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Chronic restraint stress promotes gastric epithelial
malignant transformation by activating the
Akt/pS3 signaling pathway via ADRB2
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Abstract. The etiology of gastric cancer is associated with
infectious, environmental and dietary factors, as well as
genetic background. Additionally, emerging evidence has
supported the vital role of chronic emotional stress on gastric
carcinogenesis; however, the underlying mechanism remains
unclear. The present study aimed to investigate the effects
of chronic stress and a detrimental diet on gastric malignant
epithelial transformation in rats. Therefore, 26 Wistar rats were
randomly divided into the following four groups: i) Control;
ii) detrimental diet (DD); iii) detrimental diet with chronic
restraint (DR) and iv) detrimental diet with chronic restraint
and propranolol treatment (DRP). ELISA was performed to
detect the serum levels of epinephrine and norepinephrine.
Epithelial cell apoptosis was analyzed using the TUNEL
assay. The mRNA and protein expression levels of Akt and
p53 were detected using reverse transcription quantitative
PCR and western blotting, respectively. Pathological changes
were analyzed using hematoxylin and eosin staining (H&E).
The H&E staining results showed that dysplasia in the gastric
mucosa occurred in two of eight rats in the DD group and in
four of five rats in the DR group, whereas no dysplasia was
detected in the DRP group. The apoptotic ratios of gastric
epithelial cells were significantly decreased in all treatment
groups compared with the control group. Adrenoceptor 2
(ADRB2) protein expression levels were increased significantly
only in the DR group and this effect was significantly reduced
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in the DRP group. The mRNA expression levels of Akt and
p53 were significantly upregulated in the DD group, and Akt
mRNA expression was further elevated in the DR group. With
regard to protein expression, the levels of Akt and p-Akt were
significantly increased in the DR group, whereas these effects
were reversed in the DRP group. Furthermore, the ratio of
p-p53/p53 protein was significantly reduced in the DD or DR
groups, but was reversed in the DRP group. Collectively, the
findings of the present study suggested that chronic restraint
stress potentially aggravates the gastric epithelial malignant
transformation induced by a detrimental diet, at least partially
via the Akt/p53 signaling pathway mediated via ADRB2.

Introduction

Gastric cancer (GC) is the fifth most common malignant
tumor (1) with a high mortality rate worldwide; according to
the International Agency for Research on Cancer, there were
an estimated 769,000 deaths from stomach cancer in 2020
worldwide (2). Gastric carcinogenesis has been ascribed to
numerous etiological factors, including Helicobacter pylori
infection (3-5), a detrimental environment and diet (6) and
genetics (7,8). These factors may lead to DNA damage (9-11),
oncogene activation, or the disruption of the dynamic balance
between the proliferation and apoptosis of gastric epithelial
cells (5,12).

p53, an important tumor suppressor, serves key roles in
repairing damaged DNA, arresting cells in the G1 or G2/M
phase, promoting the apoptosis of cells that cannot be repaired
and avoiding the generation of malignant progeny (13,14).
The activated oncogene Akt promotes the phosphorylation
of murine double minute 2 (MDM?2) and the ubiquitination
degradation of p53 (15,16). The MDM2 protein is an E3
ubiquitin ligase that serves a central role in regulating the
stability of p53. In addition, Akt mediates the phosphoryla-
tion of MDM2 at Serl66 and Serl86, thus contributing to the
MDM?2 protein-mediated ubiquitination and degradation of
p53 (17,18). The Akt/p53 signaling pathway is closely associ-
ated with the progression and metastasis of numerous types of
cancer (18-22).

