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Abstract

BACKGROUND

Gastric injury is the most common digestive system disease worldwide and
involves inflammation, which can lead to gastric ulcer or gastric cancer (GC).
Matrix metallopeptidase-9 [MMP-9 (gelatinase-B)] plays an important role in
inflammation and GC progression. Quercetin and quercetin-rich diets represent
potential food supplements and a source of medications for treating gastric injury
given their anti-inflammatory activities. However, the effects and mechanisms of
action of quercetin on human chronic gastritis and whether quercetin can relieve
symptoms remain unclear.

AIM
To assess whether tumor necrosis factor-a (TNF-a)-induced MMP-9 expression
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mediates the anti-inflammatory effects of quercetin in normal human gastric mucosal epithelial
cells.

METHODS

The normal human gastric mucosa epithelial cell line GES-1 was used to establish a normal human
gastric epithelial cell model of TNF-a-induced MMP-9 protein overexpression to evaluate the anti-
inflammatory effects of quercetin. The cell counting Kit-8 assay was used to evaluate the effects of
varying quercetin doses on cell viability in the normal GES-1 cell line. Cell migration was
measured using Transwell assay. The expression of proto-oncogene tyrosine-protein kinase Src (c-
Src), phospho (p)-c-Src, extracellular-signal-regulated kinase 2 (ERK2), p-ERK1/2, c-Fos, p-c-Fos,
nuclear factor kappa B (NF-xB/p65), and p-p65 and the effects of their inhibitors were examined
using Western blot analysis and measurement of luciferase activity. p65 expression was detected
by immunofluorescence. MMP-9 mRNA and protein levels were measured by quantitative reverse
transcription polymerase chain reaction (QRT-PCR) and gelatin zymography, respectively.

RESULTS

qRT-PCR and gelatin zymography showed that TNF-a induced MMP-9 mRNA and protein
expression in a dose- and time-dependent manner. These effects were reduced by the pretreatment
of GES-1 cells with quercetin or a TNF-a antagonist (TNFR inhibitor) in a dose- and time-
dependent manner. Quercetin and TNF-a antagonists decreased the TNF-o-induced phos-
phorylation of c-Src, ERK1/2, c-Fos, and p65 in a dose- and time-dependent manner. Quercetin,
TNF-a antagonist, PP1, U0126, and tanshinone IIA (TSIIA) reduced TNF-a-induced c-Fos
phosphorylation and AP-1-Luciferase (Luc) activity in a dose- and time-dependent manner.
Pretreatment with quercetin, TNF-a antagonist, PP1, U0126, or Bay 11-7082 reduced TNF-o-
induced p65 phosphorylation and translocation and p65-Luc activity in a dose- and time-
dependent manner. TNF-a significantly increased GES-1 cell migration, and these results were
reduced by pretreatment with quercetin or a TNF-a antagonist.

CONCLUSION
Quercetin significantly downregulates TNF-a-induced MMP-9 expression in GES-1 cells via the
TNFR-c-Src-ERK1/2 and c-Fos or NF-xB pathways.

Key Words: Anti-inflammatory; Quercetin; Matrix metallopeptidase-9; Tumor necrosis factor-o; Normal
human gastric epithelial cells

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Gastric inflammation is a common digestive system disease. Proinflammatory cytokines, such as
tumor necrosis factor-o (TNF-a), and degradation induced by matrix metallopeptidases (MMPs) play a
crucial role in gastric injury. We investigated whether quercetin prevents TNF-a-induced gastric inflam-
mation in normal human gastric mucosa epithelial cells. Quercetin significantly blocked MMP-9 activity
and cell migration and protected against TNF-a-induced gastric injury. Quercetin appeared to block TNF-
a-induced gastric injury by downregulating MMP-9 via the TNF-a antagonist-c-Src—extracellular-signal-
regulated kinase 1/2 and c-Fos or nuclear factor kappa B pathways. Our data suggest that quercetin, which
exhibits high bioavailability, may be effective as an adjuvant therapy for the treatment of gastric inflam-
mation.

Citation: Hsieh HL, Yu MC, Cheng LC, Chu MY, Huang TH, Yeh TS, Tsai MM. Quercetin exerts anti-
inflammatory effects via inhibiting tumor necrosis factor-a-induced matrix metalloproteinase-9 expression in
normal human gastric epithelial cells. World J Gastroenterol 2022; 28(11): 1139-1158

URL: https://www.wjgnet.com/1007-9327/full/v28/i11/1139.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i11.1139
INTRODUCTION

Gastric diseases are among the most common aliments of the digestive system worldwide and include
chronic gastritis, duodenal and gastric ulceration, gastric mucosa-associated lymphoid tissue
lymphoma, and gastric cancer (GC)[1-3]. Gastric diseases have multifaceted causes that are related to
the growing use of nonsteroidal anti-inflammatory drugs (NSAIDs), pathogen-mediated factors [such as
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Helicobacter pylori (H. pylori) infection], environmental factors (such as alcohol consumption, salt intake,
and cigarette smoking), and host genetic and other factors (such as genetic polymorphisms, psycho-
logical stress, oxidative stress, and acidity)[4,5]. Gastric diseases accompanied by chronic inflammation
involve increased neutrophil and mononuclear cell activities and the release of proinflammatory
chemokines and cytokines, such as tumor necrosis factor-a (TNF-a)[6], interleukin (IL)-1[7], IL-6, IL-8,
and IL-10[8], cell adhesion molecules [such as circular dichroism 44 and intercellular adhesion molecule-
1 (ICAM-1)][9], and metalloproteinases (MMPs)[10]. The induction of MMPs is a major pathological
feature and plays a critical role in the progression of gastric diseases[2,11,12]. Among the variants of
genetic polymorphisms related to proinflammatory cytokines, those involving ILs and TNF-a are the
most extensively studied.

TNF-o is a multifunctional cytokine that was first identified as a serum factor causing necrosis of
transplanted tumors. This cytokine participates in the regulation of immune-inflammatory reactions
involved in host defense against infectious, autoimmune, and endocrine diseases and cancer, and its
actions help to determine the survival or death of various cells[13-16]. The upregulation of TNF-a and
its related pathways is associated with some gastric diseases. Excessive TNF-a expression is associated
with tumor promotion via a strong immune-inflammatory response and angiogenesis, which can
modify the risk for gastric, breast, hepatocellular, cervical, or bladder carcinoma[17-20]. Harris et al[21]
reported that H. pylori infection upregulates TNF-a expression and that this upregulation decreases
gastric acid secretion[21]. Fan et al[22] reported that high expression of TNF-a can stimulate normal
gastric epithelial cells to develop into precancerous cells and that these cells may eventually develop
into GC. A similar mechanism is also noted in chronic gastritis, intestinal metaplasia, and dysplasia[22].

