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Chronic restraint stress induces esophageal fibrosis
with enhanced oxidative stress in a murine model
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Abstract. Although the underlying mechanism of stress
remains unknown, it has been associated with the pathophys-
iology of gastroesophageal reflux diseases, the development
of which appear to be accelerated by oxidative stress and
fibrosis. The aim of the current study was to investigate
the effect of chronic restraint stress on esophageal oxida-
tive stress and fibrosis, as well as the impact of oxidative
stress in a murine model whereby 8-week old C57BL/6J
male mice were subjected to intermittent chronic restraint
stress for a two-week period. The current study demon-
strated that chronic restraint stress significantly reduced
the body weight of mice compared with the control group.
Although chronic restraint stress did not significantly alter
the levels of triglycerides or cholesterol, free fatty acid
concentration was significantly increased compared with the
control group. Furthermore, chronic restraint stress signifi-
cantly upregulated the expression levels of several fibrotic
biomarkers including collagen type I, transforming growth
factor B-1, a-smooth muscle actin and SMAD-3 compared
with the control group. In addition, the expression levels
of the reactive oxygen species (ROS) NADPH oxidase-4
and malondialdehyde were significantly increased, while
the expression levels of nuclear factor erythroid 2-related
factor 2 and heme oxygenase-1 were significantly decreased
in esophageal tissue from mice in the chronic restraint
stress group compared with the control group. In conclusion,
chronic restraint stress may induce esophageal fibrosis by
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accumulating ROS and increasing fibrotic gene expression
in a murine model.

Introduction

Stress is triggered when various psychological, physiological
or environmental stressors induce a state of threatened
homeostasis (1). Stress has be en identified as a risk factor
in 75-90% of all diseases, including those that lead to
morbidity and mortality (2). The production of reactive
oxygen species (ROS), which are neutralized by enzymatic
and non-enzymatic anti-oxidant defense mechanisms, has
been recognized as a key mechanism of stress (3). Among the
several types of stress (including acute and episodic acute),
chronic stress can affect the balance between the production
and scavenge of ROS in cells, thereby disrupting metabolic
regulation and causing oxidative damage (4). Chronic stress
can be classified into several types (including restraint stress
and chronic heterotypic stress), with some leading to oxida-
tive stress in several tissues, including the brain, lungs, heart,
kidney and liver (5-8).

Gastroesophageal reflux associated tissue fibrosis can lead to
esophageal stiffness, reduced esophageal compliance, increased
smooth muscle mass and reduced esophageal diameter, leading
to smooth muscle dysfunction, esophageal strictures and
ultimately a decreased quality of life (9). Some studies have
demonstrated that chronic stress can regulate the expression
of gene-regulating anti-oxidant systems and NADPH oxidase
(NOX), a major driver of ROS production in various types of
cells (10,11). NOX-induced ROS have been identified as main
sources of oxidative stress, which can accelerate the progres-
sion of various fibrotic diseases, including skin fibrosis (12),
idiopathic pulmonary fibrosis (13), liver fibrosis (14), cardiovas-
cular fibrosis (15) and kidney fibrosis (16).

Previous studies reported that the psychological-induced
oxidative stress can be observed in different cells or tissues,
including white adipose and intestinal tissues (17,18). Given the
lack of research on esophageal fibrosis, the aim of the current
study was to investigate the effect of chronic stress-induced
esophageal fibrosis using a chronic restraint stress mouse
model.
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Materials and methods

Experimental animals. A total of 30 male C57BL/6J mice (age,
8 weeks; weight, 25.6+2.52 g) were obtained from the Animal
Center of Xinjiang Medical University (Urumgqi, China) and
used in subsequent experiments. Mice were placed in cages and
housed in a viral-pathogen-free facility at the Research Institute
of Uygur Pharmaceutics (Urumgqi, China) under standard
conditions (temperature, 21-25°C and humidity, 50+5%) with
a 12 h light/dark cycle. All mice received free access to water
and a normal chow diet (Teklad Diet; 18% fat, 24% protein,
58% carbohydrates). All animal experiments were approved
by the Animal Care and Use Committee of the People's
Hospital of Xinjiang Uygur Autonomous Region (protocol no.
KY?201803703), and all experimental procedures complied with
the Guidelines for the Care and Use of Laboratory Animals
published by the National Institute of Health.