In recent years, the effects of social psychological
stress on the development of GC have received increased
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attention (23,24). Chronic stress, common in modern life,
may exert a wide range of negative effects on host immunity,
metabolism and other physiological conditions (25,26). Gastric
epithelial cells are regulated by a complex psycho-neuroendo-
crine network, which is constantly affected by various chronic
stress factors (26,27). Chronic stress has been reported to be
capable of promoting tumor progression and metastasis via
the activation of the sympathetic nervous system (23,28,29),
in which the adrenoceptor 2 (ADRB2) serves a crucial role.
The B-adrenergic system regulates the biological behavior of
tumors via various mechanisms, including via the promotion
of cell proliferation, evasion from apoptosis, the induction
of angiogenesis and the enhancement of cellular migration
and metastasis (25,30). Stress, which exerts effects similar to
those of ADRB2 agonists, significantly promotes the growth
and metastasis of xenograft tumors, which can be blocked
via ADRB2 knockout or the ADRB2 antagonist, propran-
olol (28,31-34). Using two human GC cell lines (MGC-803
and HGC-27), Lu et al (35) reported that isoprenaline induces
the epithelial-mesenchymal transition via stimulation of the
ADRB2/STAT3 signaling pathway. Shi ez al (36) reported
that ADRB2 signaling upregulates the expression of MMP-7,
which demonstrates its involvement in the invasion and
metastasis of GC. Moreover, the upregulation of ADRB2 has
been reported to be positively associated with tumor size,
histological grade, lymph node metastasis and clinical stage
in human GC samples (23). However, the psychosocial side
of the etiology of gastric carcinogenesis still lacks sufficient
experimental and clinical evidence.

In areview written by Qiao et al (25), fadrenergic signaling
was reported to activate the degradation of p53 and DNA
damage through the ARRB1/PKA pathway. Tang et al (30)
also reported that the activation of adrenergic receptors by
norepinephrine was involved in PI3K/Akt signal transduction.
Taking these points into consideration, it was hypothesized
that chronic stress may promote the malignant transformation
of the gastric epithelium by activating the Akt/p53 signaling
pathway via ADRB2. Therefore, the present study aimed to
design a rat model of chronic restraint stress with a detrimental
diet in order to explore the effects of chronic stress on the
Akt/p53 signaling pathway.

Materials and methods

Animals. A total of 26 male specific pathogen-free (SPF) Wistar
rats (age, 4 weeks; weight, 100+20 g) were purchased from
Jinan Pengyue Experimental Animal Breeding Co., Ltd. and
reared in the SPF facility at the Medical Experimental Animal
Center of Weifang Medical University (Weifang, China) with
12 h light/dark cycles. The room temperature and relative
humidity were maintained at 24+2°C and 35-45%, respec-
tively. All rats had free access to water and food (SPF grade);
the food was purchased from Beijing KeaoXieli Feed Co., Ltd.
(cat. no. 21123213). The present study was approved by the
Animal Experimental Ethics Committee of Weifang Medical
University (approval no. 2020SDL166).

Experimental protocol. All rats were fed adaptively for
2 weeks and then randomly divided into the following
four treatment groups: i) Control (n=6); ii) detrimental

diet (DD; n=8); iii) detrimental diet with chronic restraint
(DR; n=5) and iv) detrimental diet with chronic restraint
and propranolol treatment (DRP; n=7). The detrimental
diet in this study referred to drinking water mixed with
N-methyl-N'-nitro-N-nitrosoguanidine [MNNG (a DNA
mutagenic agent); cat. no. C11744315; Shanghai Macklin
Biochemical Co., Ltd.] and gavage with high salt (10% sodium
chloride solution). All rats were fed a normal diet. The rats
in the control group had free access to clean drinking water,
whereas those in the other three treatment groups were free to
drink water containing 167 ug/ml MNNG except for during
the period of restraint. Besides the control group, 10% sodium
chloride solution was administered to the rats via gavage at a
dose of 5 ml/kg body weight once per day. Rats in the DR and
DRP groups were treated under a standard restraint environ-
ment for 3 h/day for 8 weeks as previously described (37,38).
Briefly, the rats were placed in flat plate rat fixators made
of plexiglass and fixed with gates at the head and tail. The
fixator was well ventilated and the space could be adjusted
based on the sizes of the rats. Restraint was performed from
9:00 a.m-12:00 p.m. each day, with water and food prohib-
ited during this time period. Rats from the DRP group were
additionally treated with a propranolol [propranolol tablets
(cat. no. E200704; Jiangsu Yabang Alpusen Pharmaceutical
Co., Ltd.)] water suspension at a dose of 10 mg/kg body
weight, which was administered via gavage once a day. When
rats exhibited no food and/or water intake state, dyspnea and
autotomy (self-mutilation), they were euthanized; euthanasia
was confirmed by the lack of pupillary reflex to light.