MMPs are a key group of enzymes that can destroy nearly all elements of the extracellular matrix,
including components of the basement membrane[23,24]. MMP-9 expression damages the extracellular
matrix, including components of the basement membrane, inducing gastric disease. MMP-9 is often
upregulated or dysregulated in severe gastric disease, where it may accelerate severe gastric inflam-
mation and possibly contribute to the development of GC. High MMP-9 expression is also associated
with a poor survival rate in patients with GC[25-28]. MMP-9 is induced in a nuclear factor kappa B (NF-
kB)-dependent manner[29,30]. Understanding the roles of inflammatory mediators may provide a basis
for new therapeutic approaches for treating gastric inflammatory diseases.

Recent research suggests that dietary intake may alter the risk of gastric injury[31,32]. A frequently
studied dietary component, quercetin, is a flavonoid polyphenolic compound that is abundant in fruits,
red wine, and vegetables. Studies on the bioactivity of quercetin have found that it exerts many
favorable effects on human health, such as antioxidant, anti-inflammatory, anticancer, antiallergic,
antiviral, free radical-scavenging, and neuroprotective activities[33,34].

Quercetin protects gastric mucosal epithelial cells against injury caused by ischemia-reperfusion[35],
ethanol[36], indomethacin[9], hydrogen peroxide[10], or H. pylori[37] in various animal models[38].
Quercetin also exerts gastroprotective activity against TNF-o-induced injury to the gastric mucosal
epithelium, but the mechanisms responsible for this effect remain unknown. Here, we explored whether
quercetin protects against TNF-a-induced MMP-9 damage to gastric mucosal epithelial cells. We
examined the responses of the human gastric mucosal epithelial cell line GES-1 to challenge with
immune-inflammatory reactions mediated by TNF-o and explored the underlying molecular
mechanisms.

MATERIALS AND METHODS

Materials

Roswell Park Memorial Institute (RPMI) 1640 medium, fetal bovine serum (FBS), and TRIzol were
purchased from Invitrogen (Carlsbad, CA, United States). Polyvinylidene fluoride (PVDF) membranes,
enhanced chemiluminescence (ECL), and Western blot detection systems were obtained from GE
Healthcare Biosciences (Chalfont St Giles, Buckinghamshire, United Kingdom). Anti-phospho-c-Src
(Cat#2101), anti-phospho-ERK1/2 (Cat#4377), anti-phospho-c-Fos (Cat#5348), anti-phospho-NF-xB
(p65) (Cat#3033), c-Src (Cat#2109), ERK2 (Cat#9108), c-Fos (Cat#2250), NF-xB (Cat#8242), and anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Cat#2118) antibodies were purchased from Cell
Signaling Technology (Danvers, MA, United States). Anti-mouse (Cat# 7056) and anti-rabbit (Cat# 5054)
horseradish peroxidase-conjugated secondary antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, United States). 4’,6-Diamidino-2-phenylindole was purchased from Vector
Laboratories (Burlingame, CA, United States). TurboFect Transfection Reagent was purchased from
Thermo Fisher Scientific (Waltham, MA, United States). The iScript cDNA Synthesis Kit, SsoFast
EvaGreen Supermix, and CFX Connect Real-Time polymerase chain reaction (PCR) detection system
were obtained from Bio-Rad Laboratories, Inc. (Hercules, CA, United States). A dual-luciferase reporter
system was obtained from Promega (Madison, WI, United States). All inhibitors, including a TNF-a
antagonist (SC-356159), PP1 (SC-203212A), U0126 (SC-222395), tanshinone IIA (TSIIA) (SC-200932), and
Bay 11-7082 (5C-202490), were purchased from Santa Cruz Biotechnology. Quercetin was obtained from
Biotic Chemical Co., Ltd. (New Taipei City, Taiwan). A stock solution of quercetin was resuspended in a
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1:9 (v/v) solution of dimethyl sulfoxide (DMSO) and 99% ethanol and diluted to the presented final
concentration with culture medium. Human recombinant TNF-a was obtained from R&D Systems
(AFL210) (Minneapolis, MN, United States). MMP9 inhibitor (MMP9i) (Cat#15942-500) was purchased
from Biomol (Plymouth Meeting, PA, United States). Cell counting Kit-8 (CCK-8) kit reagent was
obtained from MedChemExpress Ltd. (Hercules, CA, United States). All other enzymes, reagents, and
chemicals were obtained from Sigma-Aldrich (St. Louis, MO, United States).

Cell culture

GES-1 cells were obtained from Xiamen University in China. The cells were cultured in RPMI 1640
medium containing 10% FBS, 100 IU/mL penicillin G, 100 mg/mL streptomycin sulfate, and
nonessential amino acids at 37 °C in a humidified atmosphere with 5% CO, according to a previously
described standard protocol[39]. The cells were either untreated or treated with quercetin or inhibitors
of the TNF-a antagonist, MMP-9i, c-Src (PP1), ERK1/2 (U0126), c-Fos (TSIIA), or NF-xB (BAY). These
substances were added to the cell culture 1 h before the addition of TNF-a in all experiments.

MMP zymography

Growth-arrested cells were incubated with different treatments for the indicated time intervals. The
cells were either untreated or treated with quercetin or inhibitors of TNF-a antagonist, c-Src (PP1),
ERK1/2 (U0126), c-Fos (TSIIA), or NF-xB (BAY). After treatment, the conditioned media were collected
and mixed with 5 x nonreducing sample buffer and analyzed on a 10% gel containing 0.15% gelatin.
After electrophoresis, the gel was washed, incubated, stained, and destained. The gelatinolytic activity
appeared as parallel white bands on a blue background[40].

CCK-8 assay

GES-1 cells (5000 cells/well) were seeded into 96-well plates with serum-free RPMI 1640 medium and
cultured for 24 h at 37 °C in a humidified atmosphere with 5% CO,. The culture medium was replaced
by quercetin diluted in series to concentrations of 0, 0.01, 0.1, 1, 10, or 100 mg/mL, and the cells were
cultured for 24 or 48 h. After incubation with quercetin, 10 mL of the CCK-8 kit reagent was added to
each well (100 mL/well), and the incubation was continued for 1 h. The optical density at 450 nm was
measured using a multifunction microplate reader (SpectraMax i3; Kelowna International Scientific Inc.,
New Taipei, Taiwan) using a previously described standard protocol[41]. Cell viability is expressed as
the percentage of living cells relative to the control.

