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Chronic stress augments esophageal inflammation, and alters
the expression of transient receptor potential vanilloid 1
and protease-activated receptor 2 in a murine model

WUBULIKASIMU WULAMU', MAIMAITI YISIREYILI'?, AIKEBAIER AILI'?,
KYOSUKE TAKESHITA*, AZIGULI ALIMUJIANG’, ALIYEGULI AIPIRE', YILIANG LI,
YUAN JIANG?, MAIMAITIAILI AIZEZI®, ZANLIN LI? and KELIMU ABUDUREYIMU'?

'Research Institute of General and Minimally Invasive Surgery; 2Department of Minimally Invasive Surgery,
Hernia and Abdominal Wall Surgery, People's Hospital of Xinjiang Uygur Autonomous Region, Urumgqi,
Xinjiang 830001; 3Graduate School of Xinjiang Medical University, Urumqi, Xinjiang 830054, P.R. China;
4Depalrtment of Cardiology, Nagoya University Graduate School of Medicine, Nagoya, Aichi 460-8550, Japan;
Departments of 3Obstetrics and Gynecology Clinic, and %Cardiac Surgery, People's Hospital of
Xinjiang Uygur Autonomous Region, Urumgqi, Xinjiang 830001, P.R. China

Received August 8,2018; Accepted March 7,2019

DOI: 10.3892/mmr.2019.10192

Abstract. Stress is a pivotal factor for inflammation, reactive
oxygen species (ROS) production and formation of visceral
hypersensitivity (VH) in the process of gastroesophageal
reflux disease (GERD). In the present study, the effects of
stress on esophageal inflammation, oxidative stress and VH
were investigated in a chronic restraint stress mouse model.
C57BL/6J male mice were subjected to 2 weeks of intermittent
restraint stress, and histopathological analysis revealed that
stress induced esophageal inflammation and fibrosis, while
no distinct changes were detected in non-stressed control
mice. In addition, increased NADPH oxidase 4 expression
was observed in the plasma and esophagus of stressed mice,
indicating accumulation of ROS. The expression levels of
antioxidants, including Mn-superoxide dismutase (MnSOD),
Cu/Zn-SOD, catalase and glutathione peroxidase, were also
analyzed using reverse transcription-quantitative polymerase
chain reaction (RT-qPCR). In addition, transient receptor
potential vanilloid 1 (TRPV-1) and protease-activated
receptor 2 (PAR-2), which are crucial receptors for VH,
were measured by immunohistochemistry and RT-qPCR.
The results demonstrated that stress markedly reduced
antioxidant expression, while it significantly upregulated
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TRPV-1 and PAR-2 expression levels in the mouse esophagus.
Finally, 2 weeks of restraint stress significantly increased the
esophageal and plasma levels of inflammatory cytokines,
including interleukin (IL)-6, IL-8, interferon-y and tumor
necrosis factor-a. Taken together, the present study results
indicated that stress-induced esophageal inflammation and
ROS generation involves VH.

Introduction

With the rapid development of science and technology, as well
as strong social competition, the nature of psychological stress
has changed significantly (1). Stress is a common risk factor
for 75-90% of diseases, including cardiovascular diseases,
associated with the highest morbidity and mortality (2).
Accumulating evidence has demonstrated that severe or
chronic stress results in an increased risk for physical and
psychiatric disorders, which is referred to as stress-associated
disease. In stress animal models, accumulation of oxidative
stress has been noted (3). Halliwell (4) reported that overpro-
duction of reactive oxygen species (ROS) can damage cellular
components and induce functional abnormalities in numerous
cell types. Chronic stress modifies the expression of the genes
regulating antioxidant system and NADPH oxidase (Nox) (5).
Furthermore, Nox has been reported to be a major source
of ROS production in different cell types (6), while experi-
ments from rodent models suggested that increased levels of
ROS in vitro and in the brain can result in downregulation of
various antioxidant enzymes (7).

Stress aggravates typical clinical symptoms, such as heart-
burn in patients with gastroesophageal reflux disease (GERD),
while it also affects visceral sensitivity (8). However, the
mechanism underlying visceral hypersensitivity (VH) in func-
tional gastrointestinal disorders is not completely understood.
The involvement of stress in VH, specifically in esophageal
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hypersensitivity, has also been investigated. Fass et al (9)
reported that GERD patients experienced severe heartburn
when exposed to acute auditory stress, while stress caused by
disturbed sleep has also been demonstrated to cause similar
esophageal hypersensitivity (10). Another study indicated
that psychological factors, such as stress, influence VH in
humans (11).