Chronic restraint stress protocol. Mice were randomly divided
into two groups: A control and a chronic restraint stress group.
Mice in the control group were housed in the individual cages
and were left undisturbed. Mice in the chronic restraint stress
group were subjected to restraint stress using a ventilated plastic
50 ml tube that allowed for a close fit to mice. Subsequently,
mice were submitted to immobilization stress for 2 h per day
for period of 14 consecutive days using a self-made restraint
device (a 50 ml centrifugal tube with a number of ventilation
holes ~5 mm in diameter and a small hole for the tail) (17,18).
During the stress period, mice were not allowed access to food
and water. Following chronic restrained stress, mice were
maintained in individual cages and allowed free access to food
and water. Body weight and food intake were monitored every
two days during the stress period.

Sample collection. All mice underwent a 16-18 h fasting period
and were euthanized by intraperitoneal injection of 150 mg/kg
sodium pentobarbital. Blood samples were collected from
the inferior vena cava for biological analysis. Esophageal
tissue samples were collected to examine chronic restraint
stress-induced pathology, as well as the expression levels of
specific biological markers.

Histological analysis. Esophageal tissue was collected,
weighed, fixed in 10% formalin for 24 h at room tempera-
ture and dehydrated by a descending series of ethanol at
room temperature for 4 h. Tissue samples were embedded in
paraffin and cut into 4-pm-thick sections. Tissue sections were
subsequently stained (all at room temperature for ~2.5 h) with
hematoxylin and eosin (H&E), Sirus red or Masson's trichrome
(MT) and observed under a light microscope (magnification,
x200) and imaged using a digital camera (Eclipse E200;
Nikon Corporation). Staining was observed in 10 randomly
selected fields and analyzed using Adobe Photoshop (Adobe,
Inc.) and ImagelJ (version 1.62; National Institutes of Health).
Histological sections were examined for stress-induced
inflammatory changes and scored by a ‘blinded’” observer
for three parameters (19): i) Epithelial damage (0, normal
morphology; 1, mild surface lifting; 2, intraepithelial separa-
tion and surface lifting; and 3, epithelial cell loss to basal cell
layer or deeper); ii) submucosal edema (0, normal; 1, mild
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focal edema; 2, moderate diffuse edema; and 3, severe edema);
iii) submucosal inflammation (0, 0-5/high power field (HPF);
1,5-10/HPF, 2, 10-15/HPF; 3, =15/HPF). Each individual score
represented the mean of the three sections.

