
ORIGINAL ARTICLE

Rapamycin suppresses ROS-dependent apoptosis caused
by selenomethionine in A549 lung carcinoma cells

Maiko Suzuki • Manabu Endo • Fumiaki Shinohara •

Seishi Echigo • Hidemi Rikiishi

Received: 20 April 2010 / Accepted: 19 July 2010 / Published online: 3 August 2010

� Springer-Verlag 2010

Abstract

Purpose Although selenium compounds possess chemo-

therapeutic features by inducing apoptosis in cancer cells

with trivial side effects on normal cells, the mechanisms

underlying its anti-cancer activity are insufficiently

understood at the present. In this study, we investigated the

effects of rapamycin on apoptosis induced by seleno-L-

methionine (SeMet) or selenite in A549 cells.

Methods The effects of Se compounds, SeMet and sele-

nite, on cell proliferation, apoptosis and its signaling

pathway were investigated in established human adeno-

carcinoma cell line (A549). Cancer cells were treated with

each Se during different periods. Cell apoptosis and

signaling molecules were analyzed by flow cytometry

(TUNEL method) or immunoblotting, respectively.

Results SeMet induces reactive oxygen species genera-

tion associated with the induction of apoptosis, because

pretreatment of cells with N-acetyl-L-cysteine completely

blocked SeMet-induced apoptosis. We also found that

rapamycin completely suppressed the apoptosis of cells

treated by SeMet, but not selenite. SeMet-induced apop-

tosis is significantly downregulated in combination with

PI3 K family inhibitors (LY294002, wortmannin, PI-103,

and 3-methyladenine). In addition, ROS generation was

included in downstream signaling events associated with

the phosphorylation of mTOR, because pretreatment of

cells with rapamycin inhibited ROS generation.

Conclusion These results suggest that SeMet-induced

apoptosis is affected by the Akt/mTOR/ROS pathway in

A549 cells. Akt serves an anti-survival function in the

system of SeMet-treated lung cancer cells, but autophagic

signaling remained unsolved.
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Introduction

Malignant tumors are a leading cause of death in many

countries despite advances in early detection and treatment,

and, until now, the chemotherapeutic agents have had

insufficient efficacy against tumor cells. Dietary selenium

(Se) compounds are promising anti-cancer agents that have

shown strong activity against a wide variety of cancer types

in vitro and in vivo [1]. Among their compounds, seleno-

L-methionine (SeMet) is a naturally occurring amino acid

that can provide Se to multiple cellular pools and has potent

growth inhibitory and apoptotic activities against multiple

human tumor cell lines, including breast, colon, liver, lung,

prostate, skin and lymphoid cells [2]. SeMet has also been

suggested to have anti-cancer/chemopreventive properties

in human clinical studies [3]; however, acute or chronic

exposure to high concentrations of SeMet has caused tox-

icity [4]. Disruption of the PI3 K/Akt pathway by Se has

been reported in a variety of cancer cells. For example,

PI3 K activity was inhibited by Se-methylselenocysteine

(MSC), followed by dephosphorylation of Akt [5]. Meth-

ylseleninic acid (MSA) modestly attenuated Akt phosphor-

ylation in LNCaP prostate cancer cells. In contrast, selenite
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treatment increased the phosphorylation of Akt and p53, but

selenite-induced apoptosis was not influenced by chemical

inhibitors of either kinase [6]. A combination of selenite

and genistein had synergistic effects on apoptosis, through

the inhibition of Akt phosphorylation by genistein [7].

These findings support the differential involvement of

these protein kinase pathways in regulating apoptosis

induction by different forms of Se. The targets and under-

lying mechanism of anti-cancer action by Se are, therefore,

largely unknown.

In general, the PI3 K/Akt/mammalian target of rapa-

mycin (mTOR) pathways promote normal cell growth and

proliferation, and their constitutive activation has been

implicated in many human cancers [8]. Akt mediates sur-

vival and anti-apoptotic signaling, which is activated

indirectly by PI3 K. Anti-cancer agents induced caspase-

mediated apoptosis associated with the decreased

PI3 K/Akt/mTOR signaling axis in cancer cells [6].