Two main receptors have been reported to contribute
to the mechanism underlying esophageal hypersensitivity,
namely proteinase-activated receptor 2 (PAR-2) and transient
receptor potential channel vanilloid 1 (TRPV-1) (12,13). A
previous study revealed that acid exposure can increase
the expression of PAR-2 on esophageal epithelial cells (14).
The role of PAR-2 in the pathogenesis of GERD has also
been assessed. PAR-2 is activated by mast cell tryptase and
trypsin throughout the entire gastrointestinal tract under
physiologic or pathophysiologic conditions (15). In vitro
experiments of esophageal squamous cell lines demon-
strated that PAR-2 expression was induced by exposure to
acidic and weakly acidic solutions (16), and PAR-2 acti-
vation mediated VH and pain (17). In addition to PAR-2,
acid-sensitive receptors, such as TRPV-1, are accountable
for one of the important mechanisms that are involved in
peripheral esophageal hypersensitivity. A study involving
TRPV-1 knockout mice revealed that TRPV-1 is a key
receptor that responds to mechanical or acid irritation, as
well as thermal stimulation (18). Several studies have also
demonstrated the existence of neural fibers with TRPV-1
expression in the esophageal mucosa, as well as increased
mRNA and protein expression in the esophageal mucosa
of patients with reflux esophagitis and non-erosive reflux
disease, suggesting the involvement of TRPV-1 in the
mechanism underlying esophageal hypersensitivity (19,20).

Therefore, in the present study, the aim was to determine
whether chronic stress evokes esophageal inflammation, ROS
production and VH in a murine model.

Materials and methods

Experimental animals. In total, 20 male C57BL/6J mice
(8-week-old) were obtained from the Animal Center of
Xinjiang Medical University (Urumgqi, China). Animals were
housed (one per cage) under standard conditions of 21-25°C
and 50+5% humidity with a 12/12 h light/dark cycle (lights on
at 8:30 a.m.) in a specific-pathogen-free facility in the Research
Institute of Uygur Pharmaceutics (Urumgqi, China). All mice
were provided tap water and standard chow diet ad libitum
(18% fat, 24% protein, 58% carbohydrates). The study protocol
was approved by the Animal Care and Use Committee of the
People's Hospital of Xinjiang Uygur Autonomous Region
(protocol no. KY201803703; Urumqi, China). The study was
completed based on the Guidelines for the Care and Use of
Laboratory Animals published by the National Institutes of
Health.

Restraint stress protocol. The mice were randomly divided
into the control (n=10) and chronic restraint stress groups
(CRS, n=10). Each of the control mice were left undisturbed
and remained in a single cage, while stressed mice were
isolated in individual cages and subjected to immobilization
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stress for 2 h per day (6 days per week, between 10:00 a.m. and
12:00 p.m.) over a period of 14 consecutive days, as described
in detail previously (21,22). Body weight and food intake were
monitored every 2 days during the stress period.

Sample collection. In the morning following the last restraint
stress, all mice underwent a 16 to 18-h fasting period, anes-
thetized by intraperitoneal injection of sodium pentobarbital
(150 mg/kg) and then euthanized. Subsequent to euthanasia,
blood samples were collected from the inferior vena cava, and
stored at -80°C. Esophageal samples were also collected under
aseptic conditions and stored in RNase-free tubes at -80°C
for extraction of total RNA, analysis of biological marker
expression levels and histopathological examination.

Histopathological assay. The esophageal tissues of all mice
were excised, weighed, fixed with 10% formalin, dehydrated
at room temperature by ethanol series and then embedded in
paraffin. Next, tissues were cut into 5-ym sections and stained
with hematoxylin and eosin (H&E) or Masson's trichrome
(MT) for the evaluation of esophageal inflammation and
fibrosis, respectively. Images of H&E and MT staining were
obtained from 10 different, randomly selected microscopic
fields per section under a light microscope at a magnification of
x200 using a digital camera (Eclipse E200; Nikon Corporation,
Tokyo, Japan). The extent of stress-induced inflammatory
damage was evaluated by histologic scoring performed by an
investigator who was blinded to the group. For statistical anal-
ysis, three independent measurements for each specimen were
performed. The histologic findings were scored in terms of the
epithelial damage, submucosal edema and submucosal inflam-
matory cells observed (23). The epithelial damage scores were
assigned as follows: 0, normal morphology; 1, mild surface
lifting; 2, intraepithelial separation and surface lifting; and
3, epithelial cell loss to basal cell layer or deeper. Submucosal
edema was scored as follows: 0, normal tissue; 1, mild focal
edema; 2, moderate diffuse edema; and 3, severe edema.
Finally, the score for submucosal inflammatory cells was as
follows: 0, 0-5 cells/high-power field (HPF); 1, 5-10 cells/HPF;
2, 10-15 cells/HPF; and 3, =15 cells/HPF. MT-positive areas,
including the mucosal and epithelial layers, were analyzed by
Adobe Photoshop (Adobe Inc., Mountain View, CA, USA) and
quantified in 10 random fields-of-view per section using NIH
ImagelJ version 1.62 software (National Institutes of Health,
Bethesda, MD, USA).

