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Helicobacter pylori is an important risk factor for gastric inflammation, which ismediated bymultiple signaling pathways.The aimof
this studywas to investigate the effects of polyunsaturated fatty acids (PUFAs), such as linoleic acid (LA), alpha-linolenic acid (ALA),
and docosahexaenoic acid (DHA), on the expression of the proinflammatory chemokine interleukin-8 (IL-8) in H. pylori-infected
gastric epithelial AGS cells. To investigate whether PUFAs modulateH. pylori-induced inflammatory signaling, we determined the
activation of epidermal growth factor receptor (EGFR), protein kinase C-𝛿 (PKC𝛿), mitogen-activated protein kinases (MAPKs),
nuclear factor-kappa B (NF-𝜅B), and activator protein-1 (AP-1) as well as IL-8 expression in H. pylori-infected gastric epithelial
cells that had been treated with or without PUFAs. We found that PUFAs inhibited IL-8 mRNA and protein expression in H.
pylori-infected cells. 𝜔-3 fatty acids (ALA, and DHA) suppressed the activation of EGFR, PKC𝛿, MAPK, NF-𝜅B, and AP-1 in these
infected cells. LA did not prevent EGFR transactivation and exhibited a less potent inhibitory effect on IL-8 expression than did
ALA and DHA. In conclusion, PUFAs may be beneficial for prevention of H. pylori-associated gastric inflammation by inhibiting
proinflammatory IL-8 expression.

1. Introduction

Helicobacter pylori (H. pylori) is a Gram-negative bacterium
that colonizes the human gastric mucosa [1]. H. pylori
infection is associated with various gastric diseases, such as
chronic gastritis, peptic ulcer, and gastric adenocarcinoma
[2]. The main pathogenic mechanism of H. pylori-induced
inflammation is neutrophil infiltration into the epithelial
cell layer [3]. This neutrophil activation can be indirectly
mediated by chemokines, such as interleukin-8 (IL-8), which
is secreted by gastric epithelial cells [4]. IL-8 is a potent
mediator of the inflammatory response, by activating and
recruiting neutrophils, basophils, and T cells to the site
of infection [5]. A number of in vivo and in vitro studies
have demonstrated that H. pylori infection induces IL-8
production in gastric cells and entails severe disease as
documented by endoscopy and histology [6, 7].

H. pylori upregulates IL-8 production through multiple
signaling pathways [8]. Nuclear factor-kappa B (NF-𝜅B)

and activator protein-1 (AP-1) are essential transcription
factors that regulate IL-8 expression [9, 10]. NF-𝜅B is an
inducible transcription factor, composed of p50/p65 (het-
erodimer) or p50 (homodimer) [11]. It is retained in the
cytoplasm by binding to its inhibitory protein, I𝜅B𝛼. Extra-
cellular stimuli trigger rapid degradation of I𝜅B𝛼 via the
proteasome, allowing NF-𝜅B to translocate into the nucleus
and bind to promoter regions of target genes [12]. AP-1
is a dimeric transcription factor composed of Jun and Fos
subunits and binds to the AP-1 binding site [13]. It has been
reported that transcription of IL-8 requires mainly NF-𝜅B
activation, but both NF-𝜅B and AP-1 are indispensable for
enhancing IL-8 mRNA transcription in H. pylori-infected
gastric epithelial cells [14]. Activation of these transcription
factors is mediated by mitogen-activated protein kinases
(MAPKs) [15]. MAPKs are serine/threonine kinases that
are activated in response to a variety of external signals.
Three distinct pathways of MAPKs have been identified in
mammalian cells: extracellular-regulated kinase (ERK), c-Jun
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N-terminal kinase (JNK), and p38 [16]. Previous studies have
demonstrated that H. pylori-induced activation of MAPK
mediates IL-8 expression by increasing NF-𝜅B and AP-1
DNA-binding activities [17, 18].

The mechanism by which H. pylori activates MAPKs has
not been fully characterized. Previous studies have suggested
a possible cascade of events: Ras-dependent activation of
MAPKs via transactivation of receptor tyrosine kinases, such
as epidermal growth factor receptor (EGFR), and Ras- and
EGFR-independent activation of MAPKs via protein kinase
C (PKC) [19]. EGFR is a transmembrane glycoprotein with
intrinsic tyrosine kinase activity [20]. One of the important
roles of EGFR activation is to transmit external signals into
cells, which activates downstream signaling pathways, such as
those involving MAPKs. A number of studies have demon-
strated that H. pylori transactivates EGFR via activation
and expression of the endogenous ligand heparin-binding
EGF-like growth factor (HB-EGF) [21, 22] and subsequently
stimulates ERK/JNK pathways [21, 23]. PKC is a family of
protein-serine/threonine kinases that function as integrators
of mitogenic signals in many cellular responses [24]. The
role of PKC in H. pylori infection is not as clear as that
of EGFR. However, a previous study demonstrated that
PKC inhibitors significantly block H. pylori water extract-
induced IL-8 production in MKN 45 cells [25]. Another
study has shown that H. pylori infection activated PKC𝛿
and subsequently the ERK pathway [26]. A recent study has
demonstrated that a PKC inhibitor reduced AP-1 activation
inH. pylori-infected gastric epithelial cells [27]. These results
suggest that EGFR and PKC are potential mediators for
regulating H. pylori-induced IL-8 expression.

Dietary fatty acids have been widely investigated for
their influences on human health. Fatty acids are classi-
fied as saturated, monosaturated, and polyunsaturated fatty
acids, based on their double-bond structure. Polyunsat-
urated fatty acids (PUFAs), which have multiple double
bonds, have protective effects against inflammatory dis-
eases, such as rheumatoid arthritis, inflammatory bowel dis-
ease, atherosclerosis, asthma, diabetes, and obesity [28–30].
Conjugated-linoleic acid and alpha-linolenic acid regulate
inflammatory responses by downregulating proinflammatory
eicosanoids [31, 32]. Recent studies have shown alternative
anti-inflammatory actions of PUFAs, characterized by the
modulation of expression of genes involved in inflammation
in different cell lines [33–37]. Although epidemiological,
clinical, and experimental studies have provided convincing
evidence of anti-inflammatory effects of PUFAs, their roles
and molecular mechanisms in H. pylori infection have not
been explored fully.