Immunohistochemistry. The streptavidin-biotinylated
peroxidase complex method was performed as previously
described (17,18). Briefly, esophageal tissue sections were
deparaffinized in xylene and rehydrated with a descending
ethanol series at room temperature. Endogenous peroxidase
activity was inhibited using 0.3% H,0, in methanol for 10 min
in room temperature. Samples were then rinsed with PBS and
incubated with 10% goat normal serum (cat. no. 414322F;
Nichirei Biosciences, Inc.) for 30 min at room temperature.
Sections were then treated with the following primary
antibodies at 4°C overnight: NAPDH oxidase 4 (Nox4; cat.
no. ab195524; 1:100; Abcam), malondialdehyde (MDA;
cat. no. ab6463; 1:100; Abcam), nuclear factor erythroid
2-related factor 2 (Nrf-2; cat. no. ab62352; 1:100; Abcam),
heme oxygenase 1 (HO-1; cat. no. ab13248; 1:100; Abcam),
collagen type I (cat. no. ab34710; 1:100; Abcam), transforming
growth factor -1 (TGF-f-1; cat. no. sc-130348; 1:100; Santa
Cruz Biotechnology, Inc.), a-smooth muscle actin (SMA; cat.
no. A5228; 1:100; Sigma-Aldrich; Merck KGaA), SMAD-3 (cat.
no. #8685; 1:100; Cell Signaling Technology, Inc.) and F4/80
(cat.no. ab240946; 1:100; Abcam). Sections were subsequently
incubated with horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG (1:200; cat. no. 414181F; Nichirei Biosciences,
Inc.) or HRP-conjugated anti-mouse IgG secondary antibodies
(1:200; cat. no. 414191F; Nichirei Biosciences, Inc.) at room
temperature for 30 min. Samples were then rinsed with
PBS and treated with peroxidase-conjugated streptavidin
(Nichirei Biosciences, Inc.) at 37°C for 30 min. Tissue sections
were subsequently stained with 3,3-diaminobenzidine
tetra-hydrochloride (DAB; Sigma-Aldrich; Merck KGaA)
with 0.03% H,0, at room temperature for 15 min to visualize
the localization of Nox4, MDA, Nrf-2, HO-1, collagen type
I, TGFp-1, a-SMA and SMAD-3. esophageal tissue sections
were counterstained with methylene green, observed under
a light microscope (magnification, x200) and imaged using
a digital camera (Eclipse E200; Nikon Corporation). Nox4,
MDA, Nrf-2, HO-1, collagen type I, TGFp-1, a-SMA and
SMAD-3 positive cells were observed in 10 randomly selected
fields/section and analyzed using Adobe Photoshop (Adobe,
Inc.) and quantified using ImageJ (version 1.45S; National
Institutes of Health).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from esophageal tissues using TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Total
RNA (1 pg) was then reverse transcribed into cDNA using the
RT system (Qiagen GmbH) in accordance with the manufac-
turer's protocol and qPCR was subsequently performed under
the following thermocycling conditions: Initial denaturation
for 2 min at 95°C, followed by 40 cycles for 12 sec at 95°C
and 60 sec at 60°C. The Bio-Rad CFX96 RT-PCR Detection
System (Bio-Rad Laboratories, Inc.) and Power SYBR Green
PCR Master mix (Applied Biosystems; Thermo Fisher
Scientific, Inc.) were utilized for PCR. The primer pairs used
for qPCR are presented in Table I. Serial dilutions of a control
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Table I. Primer sequences used in reverse transcription-quantitative PCR.
Gene Primer sequence (5'-3") Size (bp)
Nox4 F: CACCTCTGCCTGCTCATTTGG 153
R: AGTTGAGGTTCAGGACAGATGC
Nrf-2 F: CGAGATATACGCAGGAGAGGTA AGA 79
R: GCTCGACAATGTTCTCCAGCTT
HO-1 F: CAGCCCCACCAAGTTCAAAC 101
R: AGGCGGTCTTAGCCTCTTCTG
Collagen type I F: GGAATGAAAGGGACACAGAGG 197
R: TAGCACCATCATTTCCACGA
TGF-$1 F: GGACTCTCCACCTGCAAGAC 100
R: GACTGGCGAGCCTTAGTTTG
SMAD-3 F: CATCGAGCCCCAGAGCAATA 88
R: GTGGTTCATCTGGTGGTCACT
a-SMA F: TGCTGACAGAGGCACCACTGAA 138
R: CAGTTGTACGTCCAGAGGCATA
[(-actin F: TATTGGCAACGAGCGGTTC 75

R: ATGCCACAGGATTCCATACCC

F, forward; R, reverse; Nox4, NAPDH oxidase 4; Nrf-2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase 1; TGF-§1,

transforming growth-f1; a-SMA, a-smooth muscle actin.

cDNA sample were taken and used as the standard curve for
each reaction. mRNA levels were quantified using the 2-44¢4
method (20) and normalized to the internal reference gene
[-actin. Each experiment was performed in triplicate.

Western blot analysis. Total protein was extracted from
esophageal tissue (~30 mg) using lysis buffer [65 mmol/l
Tris-HCI (pH 6.8), 3.3% SDS, 10% glycerol, 2.2% bromo-
phenol blue]. Protein concentration was subsequently
determined using a BCA protein assay kit (Pierce; Thermo
Fisher Scientific, Inc.). Equal quantities of protein (50 ug) were
separated via SDS-PAGE on a 10-15% polyacrylamide gel.
The separated proteins were transferred onto polyvinylidene
difluoride membranes and blocked for 1 h at room tempera-
ture with 5% bovine serum albumin (cat. no. 10735078001,
Sigma-Aldrich; Merck KGaA) in Tris-buffered saline
containing Tween®-20 (TBS-T). Membranes were washed
with TBS-T, and incubated with the following primary anti-
bodies (all, 1:1,000): Nrf-2, phosphoNrf-2 (cat. no. ab76026;
1:100; Abcam), Kelch-like ECH-associated protein 1 (keap-1;
cat. no. PAL648Mu01; Cloud-Clone Corp.), HO-1, collagen
type I, TGFp-1, a-SMA, SMAD-3 and normalized to prolif-
erating cell nuclear antigen (cat. no. M0879; Dako; Agilent
technologies, Inc.) and B-actin (cat. no. #3700; Cell Signaling
Technology, Inc.). Following primary antibody incubation,
membranes were further incubated with HRP-conjugated
anti-mouse IgG (cat. no. #7076; Cell Signaling Technology,
Inc.) and HRP-conjugated anti-rabbit IgG secondary anti-
bodies (cat. no. #7074; Cell Signaling Technology, Inc.; each,
1:10,000) for 1 h at room temperature. Membranes were then
washed three times with TBS-T. Protein bands were visual-
ized using the enhanced Chemi-Lumi One System (Nacalai
Tesque, Inc.).

