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a b s t r a c t

In this report we investigate the signalling pathway activated by H2O2 in human adeno-

carcinoma gastric cells (AGS) and we evaluate the anti-proliferative action of the natural

stilbene trans-resveratrol. We demonstrate that H2O2 accelerates cell growth and induces a

prompt MEK1/2-ERK1/2 activation. Such events are also associated with the activation of c-

Jun and its translocation into the nuclear compartment. A specific inhibitor of ERK1/2

phosphorylation by MEK1/2 (U0126) abrogates these phenomena. On the contrary, specific

inhibition of JNK activity does not influence H2O2-mediated growth, suggesting that cell

proliferation likely proceeds via MEK1/2-ERK1/2-Jun signalling axis. trans-Resveratrol is also

able to completely suppress the increase in proliferation. We demonstrate that this property

is not due to its antioxidant capacity but rather due to a specific inhibition of ERK1/2

phosphorylation by MEK1/2 and repression of c-Jun activation.
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1. Introduction

Reactiveoxygenspecies (ROS) havebeenhistoricallyconsidered

toxic molecules able to induce an indiscriminate oxidative

damage to biological macromolecules, and thus viewed as

primary determinants of several pathological conditions and

aging [1,2]. ROS are potential carcinogens because they can

provoke DNA damages that lead to genomic instability and

possibly stimulate cancer progression [3]. Nevertheless, it is

now well established that ROS have been designed by evolution

to participate in the maintenance of cellular homeostasis,

functioning as second messengers in diverse signalling path-

ways [4]. Previousreportsshowedthatat low concentrationROS

(in particular H2O2 and O2
��) can enhance the growth of many

cellular types including tumour cells [5,6]. On the contrary, high

concentration of ROS can cause oxidative stress and inhibit cell
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proliferation inducing apoptosis. Overall these processes are

modulated by the activation of ROS-sensitive mitogen activated

protein kinases (MAPKs) [7]. MAPKs is a family of proteins

promoting a phosphorylative signalling cascade that culmi-

nates in the activation of transcription factors involved either in

cellular proliferation or apoptosis [8].

Gastric cancer is one of the leading causes of cancer

mortality worldwide. Chemotherapy is currently the prefer-

ential and more efficient treatment option although it often

fails due to the development of multidrug resistance and

recurrence of secondary tumours [9]. Given that many cancer

cells display a significant alteration of intracellular redox

balance, redox drugs have been designed to selectively kill

transformed cells [10]. The use of diet-derived phytochemicals

has been proposed as a valid strategy for both cancer

prevention and treatment [11]. Actually, a wide variety of
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studies suggest that regular consumption of fruits and

vegetables is inversely associated with cancer risk [12]. The

protective action of fruits and vegetables has been suggested

to rely on their high content of antioxidant vitamins and

polyphenols, which are released during the digestion in the

gastro-intestinal tract [13]. Therefore, they could be of

relevance for gastric cancer prevention/treatment. Among

phytochemicals, polyphenols have been indicated to have

significant chemotherapeutic potential by virtue of their pro-

oxidant action. Stilbene trans-resveratrol (RV) is one of the

most studied polyphenol present in the skin of red grapes and

various other foods [14]. RV is a promising natural molecule for

cancer prevention and treatment by virtue of its double action

as pro- or antioxidant agent [15]. Indeed, similarly to other

dietary polyphenols, RV has been reported to undergo

oxidation and generate ROS [16], especially at high concentra-

tion and/or in the presence of transition metals and to be

effective in arresting proliferation in a number of tumour cells

via redox-dependent pathways [14,17]. RV can also function as

antioxidant both in in vivo and in vitro [18–20], thus inhibiting

tumour cells growth by counteracting ROS-driven prolifera-

tion. However, many polyphenols are able to strongly inhibit

MAPKs via a mechanism that does not involve their redox

activity. Quercetin and miricetin inhibit MEK-ERK signalling

more effectively than well-known pharmacologic inhibitors of

MEK1/2 [21,22], presumably by stabilizing the inactive con-

formation of the activation loop of the kinase [22]. Data

reported on RV are still contradictory. For instance, RV seems

to have no effect on MEK1 activity in transformed mouse

epithelial cells [22], whereas it interferes with ERK1/2

phosphorylation and AP1 transcriptional activity in human

smooth muscle epidermoid carcinoma cells [23,24].