Immunohistochemical assay. Immunohistochemistry was
performed according to the streptavidin-biotin complex
method, as described previously (22,24). Briefly, esophageal
sections were deparaffinized with xylene and dehydrated
with ethanol. All sections were incubated overnight at 4°C
with primary antibodies, including anti-Nox-4 (1:100; cat.
no. ab133303; Abcam, Cambridge, UK), anti-TRPV-1 (1:100;
cat. no. NBP1-71774; Novus Biologicals, Ltd., Cambridge,
UK); and anti-PAR-2 (1:100; cat. no. ab180953; Abcam). The
localization of Nox-4, TRPV-1 and PAR-2 was visualized
using 3,3-diaminobenzidine tetrahydrochloride (DAB tablet;
Merck KGaA, Darmstadt, Germany) at a concentration
of 30 mg/ml containing 0.03% H,0,. Then, sections were
counterstained in 2% methylene green for 12 min at room
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temperature. Sections were dehydrated in descending ethanol
series, washed with xylene for 5 min at room temperature
three times, and mounted in mounting media (Mount-quick;
Daido Sangyo Co., Ltd., Kawasaki, Japan). Images of all
sections were captured under a light microscope (magnifi-
cation, x200) with a digital camera (Eclipse E200; Nikon
Corporation).

Enzyme linked immunosorbent assays (ELISA). Plasma samples
of all mice were obtained and properly processed according to
the protocols, as described previously (21,22). Plasma levels of
Nox-4, interleukin (IL)-6, IL-8, interferon-y (IFN-y) and tumor
necrosis factor-a (TNF-a) were determined with a competi-
tive ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA)
according to the protocol provided by the manufacturer.

Cell culture. Normal human esophageal epithelial cells
(HEECs) were purchased from The American Type Culture
Collection (cat. no. ATCC CRL-2629; Manassas, VA, USA),
and maintained in keratinocyte serum-free medium, purchased
from Gibco (Thermo Fisher Scientific, Inc.), containing 10%
FBS supplemented with 100 U/ml penicillin and 100 mg/ml
streptomycin under standard cell culture conditions of 37°C
and a humidified atmosphere with 5% CO,. The medium was
replaced every three days until confluence was reached. Cells
between passages 2 to 5 were used in all cell culture experiments.

HEEC treatment, and preparation for Nox-4, PAR-2 and
TRPV-1 expression determination. HEECs were seeded
at a density of 5x10° cells/well in 96-well plate in DMEM
(Gibco; Thermo Fisher Scientific, Inc.) containing 10% FBS
(Gibco; Thermo Fisher Scientific, Inc.) for 48 h. HEECs
were serum-starved for 24 h, and were subsequently were
stimulated with trypsin (0.05 and 0.1 nM), which served
as an endogenous PAR-2 agonist, for 0, 2, 4 and 8 h. Next,
cells were lysed in 200 pl cell lysis buffer, and the lysate was
harvested using a cell scraper and centrifugation for 15 min at
12,000 x g and at 4°C. Finally, the supernatant was collected,
and used to determine the mRNA expression levels of Nox-4,
PAR-2 and TRPV-1 by reverse transcription-quantitative
polymerase chain reaction (RT-qPCR).

Effect of PAR-2 antibody on Nox-4, TRPV-1, IL-6, IL-8,
IFN-y and TNF-a expression levels. The role of PAR-2 on
Nox-4, TRPV-1, IL-6, IL-8, IFN-y and TNF-a production by
HEECs was investigated using a blocking antibody against
the amino-terminal cleavage region of PAR-2 (SAM11; Santa
Cruz Biotechnology, Inc., Dallas, TX, USA). Briefly, HEECs
were grown to confluence at a density of 5x10° cells/well on
96-well culture plate. HEECs were serum-starved for 24 h,
and were subsequently treated with or without anti-PAR-2
blocking antibody (1:20,000) for 2 h, followed by incubation
with trypsin (0.1 nM) for 4 h. Subsequently, culture superna-
tants were centrifuged for 15 min at 12,000 x g and at 4°C.
Supernatants were treated with 0.05% trypsin and maintained
at 37°C with 5% CO, for 5 min. The mRNA expression levels
of the genes of interest were measured by RT-qPCR.

Transfection with small interfering RNA (siRNA) targeting
TRPV-1. siRNA specific to TRPV-1 was purchased from
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Santa Cruz Biotechnology, Inc., and Lipofectamine RNA
iMAX (Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) was used to transfect the siRNA into HEECs
according to the manufacturer's protocol. Briefly, cells were
seeded at a density of 5x10° cells/well on a 6-well culture
plate in keratinocyte serum-free medium containing 10%
FBS, and grown to confluence. HEECs were incubated with
control siRNA or TRPV-1 siRNA (20 nmol/l). The siRNAs
were purchased from Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA). Cells were incubated for 48 h prior to trypsin
treatment (0.1 nM) for 4 h. Subsequently, culture superna-
tants were harvested, and the mRNA expression levels of the
aforementioned proteins were measured by RT-qPCR.