ELISA. Plasma samples were taken from all mice and
processed as previously described (17,18). Plasma Nox4 (cat.
no. SEB924Mu; Cloud-Clone Corp.), MDA (cat. no. KGEO13;
R&D Systems, Inc.), total cholesterol (cat. no. ab65390;
Abcam), tryglycerides (cat. no. abl178780; Abcam) and free
fatty acids (FFA; cat. no. ab65341; Abcam) expression was
detected using competitive ELISA Kkits, according to the
manufacturer's protocol.

Statistical analysis. Data presented as the mean + standard
deviation and were analyzed using GraphPad Prism 5.01
software (GraphPad Software, Inc.). A Student's t-test was
performed to analyze the differences between the chronic
restraint stress and control groups with SPSS 19 software
(IBM, Corp.). One-way analysis of variance followed by
a Fisher's protected least significant differences test was
performed to analyze the quantitative data collected from
both groups. P<0.05 was considered to indicate a statistically
significant difference.

Results

Chronic restraint stress increases fibrotic biomarker expres-
sion in esophageal tissue. The expression of fibrotic proteins,
including collagen type I, TGF-f1, SMAD-3 and a-SMA were
examined in esophageal tissue using immunohistochemistry,
RT-qPCR and western blotting. Compared with control
mice, the expression of fibrotic proteins in stressed mice was
predominantly located in the mucosal and epithelial layers of
the esophagus (as indicated by arrows; Fig. 1A-D). In addition,
chronic restraint stress significantly increased the expression of
collagen type I, TGF-f31, SMAD-3 and a-SMA in the mucosal
and epithelial layers of the esophagus when compared with the
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Figure 1. Immunostaining of fibrotic biomarkers in esophageal tissue samples from mice. Immunohistochemistry was performed on esophageal tissue samples
from mice in the chronic restraint stress and control groups. Immunostaining for (A) collagen type I, (B) TGF-p1, (C) SMAD-3 and (D) a-SMA fibrotic
markers (magnification, x200; scale bar, 50 gm). Quantification of (E) collagen type I, (F) TGF-f1, (G) SMAD-3 and (H) a-SMA positive areas. Data presented
as the mean + standard deviation (n=15). “P<0.001 vs. control. TGF-f1, transforming growth factor f1; SMAD-3, SMAD family member 3; a-SMA, a-smooth

muscle actin.

control group (Fig. 1A-H). Furthermore, the mRNA and protein
expression of these fibrotic proteins were significantly increased
in the esophageal tissue of mice in the chronic restraint stress
group compared with the control group (Fig. 2A-E).

Chronic restraint stress induces ROS generation in the
esophagus. Chronic stress has been previously reported to
trigger ROS production in adipose (18) and colon tissue (21).
To determine whether chronic stress triggers the generation
of ROS in the esophagus, the expression of Nox4 and MDA
were determined using immunohistochemistry in the esopha-
geal tissue of mice. The expression of Nox4 and MDA were
predominantly located in the mucosal and epithelial layers
of the esophagus (as indicated by arrows; Fig. 3A and B). In
addition, chronic restraint stress significantly increased the
expression of Nox4 and MDA in the mucosal and epithelial
layers of the esophagus (Fig. 3C and D). Furthermore, chronic
restraint stress significantly upregulated Nox4 mRNA levels,
as well as Nox4 and MDA plasma expression compared with
the control group (Fig. 3E-G).

