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Abstract

In the current literature, there is evidence that psychological factors can affect the incidence and progression of some cancers.

Interleukin 6 (IL-6) is known to be elevated in individuals experiencing chronic stress and is also involved in oncogenesis and

cancer progression. However, the precise mechanism of IL-6 induction by the stress-related hormone norepinephrine (NE) is

not clear, and, furthermore, there are no reports about the effect of NE on IL-6 expression in gastric epithelial cells. In this

study, we examined the effect of NE on IL-6 expression in immortalized human gastric epithelial cells (GES-1 cells). Using real-

time PCR and enzyme-linked immunoassay, we demonstrated that NE can induce IL-6 mRNA and protein expression in GES-

1 cells. The induction is through the b-adrenergic receptor-cAMP-protein kinase A pathway and mainly at the transcriptional

level. Progressive 59-deletions and site-directed mutagenesis of the parental construct show that, although activating-protein-1

(AP-1), cAMP-responsive element binding protein (CREB), CCAAT-enhancer binding protein-b (C/EBP-b), and nuclear factor

k-light-chain-enhancer of activated B cells (NF-kB) binding sites are all required in the basal transcription of IL-6, only AP-1 and

CREB binding sites in the IL-6 promoter are required in NE-induced IL-6 expression. The results suggest that chronic stress

may increase IL-6 secretion of human gastric epithelial cells, at least in part, by the stress-associated hormone norepinephrine,

and provides basic data on stress and gastric cancer progression.
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Introduction

The amount of literature reporting the role of psycho-

logical stress in cancer onset and development is

growing. Regarding the mechanisms connecting stress

and cancer progression, most of the early studies

concentrated on the indirect effects of stress through

immunosuppression in cancer patients (1-3). Recently, it

has been reported that the stress-related hormones

norepinephrine (NE) and epinephrine, especially NE,

can directly induce gene expression and are involved in

angiogenesis and metastasis in cancer progression in a

variety of cancer cell lines (4-8), stromal cells (9), and

immortalized epithelial cell lines (10). Several epidemio-

logical studies have demonstrated that chronic stress may

accelerate the progression of gastric cancer (11-13).

However, the precise mechanism by which chronic stress

acts in gastric cancer progression is unclear, and little is

known about the effects of stress-related hormones on

gastric cancer cells and gastric epithelial cells. We

recently performed Bio-Plex analyses (Bio-Rad, USA) to

examine the effect of NE on gastric cancer cells and

gastric epithelial cells by detecting several cytokines

associated with gastric cancer progression (Figure S1).

These results showed the only substantial change by NE

was the upregulation of interleukin-6 (IL-6) expression in

GES-1 cells, an immortalized human gastric epithelial cell

line. Because there are no normal human gastric epithelial

cells that are commercially available, we used GES-1

cells (14) to study the effect of NE on gastric epithelial

cells.

IL-6 is a pleiotropic cytokine produced by a wide

variety of cells including macrophages, T cells, B cells,

fibroblasts, and endothelial cells. IL-6 plays important

roles in a wide range of biological activities including

immune regulation, hematopoiesis, inflammation, and

oncogenesis (15-17). IL-6 is also involved in gastric

cancer progression, and several reports demonstrated

that significant relationships existed between elevated

serum IL-6 levels and tumor stages, with unfavorable
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outcomes in gastric cancer patients (18-20). Interestingly,

IL-6 is closely related to chronic stress. Epidemiological

studies demonstrated that IL-6 was elevated in a

population suffering from chronic stress (21,22). Animal

models also showed that stress can lead to elevated IL-6

in rats, and the sources were not immune cells (23).

However, the precise mechanism of NE-induced IL-6

expression is not clear, and, furthermore, there are still no

data available regarding the effect of NE on IL-6

expression in gastric epithelial cells. The present study,

therefore, is aimed at investigating the effect of NE on IL-6

expression in GES-1 cells and exploring the signaling

pathway and molecular mechanism involved.