Western blot analysis. HEECs were lysed in lysis buffer
[containing 65 mmol/l Tris-HCI (pH 6.8), 3.3% sodium
dodecyl sulfate (SDS), 10% glycerol and 2.2% bromo-
phenol blue], and the supernatant was collected and stored
at -80°C. The protein concentration was determined using
the bicinchoninic acid protein assay kit. Next, proteins were
fractionated by SDS-polyacrylamide gel electrophoresis and
then transferred to polyvinylidene difluoride membranes
(Immobilon-P; EMD Millipore, Billerica, MA, USA). The
membranes were blocked with 5% bovine serum albumin
(BSA) in Tris-buffered saline Tween-20 (TBS-T) at room
temperature for 1 h. Subsequent to washing with TBS-T, the
membranes were treated with mouse polyclonal anti-TRPV-1
antibody (1:1,000; cat. no. NBP1-71774; Novus Biologicals,
Ltd., Cambridge, UK) and f-actin (1:1,000; cat. no. 3700;
Cell Signaling Technology, Inc., Danvers, MA, USA).
The membranes were further incubated with HRP-linked
secondary antibody (1:10,000; cat. no. 7076; Cell Signaling
Technology, Inc.) at room temperature for 1 h. Following
washing with TBS-T three times, the protein expression
levels were visualized using the Chemi-Lumi One enhanced
chemiluminescence system (Nacalai Tesque, Inc., Kyoto,
Japan).

RT-gPCR. Total RNA was extracted from the esophageal
tissues of mice and HEECs using TRIzol reagent (Thermo
Fisher Scientific, Inc.) and subjected to FastLane Cell cDNA
Kit (Qiagen GmbH, Hilden, Germany). Total RNA (1 pg)
was reverse transcribed to cDNA with oligo (dT) primers
according to the manufacturer's protocol (Qiagen GmbH).
The obtained cDNA was subjected to qPCR analysis. The
thermocycling conditions were as follows: Initial denatur-
ation at 95°C for 2 min, followed by 40 cycles of 12 sec at
95°C and 60 sec at 60°C, using the Bio-Rad CFX96 Touch
Real-Time PCR detection system (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) and Power SYBR Green PCR
Master Mix (Applied Biosystems; Thermo Fisher Scientific,
Inc.). Serial dilutions of a control sample of cDNA were used
as the standard curve for each reaction. All experiments were
performed in triplicate. Changes in gene expression were
calculated by the 224%4 method (25), and the values were
normalized to the levels of B-actin and GAPDH. The primer
sequences used in the present study are listed in Tables I and
I1. The amount of each mRNA was normalized to (-actin
for the RNA extracted from mice tissues and GAPDH for the
RNA extracted from HEECs, respectively.
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Table I. Sequences of mouse primers used in the present study.
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Gene Forward (5'-3") Reverse (5'-3") Size
Nox-4 TGTTGGGCCTAGGATTGTGTT AGGGACCTTCTGTGATCCTCG 125
Cu/Zn-SOD CAGCATGGGTTCCACGTCCA CACATTGGCCACACCGTCCT 168
MnSOD CACATTAACGCGCAGATCATG CCAGAGCCTCGTGGTACTTCTC 100
GPx GGGCAAGGTGCTGCTCATTG AGAGCGGGTGAGCCTTCTCA 269
Catalase CCAGCGACCAGATGAAGCAG CCACTCTCTCAGGAATCCGC 198
TRPV-1 AGCCATGCTCAATCTGCAC TGCTGTCTGGCCCTTGTAG 133
PAR-2 CAAGGTGCTCATTGGCTTTT CAGAGGGCGACAAGGTAGAG 549
IL-6 CCAGAGATACAAAGAAATGATGG ACTCCAGAAGACCAGAGGAAAT 88
IL-8 CGGCAATGAAGCTTCTGTAT CCTTGAAACTCTTTGCCTCA 224
IFN-y ACACTGCATCTTGGCTTTGC GCTTTCAATGACTGTGCCGT 76
TNF-a AGGCTGCCCCGACTACGT GACTTTCTCCTGGTATGAGATAGCAA 70
[B-actin TATTGGCAACGAGCGGTTC ATGCCACAGGATTCCATACCC 75

Nox-4, NADPH oxidase 4; SOD, superoxide dismutase; GPx, glutathione peroxidase; TRPV-1, transient receptor potential vanilloid 1; PAR-2,
protease-activated receptor 2; IL, interleukin; IFN-y, interferon-y; TNF-a, tumor necrosis factor-a.

Table II. Sequences of human primers used in the present study.

Gene Forward (5'-3") Reverse (5'-3") Size
Nox-4 CTCAGCGGAATCAATCAGCTGTG AGAGGAACACGACAATCAGCCTTAG 286
PAR-2 GTTGATGGCACATCCCACGTC GTACAGGGCATAGACATGGC 660
TRPV-1 GGCTGTCTTCATCATCCTGCTGCT GTTCTTGCTCTCCTGTGCGATCTTGT 118
IL-6 GACAGCCACTCACCTCTTCA CCTCTTTGCTGCTTTCACAC 120
IL-8 TCTGCAGCTCTGTGTGAAGGTG AATTTCTGTGTTGGCGCAGTG 153
IFN-vy GACCAGAGCATCCAAAAGAGT ATTGCTTTGCGTTGGACATTC 143
TNF-a TTGAGGGTTTGCTACAACATGGG GCTGCACTTTGGAGTGATCG 142
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 87

Nox-4, NADPH oxidase 4; PAR-2, protease-activated receptor 2; TRPV-1, transient receptor potential vanilloid 1; IL, interleukin; IFN-y,

interferon-y; TNF-a, tumor necrosis factor-a.