Chronic restraint stress reduces esophageal expression of
anti-oxidant proteins. Under normal physiological condi-
tions, Nrf-2 remains in an inactive form in the cytoplasm by
Keapl (22). Nrf-2 can be activated by diverse stimuli, including

oxidants, pro-oxidants and antioxidants (22). Both Nrf-2 and
its downstream target gene, HO-1, serve as major regulators in
the protection against oxidative stress in the esophagus (23).
Oxidative stress can damage the function of the epithelial
barrier in the gastrointestinal system (24). Thus, to investigate
the potential role of Nrf-2 in esophageal fibrosis, the expres-
sion of Nrf-2 and HO-1 was examined in in esophageal tissue
from mice subjected to chronic restraint stress. The expres-
sion of Nrf-2 and HO-1 were predominantly located in the
mucosal and epithelial layers of the esophagus (as indicated
by arrows; Fig. 4A and B). In addition, chronic restraint stress
significantly decreased the expression of Nrf-2 and HO-1 in
the mucosal and epithelial layers of the esophagus (Fig. 4C
and D). Chronic restraint stress also significantly decreased
the mRNA level of Nrf-2 and HO-1 mRNA compared with the
control group (Fig. 4E and F). Furthermore, Keap-1, p-Nrf-2,
Nrf-2 and HO-1 protein levels were downregulated in both the
nucleus and cytoplasm fractions from the chronic restraint
stress group compared with the control group (Fig. 4G and H).

Chronic restraint stress induces weight loss and FFA release
in mice. Consistent with prior studies (17,18), subjecting the
mice to chronic restraint stress for two weeks significantly
reduced their body weight compared with the mice in the
control group (Table II). In addition, there were no significant
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Figure 2. Chronic restraint stress increases esophageal expression of fibrotic biomarkers. The relative mRNA expression levels of (A) collagen type I,
(B) TGF-f1, (C) SMAD-3 and (D) a-SMA was determined by reverse transcription-quantitative PCR in esophageal tissue from mice in the chronic restraint
stress and control groups. The relative protein expression level of (E) collagen type I, TGF-f1, SMAD-3 and a-SMA was determined via western blot analysis
of esophageal tissue from mice in the chronic restraint stress and control groups. Data presented as the mean + standard deviation (n=15). “P<0.001 vs. control.
TGF-f1, transforming growth factor f1; SMAD-3, SMAD family member 3; o-SMA, a-smooth muscle actin.
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Figure 3. Chronic restraint stress induces ROS generation in the esophagus. Immunostaining of (A) Nox4 and (B) MDA in esophageal tissue from mice in
the chronic restraint stress and control groups (magnification, x200; scale bar, 50 ym). Quantification of (C) Nox4 and (D) MDA positive areas. (E) The
relative mRNA expression level of Nox4 was determined by reverse transcription-quantitative PCR in esophageal tissue from mice in the chronic restraint
stress and control groups. (F) Nox4 and (G) MDA expression was determined by ELISA using plasma samples from mice in the chronic restraint stress and

control groups. Data presented as the mean + standard deviation (n=15). “P<0.001 vs. control. ROS, reactive oxygen species; Nox4, NAPDH oxidase 4; MDA,
malondialdehyde.
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determined by western blot analysis in esophageal tissue from mice in the chronic restraint stress and control groups. Data presented as the mean + standard
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HO-1, heme oxygenase 1.

differences in the food intake, cholesterol or triglyceride levels
of mice in the chronic restraint stress group compared with
the control group (Table II). However, the concentration of
FFA was significantly increased in the chronic restraint stress
group compared with the control group (Table II).

Chronic restraint stress induces esophageal fibrosis in mice.
To examine stress-induced histopathological changes and
fibrosis, esophageal tissue from mice in the chronic restraint
stress and control groups were stained with H&E, Sirus red or
MT. H&E staining demonstrated that chronic restraint stress
increased lymphocytic infiltration (as indicated by arrows)
and the degree of inflammation within the submucosa of the
esophagus, while there were no distinct changes observed in the
control group (Fig. 5A and E). Furthermore, MT and sirus red
staining highlighted the occurrence of fibrosis (as indicated by
arrows) in the esophagus of the stressed mice (Fig. 5B, C and F).
The MT-positive fibrotic areas in esophageal tissue from mice
in the chronic restraint stress group were increased compared
with the control group (Fig. 5SF). IHC for F4/80 (specific for
monocytes/macrophages, respectively) was performed in
esophageal tissue from mice in the chronic restraint stress and
control groups. The results demonstrated that F4/80 expression
was predominantly located in the mucosal and epithelial layers
of the esophagus (as indicated by arrows), and that expression

levels significantly increased in the chronic restraint stress
group compared with the control group (Fig. 5D and G).