Material and Methods

Cell lines and culture conditions
GES-1 (kindly provided by Dr. Zhu Zhenggang, China)

is an immortalized human gastric epithelial cell line,

established from fetal gastric epithelial cells after simian

virus 40 (SV40) transfection (14). GES-1 cells were

maintained in RPMI 1640 medium supplemented with

10% fetal bovine serum (FBS), 2 mM L-glutamine, 100

U/mL penicillin, and 100 mg/mL streptomycin at 376C in a

humidified atmosphere with 5% CO2. The cells were

allowed to reach 80% confluency before passage. The

culture medium was replenished with fresh medium every

2 or 3 days. Although the initial NE-treated experiments

(Figure 1) were carried out by maintaining the cells

throughout in a medium containing 10% FBS, the other

protocol has been used more extensively. Cells were

cultured in 10% FBS, and, for isoproterenol treatment,

blocking, and the following NE treatments, a medium

containing Advanced 1640 (Invitrogen, USA) with 1% FBS

was utilized in order to eliminate the possible influence of

factors, which can be found in FBS, on the effect of NE in

GES-1 cells.

To evaluate the effects of stress hormones on IL-6

secretion, 66104 GES-1 cells were seeded into individual

wells of a 24-well plate. Following a 24-h incubation,

triplicate cultures (wells) were stimulated by replacing

the complete media containing NE or the synthetic

b-adrenergic receptor agonist isoproterenol, at specific

concentrations. Culture supernatants were collected at

various time points, centrifuged, and stored at ––706C until

assayed by enzyme-linked immunoassay (ELISA). Cells

were homogenized in TRIzol reagent and stored at ––706C

until assayed by real-time PCR.

Reagents
Phentolamine mesylate was purchased from Santa

Cruz (USA), forskolin from Calbiochem (USA), KT5720

from Tocris (UK), and actinomycin D (Act D) from

Beyotime Institute of Biotechnology Co. (China). Other

chemicals were purchased from Sigma-Aldrich (USA).

ELISA
The concentration of IL-6 was measured using a

human IL-6 ELISA Kit (Dakewe Biotech Company

Limited, China) following the manufacturer’s protocol.

The resultant color was read at 450 nm using a Multiskan

Spectrum microplate reader (Thermo Fisher Scientific,

Finland) with the SkanIt software (version 2.4.2, Thermo

Fisher Scientific). The concentration of IL-6 in a sample

was determined by interpolation from a standard curve.

Real-time PCR
We utilized real-time RT-PCR on NE-treated cell lines

in order to determine the effect of NE on IL-6 gene

expression. Total RNA from cultured cells was isolated

using TRIzol reagent following the manufacturer’s instruc-

tions (Invitrogen). First-strand cDNAs were synthesized

using random primers and RevertAidTM M-MuLV reverse

transcriptase (Fermentas, Lithuania). Reactions were

performed with SYBR1 Premix Ex TaqTM and the speci-

fic primers, following the manufacturer’s instructions

(TaKaRa BIO Inc., China). Levels of IL-6 mRNA were

measured and amplified using the 7300 real-time PCR

system (Applied Biosystems, USA). The cycler conditions

were as follows: incubation for 30 s at 956C, followed by

5 s at 956C, and 31 s at 606C for 40 cycles. The levels of

expression of IL-6 mRNA in each sample were normalized

to the GAPDH mRNA levels. The relative expression of

mRNA species was calculated using the 2–DDCt method.

All primer sequences span across two adjacent exons of

the target genes and are thus specific for mRNAs, as

follows: IL-6 forward primer: 59-AACCTGAACCTTCCA

AAGATGG-39; IL-6 reverse primer: 59-TCTGGCTTGTTC

CTCACTACT-39; GAPDH forward primer: 59-TGTTGC

CATCAATGACCCCTT-39; GAPDH reverse primer: 59-

CTCCACGACGTACTCAGCG-39.