Tissue sampling. After 8 weeks, all rats were anesthetized
via inhalation of isoflurane (induction, 3%; maintenance,
2%) (39,40) and blood samples (1 ml/rat) were collected from
the abdominal aorta following a laparotomy. The rats were
then euthanized by administering an overdose of sodium
pentobarbital (100 mg/kg body weight, intravenously),
followed bycervical dislocation. Euthanasia was confirmed by
the lack of pupillary reflex to light. The gastric tissues were
extracted from the lesser curvature of the stomach, fixed with
4% paraformaldehyde solution at room temperature for 24 h
and embedded in paraffin for hematoxylin and eosin (H&E)
staining and TUNEL analysis. The samples were frozen at
-80°C prior to their use in subsequent western blotting and
reverse transcription-quantitative PCR (RT-qPCR).

H&E staining. H&E staining was performed using a commer-
cial H&E kit (cat. no. G1120; Beijing Solarbio Science &
Technology Co., Ltd.) according to the manufacturer's instruc-
tions. The paraffin-embedded sections (0.4 ym thick) were
dewaxed and successively hydrated with xylene for 8§ min
twice, 100% ethyl alcohol for 5 min twice, 95% ethyl alcohol
for 5 min, 80% ethyl alcohol for 5 min, 70% ethyl alcohol for
5 min and distilled water for 5 min. The sections were then
stained with hematoxylin solution for 3 min, differentiation
solution for 30 sec and eosin dye for 1 min. Subsequently,
the sections were processed with 95% ethyl alcohol for 5 min
twice, 100% ethyl alcohol for 5 min twice, xylene for 5 min
twice and neutral gum successively. All aforementioned steps
were performed at room temperature. The sections were
analyzed using an Olympus light microscope (CX31; Olympus
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Corporation) and assessed via reference to the new version of
The Sydney System (41).

ELISA. Serum was collected from the blood via centrifuga-
tion at 2,000 x g at 4°C for 20 min. The levels of epinephrine
and norepinephrine were quantified using commercial kits [rat
epinephrine ELISA kit (cat. no. m1003213) and rat norepineph-
rine ELISA kit (cat. no. m1002873); Shanghai Enzyme-linked
Biotechnology Co., Ltd]. Briefly, a total of 50 ul standard
substance at various concentrations (epinephrine, 16, 8, 4, 2,
1 and 0 ng/ml; norepinephrine, 8, 4, 2, 1, 0.5 and 0 ng/ml)
and 10 pl samples (diluted at a ratio of 1:5 using 40 pl sample
diluent) were added to the corresponding wells on the ELISA
coated plate, followed by the addition of 100 x1 HRP-conjugate
reagent to the wells. Sample diluent was added to blank wells
only. After being sealed, the plate was incubated at 37°C for
60 min. After rinsing five times with washing solution, 50 ul
chromogenic agent A and 50 ul chromogenic agent B were
successively added to each well and incubated at 37°C for
15 min in the dark. Finally, 50 pl stop solution was used to
terminate the reaction at room temperature for 5-10 min. The
absorbance at 450 nm was quantified using a microplate reader
(MultiskanGO; Thermo Fisher Scientific, Inc.).