Statistical analysis. All data are expressed in terms of the
mean + standard deviation. The quantitative analysis of histo-
logical damage score, MT staining and body weight gain was
conducted by Student's t-test. The mRNA and plasma levels of
Nox-4, antioxidant enzymes, inflammatory cytokines, as well
as TRPV-1 and PAR-2, were also analyzed by Student's t-test.
The mRNA levels of Nox-4, PAR-2 and TRPV-1 in cell culture
experiments were analyzed by one-way analysis of vari-
ance with Fisher's protected least significant difference test.
Differences between groups were considered as statistically
significant at P<0.05.

Results

Stress-induced esophageal inflammation in mice. In the
current study, 8-week-old male C57BL/6J mice were subjected
to restraint stress for 2 weeks to observe the stress-induced
inflammatory response in the esophagus. The histopatho-
logical analysis by H&E staining revealed that pathological

changes in the esophagus were not observed in the control
group. In the esophagus of the CRS group, however, mild
infiltration of inflammatory cells in the submucosa, basal cell
hyperproliferation, papillary hypertrophy, epithelial hyper-
keratinization, squamous cell expansion and an increase
in the number of fibrin cells were observed (Fig. 1A). The
mucosal damage scores in the esophageal tissue of mice are
displayed in Fig. 1B. Compared with the control group, the
histological damage score in the CRS group was markedly
increased (0.38+0.09 in the control vs. 1.23+0.05 in the CRS
group; P<0.01). These results were consistent with the typical
histological findings associated with low-grade reflux esoph-
agitis (26). In addition, the MT staining results revealed that
stress increased esophageal interstitial fibrosis as compared
with the control mice (Fig. 1C and D).

Stress-induced body weight loss in mice. The body weight of
mice was monitored and measured during the 2-week stress
period. Body weight gain was significantly reduced in CRS
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Table III. Stress-induced weight loss in mice.
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Parameter Control CRS P-value
Body weight gain (g) 1.37+0.02 1.04+0.04 <0.001
Food intake (mg) 133.5£2.46 130.7+£2.46 0.441

Body weight gain and food intake were monitored every 2 days during the stress period. Values are expressed relative to the control mice.
Data are expressed as the mean + standard deviation (n=10). Differences between groups were analyzed by the Student's t-test. CRS, chronic

restraint stress.
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Figure 1. Stress-induced esophageal inflammation in mice. Mice were subjected to restraint stress by immobilization for 2 h/day for 2 weeks. Subsequently,
esophageal tissues were collected from CRS and control (non-stressed) mice. (A) Hematoxylin and eosin staining, showing the accumulation of mononuclear
cells in esophageal tissue from CRS mice (magnification, x200; scale bar, 50 ym); (B) Histopathological damage scores; (C) MT staining (magnification, x200;
scale bar, 50 #m) and (D) MT-positive fibrotic area in esophageal tissue, indicating interstitial fibrosis (mucosal and epithelial layer) in CRS mice. Differences
between groups were analyzed by the Student's t-test, and data are expressed as the mean + standard deviation (n=10). “P<0.01 vs. control mice. MT, Masson's

trichrome; CRS, chronic restraint stress.

mice as compared with that in the non-stressed control mice
(Table III). Each group of mice consumed similar amounts of
food (~130 mg/g/day; P>0.05).

Stress-induced ROS generation in the esophagi of mice. It
has previously been reported that chronic stress evokes ROS
production in adipose tissue and the colon (22,24). To deter-
mine whether stress induces ROS generation in the esophagus,
the current study analyzed the expression of Nox-4 in mice
by immunohistochemical analysis, RT-qPCR and ELISA. The
data revealed that 2 weeks of restraint stress resulted in an
increase in Nox-4 expression in the mucosal and epithelial
layers of the esophagus (Fig. 2A), significantly elevated plasma
levels of Nox-4 (Fig. 2B) and marked upregulation of Nox-4
mRNA expression (Fig. 2C), when compared with the levels
in control mice.

Stress reduces the antioxidant enzymes in the esophagi of
mice. Antioxidant enzymes serve an important role against
oxidative stress in various types of cells and tissues (22,24).
Herein, the expression levels of antioxidant enzymes were

examined using RT-qPCR. After a 2-week period of stress, the
mRNA expression levels of antioxidant enzymes, including
Mn-superoxide dismutase (MnSOD), Cu/Zn-SOD, glutathione
peroxidase (GPx) and catalase, were significantly reduced in
stressed mice compared with those in non-stressed control
mice (Fig. 2D-G).

Stress increases the esophageal expression of TRPV-1 and
PAR-2. Earlier studies have demonstrated that TRPV-1 and
PAR-2 receptors regulate VH (12). In the present study, the
esophageal expression levels of TRPV-1 and PAR-2 were
determined by immunohistochemistry and RT-qPCR. The
results revealed that TRPV-1 and PAR-2 were localized in
the luminal layers of the esophageal squamous epithelia of
stressed mice (Fig. 3A and B). Furthermore, stress signifi-
cantly increased the esophageal mRNA expression levels of
TRPV-1 and PAR-2 as compared with those in non-stressed
control mice (Fig. 3C and D).