In order to elucidate the mechanism in the NE-

dependent regulation of IL-6 mRNA levels in GES-1 cells,

the effect of Act D, an inhibitor of de novo transcription,

was assessed on mRNA levels. GES-1 cells were grown

Figure 1. IL-6 production by GES-1 cells incubated with 0, 0.1, 1,

10 mM norepinephrine (NE). Supernatants were harvested at 1,

3, and 6 h. IL-6 levels (pg/mL) were analyzed by ELISA. Data are

reported as means±SE. *P,0.05, compared to control (ANOVA

followed by the Newman-Keuls post hoc test).
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in the presence of 5 mg/mL Act D and 10 mM NE for 1 h.

Total RNA was isolated, and the levels of IL-6 mRNA

were measured using real-time PCR as described earlier.

Assessment of signaling pathways
In order to examine the signaling pathway involved in

NE-induced IL-6 expression, we treated GES-1 cells with a

variety of agonists and antagonists. The b-adrenoreceptor
antagonist propranolol (10 mM) and the protein kinase A

(PKA) inhibitor KT5720 (10 mM) were added to the cell

cultures 3 h before adding 10 mMNE. The a-adrenoreceptor
antagonist phentolamine (10 mM) was added to the cell

cultures 1 h prior to the addition of 10 mMNE. After blocking,

the media was replaced with 1% FBS Advanced 1640

containing 10 mM NE and the cells continued to incubate for

3 h. GES-1 cells were treated with the b-adrenoreceptor

agonist isoproterenol (10 mM) and the adenylate cyclase

agonist forskolin (10 mM). Conditioned medium was col-

lected after a 3-h incubation, centrifuged at 300 g for 10 min,

and stored at ––706C until tested for the presence of IL-6 by

ELISA.

Plasmid construction, 59-deletion constructs, and
site-directed mutagenesis

Genomic DNA was isolated from GES-1 cells using a

Tianamp Genomic DNA kit (Tiangen, Biotech, China). A

2092-bp PCR fragment corresponding to the promoter

region of IL-6 (––2035 to ++53 bp) was generated using the

upstream primer: 59-GTGGTACCCCCGTTTTATAGG-39

and the downstream primer: 59-CTGGAGGGGAGA

TAGAGCTTC-39 in a PCR using PrimerSTAR HS1

DNA polymerase (TaKaRa BIO Inc.). The 2092-bp

fragment was subcloned (59-KpnI, 39-XhoI) into a pGL3

basic luciferase reporter gene vector (Promega, USA) and

sequenced for orientation and fidelity. This plasmid

served as the source of inserts for further plasmid

constructions.

To make the 59-deletion constructs, shorter fragments

were generated using new upstream primers, and the

common downstream primer was the same as the reverse

primer of the 2092-bp fragment. From this parental

construct, pIL-6P-luc1184 and three 59-deletion mutants

were generated by using the upstream primer as shown in

Table 1. pIL-6P-luc1184 contains the full-length sequence

(24) of the IL-6 promoter (from 1173 bp upstream of the

transcription start site to ++11 bp). pIL-6P-luc710 contains

the four consensus sequences for the transcription factors

activating-protein-1 (AP-1), cAMP-responsive element

binding protein (CREB), CCAAT-enhancer binding pro-

tein-b (C/EBP-b), and nuclear factor k-light-chain-enhan-
cer of activated B cells (NF-kB) as pIL-6P-luc1184. The

other two 59-deletion mutants were deleted fragments

containing the consensus sequences for transcription

factors C/EBP-b and NF-kB (pIL-6P-luc204) or NF-kB
(pIL-6P-luc107). DNA sequence analysis confirmed these

sequences.

Within pIL-6P-luc1184, critical nucleotides necessary

for transcription factor (AP-1, CREB, C/EBP-b, and NF-kB)

binding to the four consensus sites were inactivated by

using a QuikChange Lightning site-directed mutagenesis

kit (Agilent Technology, USA) and are listed in Table 1.

These mutations have previously been shown to inactivate

the described consensus sequences (25). All mutant

clones designated as pIL-6P-AP1-m, pIL-6P-CREB-m,

pIL-6P-C/EBP-m, and pIL-6P-NFkB-m were verified by

DNA sequencing.