Western blotting. Total protein was extracted from the tissue
samples using RIPA lysis buffer (cat. no. R0020; Beijing
Solarbio Science & Technology Co., Ltd.) supplemented with
protease inhibitor. Total protein was quantified using a BCA
Protein Assay Kit (cat. no. PC0020; Beijing Solarbio Science
& Technology Co., Ltd.). The total protein (150 ug/lane) was
separated via SDS-PAGE on an 8% gel and then transferred
onto a PVDF membrane at room temperature (300 mA for
3 h). After blocking with 5% skimmed milk dissolved in
TBS containing 0.5% Tween-20 (TBST) at room tempera-
ture for 1 h, the membrane was incubated with the following
primary antibodies: Akt (rabbit polyclonal antibody; 1:300;
cat. no. bs-6951R; BIOSS), phosphorylated (p)-Akt (mouse
monoclonal antibody; 1:100; cat. no.sc-514032; Santa Cruz
Biotechnology, Inc.), p53 (rabbit polyclonal antibody; 1:500;
10442-1-AP; ProteinTech Group, Inc.), p-p53 (Thrl8; rabbit
polyclonal antibody; 1:500; cat. no.bs-3710R; BIOSS),
ADRB?2 (rabbit polyclonal antibody; 1:500; cat. no.bs-0947R;
BIOSS) and the loading control GAPDH (rabbit polyclonal
antibody; 1:1,000; cat. no.bs-10900R; BIOSS) overnight
at 4°C. After being rinsed with TBST three times for 5 min
each, the membrane was then incubated with secondary
antibodies against goat anti-rabbit IgG H&L/HRP (1:10,000;
cat. no. bs-40295G-HRP; BIOSS) or mouse anti-mouse
m-IgGkBP-HRP (1:6,000; cat. no. sc-516102; Santa Cruz
Biotechnology, Inc.) for 1 h at room temperature, followed
by rinsing three times with TBST for 5 min each. Finally,
the membrane was visualized using ECL Ultra-sensitive
Luminescent Liquid (cat. no. PE0010, Beijing Solarbio Science
& Technology Co., Ltd.) using a chemiluminescence imaging
system (FluorChem Q; ProteinSimple). The gray values
of the protein bands were analyzed using ImageJ software
(version 1.6; National Institutes of Health).

RT-gPCR. Total RNA was isolated using TRIzon® reagent from
gastric tissues (cat. no.CW0580; CoWin Biosciences) and was
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Table I. Primers used in the present study.

Gene Sequence (5'-3")
Akt F: GAGGTTGCCCACACGCTTA
R: GGTCGTGGGTCTGGAATGAG
p53 F: GAGTTGTTAGAAGGCCCAGAGG
R: AGAAGGGACGGAAGATGACAG
B-actin F: TGTCACCAACTGGGACGATA

R: GGGGTGTTGAAGGTCTCAAA

F, forward; R, reverse.

quantified using a NanoDrop One® UV-Vis Spectrophotometer
(Thermo Fisher Scientific, Inc.). Complementary DNA
(cDNA) was synthesized using a HiFiScript cDNA Synthesis
Kit (cat. no. CW2569M; CoWin Biosciences) according to
the manufacturer's protocol. gPCR was performed using an
UltraSYBR Mixture (Low ROX) kit following the manufac-
turer's instructions (cat. no. CW2601M; CoWin Biosciences)
on a 7500 Fast detection system (Applied Biosystems; Thermo
Fisher Scientific, Inc.). qPCR was performed in a 20 ul reac-
tion system consisting of ~50 ng cDNA, 10 ul UltraSYBR
Mixture (Low ROX) and 0.2 yM forward and reverse primers
for each target. qPCR was performed using the following
thermocycling conditions: Initial denaturation at 95°C for
10 min, followed by amplification for 40 cycles (denaturation
at 95°C for 15 sec and annealing and extension at 60°C for
1 min). The relative mRNA expression levels were analyzed
using the 2244 method (42) and were normalized to B-actin.
The primers used in the present study are presented in Table 1.

TUNEL assay. Cell apoptosis was detected using a one-step
TUNEL apoptosis assay kit (cat. no. C1088; Beyotime Institute
of Biotechnology). The paraffin-embedded tissue sections
(0.4 ym) were dewaxed using xylene and gradient ethanol
solutions at room temperature (xylene for 10 min, xylene for
8 min, 100% ethyl alcohol for 5 min, 90% ethyl alcohol for
2 min, 70% ethyl alcohol for 2 min and distilled water for
2 min successively). Samples were incubated with 20 pg/ml
proteinase K (DNase-free) at 37°C for 15 min. After being
washed with PBS three times, the sections were incubated
with TUNEL reaction solution at 37°C for 1 h. The sections
were sealed with antifade mounting medium (containing
DAPI) prior to another rinse with PBS. The apoptotic ratio
was defined as the ratio of apoptotic cells to total cells when
viewed under a fluorescence microscope (CX31; Olympus
Corporation). A total of five representative fields of view were
assessed from each group.