In this study, we characterized the anti-proliferative effect

of low doses of RV in adenocarcinoma gastric cells (AGS). We

demonstrated that proliferation proceeds via the ERK1/2-c-Jun

signalling cascade and that it is significantly abolished by RV

through specific inhibition of MEK1/2-mediated ERK1/2 phos-

phorylation.
2. Materials and methods

2.1. Reagents

Hydrogen peroxide (H2O2), bovine catalase, proteases inhibitor

cocktail, anti-b-tubulin, dithiothreitol (DTT), dimethylsulfox-

ide (DMSO), seleno-methionine, trans-resveratrol were from

Sigma–Aldrich (St. Louis, MO, USA). Polyclonal anti-ERK1, anti-

c-Jun antibodies, and monoclonal anti-p-c-Jun (Ser63), anti-p-

JNK (Thr183, Tyr 185) antibodies were from Santa Cruz

Biotecnology (Santa Cruz, CA, USA). JNK inhibitor I and

MEK1/2 inhibitor (U0126) were from Calbiochem-Novabio-

chem Corporation (La Jolla, CA, USA). Polyclonal anti-p-ERK1/2

and p-MEK1/2 antibodies were from Cell Signalling (Beverly,

MA, USA). MTS assay kit ‘‘CellTiter 96 AQueous One Solution

Cell Proliferation Assay’’ was purchased from Promega

(Madison, WI). IgG (H + L)-HRP-conjugate anti-mouse and

anti-rabbit secondary antibodies, and nitrocellulose mem-

branes were from Bio-Rad Laboratories (Hercules, CA, USA).

ChemiGlow chemiluminescence substrate was from Alpha
Innotech Corporation (San Leandro, CA, USA). BrdU Cell

Proliferation assay kit was from GE Healthcare (Buckingham-

shire, UK). All other chemicals were obtained from Merck

(Darmstadt, Germany).

2.2. Cell cultures

Human adenocarcinoma gastric cells were purchased from

the European Collection of Cell Cultures (Salisbury, UK). AGS

cells were grown in F12 medium supplemented with 10% FCS

(Lonza, Basel, CH), 2 mM glutamine, 100 U/ml penicillin/

streptomycin and maintained at 37 8C in an atmosphere of

5% CO2 in air.

2.3. Analysis of cell viability and proliferation

Adherent (after trypsinization) and detached cells were

combined, washed with PBS and directly counted by optical

microscope on hemocytometer after Trypan Blue staining.

Alternatively, cell proliferation was measured by using a MTS

assay kit ‘‘Cell Titer 961 Aqueous One Solution Cell Prolifera-

tion assay’’ (Promega) according to the manufacturer’s

instructions. Cell proliferation was also assayed by a ‘‘Cell

Proliferation kit’’ (Buckinghamshire, UK) based on the immu-

nocytochemical detection of 5-bromo-20-deoxyuridine (BrdU)

incorporated into cellular DNA of proliferating cells. Cells were

stained as previously described [25].

2.4. Treatments

Treatments with H2O2 were performed with different con-

centrations ranging from 10 to 50 mM at 37 8C in culture

medium. The concentration of 20 mM H2O2 was selected for all

of the experiments as it gave the most significant degree of

proliferation. Treatments at concentrations higher than 50 mM

resulted cytotoxic. Treatment with the cell-permeable MEK1/2

inhibitor U0126 or JNK inhibitor I was done at the concentra-

tion of 260 nM and 10 mM respectively. These inhibitors were

added 1 h before H2O2 treatment and maintained throughout

the experiment. RV (dissolved in DMSO) was used at the

concentration of 500 nM because higher concentrations were

cytotoxic. RV was added 1 h prior H2O2 treatment and

maintained throughout the experiment. As control, equal

amount of DMSO (0.1%) was added to untreated cells. Catalase

was added 1 h prior H2O2 treatment at the concentration of

1 mM and maintained throughout the experiment.

Treatment with 0.1 mg/ml seleno-methionine was carried

out to induce the expression and activity levels of glutathione

peroxidase (GPx) as previously described [26]. Prior H2O2

treatment the medium containing seleno-methionine was

removed and replaced with fresh medium.

2.5. Western blot analyses

1 � 106 cells were washed twice with cold PBS and harvested by

centrifugation at 1000 � g for 5 min at 4 8C. Nuclear protein

fraction were obtained as previously described [25]. Alterna-

tively, total protein extracts were obtained by lysing

1 � 105 cells in 100 ml Laemmli buffer. Total (30 ml), supernatant

(20 mg),ornuclear proteins (20 mg) were electrophoresedon 8.5%
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or 10% SDS-polyacrylamide gels and blotted onto nitrocellulose.