Cell transfection and luciferase assays
Cell transfection was performed according to the

manufacturer’s instruction using the LipofectamineTM

2000 reagent (Invitrogen). Briefly, the cells were seeded

onto 24-well plates at a density of 66104 cells/well and

incubated at 376C overnight. For each transfection

sample, cells were transfected with 0.1 mg luciferase

plasmid and 1 ng pRL-TK reporter plasmid using 2 mL

LipofectamineTM 2000.

Sixteen hours following transfection, the cells were

treated with 10 mM NE for 3 h. After treatment, a dual

Table 1. Sequences of upstream primers used in the plasmid constructions and site-directed mutagenesis.

Plasmids Upstream primers

Plasmid constructions

pIL-6P-luc1184 59-gtggtaccaaggatcctcctgcaag-39

pIL-6P-luc710 59-atggtacctctaagtgggctgaag-39

pIL-6P-luc204 59-gtggtaccccctagttgtgtcttgc-39

pIL-6P-luc107 59-gtggtaccctcaccctccaacaaag-39

Site-directed mutagenesis

pIL-6P-AP1-m 59-caagacatgccaaagtgctgCgtcGctaataaaag-39

pIL-6P-CREB-m 59-gccatgctaaaggacCtcGcattgcacaatcttaataagg-39

pIL-6P-C/EBP-m 59-gccatgctaaaggacgtcacaGCgGacaatcttaataaggtttcc-39

pIL-6P-NFkB-m 59-gatttatcaaatgtgggatttGcGcatgagtctcaatattagag-39

The regions of capitalized oligonucleotides indicate the positions that carry mutations.
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luciferase assay (Promega) was performed. In brief, cells

were lysed with passive lysis buffer, and 20 mL aliquots of

each sample were assayed on an amber 96-well plate by

a luminometer (NOVOstar, Germany). As an internal

control for transfection efficiency, pRL-TK, the expression

plasmid encoding Renilla luciferase driven by the thymi-

dine kinase promoter, was used (1 ng/well). Firefly and

Renilla luciferase have distinct substrate properties, and

thus the activities of both enzymes can be assessed in the

same sample using two substrates sequentially. Each

transfection was performed in triplicate and in a minimum

of three independent experiments.

Statistical analysis
Statistically significant differences between groups

were determined by ANOVA using GraphPad Prism

v5.0 (GraphPad Software Inc., USA). P,0.05 was

considered to indicate a statistically significant difference.

When a significant main effect of drug treatment was

identified (P,0.05), the Newman-Keuls post hoc test was

used to compare groups.

Results

NE stimulation increases IL-6 protein in GES-1 cells
GES-1 cells were stimulated with increasing concen-

trations of NE, and the supernatants were assayed for

IL-6 by ELISA as shown in Figure 1. Using ANOVA and

the Newman-Keuls post hoc test, we demonstrated that

an NE dose-dependent and time-dependent increase

of IL-6 expression in culture supernatants of GES-1

cells with the 1 h treatment yielded the greatest effect.

Treatment of GES-1 cells with 1 and 10 mM NE for 1 h

produced a 3.15±1.31 and 4.71±2.02 fold increase,

respectively. The overall IL-6 induction by 10 mM NE in 3

and 6 h differed significantly from the control values, but

the fold increase was less than that produced in 1 h by

10 mM NE (4.16±0.53 fold in 3 h and 2.21±0.38 fold in

6 h). Because the mean basal production of IL-6 by GES-

1 cells at 1 h was 9.47±0.87 pg/mL, which was very near

the lower detection limit of the ELISA kit, we chose the

time point of 3 h and 10 mM NE in the following

experimental protocols.

NE stimulation increases IL-6 mRNA in GES-1 cells
To further elucidate the mechanism involved in the

induction of IL-6 expression in GES-1 cells, we examined

the effect of exposure to NE on the transcription of IL-6

expression. GES-1 cells were stimulated with 10 mM NE,

and IL-6 mRNA levels were quantified using real-time RT-

PCR at multiple time points ranging from 15 min to 6 h.