Quantitative reverse transcription-PCR

GES-1 cells were seeded into 9-cm dishes with serum-free RPMI 1640 medium, cultured for 24 h at 37
°C, and then incubated with TNF-a for 0, 16, 20, or 24 h. Total RNA was extracted using TRIzol reagent,
and the concentration of RNA was measured on a Nano100 Micro-Spectrophotometer (CLUBIO; Taipei,
Taiwan). cDNA was then synthesized using an iScript cDNA Synthesis Kit and amplified on a spectro-
fluorometric thermal cycler (iCycler; Bio-Rad Laboratories)[42]. To evaluate MMP9 mRNA expression
in GES-1 cells, qRT-PCR was performed according to a previously described standard protocol using
GAPDH as the internal control[42]. Fluorescence emitted by SsoFast EvaGreen Supermix was measured
using the CFX Connect Real-Time PCR detection system. The following primers were used for
qRT-PCR: Human MMP9 (sense, 5 -AGTTTGGTGTCGCGGAGCAC-3’ and antisense, 5'-TACAT
GAGCGCTTCCGGCAC-3") and human GAPDH (sense, 5’ ~ACAGTCAGCCGCATCTTCTT-3" and
antisense, 5~-GACAAGCTTCCCGTTCTCAG-3'). Relative gene expression is expressed using the Delta-
Delta-Ct (ddCt) method, where Ct represents the mean threshold cycle.

Western blot analysis

Growth-arrested cells were incubated with different treatments for the indicated time intervals. The
cells were either untreated or treated with quercetin or inhibitors of TNF-a antagonist, c-Src (PP1),
ERK1/2 (U0126), c-Fos (TSIIA), or NF-xB (BAY). After treatment, the cells were washed with PBS,
scraped, lysed in lysis buffer, and collected as a whole-cell extract at 4 °C using a previously described
standard protocol[42]. Samples were loaded onto a 10% SDS-PAGE gel, electrophoresis was performed,
and the bands were transferred to a PVDF membrane. The PVDF membrane was incubated overnight
with specific primary antibodies, including anti-phospho-c-Src, anti-phospho-ERK1/2, anti-phospho-c-
Fos, anti-phospho-NF-kB, or anti-GAPDH. The PVDF membranes were washed and then incubated
with anti-mouse or anti-rabbit horseradish peroxidase-conjugated secondary antibody (dilution, 1:2000)
for 1 h. The relative expression levels of c-Src, ERK1/2, c-Fos, and NF-kB were normalized to that of
GAPDH. Finally, the immunoreactive bands were incubated in enhanced chemiluminescence reagent,
and images were recorded on a UVP BioSpectrum 500 Imaging System (UVP, Inc.; Upland, CA, United
States). Densitometry was quantified using UN-SCAN-IT gel software (Silk Scientific, Inc.; Orem, UT,
United States).
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Cell migration assay

To evaluate the influence of TNF-a-induced MMP-9 expression on the metastatic activity of GES-1 cells,
an in vitro Transwell assay (Becton-Dickinson, Franklin Lakes, NJ, United States) was used. Cells at a
concentration of 1 x 10° cells/100 mL in serum-free RPMI 1640 medium were added to the upper
chamber, and the Matrigel-uncoated insert was inserted in the lower chamber, which contained 20%
FBS + RPMI 1640 medium. The migration assay was run for 24 h following a previously described
standard protocol[39,42].

Immunofiuorescence

The influence of TNF-a-induced MMP-9 expression in GES-1 cells and the potential involvement of NF-
KB/ p65 translocation from the cytoplasm into the nucleus in this process were investigated. GES-1 cells
were seeded into culture plates with coverslips. The cells were either untreated or treated with quercetin
or inhibitors of c-Src (PP1), ERK1/2 (U0126), or NF-xB (BAY). After treatment, the cells were washed,
fixed, permeabilized, blocked, and stained with anti-NF-kB. The coverslips were affixed to slides with
mounting medium and stained with 4’,6-diamidino-2-phenylindole as previously described[43].
Fluorescence images were photographed using a fluorescence microscope (Leica Microsystems, Wetzlar,
Germany).

Luciferase assay

The human AP-1-Luc and NF-xB-Luciferase (Luc) response element reporter plasmids pGL4.44GL4.44 |
luc2P/AP1 RE/Hygro] (No. E411A; JQ858516) and pGL4.32 [luc2P/NF-xB-RE/Hygro] (No. E849A;
EU581860), and the dual-luciferase reporter system were obtained from Promega (Madison). Two
plasmids were transfected into GES-1 cells using TurboFect Transfection Reagent according to a
previously reported protocol[44]. The cells were either untreated or treated with quercetin or inhibitors
of TNF-a antagonist, c-Src (PP1), ERK1/2 (U0126), or NF-xB (BAY). After treatment, the cells were
collected, lysed, and centrifuged, and aliquots of the supernatants were tested for promoter activity
using the dual-luciferase assay system. Firefly luciferase activity was standardized to that of Renilla
luciferase.

Statistical analysis

All data were obtained from at least three independent experiments and are presented as the mean +
SEM. The data were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s post-
hoc test to identify significant differences between multiple groups. Statistical analyses were performed
using GraphPad Prism 6.0 (GraphPad Software, Inc.; La Jolla, CA, United States). A P value < 0.05 was
considered significant. The statistical methods of this study were reviewed by Dr. Jian-Hao Chen from
Estat Statistics Consulting Company (Taipei, Taiwan).

RESULTS

Omics approach to identify inflammation-related proteins involved in GC

To examine the potential roles of inflammation-related proteins in GC, we used an omics approach
based on four datasets from the following sources: (1) The public Human Protein Atla (https://
www.proteinatlas.org); (2) The public United States National Center for Biotechnology Information
(NCBI) Gene Expression Omnibus (GEO) profiles (https://www.ncbi.nlm.nih.gov/geoprofiles/); (3)
Human cytokine factors (https://www.abcam.com/human-cytokine-antibody-array-membrane-174-
targets-ab193657. html); and (4) NCBI PubMed research “inflammation” papers. The combination of the
four datasets revealed significant upregulation of MMP9 in GC relative to paired normal tissues, as
shown in Figure TA. The NCBI GEO profiles revealed consistent significant MMP9 upregulation
(Human, ID: 125276865; Mouse, ID:54860954) in GC tissues relative to paired normal tissues (Figure 1B).
Therefore, we selected MMP9 for further study.