Membranes were stained with primary antibodies against, p-

ERK1/2 (1:500), p-MEK1/2 (1:1000), ERK1/2 (1:500), c-Jun (1:1000),

p-c-Jun (1:500), JNK (1:1000), p-JNK (1:500) or b-tubulin (1:5000).

After incubation with the appropriate HRP-conjugate

secondary antibodies (Bio-Rad Laboratories, Hercules, CA,

USA), protein bands were detected using a Fluorchem

Imaging system (Alpha Innotech Corporation-Analitica De

Mori, Italy) upon staining with ChemiGlow chemiluminescence

substrate. Densitometric analyses of protein bands were

performed by the Quantity one software (Bio-Rad). b-Tubulin

was used as loading control. Proteins were assayed by the

method of Lowry [27].

2.6. Determination of ROS

ROS were detected by cytofluorimetric analysis after incuba-

tion for 1 h at 37 8C with 50 mM DCF-DA. After treatment, cells

were scraped, washed and resuspended in PBS. The fluores-

cence intensities of 10,000 cells from each sample were

detected by FACScalibur instrument (Beckton and Dickinson,

San Josè, CA). Data were analyzed using the WinMDI 2.8

software.
Fig. 1 – H2O2 accelerates AGS cells proliferation. (A) Cells prolife

indicated concentrations of H2O2. Data are expressed as means W

determined by immunofluorescence detection of incorporated B

treatment with 20 mM H2O2. Nuclei were stained with Hoechst

representative of three that gave similar results. White arrows

determined by Trypan Blue exclusion after 20 mM H2O2 treatme

prior H2O2 and maintained throughout the experiment. Data are

cells). (D) AGS cells were cultured in the presence of 0.1 mM selen

methionine was removed just before the experiment and repla

Trypan Blue exclusion after treatment with 20 mM H2O2 for 24 h

interpretation of the references to color in this figure legend, th
2.7. Statistical analysis

The results are presented as means � S.D. Statistical evalua-

tion was conducted by ANOVA, followed by the post hoc

Student–Newman–Keuls. Differences were considered to be

significant at p < 0.05.
3. Results

3.1. Low doses of H2O2 induced AGS cell proliferation

In the last years, many studies have reported that application

of physiologic levels of H2O2 to mammalian cells stimulate

biological responses and activate specific biochemical path-

ways. In particular, H2O2 has been demonstrated to increase

the proliferation of normal and cancer cells by different

signalling pathways [6]. In the present work, we investigated

the effect of H2O2 on the proliferation rate of human AGS cells.

Cells were treated with different concentration of H2O2 and

MTS assay was carried out after 24 h. As showed in Fig. 1A,

H2O2 at the concentration of 10 mM was already able to

significantly increase cell proliferation (+40%), with a more
ration was assayed by MTS, 24 h after treatment with the

S.D. (n = 10; *p < 0.01; **p < 0.001). (B) Cell proliferation was

rdU (green), as described under Section 2, 6 h after

33342 (blue). Images reported are from one experiment

indicate the BrdU-positive cells. (C) Cells number was

nt. 1 mM catalase (Cat) was added in culture medium 1 h

expressed as means W S.D. (n = 6; *p < 0.001 versus control

o-methionine (Se) for 3 weeks. Medium containing seleno-

ced with fresh medium. Cell growth was determined by

. Data are expressed as means W S.D. (n = 4). (For

e reader is referred to the web version of the article.)
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pronounced effect at 20 mM (+60%), whereas a decrease in the

growth rate was observed at 50 mM (+46%). Therefore, we

selected the concentration of 20 mM H2O2 for all the experi-

ments. Anti-BrdU immunohistochemistry was then employed

to confirm the data obtained by MTS test. Fig. 1B shows that 6 h

after H2O2 addition, approximately 55% of cells incorporated

BrdU (cells in S phase), whereas only about 14% of control cells

stained positively. The effects of H2O2 on AGS cells prolifera-

tion were further analyzed by direct counts upon Trypan Blue

exclusion. Cell number determined up to 48 h was increased

upon treatment with 20 mM H2O2 particularly between 18 and

24 h (Fig. 1C) without any changes in the number of Trypan

Blue positive cells (data not shown). Treatment with catalase,

an enzyme that efficiently scavenges H2O2, completely

abrogated the increase in proliferation, confirming the H2O2-

mediated effect (Fig. 1C). We then verified whether by

increasing the intracellular H2O2-scavenging capacity the
Fig. 2 – H2O2-evoked cell proliferation was associated with activ