Statistical analysis. SPSS software (version 23.0; IBM
Corp.) was used for statistical analysis. Data are presented
as the means + standard deviation. The samples for TUNEL
analysis, RT-qPCR and western blotting were obtained from
5 rats/group. For H&E staining and ELISA analysis, the
samples were obtained from all the rats/each group (no. of rats
in each group: 6 for control, 8 for DD, 5 for DR and 7 for DRP).
One-way ANOVA followed by Tukey's post hoc test was used
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Figure 1. Chronic restraint stress does not significantly affect the serum levels of epinephrine or norepinephrine. (A) ELISA of serum epinephrine levels.
(B) ELISA of serum norepinephrine levels. "P<0.05. DD, detrimental diet group; DR, detrimental diet with chronic restraint group; DRP, detrimental diet with

chronic restraint and propranolol administration group.

for statistical comparisons between three or more normally
distributed and continuous groups. Statistical comparisons of
non-normally distributed data and/or data of uneven variance
were performed using the Kruskal-Wallis H nonparametric
test and the Nemenyi post hoc test. Fisher's exact probability
test was applied to analyze pathological data. P<0.05 was
considered to indicate a statistically significant difference.

Results

Chronic restraint stress does not significantly affect the
levels of serum epinephrine or norepinephrine. No significant
difference was observed in the levels of serum epinephrine
among all groups (P=0.065; Fig. 1A). Compared with in
the control group, the levels of serum norepinephrine were
significantly increased in the DD, DR or DRP group (DD vs.
control, P=0.011; DR vs. control, P=0.026; DRP vs. control,
P=0.033); this result may be due to the same gavage that was
administered to all three treatment groups (Fig. 1B). However,
the levels of both serum epinephrine and norepinephrine did
not differ significantly between the DD, DR and DRP groups.
With regard to the levels of serum norepinephrine, there was no
significant difference between the DD and DR groups, which
indicated that chronic restraint stress had no significant effect
on it. These findings indicated that chronic restraint stress
did not significantly affect the levels of serum epinephrine or
norepinephrine.

Adrenergic 8 receptor inhibitor propranolol mitigates
stress-induced stomach pathological changes. The histology
data, including inflammation, atrophy, metaplasia, dysplasia
and severity are presented in Table II. The results demon-
strated that dysplasia was only observed in the DD (2/8 rats;
25%) and DR (4/5 rats; 80%) groups, and the total dysplasia
rate of the DR group was significantly higher than that of other
three groups (P<0.05). In addition, the total atrophy rate of
the DR group was significantly higher than that of the control
group (P<0.05); however, regarding the rate of intestinal meta-
plasia, there was no significant difference between each group.
Atrophic changes and dysplasia were markedly reduced by
propranolol, an inhibitor of ADRB2 (Fig. 2A). Gross changes
to the stomach included a thinner gastric wall and reduced

elasticity in the DD, DR and DRP groups compared with in
the control group (Fig. 2B). Furthermore, marked pathological
changes were potentially induced by the detrimental diet and
aggravated by chronic restraint stress, which were markedly
reduced by propranolol. These results suggested that chronic
restraint stress may exert detrimental effects via ADRB2.

Chronic restraint stress reduces gastric epithelial apoptosis
via the ADRB?2 signaling pathway. Significant differences
in apoptotic ratios were observed among the four groups
(P=0.002). Compared with the control, the apoptotic ratio of
gastric epithelial cells in the DD, DR and DRP groups were
significantly decreased (P<0.05), with the DR group exhib-
iting the lowest apoptotic ratio (P=0.001). Compared with
the DD group, the apoptotic ratio was decreased in the DR
group (P=0.283), whereas it was elevated in the DRP group
(P=0.988); however, these findings were not statistically
significant (Fig. 3). This suggested that chronic restraint stress
potentially reduces gastric epithelial apoptosis via the ADRB2
signaling pathway.