To clarify the effects of PUFAs on H. pylori-induced
gastric inflammation, we here investigated the anti-
inflammatory effects of 𝜔-6 fatty acid, linoleic acid (LA,
C18:2), and𝜔-3 fatty acids: alpha-linolenic acid (ALA, C18:3),
docosahexaenoic acid (DHA, C22:6), compared to those of a
saturated fatty acid palmitic acid (PA, C16:0), on IL-8 expres-
sion inH. pylori-infected gastric epithelial AGS cells. Further-
more, we examined the effect of PUFAs on signaling pathways
involved in IL-8 expression, to investigate the molecular

mechanisms in which PUFAs are involved in H. pylori-
infected gastric epithelial cells.

2. Materials and Methods

2.1. Reagents. PUFAs (PA, LA, ALA, and DHA) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). All
fatty acids were dissolved in ethanol (final concentration:
10mg/mL), aliquoted, sealed under N

2
gas, and stored

at −80∘C. In each experiment, each fatty acid stock solution
was freshly diluted with RPMI medium. AG 1478 (EGFR
phosphorylation inhibitor, AG Scientific, San Diego, CA,
USA), rottlerin (PKC𝛿 inhibitor, Calbiochem, San Diego,
CA, USA), U0126 (ERK inhibitor, Cell Signaling Technology,
Danvers, MA, USA), and SP600125 (JNK inhibitor, Cal-
biochem) were dissolved in dimethyl sulfoxide at 10mM in
the stock solution. AG-1478 is a potent and specific inhibitor
of EGFR tyrosine kinase with an IC

50
of 3 nM [38]. Rottlerin

is a specific inhibitor of PKC𝛿 with an IC
50

of 3–6𝜇M [39].
U0126 is a specific inhibitor of MEK/ERK with an IC

50
of

0.07 𝜇M for MEK 1 and 0.06 𝜇M for MEK 2 [40]. SP600125
is a potent, selective, and reversible inhibitor of three JNKs,
with an IC50 of 40 nM for JNK1 and JNK2 and 90 nM for
JNK3 [41].

2.2. Cell Culture. Human gastric epithelial cells (AGS) were
obtained from the American Type Culture Collection (ATCC
CRL 1739, Rockville, MD, USA) and grown in RPMI-1640
medium (GIBCO, Grand Island, NY, USA) supplemented
with 10% heat-inactivated fetal bovine serum and antibiotic-
antimycotic solution (100U/mL penicillin and 100 𝜇g/mL
streptomycin).The cells were cultured at 37∘C in a humidified
atmosphere of 95% air and 5% CO

2
. All experiments were

carried out using an 80% confluent monolayer of these cells.

2.3. Bacterial Strain and H. Pylori Infection. An H. pylori
strain (HP99) was isolated from the gastric mucosa obtained
from a Korean patient with duodenal ulcer at Seoul National
University [17]. HP99 was kindly provided by Dr. HC
Jung (Seoul National University College of Medicine, Seoul,
Korea). These bacteria were inoculated onto chocolate agar
plates at 37∘C under microaerophilic conditions using Gas-
Pak EZ Gas Generating Pouch Systems (BD Biosciences, San
Jose, CA, USA). Prior to stimulation,H. pylori was harvested
and then resuspended in antibiotic-free cell culture medium.
H. pylori was added to the cultured cells at a bacterium : cell
ratio of 500 : 1 in a 1-mL volume.

2.4. Fatty Acid Profile of AGS Cells. Lipid extracts were pre-
pared from AGS cells and phospholipids were separated by
thin layer chromatography [29]. The fatty acid composition
of AGS cells was determined using gas chromatography (GC;
Hewlett Packard 6890A GC, Miami, FL, USA), as described
previously [30]. GC analysis was performed in triplicates.

2.5. Enzyme-Linked Immunosorbent Assay. AGS cells (1.5
× 105 cells/mL) were seeded in 6-well plates. For time-
course experiments, the cells were continuously culturedwith
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H. pylori for various time periods (2, 4, 8, and 12 h). For fatty
acid experiments, the cells were pretreatedwith PA, LA, ALA,
or DHA (100 𝜇M) or ethanol vehicle for 24 h and cultured in
the presence ofH. pylori for another 4 h. Culture supernatants
were centrifuged for 16,000×g (5min at 4∘C) and collected
for assessing IL-8 levels in the medium using enzyme-linked
immunosorbent assay (ELISA) kits (Biosource International,
Inc., Camarillo, CA, USA).

2.6. Real-Time PCR (RT-PCR) Analysis of IL-8. IL-8
mRNA expression was analyzed by reverse transcription-
polymerase chain reaction (RT-PCR) by coamplifying IL-8
with the housekeeping gene 𝛽-actin, which served as an
internal control. The cells were cultured in the presence
or absence of H. pylori for various time periods (0.5, 1, 1.5
2, and 3 h). For the fatty acid experiments, the cells were
pretreated with PA, LA, ALA, DHA, or ethanol vehicle for
24 h and cultured in the presence ofH. pylori for 2 h.The cells
were isolated by Tri reagent (Molecular Research Center,
Inc., Cincinnati, OH, USA). Total RNA was converted into
cDNA by reverse transcription using a random hexamer
and M-MLV reverse transcriptase (Promega Corp, Madison,
WI, USA) at 23∘C for 10min, 37∘C for 60min, and 95∘C for
5min. cDNA was used for PCR with human-specific primers
for IL-8 and 𝛽-actin. The sequences of the IL-8 primers
were 5󸀠-ATGACTTCCAAGCTGGCCGTGGCT-3󸀠 (forward
primer) and 5󸀠-TCTCAGCCCTCTTCAAAAACTTCT-3󸀠
(reverse primer), yielding a 297-bp PCR product. For
𝛽-actin, the forward primer was 5󸀠-ACCAACTGGGAC-
GACATGGAG-3󸀠 and the reverse primer was 5󸀠-GTGAGG-
ATCTTCATGAGGTAGTC-3󸀠, yielding a 349-bp PCR
product. Fragments were PCR-amplified by 25–30 cycles,
each consisting of denaturation at 95∘C for 30 s, annealing
at 60∘C for 30 s, and extension at 72∘C for 30 s. During the
first cycle, the 95∘C step was extended to 2min, and on
the final cycle the 72∘C step was extended to 5min. PCR
products were separated on 1.5% agarose gels containing
0.5 g/mL ethidium bromide and were visualized by UV
transillumination.