for the indicated times. p-ERK1/2 was detected by Western blot

one experiment representative of four that gave similar results

immunoreactive bands was calculated using the software Quan

tubulin. Data are expressed as means W S.D. (n = 4). (B) AGS cell

ERK1/2, ERK1/2 and p-Akt were detected by Western blot on tot

experiment representative of four that gave similar results. b-T

immunoreactive bands was calculated using the software Quan

tubulin. Data are expressed as means W S.D. (n = 4; *p < 0.001). (

(upper panel) or by MTS assay (bottom panel) 24 and 48 h after

culture medium 1 h prior H2O2 treatment and maintained throu

(n = 4; *p < 0.001).
proliferative effect could be also inhibited. Therefore, H2O2

treatment was carried out on AGS cells previously grown for 3

weeks in culture medium supplemented with 0.1 mg/ml

seleno-methionine, a condition that we previously demon-

strated to increase the expression and the activity levels of

glutathione peroxidase [26]. Fig. 1D shows that, under these

conditions, AGS cells were insensitive to H2O2 treatment as no

difference in the growth rate was detected with respect to

untreated cells.

3.2. H2O2 induced ERK1/2 phosphorylation in AGS cells

To delineate the signalling pathway(s) through which H2O2

evoked AGS cells growth, we assessed the ability of H2O2 to

activate MAPKs. We considered ERK1/2, a pro-survival H2O2-

sensitive MAPK majorly stimulating cell proliferation. In

particular, we determined the effect of 20 mM H2O2 on the
ation of ERK1/2. (A) AGS cells were treated with 20 mM H2O2

on total protein extracts. Immunoblots reported are from

. b-Tubulin was used as loading control. Density of

tity one (Bio-Rad) and data are shown as ratio of p-ERK/b-

s were treated with 20 mM H2O2 for the indicated times. p-

al protein extracts. Immunoblots reported are from one

ubulin was used as loading control. Density of

tity one (Bio-Rad) and data are shown as ratio of protein/b-

C) Cell number was determined by Trypan Blue exclusion

treatment with 20 mM H2O2. U0126 (260 nM) was added in

ghout the experiment. Data are expressed as means W S.D.



b i o c h e m i c a l p h a r m a c o l o g y 7 7 ( 2 0 0 9 ) 3 3 7 – 3 4 7 341
phospho-active ERK1/2 (p-ERK) by Western blot analysis using

a phospho-specific antibody. Fig. 2A shows that no changes in

p-ERK1/2 were detected from 6 up to 48 h, times where a

significant acceleration of cell growth was observed. ERK1/2

was instead efficiently activated at very early time points

starting at 10 min up to 30 min, to finally return to basal level

as soon as 1 h from H2O2 administration (Fig. 2B). Western blot

analysis of basal ERK1/2 showed that its content remained

unchanged during all the times screened (Fig. 2B). Among the

H2O2-sensitive protein kinases possibly stimulating cell

proliferation there is also Akt/PKB [28]. Therefore, we

attempted to verify whether Akt/PKB could participate in this

process. Marker of PKB/Akt activation is its phosphorylation

on specific residues [29,30]. Western blot analysis revealed

that Akt/PKB was not activated after H2O2 administration as it

was phosphorylated neither at Ser473 (Fig. 2B) nor at Thr108

(data not shown). To deeply investigate the role played by p-

ERK1/2 in H2O2-induced cell proliferation, we assessed the

effect of U0126, a synthetic ERK1/2 inhibitor, which specifically

blocks ERK1/2 phosphorylation by the upstream MEK1/2

kinase. Cell counts by Trypan Blue staining and MTS analysis

showed in Fig. 2C indicate that 260 nM U0126 completely

abolished the H2O2 proliferative effects. These results were

also confirmed by BrdU staining (data not shown). Moreover,

treatment with U0126 alone led to significant inhibition of cell

proliferation at 48 h (Fig. 2C), thus implicating ERK1/2 in the

signalling pathway stimulating cell proliferation either upon

H2O2 treatment or under basal condition. Moreover, U0126

caused a significant reduction in ERK1/2 phosphorylation

already in H2O2-untreated cells that was maintained during
Fig. 3 – MEK1/2 inhibition and GPx overexpression reduce ERK1/