The level of IL-6 mRNA was normalized against GAPDH

mRNA levels. As shown in Figure 2A, treatment of GES-1

cells with NE resulted in a significant increase of IL-6

mRNA levels, which peaked after 1 h, decreased there-

after, and returned to baseline within 6 h. However, for

Figure 2. Norepinephrine (NE) increases IL-6 mRNA in GES-1

cells. A, Pattern of NE-stimulated IL-6 mRNA levels in GES-1

cells. Levels of mRNA in GES-1 cells were measured using real-

time PCR after treatment with 10 mM NE for 15 min, 0.5 h, 1 h,

2.5 h, and 6 h. Peak expression of IL-6 mRNA was observed at

1 h after treatment and decreased thereafter. B, Dose-response
pattern of NE upregulates IL-6 mRNA levels in GES-1 cells.

Levels of mRNA in GES-1 cell were measured using real-time

PCR after treatment with 0, 0.1, 1, and 10 mM NE for 1 h. Peak

expression of IL-6 mRNA was observed after 10 mM NE

treatment. C, The NE-dependent up-regulation of IL-6 mRNA

levels in GES-1 cells was mainly through the stimulation of

transcription. Real-time PCR assay measuring IL-6 mRNA levels

in GES-1 after treatment with 5 mg/mL actinomycin D (Act D),

10 mM NE, or NE++Act D for 1 h. Data are from 2-3 independent

tests with triplicates. Data are reported as mean±SE fold

increase of untreated control levels. *P,0.05, compared to

untreated control (ANOVA).
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cells exposed to specified doses of NE, IL-6 mRNA levels

showed a dose-dependent increase (Figure 2B).

Co-treatment of GES-1 cells with 5 mg/mL Act D and

10 mM NE efficiently inhibited the NE-dependent upregu-

lation of IL-6 mRNA levels (Figure 2C). This suggests that

the NE-dependent upregulation of the IL-6 protein in GES-

1 cells is mainly due to the stimulation of de novo
transcriptional activity of the IL-6 gene.

Effect of NE on IL-6 upregulation is mediated by the
b-adrenoreceptor-adenylyl cyclase-cAMP-PKA
signaling pathway

To determine whether the effect of NE on IL-6 expres-

sion is transduced by ligation of the b-adrenoreceptor,
GES-1 cells were incubated in the presence of the

b-antagonist propranolol (10 mM) prior to 10 mM NE

stimulation. As shown in Figure 3A, propranolol completely

abolished NE-induced IL-6 expression. In contrast, the a-
adrenoreceptor antagonist phentolamine (10 mM) had no

effect on the ability of NE to induce IL-6 production (Figure

3B). Treatment with the b-adrenoreceptor agonist iso-

proterenol (10 mM) resulted in significant stimulation of

IL-6 gene expression, supporting the hypothesis that

ligation of b-adrenoreceptors is involved in the observed

NE-dependent effect (Figure 3C).

To determine whether activation of the adenylyl

cyclase-cAMP-PKA signaling pathway is capable of IL-6

upregulation, GES-1 cells were stimulated in the presence

of the adenylyl cyclase activator forskolin (10 mM).

Forskolin increased IL-6 expression to levels similar to

those observed in NE-treated cultures (Figure 3D). To

determine whether the effects of NE on IL-6 expression

Figure 3. Assessment of the role of b-adrenergic receptors-cAMP-PKA pathway in norepinephrine (NE)-induced IL-6 expression of GES-

1 cells. A, ELISA assay measuring IL-6 after treatment with 10 mM NE, 10 mM propranolol (PRO), 10 mM NE plus PRO (PRO++NE). B,
ELISA assay measuring IL-6 after treatment with 10 mM NE, 10 mM phentolamine (PHE), 10 mM NE plus PHE (PHE++NE). C, ELISA
assay measuring IL-6 after treatment with 10 mM NE, 10 mM isoproterenol (ISO). D, ELISA assay measuring IL-6 after treatment with