Real-time PCR was used to quantify IL-8 expression,
using a Light Cycler (Roche, West Sussex, UK). cDNA was
added in a SYBR Green Real-time PCR Master Mix (TOY-
OBO Co., Osaka, Japan) containing 10 pg/mL of forward and
reverse primers for IL-8. For PCR amplification, the cDNA
was amplified by 40 cycles, consisting of denaturation at 95∘C
for 15 s, annealing at 60∘C for 15 s, and extension at 72∘C for
30 s. During the first cycle, the 95∘C step was extended to
30 s, and on the final cycle the 37∘C step was extended to
1min. 𝛽-actin was amplified in the same reaction, to serve
as a reference gene.

2.7. Preparation of Nuclear Extracts. For time-response
experiment, the AGS cells (2.5 × 106 cells per 10mL dish)
were culturedwithH. pylori for various time periods (0.5, 1, 2,
and 4 h). For the fatty acid experiments, cells were pretreated
with PA, LA, ALA, and DHA (100 𝜇M) for 24 h and further
cultured with H. pylori for 1 h. The cells were harvested
and washed with ice-cold phosphate-buffered saline (PBS)

and extracted with lysis buffer containing 10mM HEPES,
10mM KCl, 1.5mM MgCl

2
, 0.1% NP-40, 0.5mM dithio-

threitol (DTT), and 0.5mM phenylmethylsulfonyl fluoride
(PMSF). The nuclear pellets were resuspended in nuclear
extraction buffer containing 10mM HEPES, 420mM NaCl,
0.2mM EDTA, 1.5mM MgCl

2
, 25% glycerol, 0.5mM DTT,

and 0.5mM PMSF. Nuclear protein concentration was deter-
mined by Bradford assay, using the Bio-Rad protein assay
solution (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

2.8. Electrophoretic Mobility Shift Assay. NF-𝜅B gel-shift
oligonucleotide (5󸀠-AGTTGAGGGGACTTTCCCAGGC-3󸀠)
and AP-1 gel-shift oligonucleotide (5󸀠-CGCTTGATA-
GTCAGCCGGAA-3󸀠; Promega Corp, Madison, WI, USA)
were labeled with [32P]-dATP (Amersham Bioscience,
Piscataway, NJ, USA), using T4 polynucleotide kinase
(Promega Corp). End-labeled probe was purified from
unincorporated [32P]-dATP using a purification column
(Amersham Biosciences, Buckinghamshire, UK) and
recovered in Tris-EDTA buffer (TE). Nuclear extracts (5 𝜇g)
were preincubated in buffer containing 12% glycerol, 12mM
HEPES, pH 7.9, 4mM Tris-HCl, pH 7.9, 1mM EDTA, 1mM
DTT, 25mM KCl, 5mM MgCl

2
, 0.04 𝜇g/mL Poly (dI-dC) ⋅

Poly (dI-dC) (Amersham Bioscience), 0.4mM PMSF, and
TE. The labeled probe was added and the samples were
incubated for 30min at room temperature. The samples
were subjected to electrophoretic separation at 4∘C on a
nondenaturing 5% acrylamide gel. The gel was dried at 80∘C
for 40min and exposed to a radiography film for 6–18 h
at −80∘C with intensifying screens.

2.9. Western Blotting for ERK, JNK, EGFR, and PKC𝛿. The
cells (2.5 × 106 cells per 10mL dish) were pretreated with
100 𝜇M of PA, LA, ALA, or DHA, or ethanol vehicle for 24 h
and cultured withH. pylori for various time periods.The cells
were harvested and extracted with lysis buffer (10mM Tris-
HCl, pH7.4, 10%NP-40, and protease inhibitor cocktail). Cell
extracts were subjected to 8–12% SDS-polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes
(Amersham Bioscience) by electroblotting. Membranes were
blocked using 3–5% nonfat dry milk in TBS-T (Tris-buffered
saline and 0.2% Tween 20) for 2 h at room temperature. The
proteins were detected with antibodies against ERK, JNK,
or phospho-JNK (Cell Signaling Technology, Beverly, MA,
USA) and phospho-ERK, PKC𝛿, phospho-PKC𝛿, EGFR, and
phospho-EGFR (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), diluted in TBS-T containing 3–5% dry milk, and
incubated at 4∘C for 16 h. After washing with TBS-T, pri-
mary antibodies were detected using horseradish peroxidase-
conjugated secondary antibodies (anti-goat or anti-rabbit)
and visualized using the ECL detection system (Santa Cruz
Biotechnology), according to the manufacturer’s instruction.
Actin was used as a loading control.

2.10. Statistical Analysis. All values were expressed as mean ±
S.E. of four different experiments. The statistical significance
of differences was determined using Kruskal-Wallis analysis
of variance. A value of 𝑃 < 0.05 was considered to be
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statistically significant. The data were analyzed using SAS
version 8 (SAS Institute, Inc., Cary, NC, USA).

3. Results

3.1. PUFAs Do Not Affect Cell Viability but Alter the Phos-
pholipid Composition of AGS Cells. After culturing of AGS
cells with PA, LA, ALA, and DHA (100 𝜇M) for 24 h, cell
viability was not substantially different among treatment
groups and the control (95–111%; data not shown). To
examine whether AGS cells take up fatty acids and whether
LA and ALA are converted to longer chain fatty acids, such
as arachidonic acid, eicosapentaenoic acid, and DHA, the
fatty acid composition of phospholipids in AGS cells was
measured by GC, after treatment with individual fatty acid
types for 24 h (Table 1). Each type of fatty acids used for
treatment was incorporated into the phospholipids of AGS
cells. LA and ALA were not converted to arachidonic acid,
eicosapentaenoic acid, or DHA. Therefore, the effect of LA
and ALA in the present study could be considered their sole
effect, rather than the effects of theirmetabolites, onH. pylori-
induced IL-8 expression in AGS cells.