the indicated times. p-ERK1/2 protein content was detected by W

are from one experiment representative of four that gave simila

immunoreactive bands was calculated using the software Quan

tubulin. Data are expressed as means W S.D. (n = 4; *p < 0.01, **p

0.1 mM seleno-methionine for 3 weeks. Medium containing sele

and replaced with fresh medium. Cells were treated with 20 mM

detected by Western blot on total protein extracts. Immunoblot

that gave similar results. b-Tubulin was used as loading contro

the software Quantity one (Bio-Rad) and data are shown as rati

(n = 5; *p < 0.01).
H2O2 challenge (Fig. 3A). To further corroborate the involve-

ment of ERK1/2 in H2O2-induced proliferation, we measured p-

ERK1/2 levels in cells grown in the presence of seleno-

methionine. We found that the enrichment of GPx activity,

besides inhibiting H2O2-induced cell proliferation, inhibited

the activation of ERK1/2 as it only slightly accumulated at 15

and 30 min (p = 0.01 and p = 0.02 respectively) to finally return

to basal level at 60 min (Fig. 3B).

3.3. ERK1/2-c-Jun signalling pathway was responsible for
AGS cells proliferation

We then attempted to delineate the ERK1/2-governed signal

transduction activated by H2O2, as it can modulate several

molecular targets. Many reports demonstrated that c-Jun is

among the transcription factors downstream of ERK1/2

governing cell growth and survival. c-Jun involvement was

investigated by monitoring both its active phosphorylated form

(p-c-Jun) and its translocation into the nuclear compartment.

We isolated cell nuclei and we assessed c-Jun content by

Western blot. As reported in immunoblot of Fig. 4A, c-Jun

started to accumulate at 30 min to subsequently migrate into

nuclei after 1 h. After 6 h, c-Jun was almost completely present

into nuclear compartment. Since c-Jun transcriptional activity

is mainly activated by JNK, we investigated whether this other

member of MAPKs family could take part in the process leading

to AGS cell proliferation. We hence measured JNK activity by

monitoring its phosphorylated form (p-JNK). As illustrated in

Fig. 4B, H2O2 was not able to induce p-JNK increase, suggesting

that only ERK1/2 should be involved in c-Jun activation. To
2 activation. (A) AGS cells were treated with 20 mM H2O2 for

estern blot on total protein extracts. Immunoblots reported

r results. b-Tubulin was used as loading control. Density of

tity one (Bio-Rad) and data are shown as ratio of p-ERK/b-

< 0.001). (B) AGS cells were cultured in the presence of

no-methionine was removed just before the experiment

H2O2 for the indicated times. p-ERK1/2 protein content was

s reported are from one experiment representative of five

l. Density of immunoreactive bands was calculated using

o of p-ERK/b-tubulin. Data are expressed as means W S.D.



Fig. 4 – ERK1/2 activation promotes c-Jun accumulation, activation and translocation into nuclei. (A) AGS cells were treated

with 20 mM H2O2 for the indicated times. c-Jun protein content was detected by Western blot on supernatant and nuclear

protein extracts. Immunoblots reported are from one experiment representative of four that gave similar results. b-Tubulin

and Lamin A/C were used as loading controls. Density of immunoreactive bands was calculated using the software

Quantity one (Bio-Rad) and data are shown as ratio of c-Jun/b-tubulin or c-Jun/Lamin A/C. Data are expressed as

means W S.D. (n = 4; *p < 0.001). (B) p-JNK protein content was detected by Western blot on total cell lysates. b-Tubulin was

used as loading control. Immunoblots reported are from one experiment representative of three that gave similar results.

Density of immunoreactive bands was calculated using the software Quantity one (Bio-Rad) and data are shown as ratio of

p-JNK/b-tubulin. Data are expressed as means W S.D. (n = 3). (C) U0126 (260 nM) was added in culture medium 1 h prior

20 mM H2O2 treatment and maintained throughout the experiment. p-c-Jun protein content was detected by Western blot

on total cell lysates. b-Tubulin was used as loading control. Immunoblots reported are from one experiment representative

of four that gave similar results. Density of immunoreactive bands was calculated using the software Quantity one (Bio-

Rad) and data are shown as ratio of p-c-Jun/b-tubulin. Data are expressed as means W S.D. (n = 4; **p < 0.001, #p < 0.001 with

respect to H2O2-untreated cells). (D) Cells number was determined by MTS assay (left panel) or by Trypan Blue exclusion