Stress augments the expression of inflammatory cytokines in
mice. After 2 weeks of restraint stress, significant increases
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Figure 2. Stress-induced reactive oxygen species generation and reduction of antioxidant enzyme levels in the esophagi of mice. (A) Immunohistochemical
staining for Nox-4 in esophageal tissue (magnification, x200; scale bar, 50 ym). (B) Plasma Nox-4 expression examined by ELISA (control, 0.98+0.14; CRS,
1.78+0.18). (C) Nox-4 mRNA, (D) MnSOD, (E) Cu/Zn-SOD, (F) GPx and (G) catalase mRNA expression levels, assessed by reverse transcription-quantitative
polymerase chain reaction. Differences between groups were analyzed by the Student's t-test, and data are expressed as the mean + standard deviation (n=10).
“P<0.05, “P<0.01 vs. control mice. CRS, chronic restraint stress; Nox-4, NADPH oxidase 4; SOD, superoxide dismutase; GPx, glutathione peroxidase.
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Figure 3. Stress increased the esophageal expression levels of TRPV-1
and PAR-2. Mice were individually subjected to 2 h/day of restraint stress
for 2 weeks, and then esophageal tissues were examined. (A) TRPV-1 and
(B) PAR-2 expression in the esophageal mucosa was analyzed by immu-
nohistochemistry (magnification, x200; scale bar, 50 ym). (C) TRPV-1
and (D) PAR-2 mRNA expression levels were examined by reverse
transcription-quantitative polymerase chain reaction. Differences between
groups were analyzed by the Student's t-test, and data are expressed as
the mean #* standard deviation (n=10). ““P<0.01 vs. control mice. CRS,
chronic restraint stress; TRPV-1, transient receptor potential vanilloid 1;
PAR-2, protease-activated receptor 2.

were observed in the mRNA expression levels of IL-6, IL-8,
IFN-y and TNF-a in the esophageal tissues of the CRS group,
as compared with those in the non-stressed control group
(Fig. 4A, B, C and D). Furthermore, the plasma concentration
levels of IL-6, IL-8, IFN-y and TNF-a were significantly
elevated in stressed mice, in parallel with the changes in
mRNA expression in the esophagus (Fig. 4E, F, G and H).

Expression levels of Nox-4, PAR-2 and TRPV-1 in cultured
HEECs. Reflux of proteases, including trypsin, has been
previously reported to cause damage to the esophageal
mucosa (16,18); however, the mechanism underlying this effect
remains unclear. In the present study, the effect of trypsin on
the expression levels of Nox-4, PAR-2 and TRPV-1 were inves-
tigated. HEECs were incubated with trypsin at the indicated
concentrations and time periods. Nox-4, PAR-2 and TRPV-1
expression levels were examined at 4 h after incubating with
different concentrations of trypsin (0, 0.05 and 0.1 nM), or at
the different time points (0, 2, 4 and 8) following incubation
with trypsin (0.1 nM). It was observed that trypsin increased
the mRNA expression levels of Nox-4, PAR-2 and TRPV-1 in
HEECs in a time- and dose-dependent manner (Fig. SA-F).
Trypsin at a concentration of 0.1 nM was used in subsequent
in vitro experiments.

Effects of PAR-2 blocking antibody on Nox-4, TRPV-1, IL-6,
IL-8, IFN-y and TNF-a expression levels. As shown in
Fig. 6A-F, the mRNA expression levels of Nox-4, TRPV-1,
IL-6, IL-8, IFN-y and TNF-a were significantly increased
when the cells were stimulated with trypsin, serving as a
natural PAR-2 agonist, for 4 h. Notably, pretreatment with
a blocking antibody against PAR-2 resulted in significant
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inhibition of the mRNA expression of these inflammatory
cytokines in HEECs stimulated with trypsin.

Effects of TRPV-1 knockdown on PAR-2, Nox-4, IL-6, IL-8,
IFN-y and TNF-a expression levels. The effects of TRPV-1
knockdown on the mRNA levels of PAR-2, Nox-4 and
inflammatory cytokines were examined in cultured HEECs.
HEECs were incubated with or without TRPV-1 siRNA
(20 nmol/1) for 48 h, followed by the stimulation with trypsin
(0.1 nM) for 4 h. In cells without trypsin treatment, transfec-
tion with siRNA specific to TRPV-1 suppressed the gene and
protein expression levels of TRPV-1 as compared with that
of control-transfected HEECs (Fig. 7A). The trypsin-treated
cells exhibited significantly increased mRNA expres-
sion levels of Nox-4, PAR-2 and inflammatory cytokines,
including IL-6, IL-8, IFN-y, and TNF-a, compared with the
control group. Importantly, knockdown of TRPV-1 signifi-
cantly suppressed the mRNA expression levels of Nox-4,
PAR-2 and inflammatory cytokines (IL-6, IL-8, IFN-y, and
TNF-a) compared with the trypsin-treated cells. (Fig. 7B-G).

Collectively, the present findings suggested that 2-week
stressed mice showed esophageal inflammation and fibrosis
via ROS accumulation and antioxidants suppression.
Furthermore, stress-activated PAR-2 and TRPV-1 were
involved in ROS production and inflammatory cytokine
expression.