3.2. PUFAs Inhibit IL-8 Expression in H. Pylori-Infected AGS
Cells. H. pylori increased IL-8 levels in the medium released
fromAGS cells in a time-dependent manner (Figure 1(a)). To
investigate the effect of individual PUFAs on IL-8 secretion,
AGS cells were pretreated with fatty acids for 24 h and then
cultured with H. pylori for 4 h. Pretreatment with LA, ALA,
and DHA inhibited the H. pylori-induced increase in IL-8
secretion (Figure 1(b)). Among PUFAs, DHA displayed the
most favorable effect in reducing the increment in IL-8 levels
inH. pylori-infected cells. PA did not decrease IL-8 secretion
as much as did the other PUFAs.

3.3. PUFAs Inhibit IL-8mRNAExpression inH. Pylori-Infected
AGS Cells. H. pylori inducedmRNA expression of IL-8 time-
dependently. IL-8 mRNA expression levels peaked at 1.5-h
of culture and maintained at this level until 3-h of culture
(Figure 2(a)). Various concentrations (20, 50, and 100 𝜇M) of
PUFAs were used to pretreat the cells. After a 24-h treatment
with PUFAs, H. pylori was added to the cells, and cells were
cultured for another 2 h prior to monitoring IL-8 mRNA
expression. LA,ALA, andDHA inhibited IL-8mRNAexpres-
sion in a dose-dependent manner (Figure 2(b)). In another
experiment, AGS cells were pretreated with individual fatty
acids (100 𝜇M) for 24 h and the expression of IL-8 mRNA
was determined (Figure 2(c), upper panel) and quantified
(Figure 2(c), lower panel) after culture with H. pylori for
2 h. Consistent with IL-8 protein expression, pretreatment of
AGS cells with LA, ALA, and DHA decreased IL-8 mRNA
expression, as compared to the cells only infected with H.
pylori. PA did not inhibit H. pylori-induced IL-8 mRNA
expression in AGS cells.

3.4. PUFAs Suppress H. Pylori-Induced Activation of NF-
𝜅B and AP-1 in AGS Cells. To determine whether PUFAs
inhibit the activation of transcription factors involved in IL-8
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Figure 1: Time-dependent production of IL-8 and effects of PUFAs
onH. pylori-infected AGS cells. (a) AGS cells were cultured withH.
pylori for the indicated time periods (2, 4, 8, and 12 h) and IL-8 levels
in the medium was measured by enzyme-linked immunosorbent
assay. (b) AGS cells were pretreated with individual fatty acid
(100𝜇M) for 24 h and cultured with H. pylori for 4 h. Each bar
represents mean ± S.E. of four separate experiments. ∗𝑃 < 0.01
versus None; +𝑃 < 0.01 versus control.

expression, DNA-binding activities of NF-𝜅B- and AP-1 were
assessed. Activations of NF-𝜅B and AP-1 were observed at
30min of culture and peaked at 1 h (Figure 3(a)). Pretreat-
ment of AGS cells with LA, ALA, and DHA suppressed H.
pylori-induced activation of NF-𝜅B and AP-1, determined at
1 h (Figure 3(b)). In parallel with NF-𝜅B activation, degra-
dation of I𝜅B𝛼 was shown at 30min of culture, which was
decreased by pretreatment of LA,ALA, andDHA inH. pylori-
infected AGS cells (Figure 3(c)).

3.5. PUFAs Inhibit H. Pylori-Induced Activation of ERK and
JNK in AGS Cells. To investigate the effects of PUFAs on
H. pylori-induced activation of MAPKs, the phosphospecific
forms of ERK and JNK were determined. H. pylori induced



Mediators of Inflammation 5

Table 1: Relative fatty acid composition of phospholipids in AGS cells.

(mol%) None HP
— PA LA ALA DHA

C14:0 3.45 3.23 2.92 3.13 2.60 3.53
C16:0 29.89 30.80 42.18 25.60 25.16 33.77
C16:1 (𝜔-7) 9.53 8.06 9.35 3.00 3.06 3.77
C18:0 12.78 13.93 10.68 14.24 14.85 16.13
C18:1 (𝜔-9) 23.50 23.48 16.02 11.42 13.75 14.71
C18:1 (𝜔-7) 4.47 4.49 3.22 3.04 2.99 3.62
C18:2 (𝜔-6) 3.51 3.52 3.30 31.87 2.34 2.44
C18:3 (𝜔-3) 0.33 0.24 0.17 0.15 24.51 0.24
C20:3 (𝜔-6) 1.69 1.62 1.78 0.53 1.08 0.83
C20:4 (𝜔-6) 8.06 7.69 7.63 4.50 6.87 4.96
C20:5 (𝜔-3) 0.20 0.35 0.29 0.62 0.36 1.49
C22:5 (𝜔-3) 1.24 1.26 1.21 0.98 1.20 0.73
C22:6 (𝜔-3) 1.35 1.34 1.24 0.91 1.23 13.79

phosphorylation of ERK and JNK at 15min, which continued
up to 30min of culture (Figure 4(a)). Pretreatment of AGS
cells with LA, ALA, and DHA inhibited H. pylori-stimulated
phosphorylation of ERK and JNK, as determined at 30min
(Figure 4(b)). Total forms of ERK and JNK were not changed
by H. pylori infection and fatty acids treatment in AGS cells.