(right panel) 24 h and 48 h after treatment with 20 mM H2O2. JNK inhibitor I (10 mM) was added in culture medium 1 h prior

H2O2 treatment and maintained throughout the experiment. Data are expressed as means W S.D. (n = 5; *p < 0.05).
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validate this hypothesis, we carried out Western blot analysis of

p-c-Jun after ERK1/2 inhibition through U0126. This analysis

revealed that p-c-Jun was significantly inhibited by U0126

already in control cells, confirming the influence of ERK1/2 on
the phosphorylation state of c-Jun. Importantly, the increase of

p-c-Jun triggered by H2O2 was dramatically prevented by U0126

both in H2O2-treated and untreated cells (Fig. 4C), suggesting

that proliferation of AGS cells proceeds via the ERK1/2-c-Jun
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route. Cell counts and MTS analysis carried out after treatment

with JNK inhibitor finally excluded the involvement of JNK in

H2O2-simulated cell proliferation (Fig. 4D), although a signifi-

cant decrease of cell number detected by Trypan Blue staining

was found in treatment with JNK I inhibitor alone. The

ineffectiveness of JNK inhibitor to block H2O2-induced cell

proliferation was also confirmed by performing BrdU assay

(data not shown).

3.4. RV blocked the proliferative effects of H2O2 in AGS
cells by inhibiting ERK1/2 activation

These data indicated that H2O2 evoked cell proliferation via

ERK1/2 activation and that this phenomenon was significantly

prevented by antioxidants (e.g. catalase, GPx). It has been

largely demonstrated that RV exerts an antioxidant action and

is an effective and promising anti-proliferative agent that

could also act through inhibition of ERK1/2 [23,31,32]. We

assessed whether RV could block the proliferative effect of

H2O2 also in AGS cells. 500 nM RV elicited a prominent

inhibition of H2O2-evoked cell proliferation at 24 h as assayed

by cell counting (data not shown) and by BrdU incorporation

analysis (Fig. 5A). Moreover, RV treatment alone was also able
Fig. 5 – RV anti-proliferative effects are not related to its ROS-sca

after 20 mM H2O2 addition through immunofluorescence detecti

(500 nM) was added 1 h prior H2O2 treatment and maintained t

means W S.D. (n = 3; *p < 0.001). (B) Cell number was determined

RV. Data are expressed as means W S.D. (n = 4; *p < 0.001). (C) Ce

20 mM H2O2 up to 60 min. ROS increase was evaluated measuri

reported as percentage of DCF + cells W S.D. (n = 6; *p < 0.001 and

Differences between H2O2 and H2O2 plus RV are not statistically

500 nM RV was added in culture medium 1 h prior 20 mM H2O2 t

increase was evaluated after 30 min measuring DCF fluorescen

representative of four that gave similar results.
to significantly reduce cell proliferation starting at 48 h with a

concomitant induction of cell death (Fig. 5B). We then asked

whether this polyphenol was able to counteract the prolif-

erative effect of H2O2 via an antioxidant action. The

intracellular ROS levels were measured by means of cyto-

fluorimetric analysis using the ROS-sensitive probe DCF-DA.

We found that ROS significantly increased as early as 5 min,

reaching the maximum level at 30 min, to finally return to

basal level after 60 min (Fig. 5C). Fig. 5D shows that RV at the

concentration of 500 nM was able to lower the intracellular

ROS content neither after 30 min from H2O2 addition nor

under basal condition. The ROS-scavenging capacity of RV was

never observed at all the times screened (Fig. 5C), suggesting

that it did not exert an antioxidant function under our

experimental conditions.

In searching for the mechanism(s) by which RV inhibited

cell proliferation, we focused on ERK1/2 signalling pathway. In

particular, we determined both p-MEK1/2 and p-ERK1/2

protein levels by Western blot. As showed in Fig. 6A, treatment

of AGS cells with 500 nM RV significantly inhibited phosphor-

ylation of ERK1/2 at all the times screened but never interfered

with MEK1/2 activation evoked by H2O2. In particular, MEK1/2

was activated before ERK1/2 and returned to values close to
venging capacity. (A) Cell proliferation was determined 6 h

on of incorporated BrdU as described under Section 2. RV

hroughout the experiment. Data are expressed as

by Trypan Blue exclusion 48 h after treatment with 500 nM

lls were incubated with DCF-DA for 1 h and treated with

ng DCF fluorescence by cytofluorimetric analysis. Data are

**p < 0.001 with respect to their own controls (t0).

significant. (D) Cells were incubated with DCF-DA for 1 h.

reatment and maintained throughout the experiment. ROS

ce by cytofluorimetric analysis. Histogram reported is



Fig. 6 – RV inhibits H2O2-evoked cell proliferation by interfering with MEK1/2-ERK1/2-c-Jun signalling. (A) RV (500 nM) was

added in culture medium 1 h prior 20 mM H2O2 treatment and maintained throughout the experiment. p-MEK1/2 and p-

ERK1/2 protein content was detected by Western blot on total cell lysates. b-Tubulin was used as loading control.