Discussion

The present study revealed that chronic restraint stress
conducted in mice over a 2-week period resulted in reduced
body weight gain, and increased esophageal inflammation and
ROS production. Chronic stress also suppressed the expres-
sion of genes regulating the antioxidant system, such as SOD,
catalase and GPx. Furthermore, 2 weeks of stress elevated the
levels of TRPV-1 and PAR-2 receptor in the esophagi of mice,
and significantly increased the inflammatory cytokines in the
blood circulation and esophageal tissue.

Our previous study reported that 2 weeks of restraint stress
induced the shrinkage of inguinal fat pad, and significant
increase in lipolysis and free fatty acid (FFA) concentra-
tion (21). In addition, our previous results indicated that restraint
stress increased FFAs followed by lipolysis and evoked an
inflammatory response in adipose tissue of non-obese subjects
without alterations in diet. Similar findings were reported in
the present study, which demonstrated that stress reduced the
body weight gain by lipolysis and FFA release in mice, without
changes observed in the food intake.

In a rodent chronic stress model, Nox was reported to be
a key factor in stress-induced oxidative stress, and repeated
restraint stress promoted depression-like behavior through the
upregulation of Nox (27). The membrane-bound multimeric
Nox complex is an enzyme known to generate ROS. The
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Figure 5. Nox-4, PAR-2 and TRPV-1 expression in HEECs. Serum-starved
HEECs were treated with trypsin, which increased Nox-4, PAR-2 and
TRPV-1 mRNA expression levels in a time- and dose-dependent manner.
Effect of different (A) incubation times and (B) trypsin concentrations on
Nox-4 expression. Effect of different (C) incubation times and (D) trypsin
concentrations on PAR-2 expression. Effect of different (E) incubation times
and (F) trypsin concentrations on TRPV-1 expression. Data are expressed
as the mean * standard deviation (n=5). Differences between groups were
analyzed with one-way analysis of variance, followed by Fisher's protected
least significant difference test. “P<0.01 vs. untreated group. Nox-4, NADPH
oxidase 4; HEECs, human esophageal epithelial cells; TRPV-1, transient
receptor potential vanilloid 1; PAR-2, protease-activated receptor 2.

oxidase family is composed of five Nox members, including
Nox1-5, among which Nox-4 is present in the epithelium. In
the gastrointestinal tract, one of the main sources of ROS is
the Nox enzyme (28). The present study indicated that the
mRNA expression and plasma concentration of Nox-4 were
significantly increased in stressed mice (Fig. 2A-C), while
the mRNA expression of antioxidants, such as MnSOD,
Cu/Zn-SOD, GPx and catalase, were markedly reduced in
stressed mice (Fig. 2D-G). Although stress-induced expres-
sion of Nox enzymes (particularly Nox-4) in the esophagus has
rarely been studied, the results of the current study suggested
that Nox-4 may serve an important role in stress-related ROS
accumulation.

Pro- and anti-inflammatory mechanisms clearly depend on
the type and intensity of stressors. Thus far, it is been reported
that acute stressors enhance immune function, whereas chronic
stressors are suppressive (2). Peng et al (29) established a
chronic stress model, and reported that inflammatory cyto-
kines, including TNF-a, IL-18 and IL-1p, were significantly
increased in the experimental group after a 4-week period of
stress. Similarly, the current study also demonstrated that the
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levels of mRNA expression and circulatory concentrations
of inflammatory cytokines (IL-6, IL-8, IFN-y and TNF-a)
in the esophageal tissues and plasma of stressed mice were
significantly increased compared to non-stressed control mice
(Fig. 4A-H).

The current study also examined the gene expression and
epithelial localization of TRPV-1 and PAR-2 within the esoph-
ageal mucosa of stressed mice. Compared with the control
group, stressed mice exhibited significantly increased expres-
sion levels of TRPV-1 and PAR-2 (Fig. 3A-D). Subsequent
in vitro experiments investigated the role of PAR-2 activation
by trypsin, a PAR-2 agonist. It was observed that trypsin
induced upregulation of Nox-4, PAR-2 and TRPV-1 in HEECs
in a time- and dose-dependent manner (Fig. SA-F). In addition,
the trypsin-mediated production of inflammatory cytokines in
HEECs was significantly suppressed by pretreatment with a
PAR-2 blocking antibody. These results suggested that reflux of
duodenal fluid containing trypsin, whose release is induced by
stress, can increase ROS-dependent PAR-2, TRPV-1 and cyto-
kine production in esophageal epithelial cells, consequently
leading to esophageal inflammation (Fig. 6A-F).