3.6. ALA and DHA Suppress H. Pylori-Induced Transactiva-
tion of EGFR, Which Modulates ERK and JNK Activation in
AGS Cells. To assess whether H. pylori infection activates
EGFR in AGS cells, phosphorylation of EGFR was examined.
EGFR phosphorylation was observed at 7.5min and peaked
at 15min inH. pylori-infected cells; this level was maintained
until 120min of culture (Figure 5(a)). To examine whether
H. pylori-induced activation of EGFR modulates ERK and
JNK pathways, the cells were treated with tyrphostin AG1478,
a specific EGFR tyrosine kinase inhibitor, for 1 h. The effect
of AG1478 on H. pylori-induced activation of ERK and JNK
was then determined. AG1478 attenuated H. pylori-induced
activation of ERK and JNK at 30min of culture in a dose-
dependentmanner (Figure 5(b)). In addition, pretreatment of
cells with ALA and DHA for 24 h inhibited the phosphoryla-
tion of EGFR at 15min of culture, while pretreatment with PA
and LA did not reduce EGFR phosphorylation (Figure 5(c)).

3.7. PUFAs Inhibit H. Pylori-Induced Activation of PKC𝛿,
Which Regulates ERK and JNK Activation in AGS Cells. To
elucidate the involvement of PKC𝛿 activation in H. pylori-
infected AGS cells, the level of the phosphospecific form of
PKC𝛿wasmeasured. Phosphorylation of PKC𝛿was observed
at 8min after H. pylori infection, which continued until
60min (Figure 6(a)). Pretreatment of cells with a selective
PKC𝛿 inhibitor, rottlerin, for 1 h inhibited H. pylori-induced
phosphorylation of ERK and JNK at 30min (Figure 6(b)).
Pretreatment of cells with PUFAs (LA, ALA, and DHA)
for 24 h suppressed phosphorylation of PKC𝛿 in H. pylori-
infected cells, determined at 8min of culture (Figure 6(c)).
DHA showed a potent inhibitory effect on H. pylori-induced

activation of ERK and JNK in AGS cells, while PA did not
affect H. pylori-induced phosphorylation of PKC𝛿 in AGS
cells.

3.8. The PKC𝛿 Inhibitor Rottlerin Does Not Inhibit EGFR
Transactivation in H. Pylori-Infected AGS Cells. To exam-
ine whether PKC𝛿 modulates EGFR transactivation as an
upstream signaling molecule,H. pylori-induced EGFR phos-
phorylation was assessed. AGS cells were pretreated with
different concentrations of rottlerin for 1 h and cultured with
H. pylori for 15min (Figure 7(a)). Rottlerin did not inhibit
phosphorylation of EGFR.

3.9. H. Pylori-Induced IL-8 Expression Is Inhibited by Sup-
pression of EGFR, PKC𝛿, ERK, and JNK in AGS Cells. To
investigate the involvement of EGFR, PKC𝛿, ERK, and JNK
in H. pylori-stimulated IL-8 production, AGS cells were
pretreated with AG1478 (EGFR inhibitor; 1 𝜇M), rottlerin
(PKC𝛿 inhibitor; 1𝜇M), U0126 (ERK inhibitor; 20𝜇M), and
SP600125 (JNK inhibitor; 20𝜇M) for 1 h and were then
cultured with H. pylori for 4 h (Figure 7(b)). Inhibitors of
EGFR, PKC𝛿, ERK, and JNK suppressed the H. pylori-
induced increase in IL-8 levels in the medium. Among the
inhibitors, U0126 exerted themost potent inhibitory effect on
IL-8 production in H. pylori-infected cells.

4. Discussion

In the present study, we found that H. pylori, a Korean
isolate (HP99), induced expression of the proinflammatory
chemokine IL-8 via activation of EGFR and PKC𝛿, which
then triggered downstream signaling characterized via the
ERK/JNK pathways and activation of NF-𝜅B and AP-1 in
gastric epithelial cells. Both 𝜔-6 and 𝜔-3 fatty acids inhibited
PKC𝛿 activation, while 𝜔-3 fatty acids alone inhibited EGFR
transactivation. These results suggest that PUFAs exert their
anti-inflammatory effects by preventing upstream signaling
that is stimulated by H. pylori infection.
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Figure 2: Effects of PUFAs on IL-8 mRNA expression in H. pylori-infected AGS cells. (a) AGS cells were cultured with H. pylori for the
indicated time periods (0.5, 1, 1.5, 2, and 3 h) and IL-8 mRNA expression was measured by RT-PCR. (b) AGS cells were pretreated with
various concentrations of LA, ALA, and DHA (20, 50, and 100𝜇M) for 24 h and were then cultured with H. pylori for 2 h. (c) AGS cells were
pretreated with individual fatty acid (100𝜇M) for 24 h and then stimulated with H. pylori for 2 h. mRNA levels of IL-8 were quantified by
real-time PCR. Data was normalized to 𝛽-actin level and expressed as relative ratio to None. Each bar represents mean ± S.E. of four separate
experiments. ∗𝑃 < 0.01 versus None; +𝑃 < 0.01 versus control.

An interesting finding of the present study is that indi-
vidual fatty acid inhibited H. pylori-induced IL-8 expression
to different extents. PA, a saturated fatty acid, did not inhibit
H. pylori-induced IL-8 production and signaling cascades.
This result is consistent with the studies showing that PA

has little anti-inflammatory effect or even provokes proin-
flammatory cytokines in hepatocytes [42] and adipocytes
[43]. Furthermore, 𝜔-3 fatty acids exhibited more potent
effects in downregulating IL-8 expression than did 𝜔-6 fatty
acid (LA). Among 𝜔-3 fatty acids, DHA displayed a greater
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Figure 3: Effects of PUFAs on H. pylori-induced activation of NF-𝜅B and AP-1. (a) AGS cells were infected with H. pylori for indicated
time periods (0.5, 1, 2, and 4 h). Nuclear extracts were harvested and the DNA-binding activities of NF-𝜅B- and AP-1 were determined by
electrophoretic mobility shift assay. (b) AGS cells were pretreated with individual fatty acid (100𝜇M) for 24 h and stimulated with H. pylori
for 1 h. (c) H. pylori-induced degradation of I𝜅B𝛼 was analyzed by western blotting at the indicated time points (15, 30, 45, 60, and 120min;
upper panel). AGS cells were pretreated with individual fatty acid (100𝜇M) for 24 h and infected with H. pylori for 30min (lower panel).
Actin was used as a loading control.

anti-inflammatory effect than did ALA. This result cor-
responds with previous studies showing that longer and
more unsaturated fatty acids demonstrate more potent anti-
inflammatory effects [44, 45].