Role of MMP-9 expression in TNF-a-induced inflammation in GES-1 cells

MMP-9 expression is involved in gastric inflammation, may contribute to the development of GC, and is
associated with poor survival rates[25-28]. To explore the role of TNF-a-activated MMP-9 in GC, GES-1
cells were treated with different concentrations of TNF-a (10, 20, or 30 ng/mL) for designated times (0,
16, 20, or 24 h), and MMP9 mRNA and protein levels were measured. TNF-a at a dose of 10 mg/mL for
16 or 20 h did not affect MMP-9 protein expression in GES-1 cells, but exposure for 24 h increased MMP-
9 expression compared with 0 h (P < 0.05). TNF-o at a dose of 20 mg/mL for 24 h significantly increased
MMP-9 expression compared with 0 h (P < 0.05). TNF-a at a dose of 30 mg/mL for 20 or 24 h resulted in
the highest MMP-9 expression of GES-1 cells compared with 0 h (P < 0.05 and P <0.01, respectively).
TNF-a induced MMP-9 enzymatic activity in a time- and concentration-dependent manner (Figure 2A).
qRT-PCR was performed to measure the MMP-9 mRNA level in TNF-a-induced GES-1 cells. After TNF-
a stimulation, MMP-9 mRNA was significantly upregulated in a time-dependent manner after 16, 20,
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Figure 1 Identification studies of matrix metallopeptidase-9, a potential inflammation-related protein involved in gastric cancer. A:
Identification of potential inflammation-related proteins involved in gastric cancer (GC) based on an omics approach including four integrated datasets. The strategy
included proteomic profiling; B: Relative expression levels of matrix metallopeptidase-9 in paired GC and adjacent normal tissues in humans and mice. A ¢ test was
used for comparisons between the two groups. Data are expressed as the mean = SEM of three independent experiments. 2P < 0.05, °P < 0.01 vs controls. GC:
Gastric cancer; GEO: Gene Expression Omnibus; MMP-9: Matrix metallopeptidase-9; NCBI: National Center for Biotechnology Information.
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and 24 h of incubation compared with 0 h (P < 0.05, P < 0.05, and P < 0.001, respectively) (Figure 2B).
These observations suggest that MMP-9 expression was induced by TNF-a at both the transcriptional
and translational levels in GES-1 cells. Therefore, we chose to use 30 ng/mL TNF-o in GES-1 cells for
further assessments of TNF-a-induced changes in MMP-9 expression. We explored whether a TNF-a
antagonist can repress TNF-a-activated MMP-9 expression in GES-1 cells. The cells were either
untreated or treated with a TNF-a antagonist (0.3, 1, and 3 mM) for 1 h before the addition of TNF-a.
MMP-9 inhibition significantly repressed TNF-a-activated MMP-9 expression in GES-1 cells in a time-
dependent manner after 16 and 24 h of incubation compared with 0 h (P < 0.01 and P < 0.001,
respectively) (Figure 2C).

Effects of quercetin on TNF-a-induced MMP-9 expression in GES-1 cells

Quercetin has anti-inflammatory effects[33,34]. We first measured the viability of GES-1 cells after
quercetin treatment. Quercetin treatment at concentrations of 0, 0.01, 0.1, 1, or 10 mM for 24 to 48 h had
almost no effect on GES-1 cell viability (Figure 3A and B). In contrast, 100 mM quercetin significantly
reduced GES-1 cell viability after 48 h compared with 0 mM (P < 0.01). Therefore, quercetin was used at
concentrations up to 1 mM in the following experiments to explore whether quercetin represses TNF-o-
activated MMP-9 expression in GES-1 cells and its mechanism of action. The cells were either untreated
or treated with quercetin (0, 0.1, 0.3, or 1 mM) for 1 h. Then, TNF-a was added, and the cells were
incubated for 0, 16, or 24 h (Figure 3C). Quercetin significantly repressed TNF-a-activated MMP-9
expression in GES-1 cells at doses of 0.1, 0.3, and 1 mM and in a time-dependent manner after 16 and 24
h of incubation.

Involvement of ¢-Src in TNF-a-induced MMP-9 expression in GES-1 cells

Kim et al[45] reported that TNF-o-induced MMP-9 expression is mediated via mitogen-activated protein
kinase (MAPK) in human GC cells[45]. We next explored the pathway through which quercetin reduces
TNF-o-induced MMP-9 expression in GES-1 cells. To determine the role of c-Src in TNF-o-induced
MMP-9 expression, two inhibitors of TNF-a antagonist or c-Src (PP1) were used. GES-1 cells were
pretreated with the TNF-a antagonist (1 mM) or PP1 (0, 0.3, 1, or 3 mM) for 1 h, and the cells were then
incubated with TNF-a for 0, 16, or 24 h (Figure 4A). Pretreatment with PP1 significantly attenuated
TNF-o-induced MMP-9 expression in cells incubated for 16 or 24 h in a time-dependent manner. This
finding suggests that c-Src was involved in these responses. To confirm this effect, Western blot analysis
was used to examine the phosphorylation of c-Src in cells exposed to TNF-a for 0, 5, 15, 30, or 60 min
(Figure 4B and C). Pretreatment with quercetin, PP1, or TNF-o antagonist blocked TNF-a-activated
phosphorylation of c-Src in a time-dependent manner with the exception of incubation with PP1 + TNF-
a and TNF-a antagonist + TNF-a for 15 min (Figure 4C). These findings suggest that TNF-a induced
MMP-9 expression via TNFR-c-Src in GES-1 cells.

Involvement of ERK1/2 in TNF-a-induced MMP-9 expression in GES-1 cells

To evaluate whether ERK1/2 contributes to TNF-o-induced MMP-9 expression, two inhibitors of TNF-a
antagonist or ERK1/2 (U0126) were used. GES-1 cells were pretreated with the TNF-a antagonist (1
mM) or U0126 (0, 0.3, 1, or 3 mM) for 1 h and then incubated with TNF-a for 0, 16, or 24 h (Figure 5A).
Pretreatment with U0126 significantly attenuated TNF-a-induced MMP-9 expression after 16 and 24 h of
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Figure 2 Tumor necrosis factor-a induces matrix metallopeptidase-9 expression via tumor necrosis factor-a receptor in normal human
gastric mucosa epithelial cells. A: Tumor necrosis factor-a. (TNF-a) was used at concentrations of 10, 20, and 30 ng/mL to stimulate normal human gastric

mucosa epithelial cells

(GES-1) for 0, 16, 20, or 24 h, and matrix metallopeptidase-9 (MMP-9) enzymatic activity was measured by gelatin zymography as described

in the Materials and Methods section; B: MMP-9 transcripts were analyzed by quantitative reverse transcription-polymerase chain reaction; C: Cells were either
untreated or treated with a TNF-o antagonist (TNFR inhibitor) (1 mM) 1 h before the addition of TNF-a (30 ng/mL). The TNF-a antagonist repressed TNF-a-activated
MMP-9 expression in GES-1 cells. One-way ANOVA was used for comparisons among different treatment time points (*P < 0.05, °P < 0.01 vs control cells in 0 h).
One-way ANOVA was used for comparisons among different treatments (°P < 0.05, °P < 0.01 vs TNF-a-stimulated cells). Data are expressed as the mean + SEM of
three independent experiments. GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GES-1: Normal human gastric mucosa epithelial cell line; MMP: Matrix
metallopeptidase; TNF-o: Tumor necrosis factor-o.
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incubation in a time-dependent manner. This finding suggests that ERK1/2 is involved in this response.
To further explore the effects of quercetin, U0126, PP1, or TNF-a antagonist on TNF-a-activated ERK1/2
phosphorylation, Western blot analysis was used to measure ERK1/2 phosphorylation after exposure
for 0, 5, 15, 30, or 60 min. Pretreatment with quercetin, U0126, PP1, or TNF-a antagonist blocked TNF-o-
activated ERK1/2 phosphorylation in a time-dependent manner (Figure 5B and C). These data suggest
that TNF-o-induced MMP-9 expression may be mediated through TNFR-c-Src-ERK1/2 in GES-1 cells.