DMSO, 10 mM NE, 10 mM forskolin. E, ELISA assay measuring IL-6 after treatment with 10 mM NE, 10 mM KT5720 and 10 mM NE plus

10 mM KT5720 (KT5720++NE). Data are reported as means±SE. *P,0.05, compared to control (ANOVA).
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were mediated by activation of PKA, GES-1 cells were

incubated in the presence of the PKA inhibitor KT5720

(10 mM) prior to NE stimulation. PKA blockade strongly

inhibited the effect of NE on IL-6 expression (Figure 3E),

reducing IL-6 expression to levels that were statistically

indistinguishable from control cultures. Thus, activation of

the PKA signaling cascade via cell surface b-adrenoreceptor
appears to mediate the effect of NE on IL-6 expression.

IL-6 promoter is inducible by NE in GES-1 cells
In order to identify cis-regulatory sequences that were

responsible for upregulation of IL-6 expression by NE, we

generated the full-length IL-6 promoter (24) construct

(1184 bp upstream of the transcription start site), desig-

nated as pIL-6P-luc1184, and the following three deletion

mutants of pIL-6P-luc1184 as follows: i) pIL-6P-luc710,

containing four cis-acting elements; ii) pIL-6P-luc204,

deficient in a known AP-1 consensus sequence; and iii)

pIL-6P-luc107, deficient in both a known AP-1 and a

known CREB consensus sequence (Figure 4A).

As demonstrated in Figure 4B, pIL-6P-luc710 has the

same basal activity as pIL-6P-luc1184, and both can be

induced by NE with a 210±15.6% increase (P,0.05).

However, the IL-6 induction by NE in GES-1 cells

transfected with pIL-6P-luc204 and pIL-6P-luc107 did

not differ significantly from control values. This suggests

that the NE-responsive cis-acting elements are located

from ––699 to ++11 bp of the IL-6 promoter.

AP-1 and CREB binding sites are required for
induction of the IL-6 gene by NE

To examine which regulatory elements in the IL-6

promoter are responsive to NE, we introduced 2- to 3-bp

mutations into the core regions of the transcription factor

(AP-1, CREB, C/EBP-b, and NF-kB) binding sites within

the context of the 1.2-kb IL-6 promoter as outlined in

Figure 5A, with the intention to completely abolish the

interaction between individual trans-acting factors and

their cognate recognition sequences. In contrast to

deletion studies, this approach should enable us to

identify the contribution of single regulatory elements to

gene activation in the context of the full-length promoter.

As shown in Figure 5B, when AP-1 and CREB binding

sites were mutated, the basal promoter activity was

reduced to 31±3.3% and 78.6±10.3% of the wild-type

promoter, respectively. Also, there was no statistical

difference between GES-1 cells transfected with pIL-6P-

CREB-m and pIL-6P-luc1184, while there was a statistical

difference between GES-1 cells transfected with pIL-6P-

AP1-m and pIL-6P-luc1184. However, mutations of the

AP-1 and CREB binding sites can both diminish induci-

bility by NE. Therefore, it can be concluded that AP-1 and

CREB binding sites were found to be functionally required

for inducibility of the IL-6 promoter by NE.

In contrast, as shown in Figure 5B, mutation of the

C/EBP-b and NF-kB binding sites did not significantly

affect inducibility by NE, and basal promoter activity was

reduced to 79.4±16.7% (P.0.05) and 46.1±15%

(P,0.05) of the wild-type promoter, respectively. These

data indicate that C/EBP-b and NF-kB binding sites are

not essential for NE inducibility.