There is a plausible explanation for the anti-inflammatory
effects of𝜔-3 and𝜔-6 fatty acids. In the present study, the fatty
acid composition of phospholipids derived from cells treated

with different PUFAs suggests that LA and ALA are not
converted into longer chain fatty acids, such as arachidonic
acid and DHA. This may be because of the presence of too
small amounts of desaturase and elongase in gastric epithelial
cells. Therefore, the anti-inflammatory effects of LA and
ALA are not attributable to their metabolites but to LA and
ALA per se. The number of double bonds present in fatty
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Figure 4: Effects of PUFAs on activation of ERK and JNK in
H. pylori-infected AGS cells. (a) AGS cells were infected with
H. pylori for the indicated time points (15, 30, 60, and 120min).
Phosphospecific and total forms of ERK and JNK were measured by
western blot analysis. (b) AGS cells were pretreated with individual
fatty acid (100 𝜇M) for 24 h and then cultured with H. pylori for
30min.

acids is related to the magnitude of the anti-inflammatory
effects of PUFAs. De Caterina et al. showed that the number
of double bonds in long-chain fatty acids determines the
extent of the inhibitory effects on endothelial activation by
proinflammatory stimulation [45]. Recent studies suggested
that different structures of fatty acids incorporated into
phospholipid in cellular membrane confer different stability
and fluidity to membranes and even affect membrane protein
functions [46, 47]. A study has reported that 𝜔-3 fatty acids,
such as DHA and EPA, modified the lipid composition of
membrane and altered EGFR and p38 signaling pathways in
breast tumor cells [48].

In the present study, both an EGFR tyrosine kinase
inhibitor and a PKC𝛿 inhibitor suppressedH. pylori-induced
activation of ERK/JNK and IL-8 expression in AGS cells,
suggesting that EGFR and PKC𝛿 are upstream mediators
of H. pylori-induced IL-8 expression. It has been reported
that an activated G-protein-coupled receptor (GPCR) leads
to EGFR transactivation by activating PKC [49]. However,
the results of the present study demonstrated that H. pylori-
stimulated EGFR transactivation does not require PKC𝛿
activation and that they may independently activate ERK
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Figure 5: Effects of PUFAs on EGFR activation in H. pylori-
infected AGS cells. (a) AGS cells were infected withH. pylori for the
indicated time points (7.5, 15, 30, 60, and 120min). Phosphospecific
and total forms of EGFR were determined by western blotting. (b)
AGS cells were pretreated with various concentrations of tyrphostin
AG1478 (0.04, 0.2, and 1 𝜇M), a specific EGFR inhibitor, for 1 h
prior to H. pylori stimulation The cells were then infected with H.
pylori for 30min and phospho-ERK and phospho-JNK levels were
determined by western blotting. (c) AGS cells were pretreated with
individual fatty acid (100𝜇M) for 24 h and were then infected with
H. pylori for 15min.

and JNK pathways. It has been reported that MAPK can be
directly activated by Raf phosphorylation, which is mediated
by PKC𝛿 activation in the absence of EGFR transactivation
[19]. Our finding is also consistent with a previous study
demonstrating that bradykinin, a blood vessel dilution agent,
activated a dual signaling pathway involving PKC activation
and EGFR transactivation in COS-7 cells [50, 51]. In regard
to EGFR transactivation, GPCR is activated as an initial event
of ligand binding to receptor and pro-HB-EGF is cleaved by
an extracellular transmembrane metalloprotease to release
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Figure 6: Effects of PUFAs on PKC𝛿 activation in H. pylori-
stimulated AGS cells. (a) AGS cells were infected with H. pylori for
the indicated time points (4, 8, 15, 30, and 60min). Phosphospecific
and total forms of PKC𝛿 were determined by western blotting. (b)
AGS cells were pretreated with various concentrations of rottlerin
(0.04, 0.2, and 1 𝜇M), a specific PKC𝛿 inhibitor, for 1 h and then
cultured with H. pylori for 30min. Phosphospecific and total forms
of ERK and JNK in whole cell extracts were determined by western
blotting. (c) AGS cells were pretreated with individual fatty acid
(100𝜇M) for 24 h and were then cultured with H. pylori for 8min.

mature HB-EGF for EGFR signaling [52]. Even though serial
initial events including GPCR activation, cleavage of pro-
HB-EGF, and HB-EGF release have not been determined
in the present study, HB-EGF may mediate transactivation
of EGFR in H. pylori-infected gastric epithelial cells. Taken
together, PKC𝛿 and EGFR activate ERK and JNK in H.
pylori-infected cells. Our results indicated that 𝜔-6 fatty
acid has an inhibitory effect on PKC𝛿 activation but not on
EGFR transactivation, in H. pylori-infected cells. Therefore,
PKC𝛿 activation and EGFR transactivation may involve
independent pathways.

A variety of foods and nutrients have been investigated
as potential alternatives to antibiotics for H. pylori infection.
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Figure 7: Effect of a PKC𝛿 inhibitor on EGFR activation and
effects of inhibitors of EGFR, PKC𝛿, ERK, and JNK on H. pylori-
stimulated IL-8 production. (a) AGS cells were preincubated with
various doses of rottlerin (0.04, 0.2, and 1 𝜇M) for 1 h and were then
cultured with H. pylori for 15min. Phosphospecific and total forms
of PKC𝛿 were determined by western blotting. (b) AGS cells were
preincubated with AG1478 (1 𝜇M), rottlerin (1𝜇M), U0126 (20𝜇M),
and SP600125 (20 𝜇M) for 1 h and were then infected with H. pylori
for 4 h. IL-8 levels in the medium were measured by enzyme-linked
immunosorbent assay. Each bar represents mean ± S.E. of four
separate experiments. ∗𝑃 < 0.01 versus None; +𝑃 < 0.01 versus
control.