Involvement of c-Fos in TNF-a-induced MMP-9 expression in GES-1 cells

AP-1 and NF-xB play important regulatory roles in the human MMP-9 promoter region, where they
react with cytokines or growth factors[46]. To examine the role of c-Fos in TNF-a-induced MMP-9
expression, two inhibitors of TNF-a antagonist or c-Fos (TSIIA) were used. GES-1 cells were pretreated
with TNF-a antagonist (1 mM) or TSIIA (0, 5, 10, or 20 mM) for 1 h and incubated with TNF-a for 0, 16,
or 24 h (Figure 6A). Pretreatment with TSIIA significantly attenuated TNF-a-induced MMP-9 expression
after 16 and 24 h of incubation in a time-dependent manner. This finding suggests that c-Fos was
involved in these responses. To further explore the effects of quercetin, TSIIA, U0126, PP1, and TNF-a
antagonist on TNF-a-activated c-Fos phosphorylation, Western blot analysis was used to measure c-Fos
phosphorylation in cells incubated for various time intervals (Figure 6B and C). Pretreatment with
quercetin or TSIIA, U0126, PP1, or TNF-a antagonist blocked TNF-a-activated phosphorylation of c-Fos
in a time-dependent manner. An assay to analyze the activity of human AP-1-Luc response element
reporter plasmids was used to explore whether the quercetin-induced reduction in AP-1 promoter
reporter activity occurs through the signaling pathways mentioned above. Quercetin attenuated AP-1
promoter reporter activity (Figure 6D), and this effect may occur through the TNFR-c-Src-ERK1/2-c-Fos
pathway. Taken together, these results suggest that quercetin reduces TNF-a-induced MMP-9
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Figure 3 Quercetin suppresses tumor necrosis factor-a-induced matrix metallopeptidase-9 expression in normal human gastric mucosa

epithelial cells. A and B: Effects of quercetin on the viability of normal human gastric mucosa epithelial cells (GES-1). GES-1 cells were treated with different
concentrations of quercetin (0, 0.01, 0.1, 1, 10, or 100 mM) for 24 h (A) or 48 h (B), and cell viability was measured using the cell counting Kit-8 assay; C: Cells were
either untreated or treated with quercetin (0, 0.1, 0.3, or 1 mM) for 1 h before the addition of tumor necrosis factor-a. (TNF-a) (30 ng/mL) and then incubated for 0, 16,
or 24 h as described in the Materials and Methods section. Matrix metallopeptidase-9 zymogen activity was analyzed by gelatin zymography. One-way ANOVA was
used for comparisons among different treatment time points (2P < 0.05, °P < 0.01 vs control cells in 0 h). One-way ANOVA was used for comparisons among different
treatments (°P < 0.05, °P < 0.01 vs TNF-o-stimulated cells). Data are expressed as the mean + SEM of three independent experiments. CCK-8: Cell Counting Kit-8;
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GES-1: Normal human gastric mucosa epithelial cell line; MMP-9: Matrix metallopeptidase-9; TNF-a: Tumor
necrosis factor-.

expression in GES-1 cells via the TNFR-c-Src-ERK1/2-c-Fos pathway.

Involvement of NF-kB in TNF-a-induced MMP-9 expression in GES-1 cells

To clarify the role of NF-xB (p65) in TNF-a-induced MMP-9 expression, two inhibitors of TNF-a
antagonist or NF-xB (p65) (BAY) were used. GES-1 cells were pretreated with TNF-a antagonist (1 mM)
or BAY (0, 5, 10, or 20 mM) for 1 h before the addition of TNF-a and incubated for 0, 16, or 24 h
(Figure 7A). Pretreatment with BAY significantly attenuated TNF-a-induced MMP-9 expression after 16
and 24 h of incubation (P < 0.01; P < 0.05) in a time- and dose-dependent manner. This finding suggests
that NF-xB (p65) was involved in these responses. To further examine the effects of quercetin, BAY,
U0126, PP1, or TNF-a antagonist on TNF-a-activated NF-xB (p65) phosphorylation, Western blot
analysis was used to measure NF-«B (p65) phosphorylation in cells incubated for the indicated time
intervals. Pretreatment with quercetin, BAY, U0126, PP1, or TNF-a antagonist blocked TNF-a-activated
phosphorylation of NF-xB (p65) in a time-dependent manner (Figure 7B and C).

We used immunofluorescence to assess the effects of quercetin on NF-«B translocation from the
cytoplasm into the nucleus. Cells were first stimulated with TNF-a (30 ng/mL) for 0, 5, 10, 15, 30, or 60
min. The data showed that TNF-o induced NF-kB translocation in cells in a time-dependent manner. A
maximal response was achieved within 30 min and sustained over 60 min during the period of
observation (Figure 7D). Quercetin, PP1, BAY, and U0126 reduced TNF-a-induced NF-xB translocation.
PP1 and BAY downregulated MMP9 expression in TNF-o-induced GES-1 cells (Figure 7E). An assay to
measure human NF-xB-Luc response element reporter plasmid activity was used to examine whether
quercetin could reduce NF-«kB promoter reporter activity through the signaling pathways mentioned
above. Quercetin attenuated NF-xB promoter reporter activity, and this effect may occur through the
TNFR-c-Src-ERK1/2-NF-«B pathway (Figure 7F). Taken together, these results suggest that quercetin
reduced TNF-o-induced MMP-9 expression in GES-1 cells via the TNFR-c-Src-ERK1/2-c-Fos and NF-xB
pathways.

In vitro antimetastatic activities of quercetin
Upregulation of MMP?9 is involved in the inflammatory response and cell migration[47-49]. Therefore,
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Figure 4 Quercetin suppresses tumor necrosis factor-a-induced matrix metallopeptidase-9 expression via tumor necrosis factor-a
antagonist-proto-oncogene tyrosine-protein kinase Src in normal human gastric mucosa epithelial cells. A: Cells were either untreated or
treated with PP1 (0, 0.3, 1, or 3 mM) for 1 h before the addition of tumor necrosis factor-a. (TNF-a) (30 ng/mL) and then incubated for 0, 16, or 24 h as described in
the Materials and Methods section. Matrix metallopeptidase-9 (MMP-9) zymogen activity was analyzed by gelatin zymography; B and C: Cells were either untreated
or treated with quercetin (B; 0 or 1 mM) or PP1 (C; 0 or 1 mM) or TNF-a antagonist (1 mM) for 1 h before the addition of TNF-a. (30 ng/mL) and incubated for 0, 16, or
24 h. The phosphorylation of c-Src was measured using Western blot analysis after incubation of cells with TNF-a for 0, 5, 15, 30, or 60 min. One-way ANOVA was
used for comparisons among different treatment time points (3P < 0.05, °P < 0.01 vs control cells in 0 h). One-way ANOVA was used for comparisons among different
treatments (°P < 0.05, P < 0.01 vs TNF-o-stimulated cells). Data are expressed as the mean + SEM of three independent experiments. c-Src: Proto-oncogene
tyrosine-protein kinase Src; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GES-1: Normal human gastric mucosa epithelial cell line; MMP-9: Matrix
metallopeptidase-9; TNF-a: Tumor necrosis factor-o.