Chronic restraint stress aggravates the effects induced by a
detrimental diet via the Akt/p53 signaling pathway mediated
via ADRB2. As presented in Fig. 4, the mRNA expression
levels of Akt and p53 differed significantly among the four
groups (Akt, P=0.000; p53, P=0.000). The DD treatment
group exhibited significantly increased Akt mRNA expression
levels compared with the control (P=0.007). Moreover, the
Akt mRNA expression levels were significantly enhanced in
the DR group compared with the DD group (P=0.001). Akt
mRNA expression levels were significantly decreased in the
DRP group compared with the DR group (P=0.000). The
mRNA expression levels of p5S3 were also significantly upreg-
ulated in the DD group compared with the control (P=0.002),
whereas they were significantly reduced in the DR and DRP
groups compared with in the DD group (DR vs. DD, P=0.002;
DRP vs. DD, P=0.001).

The protein expression levels of ADRB2, Akt and p-Akt,
along with the ratio of p-p53/p53 differed significantly among
the four groups (P=0.000, P=0.018, P=0.009 and P=0.006,
respectively). The protein expression levels of ADRB2, Akt
and p-Akt were not significantly elevated in the DD group but
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No. with atrophy (%)* No. with intestinal metaplasia (%)® No. with dysplasia (%)*

No. with inflammation (%)

No. of rats Mild Moderate Severe Mild Moderate Severe Mild Moderate Severe Mild Moderate Severe

Group

0 (0.0)
2(25.0)

0 (0.0)

0 (0.0)

0 (0.0)
0 (0.0)
0 (0.0)

0(0.0)
1(12.5)
1(20.0)

0(0.0)
1(14.3)

4 (66.7) 0 (0.0) 0 (0.0) 0 (0.0 0 (0.0) 0 (0.0 1(16.7)
0(0.0) 2(250)
0 (0.0)

0(0.0)

6
8

Control
DD
DR

2(25.0)

2(25.0)

2(25.0)

3(37.5)
4 (80.0)

5(62.5)
0 (0.0)

3 (60.0)
0(0.0)

1(20.0)
0 (0.0)

1(20.0)

1(14.3)

1(20.0)
0(0.0)

1(20.0)

0 (0.0)

2 (40.0)

1(20.0)
0(0.0)

0 (0.0)

2 (28.6)

3 (42.9)

6 (85.7)

1(14.3)

DRP

*The total atrophy rate of the DR group was significantly different compared with the control group (P<0.05). "There was no significant difference in the rate of intestinal metaplasia among all groups.
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“The total rate of dysplasia in the DR group was significantly different from that in the other three groups (P<0.05). DD, detrimental diet group; DR, detrimental diet with chronic restraint group; DRP,

detrimental diet with chronic restraint and propranolol treatment group.

were significantly elevated in the DR group compared with the
control. These effects on ADRB2 and p-Akt were significantly
reduced via propranolol treatment compared with the DR
treatment group (Fig. SA-D). The ratio of p-Akt/Akt was not
significantly different among all groups (P=0.608; Fig. 5E),
but it did exhibit a similar trend to that of the ADRB2, Akt and
p-Akt protein expression levels. The ratio of p-p53/p53 was
significantly decreased in the DD and DR groups compared
with the control (DD vs. control, P=0.048; DR vs. control,
P=0.01; Fig. 5F). The decreased ratio of p-p53/p53 caused by
DR treatment was significantly alleviated by propranolol treat-
ment (P=0.049). These data suggested that chronic restraint
stress potentially aggravated the negative effects induced
by the detrimental diet via the Akt/p53 signaling pathway
mediated via ADRB2.

Discussion

Gastric carcinogenesis is canonically described as a multi-step
process driven by numerous etiological factors (43,44). Among
these, cadherin 1 mutations cause diffuse types of GC with a poor
clinical prognosis in the early stages of life (7,45). However, the
majority of patients suffer from another type of intestinal GC,
which canonically follows the Correa pattern (46). This therefore
indicates that most GC cases are caused by acquired etiological
factors, which could possibly be prevented or avoided. However,
genetic alterations may also serve a predisposing role (44).
Moreover, among these preventable factors, psychosocial stress
has recently received increased attention.

The Akt/p53 signaling pathway, which is activated by
various types of stressful situations, has been reported
to be involved in the development of numerous types of
cancer (21,47-49). The Akt/p53 signaling pathway is closely
associated with both genetic mutations and an impaired ability
to monitor genetic mutations in cells (50-53). The adrenergic
signaling pathway, activated under various stressful situations,
exerts adverse effects on the immune surveillance ability of
cells via various mechanisms, including elevated receptors
expression, post-translation modifications and damage to both
natural and adaptive immunity (23,28,34,54-59).