Briefly, AP-1, CREB, C/EBP-b, and NF-kB binding

sites in the IL-6 promoter are all involved in the basal

transciption of IL-6. AP-1 and CREB binding sites are

Figure 4. Deletion analysis of IL-6 promoter constructs by 10 mM norepinephrine (NE) in GES-1 cells. A, Structures of the four pIL-6P-

luc constructs are shown schematically. The configuration of the promoter region of the human IL-6 gene is illustrated at the top, in

which cis-acting elements so far identified are boxed. AP-1 (activating protein-1), CREB (cAMP-responsive element binding protein),

C/EBP-b (CCAAT-enhancer binding protein-b), and NF-kB (nuclear factor k-light-chain-enhancer of activated B cells) binding sites. B,
A series of IL-6-luciferase reporter constructs were transfected into GES-1 cells. After overnight incubation, GES-1 cells were treated

with 10 mM NE for another 3 h. The cells were lysed and assayed for luciferase activity. Firefly luciferase activity was normalized to co-

transfected control Renilla luciferase driven by a TK promoter and expressed as a fold change relative to untreated wild-type IL-6

promoter (pIL-6P-luc1184). Data are reported as means±SE of 3 independent experiments with triplicate measurements. *P,0.05,

compared to untreated wild-type IL-6 promoter (pIL-6P-luc1184) by ANOVA.
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involved in NE-induced IL-6 expression, whereas C/EBP-

b and NF-kB binding sites are not.

Discussion

In the present study, we found that the stress-related

hormone NE can induce IL-6 expression in GES-1 cells

and does so via the b-adrenoreceptor-adenylyl cyclase-
cAMP-PKA signaling cascade. Moreover, we demon-

strated that NE induces IL-6 expression mainly at the

transcriptional level. Further evidence demonstrated that

NE-induced IL-6 expression needs AP-1 and CREB

binding sites in the IL-6 promoter.

We first examined the effect of NE on IL-6 expression

of human gastric epithelial cells. Because normal human

gastric epithelial cells are not commercially available, we

used the immortalized human gastric epithelial cell line

GES-1. The results demonstrated that NE induced IL-6

expression in GES-1 cells. Because IL-6 is a pleiotropic

cytokine closely related to chronic stress, regulation of

IL-6 by stress-related hormones has been suggested

previously (7,26). Upregulation of IL-6 is also associated

with gastric diseases; therefore, a better understanding of

the molecular regulation of IL-6 production by NE in

gastric epithelial cells has important clinical implications.

However, until now, the precise mechanism of IL-6

induction after exposure to NE in gastric epithelial cells

has not been explored. Therefore, we further examined

the mechanism involved in NE-induced IL-6 expression in

GES-1 cells.

In the classical NE signaling pathway, ligation of the

cell surface b-adrenoreceptor activates adenylyl cyclase,

which triggers increased synthesis of cAMP and thereby

activates the cAMP-dependent kinase PKA, leading to

the phosphorylation of downstream molecules. In our

study, propranolol, the b-adrenoreceptor antagonist,

completely abrogated the effect of NE on IL-6 expres-

sion, while the a-adrenoreceptor antagonist phento-

lamine had no effect. The b-adrenoreceptor agonist

isoproterenol mimicked the effect of NE on IL-6 expres-

sion. Given that GES-1 cells express both b1- and

b2-adrenoreceptors by Western blot (see Figure S2), it is

concluded that b-adrenoreceptor is involved in NE-induced

IL-6 expression while a-adrenoreceptor is not. Forskolin, an

adenylyl cyclase activator, mimicked the effect of NE on IL-6

expression, and the PKA inhibitor KT5720 completely abro-

gated the effect of NE on IL-6 expression. These results

suggest that the classical cAMP-PKA signaling pathway

mediates NE-induced IL-6 expression in GES-1 cells.

IL-6 secretion and mRNA increased after NE stimula-

tion of GES-1 cells. The increase of IL-6 transcripts was

completely blocked if the cells were co-treated with the

transcriptional inhibitor Act D and NE, indicating IL-6 gene

regulation at the transcriptional level in response to NE.