we further investigated the effects of quercetin on TNF-a-induced MMP9-mediated functional changes
in GES-1 cells. First, images of GES-1 cell migration were observed 24 h after TNF-a treatment.
Pretreatment with quercetin (1 mM or 10 mM), a TNF-a antagonist (1 mM), or MMP9i (5 mM)
significantly blocked TNF-a-induced cell migration (Figure 8). This finding suggests that quercetin
repressed TNF-o-induced cell migration by reducing MMP-9 expression in GES-1 cells.
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Figure 5 Quercetin suppresses tumor necrosis factor-a-induced matrix metallopeptidase-9 expression via tumor necrosis factor-a
antagonist-c-Src-extracellular-signal-regulated kinase 1/2 in normal human gastric mucosa epithelial cells. A: Normal human gastric mucosa
epithelial cells (GES-1) were either untreated or treated with U0126 (0, 0.3, 1, or 3 mM) for 1 h before the addition of tumor necrosis factor-o. (TNF-a) (30 ng/mL) and
incubated for 0, 16, or 24 h as described in the Materials and Methods section. Matrix metallopeptidase-9 zymogen activity was measured using gelatin zymography;
B and C: Cells were either untreated or treated with quercetin (B; 0 or 1 mM), PP1 (C; 0 or 1 mM), U0126 (0 or 1 mM), or TNF-a antagonist (1 mM) for 1 h before the
addition of TNF-a (30 ng/mL) and incubated for 0, 16, or 24 h. The phosphorylation of extracellular-signal-regulated kinase 1/2 was examined by Western blot
analysis in cells incubated for 0, 5, 15, 30, or 60 min. One-way ANOVA was used for comparisons among different treatment time points (3P < 0.05, °P < 0.01 vs
control cells in 0 h). One-way ANOVA was used for comparisons among different treatments (°P < 0.05, °P < 0.01 vs TNF-a-stimulated cells). Data are expressed as
the mean + SEM of three independent experiments. ERK: Extracellular-signal-regulated kinase; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GC: Gastric
cancer; GES-1: Normal human gastric mucosa epithelial cell line; MMP-9: Matrix metallopeptidase-9; TNF-a: Tumor necrosis factor-o.

DISCUSSION

Quercetin belongs to a member of the polyphenolic flavonoid family, which has many favorable effects
on human health, such as antioxidant, anti-inflammatory, anticancer, antiallergic, antiviral, free radical-
scavenging, and neuroprotective activities[33,34]. Quercetin was used in this study due to its anti-
inflammatory and gastroprotective effects.
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Figure 6 Quercetin suppresses tumor necrosis factor-a-induced matrix metallopeptidase-9 expression via tumor necrosis factor-a
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antagonist-c-Src-extracellular-signal-regulated kinase 1/2-c-Fos in normal human gastric mucosa epithelial cells. A: Normal human gastric
mucosa epithelial cells (GES-1) were either untreated or treated with Tanshinone IIA (TSIIA) (0, 5, 10, or 20 mM) 1 h before the addition of tumor necrosis factor-o
(TNF-a) (30 ng/mL) and incubated for 0, 16, or 24 h as described in the Materials and Methods section. Matrix metallopeptidase-9 zymogen activity was measured
using gelatin zymography; B and C: Cells were either untreated or treated with quercetin (B; 0 or 1 mM), PP1 (C; 0 or 1 mM), U0126 (0 or 1 mM), TSIIA (0 or 10 mM),
or TNF-o. antagonist (1 mM) for 1 h before the addition of TNF-a (30 ng/mL) and incubated for 0, 16, or 24 h. The phosphorylation of c-Fos was measured by Western
blot analysis in cells incubated for 0, 5, 15, 30, or 60 min; D: GES-1 cells were transfected with human AP-1-Luc response element reporter plasmids containing the
dual-luciferase reporter system. The cells were then pretreated with PP1 (0 or 1 mM), U0126 (0 or 1 mM), TSIIA (0 or 10 mM), TNF-a antagonist (1 mM), or quercetin
(1 mM) for 1 h and exposed to TNF-a for 1 h, and luciferase activity was measured. Firefly luciferase activity was standardized to Renilla luciferase activity. One-way
ANOVA was used for comparisons among different treatment time points (3P < 0.05, °P < 0.01 vs control cells in 0 h). One-way ANOVA was used for comparisons
among different treatments (°P < 0.05, °P < 0.01 vs TNF-a-stimulated cells). Data are expressed as the mean + SEM of three independent experiments. ERK:
Extracellular-signal-regulated kinase; AP-1: Activator protein-1; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GES-1: Normal human gastric mucosa
epithelial cell line; Luc: Luciferase; GES-1: Normal human gastric mucosa epithelial cell line; MMP-9: Matrix metallopeptidase-9; Q: quercetin; TNF-c:: Tumor necrosis
factor-a; TSIIA: Tanshinone I1A.

Gastric inflammation is essential to the development of gastric epithelial injury and gastric diseases.
Hu et al[10] reported that quercetin can protect GES-1 cells from hydrogen peroxide-induced production
of reactive oxygen species in a mouse model of acute gastric mucosal injury. Quercetin is thought to be
protective against oxidative stress, mitochondrial dysfunction, and apoptosis and to be involved in the
initiation of an antioxidant defense[10]. Quercetin has also been observed to modulate the inflammatory
response of gastric mucosal epithelial cells against injury caused by ischemia-reperfusion[35], ethanol
[36,38], indomethacin[9], and H. pylori[37] in animal models. In other cells, quercetin has been reported
to inhibit the lipopolysaccharide-induced MMP-9 expression in lung inflammation and the production
of proinflammatory cytokines[50]. Ying et al[51] reported that quercetin inhibits IL-1b-induced ICAM-1
expression mediated by the MAPK pathway in lung inflammation[51,52], retinal pigment epithelial cells
[53], and human endothelial cells[54] in vivo and in vitro.

The mechanism through which quercetin exerts gastroprotective activity against TNF-o-induced
injury to gastric mucosal epithelial cells is unknown. Gastric inflammation and injury induced by
proinflammatory cytokines, such as TNF-o produced by activated immune cells, depend on NF-xB and
MMP-9 activation through the NF-«B pathway[29,30]. Here, we explored whether quercetin protects
against TNF-a-induced MMP-9 damage in GES-1 cells. We challenged these cells by inducing an
immune-inflammatory reaction mediated by TNF-o and found that quercetin significantly reduced
MMP-9 expression in GES-1 cells. Our findings suggest that quercetin helps to maintain the gastric
mucosa and has potential as a treatment for preventing the progression of inflammation.