The ADRB2 signaling pathway has previously been
reported to be activated under numerous stressful situa-
tions (23,28,34,36,55). In the present study, no significant
changes were observed in the serum levels of epinephrine and
norepinephrine in the restraint groups compared with the DD
group, which indicated that chronic stress did not activate the
adrenergic signaling pathway via endocrine mechanisms. The
high expression of ADRB2 protein in the DR group suggested
that the ADRB2 signaling pathway may serve an essential
role in stress-related chronic inflammation and carcinogenesis
in gastric tissues, which is consistent with the conclusions
reached in the previous studies published by Zhang ef al (23)
and Shi ef al (36).

The detrimental diet, which contained MNNG, resulted
in the significant inhibition of gastric epithelial apoptosis.
A previous study by Ohyama et al (60) reported that the
effects of MNNG on apoptosis were time-sensitive and that
short-term exposure to MNNG induced apoptosis, with the
effects decreasing over time. Moreover, Cai et al (61) reported
the inhibitory effect of long-term exposure to MNNG on
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3 mm

3mm

3 mm 3 mm

Figure 2. Propranolol mitigates stress-induced stomach pathological changes. (A) Histological changes in gastric tissues were determined via H&E staining
(magnification, x400; scale bar, 200 ym). A large number of goblet cells (black arrow) in the DD group and atypical cells (with numerous mitotic phases;
indicated by the brown arrow) in the DR group were observed. (B) Gross changes to the stomach (scale bar, 3 mm). DD, detrimental diet group; DR, detrimental
diet with chronic restraint group; DRP, detrimental diet with chronic restraint and propranolol treatment group.

apoptosis; this previous study showed that MNNG exposure
enhanced the role of anti-apoptotic proteins (Bcl-2 and
Bcl-XL) and attenuated the expression of a pro-apoptotic
protein (caspase-3). In the present study, long-term exposure
to high-concentrations of MNNG for 8 weeks exerted similar
inhibitory effects on the apoptosis of gastric epithelial cells.
Furthermore, the present study demonstrated that chronic
stress may further reduce gastric epithelial cell apoptosis via
the ADRB?2 signaling pathway. The apoptotic ratio of the
gastric epithelium was 23% in the control group, which was
slightly higher than the ratio (15-20%) reported in previous
studies (62-64). The lowest apoptotic ratio was observed in the
DR group (10.9%) and was markedly alleviated in the DRP
group (14.8%), which suggested that the ADRB2 signaling
pathway potentially served a crucial role in stress-related
apoptosis.

To explore the underlying mechanisms of stress-related
apoptosis, the present study analyzed the expression levels
of Akt and p53. Gene expression may be regulated at various
levels, such as transcription, translation and post-translation
modification (65,66). In the present study, the detrimental diet
mainly influenced the mRNA expression levels of Akt and p53
due to the genotoxic effects of MNNG, in accordance with
the data from a previous study published by Fang et al (67).
Chronic restraint stress significantly enhanced the mRNA and
protein expression levels of Akt induced by the detrimental diet,
which was markedly reversed via propranolol. Furthermore,
by considering the similar changes in the Akt phosphorylation
level, it can be hypothesized that Akt may serve as a pivotal
downstream molecule of the ADRB2 signaling pathway.
However, the activation of Akt via chronic restraint stress may
promote the ubiquitination and degradation of active p-p53 via
phosphorylation of Akt's downstream molecule MDM?2, which
thereby reduces the effects of p53 (21,68).

In the present study, the combined detrimental diet
and chronic restraint stress rat model demonstrated that
the Akt/p53 signaling pathway functioned downstream of
ADRB2 (Fig. 6). Expression levels of Akt may serve a key
role, in consideration of variations in its expression in the DR
and DRP groups similar to the variations of ADRB2 protein
expression levels induced by chronic restraint stress and
propranolol. The ubiquitinationof p53 has been reported to be
significantly enhanced by the activation of Akt (69) via the
ADRB?2 signaling pathway, through which the p53 efficiency
and fate of epithelial cells are finely regulated (70,71). p53
also serves as a pivotal molecule in the interaction of cellular
survival, apoptosis and proliferation (72). It has been previ-
ously demonstrated that the stress-related ADRB2 signaling
pathway may not affect the mRNA expression levels of p53,
but the protein expression levels of p53 (73,74).

