblasts also revealed that under oxidative stress,

activated p38 MAPK can phosphorylate the serine 276

residue (Ser 276) of NF-κB p65, thereby participating in

post-transcriptional modification of NF-κB p65 and maxi-

mally activating the NF-κB pathway.56 There were some in

vitro experiments showing that PPIs could reduce phosphor-

ylation of p38 MAPK, thus inhibiting the p38 MAPK

pathway.62 In the present study, the Western blotting and

immunohistochemistry experiments revealed that the

esomeprazole pretreatments significantly attenuated the

high phosphorylation levels of p38 MAPK in gastric

epithelium induced by WIR, implying that esomeprazole

could dose-dependently suppress p38 MAPK signaling

pathways in stress ulcer, thereby interfering the activation

of downstream NF-κB signaling pathway and the expres-

sion of pro-inflammatory factors. Taken together, we

concluded that the inhibition of the NF-κB pathway by

esomeprazole is multifaceted through the p38 MAPK

pathway.

In summary, we presume that the antioxidative effect

of esomeprazole may inactivate the p38 MAPK pathway,

which weakens the phosphorylation of NF-κB p65, leading

to a downregulated expression of TNF-α and IL-1β, simul-

taneously interfering the positive feedback of TNF-α and

IL-1β to the ROS signaling pathways with the production

of ROS and the cross-regulation of upstream signaling

pathways.

Conclusion
Our results indicate that, in addition to invasive factors

such as gastric acid and pepsin, inflammation damages

caused by ROS relate to a cascade of activations among

p38 MAPK and NF-κB signaling pathways which play a

very important role in the pathophysiological insults of

stress ulcer. The positive feedback loop between the ROS

signaling pathways and proinflammatory factors aggra-

vates mucosal lesions. The pretreatments with esomepra-

zole exert a protective effect on the rats with WIR-induced

stress ulcer not only through an anti-secretory mechanism

but also through an anti-inflammatory and antioxidative

effects by dose-dependently inactivating the p38 MAPK

and NF-κB signaling pathways. This will contribute to the

application of esomeprazole in stress ulcer. However, a

better understanding of the mechanisms involved in the

regulatory network of oxidative inflammatory damage in

stress ulcer and the more effective using of esomeprazole

in patients with stress ulcer remains to be achieved.
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