Investigators have provided evidence that c-Src[55], the MAPK family[56-58], and NF-xB[57,59]
participate in pathophysiological processes involved in gastric inflammation and GC. Three major
groups of MAPKSs have been identified, including ERK1/2, p38, and JNK1/2, which play critical roles in
cell proliferation, differentiation, and inflammation[60]. TNF-a-induced MMP-9 expression is regulated
through the MAPK pathway in human trophoblastic cells[61], human urinary bladder cancer HT1376
cells[62], lung cancer cells[63], osteoblasts[64], and skeletal muscle cells[65]. This evidence suggests that
MMP-9 expression induced by inflammatory mediators, such as TNF-q, is associated with MAPKSs in
diverse cell types. We observed similar results in our studies. We observed the in vitro antimetastatic
and anti-inflammatory activities of quercetin in GES-1 cells. Quercetin protected against TNF-o-induced
MMP-9 damage in GES-1 cells challenged by induction of the immune-inflammatory reaction mediated
by TNF-a. PP1 (c-Src inhibitor), U0126 (ERK1/2 inhibitor), TSAIIA (c-Fos inhibitor), BAY (NF-xB
inhibitor), and TNF-a antagonist (TNFR inhibitor) were used to investigate the interactions of c-Src,
ERK1/2, c-Fos, NF-kB, and TNFR in the TNF-a-induced response. Using immunofluorescence, we
found that TNF-a induced NF-«B (p65) phosphorylation and translocation and that NF-xB/p65-Luc
and AP-1-Luc activities were mediated via the TNFR-c-Src-ERK1/2-c-Fos and NF-kB pathways. We
also found that quercetin reduced TNF-a-induced MMP-9 expression in GES-1 cells via the proinflam-
matory c-Src-ERK1/2-c-Fos and NF-«kB pathways. Moreover, quercetin may indeed directly inhibit
upstream molecules (such as TNFR or c-Src) and subsequently cause the inhibition of downstream
molecules, such as ERK1/2, c-Fos, and NF-kB.

NF-xB plays an important role in the regulation of inflammation. Stimulation of proinflammatory
cytokines, such as TNF-a, increases NF-kB activity and involves the phosphorylation and degradation of
IxBa, which induces the translocation of active NF-«B to the nucleus and the expression of genes
encoding proinflammatory factors, such as cytokines, chemokines, and adhesion molecules[66-69]. In
our study, pretreatment with BAY attenuated TNF-a-induced MMP-9 expression in GES-1 cells. MMP-9
is a potential target for new therapies and is being investigated by several research groups[70-72]. A
better understanding of the roles of inflammatory mediators will help in the development of new
therapeutic approaches for treating gastric inflammatory diseases. Reducing MMP-9 production may
help to limit gastric damage in the treatment of gastric diseases. Given the increasing use of NSAIDs
worldwide, it is important to identify other agents to control inflammation. Quercetin and a quercetin-
rich diet may exhibit potential as food supplements for the prevention of early pathological changes
associated with gastric inflammation.
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Figure 7 Quercetin suppresses tumor necrosis factor-a-induced tumor necrosis factor-a antagonist-c-Src-extracellular-signal-regulated
kinase 1/2-nuclear factor kappa B (p65) activation in normal human gastric mucosa epithelial cells. A: Normal human gastric mucosa epithelial
cells (GES-1) were either untreated or treated with BAY (0, 5, 10, or 20 mM) for 0, 16, or 24 h; compounds were added 1 h before the addition of tumor necrosis
factor-o (TNF-a) (30 ng/mL) as described in the Materials and Methods section. Matrix metallopeptidase-9 zymogen activity was measured by gelatin zymography. B
and C: Cells were either untreated or treated with quercetin (B; 0 or 1 mM), PP1 (C; 0 or 1 mM), U0126 (0 or 1 mM), BAY (0 or 10 mM), or TNF-a antagonist (1 mM)
for 1 h before the addition of TNF-a (30 ng/mL) and incubated for 0, 16, or 24 h. Nuclear factor kappa B (NF-kB) phosphorylation was examined by Western blot
analysis; D and E: GES-1 cells were treated with 30 ng/mL TNF-a. for 0, 5, 10, 15, 30, or 60 min (D) or quercetin (1 mM), PP1 (1 mM), U0126 (1 mM), or BAY (10
mM) for 1 h (E) before exposure to TNF-a (30 ng/mL) for 30 min; F: GES-1 cells were transfected with the human NF-kB-Luc response element reporter plasmids
containing the dual-luciferase reporter system. The cells were then pretreated with PP1 (0 or 1 mM), U0126 (0 or 1 mM), BAY (0 or 10 mM), quercetin (1 mM), or
TNF-a antagonist (1 mM) for 1 h and exposed to TNF-a. for 1 h. Then, luciferase activity was measured. Firefly luciferase activity was standardized to that of Renilla
luciferase. One-way ANOVA was used for comparisons among different treatment time points (P < 0.05, °P < 0.01 vs control cells in 0 h). One-way ANOVA was
used for comparisons among different treatments simultaneously (°P < 0.05, °P < 0.01 vs TNF-a-stimulated cells). Data are expressed as the mean + SEM of three
independent experiments. ERK: Extracellular-signal-regulated kinase; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GES-1: Normal human gastric mucosa
epithelial cell line; MMP-9: Matrix metallopeptidase-9; NF-kB: Nuclear factor kappa B; Q: Quercetin; TNF-o:: Tumor necrosis factor-a.
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Figure 8 Quercetin exhibit antimetastatic activities in vitro. A: Cells were plated in 24-well culture plates, grown to confluence, and starved with serum-
free medium for 24 h. Cells were pretreated with a tumor necrosis factor-o. (TNF-a) antagonist (1 mM), matrix metallopeptidase-9 inhibitor (5 mM), or quercetin (1 or
10 mM) for 1 h, and monolayer cells were incubated with TNF-a (30 ng/mL) for 24 h as described in the Materials and Methods section; B: One-way ANOVA was
used for comparisons between the two groups (P < 0.05, °P < 0.01 vs control cells). One-way ANOVA was used for comparisons among different treatments (°P <
0.05, 9P < 0.01 vs TNF-a-stimulated cells). Data are expressed as the mean + SEM of three independent experiments. GES-1: Normal human gastric mucosa
epithelial cell line; MMP-9: Matrix metallopeptidase-9; MMP9i: MMP-9 inhibitor; TNF-a: Tumor necrosis factor-o.

WJG | https://www.wjgnet.com 1152 March 21,2022 | Volume28 | Issuell |

Jaishideng®



Hsieh HL et al. Anti-inflammatory effect of quercetin in GES-1 cells

Inflammation
responce TNF-a

X090

TNF-a antagonist| H TNFR |—

Cell membrane

Cytosol

B B

v
5 c-Src GES-1 cell

PP1
Uo0126 | p

i
TSIIAl— B éFos P |—

[ il AP-1 ¥ NF-kB |7 )
\ Promoter / MMPSi

DOI: 10.3748/wjg.v28.i11.1139 Copyright ©The Author(s) 2022.