Park et al. showed that red ginseng extract reduced H.
pylori-induced cell damage and proinflammatory responses
in human gastric epithelial cells [53]. Lee et al. demonstrated
that capsaicin inhibited IL-8 production through suppression
of NF-𝜅BDNA activity in gastric AGS andMKN45 cells [54].
Yang et al. showed that the combination of catechins and sialic
acid reducedH. pylori-induced oxidative stress and apoptosis
in human gastric cells and prevented gastritis in H. pylori-
infected mice [55]. Wang and Huang showed that apigenin,
a natural product of flavonoid, reduced expression of various
genes involved in inflammation, through inhibition of NF-
𝜅B DNA-binding activity and reactive oxygen species in
MKN45 cells [56]. However, dietary intervention studies
have been relatively less successful than in vivo and in
vitro experimental studies. The effects of curcumin, vitamin
C, vitamin E, selenium, and garlic have been investigated
in individuals infected with H. pylori [57–60]. However,
they showed limited or no effects on bacterial load or the
inflammatory response induced by H. pylori. In the present
study, 𝜔-3 fatty acids exert anti-inflammatory effects by
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inhibiting PKC𝛿 activation and EGFR transactivation, while
𝜔-6 fatty acids inhibit PKC𝛿 activation in H. pylori-infected
AGS cells. PUFAs including 𝜔-6 and 𝜔-3 fatty acids showed
inhibitory effects on H. pylori growth in vitro and in vivo
studies, but no effect was found in a dietary intervention
study [61–64]. Therefore, further carefully designed studies
are needed to optimize the dose and duration of PUFAs
treatments, considering the severity of H. pylori infection.
In addition, more studies are required to examine not only
the therapeutic but also the preventative effects of PUFAs on
development of H. pylori-associated diseases.

5. Conclusion

We have demonstrated here the different anti-inflammatory
effects of saturated, 𝜔-6, and 𝜔-3 fatty acids on H. pylori
infection in human gastric epithelial cells. Furthermore,
we showed that the molecular mechanism of the anti-
inflammatory effects of PUFAs is associated with the mod-
ulated activation of membrane-related signaling proteins,
such as EGFR and PKC𝛿, and their downstream signaling
cascade including ERK/JNK and NF-𝜅B/AP-1. The present
study suggests that PUFAs may prevent H. pylori-associated
gastric inflammation. Further studies are required to evaluate
the anti-inflammatory effects of PUFAs inH. pylori infection
in in vivo animal experiments as well as in clinical studies.
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[16] A. G. Turjanski, J. P. Vaqué, and J. S. Gutkind, “MAP kinases
and the control of nuclear events,”Oncogene, vol. 26, no. 22, pp.
3240–3253, 2007.

[17] J. H. Seo, J. W. Lim, H. Kim, and K. H. Kim, “Helicobacter pylori
in a Korean isolate activates mitogen-activated protein kinases,
AP-1, and NF-𝜅B and induces chemokine expression in gastric
epithelial AGS cells,” Laboratory Investigation, vol. 84, no. 1, pp.
49–62, 2004.

[18] T.-C. Hsu, M. R. Young, J. Cmarik, and N. H. Colburn, “Activa-
tor protein 1 (AP-1)- and nuclear factor 𝜅B (NF-𝜅B)-dependent
transcriptional events in carcinogenesis,” Free Radical Biology
and Medicine, vol. 28, no. 9, pp. 1338–1348, 2000.

[19] C. Liebmann, “Regulation of MAP kinase activity by peptide
receptor signalling pathway: paradigms ofmultiplicity,”Cellular
Signalling, vol. 13, no. 11, pp. 777–785, 2001.

[20] G. Carpenter, “The EGF receptor: a nexus for trafficking and
signaling,” Bioessays, vol. 22, no. 8, pp. 697–707, 2000.

[21] S. Keates, S. Sougioultzis, A. C. Keates et al., “cag+ Helicobacter
pylori Induce Transactivation of the Epidermal Growth Factor
Receptor in AGS Gastric Epithelial Cells,” The Journal of
Biological Chemistry, vol. 276, no. 51, pp. 48127–48134, 2001.

[22] C.Wallasch, J. E. Crabtree, D. Bevec, P. A. Robinson,H.Wagner,
and A. Ullrich, “Helicobacter pylori-stimulated EGF receptor
transactivation requires metalloprotease cleavage of HB-EGF,”
Biochemical and Biophysical Research Communications, vol. 295,
no. 3, pp. 695–701, 2002.



Mediators of Inflammation 11

[23] A. Hashimoto, M. Kurosaki, N. Gotoh, M. Shibuya, and T.
Kurosaki, “Shc regulates epidermal growth factor-induced acti-
vation of the JNK signaling pathway,” The Journal of Biological
Chemistry, vol. 274, no. 29, pp. 20139–20143, 1999.

[24] U. Kikkawa, H. Matsuzaki, and T. Yamamoto, “Protein kinase
C𝛿 (PKC𝛿): activation mechanisms and functions,”The Journal
of Biological Chemistry, vol. 132, no. 6, pp. 831–839, 2002.

[25] K.Kassai, T. Yoshikawa,N.Yoshida,A.Hashiramoto,M.Kondo,
and H. Murase, “Helicobacter pylori water extract induces
interleukin-8 production by gastric epithelial cells,” Digestive
Diseases and Sciences, vol. 44, no. 2, pp. 237–242, 1999.

[26] S. Brandt, S. Wessler, R. Hartig, and S. Backert, “Helicobacter
pylori activates protein kinase C delta to control Raf in MAP
kinase signalling: role in AGS epithelial cell scattering and
elongation,” Cell Motility and the Cytoskeleton, vol. 66, no. 10,
pp. 874–892, 2009.

[27] O. Sokolova, M. Vieth, and M. Naumann, “Protein kinase C
isozymes regulate matrix metalloproteinase-1 expression and
cell invasion in Helicobacter pylori infection,” Gut, vol. 62, no.
3, pp. 358–367, 2013.