Discussion

The current study identified several key findings. The expres-
sion of fibrotic proteins, including collagen type I, TGF-f1,
SMAD-3and a-SMA,demonstrated that chronic restraint stress
may induce esophageal fibrosis in mice. In addition, chronic
restraint stress may induce oxidative stress as the expression
levels of Nox4 and MDA were significantly increased in mice.
Furthermore, chronic restraint stress reduced the expression
of several anti-oxidative proteins, including Keap-1, p-Nrf-2,
Nrf-2 and HO-1 in the esophageal tissue of mice. In conclu-
sion, the current study demonstrated that chronic stress may
trigger esophageal fibrosis by enhancing oxidative stress and
suppressing the anti-oxidative system.

Oxidative stress is an essential factor in the pathogenesis
of esophageal injury/repair and in esophageal barrier dysfunc-
tion (25). NADPH oxidases, including Nox4, are the main
producers of ROS in the esophagus and serve key roles in
esophageal remodeling, esophageal barrier dysfunction and
inflammation (26,27). Previous studies have demonstrated that
two weeks of chronic restraint stress can trigger inflammation
and ROS accumulation in different types of tissues (18,20).
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Table II. Chronic restraint stress-induced weight loss and FFA release in mice.
Control Stress P-value
BW gain (g) 1.37+0.02 1.04+0.04 <0.001
Food intake (mg) 133.5+2.46 130.7+£2.46 0441
TC (mg/dl) 64+2.42 70.6+£3.23 0.123
TG (mg/dl) 8.19+0.39 8.95+0.62 0.324
FFA (mEq/1) 0.36+0.03 0.91+0.05 <0.001

Data presented as the mean + SD (n=15). BW, body weight; TC, total cholesterol; TG, tryglycerides; FFA, free fatty acids.
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Figure 5. Chronic restraint stress induces esophageal fibrosis in mice. Esophageal tissue from mice in the chronic restraint stress and control groups were
analyzed by (A) H&E, (B) MT and (C) Sirus red staining. (magnification, x200; scale bar, 50 ym). (D) Immunostaining for F4/80 in esophageal tissue from
mice in the chronic restraint stress group and control group (magnification, x200; scale bar, 50 gm). (E) Histology inflammation score. (F) Quantification of
the MT-positive areas. (G) Quantification of the F4/80-positive areas. Data presented as the mean + standard deviation (n=15). “P<0.001 vs. control. H&E,

hematoxylin and eosin; MT, Masson's trichrome.

Oxidative stress also leads to esophageal fibrosis by increasing
the expression of TGF-f1, which enhances the synthesis
of esophageal collagen and suppresses the degradation of
collagen in the gastroesophageal reflux disease (GERD)
model (25,28). The current study demonstrated that chronic
restraint stress enhanced the in vivo esophageal expression of
Nox4 and MDA, a biomarker of oxidative stress.

Chronic psychological stress can induce oxidative stress
in different tissues, including the brain and peripheral blood
cells, and these adverse effects can be partially reversed by
anxiolytic agents (29). A previous study demonstrated that

two weeks of chronic restraint stress in mice caused an
accumulation of ROS and inflammation in several types of
tissue, including visceral adipose tissue (VAT) as well as liver
and intestine (21). Suppressed chronic stress-induced ROS
production and VAT inflammation were identified as poten-
tial therapeutic targets for stress-associated disorders (18).
Increased ROS accumulation in VAT is accompanied by
increased NADPH oxidase (NOX) subunits and decreased
antioxidant enzymes and has been recognized as an early
marker and potential therapeutic target of metabolic
syndrome (16).
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Activated myofibroblasts are key effector cells in all models
of fibrosis. In wound healing, tissue strain and cytokine release
activate myofibroblasts, which initiate migration, extracel-
lular matrix (ECM) deposition and tissue contraction, thereby
maintaining tissue homeostasis (30). However, in fibrosis, an
exaggerated myofibroblastresponse results ininappropriate ECM
deposition, increased tissue stiffness and organ dysfunction (31).
As epithelial cells are capable of transdifferentiation under these
conditions, it has been recognized that during chronic inflam-
mation, epithelial cells undergo epithelial-to-mesenchymal
transition in fibrosis (32). As the epithelium is often the site of
primary injury and inflammation, epithelial cells may also func-
tion as effector cells in fibrogenesis.