Figure 9 Schematic representation of the effects of quercetin on tumor necrosis factor-a-induced matrix metallopeptidase-9 expression
and cell migration in normal human gastric mucosa epithelial cells. Schematic diagram of the signaling pathways for quercetin-mediated attenuation of
tumor necrosis factor-o (TNF-a)-induced inflammation via downregulation of matrix metallopeptidase-9 (MMP-9) expression in normal human gastric mucosa
epithelial cells. Quercetin attenuates TNF-a-induced MMP-9 expression in normal human gastric mucosa epithelial cells through the proinflammatory TNFR-c-
Src—extracellular-signal-regulated kinase 1/2—c-Fos and nuclear factor kappa B pathways. AP-1: Activator protein-1; c-Src: Proto-oncogene tyrosine-protein kinase
Src; ERK: Extracellular-signal-regulated kinase; GES-1: Normal human gastric mucosa epithelial cell line; MAPK: Mitogen-activated protein kinase; MMP-9: Matrix
metallopeptidase-9; MMP9i: MMP-9 inhibitor; NF-kB: Nuclear factor kappa B; TNF-a: Tumor necrosis factor-o; TSIIA: Tanshinone lIA.
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We evaluated the effects of different concentrations of quercetin on the normal GES-1 cell line using
the cell viability assay (Figure 3A and B). We found that cells treated with quercetin at concentrations <
10 mM for 24 to 48 h had almost no effect on GES-1 cell viability. Additionally, many studies have
confirmed that the safety and efficacy of quercetin remain inconclusive[73]. In 2010, the American Food
and Drug Administration considered that the utilization of high-purity quercetin as a food ingredient in
different food products is GRAS (“Generally Recognized As Safe”) (https:/ /www.cfsanappsexternal.fda
.gov/scripts/fdcc/index.cfm?set=GRASNotices&sort=GRN_No&order=DESC&startrow=1&type=basic
&search=341) (GRN No. 341). Based on several published human intervention studies, daily doses of
oral quercetin are usually in the range of up to 1000 mg/d (they are the safest at 500 mg/d). Therefore,
the daily supplement doses of oral quercetin were noticeably higher than the background daily doses of
oral quercetin. Side effects subsequent to supplemental quercetin intake have rarely been described
naturally. Moreover, supplemental isolated quercetin at doses clearly exceeding dietary quercetin intake
will not aggravate gastric injuries, ulcers, or GC[74-76]. However, based on several published in vivo
data, quercetin promotes insulin secretion, and insulin can increase tumor growth[77]. Oral quercetin
products have a few potential crucial safety behaviors[78], and potential opposite effects in diabetes. In
patients who have developed nephropathy or estrogen-dependent cancer, the use of quercetin should
be tracked and researched in the future[79-82].

CONCLUSION

We investigated the in vitro effects of quercetin on antimetastatic and anti-inflammatory activities in
GES-1 cells. Quercetin protected against TNF-a-induced damage caused by MMP-9 in human gastric
mucosal epithelial cells (GES-1) challenged by TNF-a-mediated immune-inflammatory reactions. PP1
(c-Src inhibitor), U0126 (ERK1/2 inhibitor), TSAIIA (c-Fos inhibitor), BAY (NF-kB inhibitor), and TNF-a
antagonist (TNF-a inhibitor) were used to investigate the roles of c-Src, ERK1/2, c-Fos, and NF-«B in the
TNF-o-induced response. Quercetin reduces TNF-a-induced MMP-9 expression in GES-1 cells via the
proinflammatory TNFR-c-Src-ERK1/2-c-Fos and NF-xB pathways. We propose that quercetin exhibits
potential as a novel therapeutic drug for protecting gastric mucosal epithelial cells from damage caused
by disease (Figure 9). Quercetin and a quercetin-rich diet may be useful as food supplements for the
prevention of early pathological changes associated with gastric inflammation.
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Research background

Gastric injury involving inflammation is one of the most common diseases of the digestive system
worldwide and is associated with gastric ulcers and gastric cancer (GC). Matrix metallopeptidase-9
(MMP-9) plays an important role in the inflammation and progression of GC. Quercetin exhibits anti-
inflammatory activities, but its effects and mechanism of action on human chronic gastritis remain
unclear.

Research motivation
To assess whether tumor necrosis factor-a (TNF-a)-induced MMP-9 expression is involved in the anti-
inflammatory effects of quercetin in normal human gastric mucosa epithelial cell line GES-1.

Research objectives
The objective of this study was to evaluate the anti- inflammatory effects and mechanisms of quercetin
in GES-1 cells.

Research methods

A GES-1 cell model was established to evaluate the anti-inflammatory effects of quercetin on TNF-a-
induced overexpression of the proinflammatory MMP-9 protein. The cell counting Kit-8 assay was used
to examine the effects of quercetin dose on GES-1 cell viability. Cell migration was measured using the
Transwell assay. The expression of c-Src, phospho (p)-c-Src, p- extracellular-signal-regulated kinase
(ERK) 1/2, ERK?2, p-c-Fos, c-Fos, p-p65, and nuclear factor kappa B (NF-xB)/p65 and the effects of their
inhibitors were examined using Western blot analysis and the measurement of luciferase activity. p65
expression was detected by immunofluorescence. MMP-9 mRNA and protein expression levels were
determined by quantitative reverse transcription polymerase chain reaction (QRT-PCR) and gelatin
zymography, respectively.

Research results

qRT-PCR and gelatin zymography showed that TNF-o induced MMP-9 mRNA and protein expression
in a dose- and time-dependent manner. These effects were reduced by pretreatment of GES-1 cells with
quercetin or TNF-a antagonist in a dose- and time-dependent manner. Quercetin decreased the TNF-a-
induced phosphorylation of c-Src, ERK1/2, c-Fos, and p65 in a dose- and time-dependent manner.
Quercetin, PP1, U0126, TSIIA, and a TNF-a antagonist reduced TNF-o-induced c-Fos phosphorylation
and AP-1-Luc activity in a dose- and time-dependent manner. Pretreatment with quercetin, PP1, U0126,
Bay 11-7082, or TNF-a antagonist reduced TNF-o-induced p65 phosphorylation and translocation and
p65-Luc activity in a dose- and time-dependent manner. TNF-a significantly increased GES-1 cell
migration, and this effect was reduced by pretreatment with quercetin and a TNF-a antagonist.

Research conclusions
Quercetin significantly downregulates TNF-a-induced MMP-9 expression in GES-1 cells via the TNFR-c-
Src-ERK1/2-c-Fos and NF-xB pathways.

Research perspectives

We propose that quercetin potentially represents a new approach for reducing reliance on nonsteroidal
anti-inflammatory drugs and an effective therapeutic agent for protecting gastric mucosal epithelial
cells. Quercetin and quercetin-rich diets may exhibit potential as food supplements for the prevention of
early pathological changes associated with gastric inflammation.
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