There were several limitations to the present study. The
limited number of animal samples and the imbalance of group
sizes weakened the reliability of the results of the study. The
unstressed groups should have included a control group with
a standard diet and a sham group with a detrimental diet,
sham group with a standard diet with propranolol and a sham
group with detrimental diet with propranolol. The stressed
groups should have included stress groups with a standard
diet, a detrimental diet, a standard diet with propranolol and
a detrimental diet with propranolol. The absence of sham
groups made it more difficult to evaluate the roles of each
factor employed and led to the conclusions of the present study
being less comprehensive. The statistically significant results
among the three non-control groups (which were administered
the same gavage) indicated that the results obtained under
the current grouping situation were still of clinical signifi-
cance to a certain extent. Furthermore, each treatment group
included certain samples with unclear or missing blots in the
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Figure 3. Chronic restraint stress reduces gastric epithelial apoptosis via the adrenoceptor (32 signaling pathway. Apoptosis of gastric epithelial cells in each
of the treatment groups was analyzed using the TUNEL assay (TUNEL, DAPI and merged figures were derived from the same area). (A) TUNEL staining of
gastric epithelial cells in each group. Magnification, x200; scale bar, 100 zm. (B) Apoptotic ratio of gastric epithelial cells in each group. “P<0.05 and “P<0.01.
DD, detrimental diet group; DR, detrimental diet with chronic restraint group; DRP, detrimental diet with chronic restraint and propranolol treatment group.

western blotting analyses. Different rats may have responded
differently to the same pathological conditions, leading
to differential modeling results, whereas re-probing with
different antibodies on the stripped membrane and antibodies

from different manufacturers may have affected the band
densities. For example, the p-p53 levels in certain samples
are higher than those of p53. As the molecular weight of p53
and ADRB?2 is very similar (53 and 46 kDa, respectively), the
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Figure 5. Chronic restraint stress increases the effects induced by the detrimental diet via the Akt/p53 signaling pathway mediated via ADRB2. Protein expres-
sion levels in gastric tissues were detected via western blotting. (A) Representative western blotting bands and the semi-quantification of (B) ADRB2; (C) Akt;
(D) p-Akt; (E) p-Akt/Akt; and (F) p-p53/p53. "P<0.05, “P<0.01 and "“P<0.001. ADRB2, adrenoceptor f2; p, phosphorylated; DD, detrimental diet group; DR,
detrimental diet with chronic restraint group; DRP, detrimental diet with chronic restraint and propranolol treatment group.

band of ADRB2 may have been partially disrupted during the
membrane segmentation (75-78). The appearance of uneven
loading of the blots for GAPDH may be due to variation in
the protein expression levels of housekeeping genes under
certain conditions such as hypoxia and exercise. Moreover,
high levels of post-translation modification in housekeeping
genes may have exerted certain adverse effects on their
quantification, which depends on the epitope of the antibodies
employed (79,80).

Stress-related adrenergic signaling functions in a complex
manner and additional external factors, other than those
considered in the present study, may also exert effects on it at
specific levels, such as during translation and post-translation
modification. Furthermore, other G-protein-coupled receptors,
such as ADRB3, and downstream signaling pathways, such as
MAPKSs, may be involved in chronic restraint-stress induced
carcinogenesis (81-83). The status of MDM?2, as an important
effector of the Akt/p53 signaling pathway, should have also

been considered. Therefore, further experiments are required
to bridge the gap between chronic restraint stress, the ADRB2
signaling pathway and apoptosis.

In conclusion, the present study demonstrated that
chronic restraint stress increased gastric epithelial malignant
transformation induced by a detrimental diet, at least partially
via the Akt/p53 signaling pathway mediated via ADRB2.
These results suggested that gastric carcinogenesis is an inte-
gral process driven via complex etiological factors. Therefore,
holistic intervention may be necessary, including more dedi-
cated psychosocial care, alongside precise individual clinical
treatments.
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