Immunoblots reported are from one experiment representative of four that gave similar results. Density of immunoreactive

bands was calculated using the software Quantity one (Bio-Rad) and data are shown as ratio of p-MEK/b-tubulin and p-ERK/

b-tubulin. Data are expressed as means W S.D. (n = 4; *p < 0.01, **p < 0.001). (B) RV (500 nM) was added in culture medium 1 h

prior 20 mM H2O2 treatment and maintained throughout the experiment. p-c-Jun protein content was detected by Western

blot on total cell lysates. b-Tubulin was used as loading control. Immunoblots reported are from one experiment

representative of four that gave similar results. Density of immunoreactive bands was calculated using the software

Quantity one (Bio-Rad) and data are shown as ratio of p-Jun/b-tubulin. Data are expressed as means W S.D. (n = 4, *p < 0.001,
#p < 0.001 versus H2O2-untreated cells).
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control at 1 h (data not shown). The signalling cascade

culminating in c-Jun activation was then examined after RV

treatment. Fig. 6B reports immunoblot analysis of p-c-Jun,

which demonstrated that c-Jun activation elicited by H2O2 was

efficiently abrogated by RV both in control and in H2O2-treated

cells, confirming that the proliferative effects of H2O2 are

mediated by MEK1/2-ERK1/2-c-Jun signalling axis.
4. Discussion

The dissection of the molecular mechanisms underlying cell

proliferation in specific cancer cell types is fundamental for
developing more precise and non-invasive anti-cancer thera-

pies. Given that numerous physiologic ligand–receptor inter-

actions leads to H2O2 production by mammalian cells, H2O2

administration is widely used to mimic oxidation-dependent

steps in receptor-mediated signalling pathways, such as that

of epidermal growth factor receptor (EGF-R) [6]. In particular,

as reported by other authors, H2O2 in AGS as well as in other

cellular models, mimics some transduction pathways impli-

cated in cell survival and stimulating uncontrolled cell growth

[33–35]. In this report we have focused on the signalling

pathways activated by H2O2 that finally lead to enhanced

growth in AGS cells and we have investigated whether low

doses of RV could have anti-proliferative effects. We have
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evidenced that proliferation of AGS cells proceeds via the

recruitment of the ERK1/2-governed signalling pathway. A

prompt activation of the ROS-sensitive MEK1/2 and a

subsequent canonical MEK1/2-mediated ERK1/2 phosphoryla-

tion is elicited as demonstrated by the use of U0126, a specific

inhibitor of MEK1/2 kinase activity on ERK1/2. Experiments

carried out with U0126 also show that the cross-talk between

MEK1/2 and ERK1/2 is a crucial check-point of H2O2-promoted

AGS cells proliferation as by specifically impeding ERK1/2

phosphorylation the signalling route culminating in c-Jun

activation is irreversibly blocked also under basal condition.

H2O2 stimulus could be spread by the engagement of

epidermal growth factor receptor (EGF-R), which has been

shown to be activated and aberrantly phosphorylated in the

cytosolic interface upon oxidative insult [30]. Whether EGF-R is

phosphorylated upon H2O2 administration in AGS cells

remains to be determined; however, our results indicate that

the targets of the H2O2 signal lie downstream of the receptor.

Experiments carried out in GPx-enriched cells demonstrate

that H2O2 stimulus is sensed within intracellular milieu since a

complete abrogation of H2O2-mediated proliferation has been

obtained. The H2O2 insult in GPx-enriched cells results in a

damped, retarded and less persistent ERK1/2 phosphorylation

with respect to normal AGS cells. This event is not sufficient

for promoting cell replication and is also confirmatory of the

strict dependence of AGS cell growth on ERK1/2 signalling [26].

Several substrates have already been discovered for ERK1/2

and many of these are localized in the nucleus as well as in the

cytosol. These substrates seem to participate in the regulation

of transcription upon stimulation and are responsible for

processes such as translation, mitosis and apoptosis [36].