Oxidative stress is closely associated with the pathogen-
esis of GERD, which leads to increased ROS production (33).
Long-term exposure to oxidative stress in GERD induces
chronic inflammation and fibrosis in the esophagus, which leads
to the formation and progression of disease states in esophageal
tissue (25). In addition, markers for oxidative stress are overex-
pressed in patients with GERD, which indicates that increased
ROS may be primarily responsible for the development of
GERD (34). ROS also leads to esophageal fibrosis by increasing
the expression of TGF-f1, which enhances the synthesis of
esophageal collagen and suppresses the degradation of collagen
in the GERD model (35). In the present study, chronic restrain
stress upregulated subunits of NOX, a major source of ROS and
downregulated antioxidant proteins in the esophagus.

In the current study, direct measurement of ROS was not
performed and this may be considered a limitation associated
with the study, which will need to be addressed in future
work. In a previous study, chronic restraint stress markedly
induced the accumulations of ROS in adipose (18) and colon
tissue (21). The present study examined the expression levels of
ROS markers including, Nox4 and MDA. The results demon-
strated that two weeks of chronic restraint stress significantly
increased the expression of Nox4 and MDA in the mucosal
and epithelial layers of the esophagus. In addition, nRNA and
plasma levels of Nox4 and MDA were significantly increased
in the esophageal tissue of mice in the chronic restraint stress
group compared with the control group. Taken together, these
results indicate that chronic stress significantly increased ROS
production in the esophagus of mice.

The Nrf-2/Keap-1 signaling pathway provides cells with a
defense mechanism against oxidative stress by regulating the
expression of enzymes that serve key roles in the anti-oxidative
stress response and detoxification (36). Esophageal hyper-
keratosis in Keap-1 knockout mice was due to activation of
peroxisome proliferator-activated receptor-f3/A and the PI3K/Akt
pathway (37). Chen et al (38) demonstrated that Nrf-2 deficiency
impairs the barrier function of mouse esophageal epithelium by
disrupting the expression of tight junction proteins. Furthermore,
as a downstream gene of Nrf-2, HO-1 prevents gastroesophageal
reflux-induced esophageal barrier dysfunction by suppressing
oxidative stress in mouse models of GERD (38). In summary,
the present study demonstrated that chronic stress reduced
the esophageal expression of several anti-oxidative proteins
including, Keap-1, phopho-Nrf-2, Nrf-2 and HO-1 in mice.

TGF-B1/SMAD-3 signaling has been recognized as a
common pathway involved in several fibrotic diseases (39).
TGF-p1 overexpression can introduce several negative impacts,
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which include promoting direct transcription of pro-fibrotic
factors, such as collagen type I, and the contraction of cultured
esophageal smooth muscle cells (40). Cells secrete TGF-f31,
which binds to TGF-f1 cell surface receptors (TGF-BRI and
TGF-BRII) on fibroblasts. These receptors can activate and
translocate intracellular SMADs (a family of transcription
factors that mediate TGF-f1 signals) to the nucleus, where they
regulate transcription of collagen genes, which contributes to
fibrosis (26). The phosphorylation of the receptor-dependent
SMAD?2/3, along with SMADA4, creates a complex, which can
be translocated from the cytoplasm to the nucleus to regulate
collagen gene transcription (28).

Previous studies have demonstrated several types of
SMAD-3-dependent collagen gene promoters, which are
activated by TGF-f1 (41,42). Dominant-negative SMAD-3
expression vectors specifically inhibited the activation of these
promoters (43). Cho et al (44) examined the role of SMAD-3
in a mouse model of egg-induced eosinophilic esophagitis and
revealed that SMAD-3-deficient mice esophageal fibroblasts
could not respond to TGF-fB1 to regulate the expression of
collagen genes, thereby reducing esophageal fibrosis. However,
in the current study, chronic stress increased the esophageal
expression of fibrotic genes in mice.

In conclusion, two weeks of chronic restraint stress induced
esophageal fibrosis in a murine model with enhanced oxidative
stress and reduced the anti-oxidative system.
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