[28] P. C. Calder, “n-3 Polyunsaturated fatty acids, inflammation,
and inflammatory diseases,”American Journal of Clinical Nutri-
tion, vol. 83, no. 6, pp. 1505S–1519S, 2006.

[29] P. C. Calder, “Dietarymodification of inflammationwith lipids,”
Proceedings of the Nutrition Society, vol. 61, no. 3, pp. 345–358,
2002.

[30] A. P. Simopoulos, “Omega-3 fatty acids in inflammation and
autoimmune diseases,” Journal of the American College of
Nutrition, vol. 21, no. 6, pp. 495–505, 2002.

[31] M. J. James, R. A. Gibson, and L. G. Cleland, “Dietary polyun-
saturated fatty acids and inflammatory mediator production,”
American Journal of Clinical Nutrition, vol. 71, no. 1, pp. 343S–
348S, 2000.

[32] J. Bassaganya-Riera, R. Hontecillas, and D. C. Beitz, “Colonic
anti-inflammatory mechanisms of conjugated linoleic acid,”
Clinical Nutrition, vol. 21, no. 6, pp. 451–459, 2002.

[33] A.Mullen, C. E. Loscher, and H.M. Roche, “Anti-inflammatory
effects of EPA and DHA are dependent upon time and dose-
response elements associated with LPS stimulation in THP-1-
derived macrophages,”The Journal of Nutritional Biochemistry,
vol. 21, no. 5, pp. 444–450, 2010.

[34] W. Chen, W. J. Esselman, D. B. Jump, and J. V. Busik, “Anti-
inflammatory effect of docosahexaenoic acid on cytokine-
induced adhesion molecule expression in human retinal vas-
cular endothelial cells,” Investigative Ophthalmology and Visual
Science, vol. 46, no. 11, pp. 4342–4347, 2005.

[35] N. Erdinest, O. Shmueli, Y. Grossman, H. Ovadia, and A.
Solomon, “Anti-inflammatory effects of alpha linolenic acid on
human corneal epithelial cells,” InvestigativeOphthalmology and
Visual Science, vol. 53, no. 8, pp. 4396–4406, 2012.

[36] F. Moloney, S. Toomey, E. Noone et al., “Antidiabetic effects
of cis-9, trans-11-conjugated linoleic acid may be mediated via
anti-inflammatory effects in white adipose tissue,”Diabetes, vol.
56, no. 3, pp. 574–582, 2007.

[37] J. Ren and S.H. Chung, “Anti-inflammatory effect of𝛼-linolenic
acid and itsmode of action through the inhibition of nitric oxide
production and inducible nitric oxide synthase gene expression
via NF-𝜅B and mitogen-activated protein kinase pathways,”
Journal of Agricultural and Food Chemistry, vol. 55, no. 13, pp.
5073–5080, 2007.

[38] Y.-G. Zhang, Q. Du, W.-G. Fang, M.-L. Jin, and X.-X. Tian,
“Tyrphostin AG1478 supresses proliferation and invasion of

human breast cancer cells,” International Journal of Oncology,
vol. 33, no. 3, pp. 595–602, 2008.

[39] B. T. S. Susarla and M. B. Robinson, “Rottlerin, an inhibitor
of protein kinase C𝛿 (PKC𝛿), inhibits astrocytic glutamate
transport activity and reduces GLAST immunoreactivity by a
mechanism that appears to be PKC𝛿-independent,” Journal of
Neurochemistry, vol. 86, no. 3, pp. 635–645, 2003.

[40] J. V. Duncia, J. B. Santella III, C. A. Higley et al., “MEK
inhibitors: the chemistry and biological activity of U0126, its
analogs, and cyclization products,” Bioorganic and Medicinal
Chemistry Letters, vol. 8, no. 20, pp. 2839–2844, 1998.

[41] B. L. Bennett, D. T. Sasaki, B. W. Murray et al., “SP600125, an
anthrapyrazolone inhibitor of Jun N-terminal kinase,” Proceed-
ings of the National Academy of Sciences of the United States of
America, vol. 98, no. 24, pp. 13681–13686, 2001.

[42] S. Joshi-Barve, S. S. Barve, K. Amancherla et al., “Palmitic acid
induces production of proinflammatory cytokine interleukin-8
from hepatocytes,”Hepatology, vol. 46, no. 3, pp. 823–830, 2007.

[43] K. M. Ajuwon and M. E. Spurlock, “Palmitate activates the NF-
𝜅B transcription factor and induces IL-6 and TNF𝛼 expression
in 3T3-L1 adipocytes,” Journal of Nutrition, vol. 135, no. 8, pp.
1841–1846, 2005.

[44] G. Zhao, T. D. Etherton, K. R. Martin et al., “Anti-inflammatory
effects of polyunsaturated fatty acids in THP-1 cells,” Biochem-
ical and Biophysical Research Communications, vol. 336, no. 3,
pp. 909–917, 2005.

[45] R. De Caterina, W. Bernini, M. A. Carluccio, J. K. Liao, and
P. Libby, “Structural requirements for inhibition of cytokine-
induced endothelial activation by unsaturated fatty acids,”
Journal of Lipid Research, vol. 39, no. 5, pp. 1062–1070, 1998.

[46] T. M. Stulnig and M. Zeyda, “Immunomodulation by polyun-
saturated fatty acids: impact on T-cell signaling,” Lipids, vol. 39,
no. 12, Article ID L9554, pp. 1171–1175, 2004.

[47] D. W. L. Ma, J. Seo, K. C. Switzer et al., “n-3 PUFA and
membrane microdomains: a new frontier in bioactive lipid
research,”The Journal of Nutritional Biochemistry, vol. 15, no. 11,
pp. 700–706, 2004.

[48] P. D. Schley, D. N. Brindley, and C. J. Field, “(n-3) PUFA alter
raft lipid composition and decrease epidermal growth factor
receptor levels in lipid rafts of human breast cancer cells,”
Journal of Nutrition, vol. 137, no. 3, pp. 548–553, 2007.
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