Here, we have proved that the activation of MEK1/2-ERK1/2 by

H2O2 culminates in c-Jun phosphorylation/activation and its

translocation into the nucleus. The analysis of c-Jun localiza-

tion and phosphorylative status allows us concluding that this

signalling pathway is operative and finely orchestrated in

space and time as we depicted in Fig. 7. The almost complete

absence of c-Jun phosphorylation and inhibition of prolifera-

tive stimulus by H2O2 upon U0126 treatment, and the lack of

PKB/Akt activation demonstrate that in this experimental

system the signal is principally transmitted through MEK1/2-

ERK1/2-c-Jun axis.

We have also demonstrated that GPx but not RV is able to

quench H2O2. Albeit RV has been extensively suggested to be

capable to scavenge both reactive oxygen and nitrogen species

[37], we give proof of the inability of such polyphenol to

counteract the oxidative burst triggered by H2O2 administra-

tion in AGS cells. The lack of an antioxidant action of RV is

evidenced by measuring the intracellular ROS content and is

confirmed by the result obtained after detecting p-MEK1/2 that

remains active regardless of RV. On the contrary, ERK1/2 fails
Fig. 7 – Schematic diagram of the events und
to be activated by H2O2 in the presence of RV. The specific

inhibitory action of RV on ERK1/2 is still controversial as

different hypotheses have been drawn. It has been proposed

that RV could interfere with ROS-mediated ERK1/2 phosphor-

ylation as a result of its antioxidant action [31,37] or directly

suppress MEK1 activity [23]. Our results point to a site-directed

inhibition of MEK1/2 phosphorylation activity on ERK1/2, as a

persistent MEK1/2 activation has been found also after RV

incubation. This result is in contrast with that obtained by Kim

and co-workers, who found that ERK1/2 signalling is blocked

by RV upstream of MEK1. The discrepancy could be explained

by the higher concentration of RV used by these authors (25–

100 mM) that likely could widespread interfere with other

phosphorylation steps including Raf1-MEK1 [23]. Indeed, it has

been found that RV at lower doses than 25 mM failed to inhibit

MEK1 phosphorylation [31]. Lee and co-workers reported that

quercetin but not RV can inhibit MEK1 activity probably due to

the presence of an additional hydrogen bond, which is the key

interaction for stabilizing the inactive conformation of the

activation loop of MEK1. These authors did not explore the

possible RV action on MEK2 that, although the high homology

with MEK1, has a more disordered activation loop with respect

to MEK1 [38]. Therefore, in our experimental system, the

efficacy of RV to inhibit ERK1/2 phosphorylation could be

explained with its specific inhibitory action on MEK2. How-

ever, this hypothesis remains to be validated by docking

studies and/or in vitro kinase assays.

Importantly, we found that RV also inhibits ERK1/2 under

basal conditions reinforcing the idea of its direct action on

MEK1/2 activity. Notably, the inhibitory effect of RV influences

c-Jun activation implying that MEK1/2-ERK1/2 is the principal

route involved in AGS cell proliferation. The evidence of a

significant cytostatic activity of both U0126 and RV starting at

48 h corroborates this statement. The cytostatic activity is

more prominent with RV, in agreement with its highest

capacity to inhibit ERK1/2. We can therefore suggest that

MEK1/2-ERK1/2-c-Jun signalling is a crucial step for ensuring

AGS cell growth not only upon H2O2 stimulus but also under

steady-state condition.

To our knowledge this is the first case reporting an anti-

proliferative effect of RV at so very low doses. Actually, many

reports show that only higher concentrations of RV (5–400 mM)

are able to efficiently induce cell growth arrest associated with

ERK1/2 inhibition in differentiated and other tumour cell types

[24,31,39,40]. The bioavailability and stability of polyphenols

such as RV, after digestion and blood circulation, is still a

debated matter [11,41]. Indeed, RV-conjugates could signifi-

cantly change biological properties of the original compound.

However, it is plausible that the action of RV can be efficiently

preserved in stomach milieu, where it can reach higher

concentration and accomplish its anti-proliferative action
erlying H2O2-induced cell proliferation.
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directly. Therefore, the high efficiency of RV in impeding cell

proliferation at the low doses used in this study might support

that it can exert a cancer preventive action also in vivo. Finally,

our results support the idea that RV can be a weapon for

developing new chemopreventive/therapeutic strategies at

least for gastric adenocarcinoma management.
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