To further investigate the role of TRPV-1 in esophageal
inflammation, the present study also measured the mRNA
levels of PAR-2, Nox-4 and inflammatory cytokines (IL-6,
IL-8, IFN-y and TNF-a) in HEECs using TRPV-1 knock-
down by siRNA. It was observed that siRNA specific to
TRPV-1 suppressed the mRNA and protein expression of
TRPV-1 in HEECs without trypsin stimulation (Fig. 7A). It
is known that TRPV-1 is activated by a number of agonists
and endogenous chemical mediators, such as anandamide or
leukotrienes. Increased temperature was a well-established
pathological activator of TRPV-1 under certain conditions.
In addition, local acidification (pH<6.0) is also able to acti-
vate TRPV-1, and cause pain and inflammation (18). The role
of TRPV-1 in pain sensation has been clearly demonstrated
by the advent of TRPV-1 knockout mice (30). TRPV-1"- mice
exhibited impaired thermal sensitivity to pain when triggered
by heat or capsaicin. In addition, TRPV-1"- mice exhibited
ameliorated edema, vasodilatation and inflammatory cell
infiltration caused by nociceptor overstimulation at the site
of neurogenic injury. In the present study, it was observed
that knockdown of TRPV-1 in cultured HEECs signifi-
cantly suppressed the mRNA expression levels of Nox-4,
PAR-2 and inflammatory cytokines (IL-6, IL-8, IFN-y and
TNF-a) (Fig. 7B-G). Taken together, these results indicated
that trypsin, whose release is induced by stress, markedly
increased ROS accumulation and the expression of inflam-
matory cytokines in HEECs through a PAR-2-dependent and
TRPV-1-dependent manner.

Previous studies have demonstrated that PAR-2 is
expressed in various types of cells and tissues, including
the esophagus (26,31), and is activated by trypsin and mast
cell tryptase, which serve an important role in the patho-
genesis of GERD (31), as well as esophageal VH (32). Early
studies reported that activation of PAR-2 excites nocicep-
tive neurons and induces visceral hyperalgesia (33,34).
Amadesi et al (20) investigated TRPV-1, a cation channel
activated by capsaicin, protons and noxious heat, which
contributes to PAR-2-induced hyperalgesia, and observed
that PAR-2 sensitized TRPV-1 through a PKC-dependent
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Figure 6. Effects of PAR-2 blocking antibody on Nox-4, TRPV-1, IL-6, IL-8, IFN-y and TNF-a expression levels in human esophageal epithelial cells.
Serum-starved cells were preincubated with PAR-2 blocking antibody (20 pg/ml) for 2 h, and then stimulated by trypsin (0.1 nM) for 4 h. (A) Nox-4,
(B) TRPV-1, (C) IL-6, (D) IL-8, (E) IFN-y and (F) TNF-o. mRNA expression levels were determined using reverse transcription-quantitative polymerase
chain reaction. Data are expressed as the mean + standard deviation (n=5). Differences between groups were analyzed with one-way analysis of variance,
followed by Fisher's protected least significant difference test. "P<0.5, “P<0.01 vs. control group; “P<0.05 vs. trypsin-treated group. PAR-2, protease-activated
receptor 2; Nox-4, NADPH oxidase 4; TRPV-1, transient receptor potential vanilloid 1; IL, interleukin; IFN-v, interferon-y; TNF-a, tumor necrosis factor-a.
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cells. (B) Nox-4, (C) PAR-2, (D) IL-6, (E) IL-8, (F) IFN-y and (G) TNF-a mRNA expression levels were determined using reverse transcription-quantitative
polymerase chain reaction. Data are expressed as the mean + standard deviation (n=5). Differences between groups were analyzed with one-way analysis of
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mechanism to cause sustained thermal hyperalgesia.
Similarly, the present study indicated that chronic stress may
result in esophageal hypersensitivity through the activation
of TRPV-1 and PAR-2, which are two essential receptors in
the pathogenesis of VH.

There is a possible mechanism associated with
PAR-induced dilated intercellular spaces (DIS), which are
involved in stress-induced VH. It has been demonstrated that
increased PAR-2 expression was observed in all layers of the
esophageal mucosa of GERD patients, and served a potential
role in increased epithelial permeability and DIS, which
in result induced PAR-2 expression in superficial and deep
layers of the esophageal squamous epithelium (26). Consistent
with these findings, activation of PAR-2 has been reported
to induce epithelial barrier dysfunction and disruption of
epithelial tight junctions, leading to dilation of tight junctions
and increased trans-epithelial permeability (35,36). It has also
been suggested that TRPV-1 can be activated by weak gastric
acid (37). Therefore, in the present study, it was hypothesized
that increased epithelial permeability and DIS induced by
PAR-2 further caused activation of TRPV-1 due to physiologic
and/or pathologic gastroesophageal reflux in mice.

In conclusion, although it is known that stress induces
overproduction of ROS and suppresses the expression of anti-
oxidants, studies involving the role of Nox-4 in stress-induced
ROS accumulation are limited. Therefore, the present study
further confirmed the notion of stress-induced disruption of
oxidant/antioxidant balance, and investigated the role of Nox-4
in that process. Furthermore, recent studies have reported
that stress can affect esophageal hypersensitivity; however,
the underlying mechanisms remain unknown. In the present
study, the possible mechanism of stress-activated PAR-2 and
TRPV-1 was investigated, which may provide new insights on
understanding the pathogenesis of VH. However, a corollary
study should be conducted in the future to clearly elucidate
the mechanisms underlying stress-induced esophageal
inflammation and VH.
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