In general, transcriptional induction is due to the

specific binding of activated transcription factors at

functional DNA recognition elements within accessible

regulatory regions of the inducible genes. To determine

the effect of NE on transcriptional regulation of IL-6 gene

expression, we used a transient transfection assay and

Figure 5. Site-directed mutations within the four elements affected the IL-6 promoter activity in response to 10 mM norepinephrine (NE)

in GES-1 cells. A, Schematic structure of site-directed mutations within the four transcriptional factor binding sites (AP-1, CREB,

C/EBP-b, and NF-kB elements) of IL-6 promoter. B, Mutational analysis of IL-6 promoter activity in response to NE. GES-1 cells were

transfected with luciferase expression vectors driven by the human IL-6 promoter or variants bearing point mutations in the AP-1

(activating protein-1), CREB (cAMP-responsive element binding protein), C/EBP-b (CCAAT-enhancer binding protein-b), and NF-kB
(nuclear factor k-light-chain-enhancer of activated B cells) binding sites. Following transfection, cells were cultured for 3 h in 10 mM NE.

The cells were lysed and assayed for luciferase activity. Firefly luciferase activity was normalized to co-transfected control Renilla
luciferase driven by a TK-promoter and expressed as a fold change relative to untreated wild-type IL-6 promoter (pIL-6P-luc1184). Data

are reported as means±SE of 3 independent experiments with triplicate measurements. *P,0.05, compared to untreated wild-type IL-

6 promoter (pIL-6P-luc1184) by ANOVA.
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reporter constructs with the luciferase gene placed under

the transcriptional control of the human IL-6 promoter.

The deletion analysis of pIL-6P-luc1184 showed the NE-

responsive cis-acting elements are located from ––699 to

+11 bp of the IL-6 promoter. This result is in agreement

with other reports that this region contains specific

sequence motifs bound by multiple cis-activating tran-

scription factors including NF-kB, AP-1, C/EBP-b, and

CREB (24,25,27,28).

As shown above, NE induced IL-6 expression through

the classical cAMP-PKA signaling pathway. The classical

example for a cAMP-regulated transcription factor is

CREB, which becomes activated upon phosphorylation

by cAMP-dependent PKA and could potentially bind to the

CREB protein binding site (29,30). However, transcription

factors binding to AP-1 (31), C/EBP-b (32), and NF-kB

(33) sites are also considered candidates for the

transmission of cAMP-mediated signals to the transcrip-

tional machinery. In order to further identify NE-induced

cAMP-responsive elements in the IL-6 promoter, we

therefore studied the effect of NE on the mutated

individual AP-1, CREB, C/EBP-b, and NF-kB binding

sites in the IL-6 promoter-reporter gene constructs in

transiently transfected GES-1 cells. The results indicate

that AP-1 and CREB binding sites are essential for NE

induction of IL-6 expression in GES-1 cells, while all four

binding sites may be involved in basal transcription of the

IL-6 gene. Our finding is in concert with a prior study that

has implicated AP-1 and CREB activation in the regulation

of IL-6 expression induced by NE or isoproterenol in

cardiomyocytes (26). Similarly, AP-1 activation via PKA

and p38 MAPK (p38 mitogen-activated protein kinase) is

reported to contribute to IL-6 induction in osteoblastic cells

under b-adrenergic stimulation (34). In contrast, it has

been demonstrated that only the C/EBP-b (NF-IL-6) motif

is involved in NE-mediated IL-6 expression (7) in human

ovarian carcinoma cells. Although the NF-kB binding site

is reported to be involved in many stimuli (28,35,36), it is

not essential for NE-mediated IL-6 expression in GES-1

cells. These studies suggest that, although NE can induce

IL-6 expression in various cell types, the roles of these

transcription factors in NE-induced IL-6 expression are

shown to be cell specific.

In conclusion, the present study demonstrated that

stress-related hormone NE induced IL-6 expression in

GES-1 cells. The induction was via the b-adrenergic
receptor-cAMP-PKA pathway and mainly at the transcrip-

tional level. Although AP-1, CREB, C/EBP-b, and NF-kB

binding sites are all required in the basal transcription of

IL-6, only AP-1 and CREB binding sites in the IL-6 promoter

were required for NE-induced IL-6 expression. The present

study suggests that chronic stress may increase IL-6

secretion of human gastric epithelial cells, at least in part,

by the stress-associated hormone NE, and provides basic

data on stress and gastric cancer progression.
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