Despite its ability to inhibit apoptosis, Akt could not pro-

tect against reactive oxygen species (ROS)-mediated cell

death but rather sensitized cells to this cell death [9]. The

mTOR signaling pathway has critical functions in protein

synthesis, controlling cell size and cell cycle progression in

response to extracellular and intracellular stimuli. The

highly conserved serine/threonine kinase mTOR was found

to exist in the form of two distinct protein complexes,

mTORC1 and mTORC2, with both fulfilling different

molecular functions [10]. Rapamycin and its analogs, such

as CCI-779, RAD001 and AP23573, are molecular tar-

geting agents that specifically inhibit mTOR. Rapamycin is

of significant interest as a potential anti-cancer drug

because many cancers, including lymphoma, pancreatic,

colon, prostate, and breast cancers, demonstrate increased

mTOR signaling [11]. The inhibition of mTOR decreases

the phosphorylation and activation of S6 kinase and

4EBP1, resulting in the inhibition of the translation of

critical mRNAs involved in cell cycle progression and,

ultimately, cell cycle arrest in the early G1 phase. In

addition, rapamycin is the best characterized drug that

enhances autophagy [12], which has a synergistic cytotoxic

effect with other chemotherapeutic agents in several cancer

cell types [13]. Although rapamycin has shown clinical

efficacy in a subset of cancers, this mode of drug action

does not fully exploit the anti-tumor potential of mTOR

targeting in cancer.

ROS play very critical roles in the determination of cell

fate by eliciting a wide variety of cellular responses, such

as proliferation, differentiation and apoptosis. Although

low levels of ROS regulate cellular signal transduction and

play important roles in normal cell proliferation, high

levels of ROS lead to apoptosis [14]. Extensive studies

have indicated that ROS are involved in apoptosis caused

by anti-cancer drugs [15]. Several groups have suggested

that Se could induce apoptosis in transformed cells through

a redox pathway, and ROS was a critical mediator of

Se-induced apoptosis [16]. A number of pro-apoptotic and

anti-apoptotic proteins are present in the mitochondrial

membrane. Oxidative damage to mitochondria is a critical

event in apoptosis. The release of cytochrome c from

injured mitochondria was shown to activate caspase-3.

In addition, evidence has suggested that ROS act as second

messengers that are required for downstream signaling

effects. ROS generation has been shown to be involved in

the Akt signaling pathway [17]. The majority of research

on Akt has focused on its role in cell growth promotion,

and little is known about its function in cell apoptosis.

We were interested in determining how rapamycin

would influence cancer cell death by SeMet, as mTOR has

been implicated in both cancer cell death and survival.

During the course of these studies, we found that Akt

sensitizes A549 cells to ROS-mediated apoptosis. Thus,

Akt can be exploited in cancer therapy to selectively kill

cancer cells. The results obtained here suggest that the

Akt/mTOR axis acts as a self-destructive mechanism in

SeMet-treated cancer cells, and that Akt/mTOR inhibitors

are cancer cells resistant to SeMet by blocking the apop-

tosis pathway.

Materials and methods

Reagents

Seleno-L-methionine (SeMet) and sodium selenite were

purchased from Sigma (St. Louis, MO, USA). Phosphoin-

ositide 3-kinase (PI3 K) family inhibitors, LY294002 and

wortmannin, and free radical scavenger N-acetyl-L-cys-

teine (NAC) were purchased from Calbiochem (La Jolla,

CA, USA). mTOR inhibitor rapamycin was obtained from

Wako (Osaka, Japan). Autophagy inhibitor 3-methylade-

nine (3-MA; Calbiochem) was used. The dual PI3

K/mTOR inhibitor PI-103 was purchased from Calbiochem

and dissolved in dimethyl sulfoxide. All other chemicals

used in this study are commercially available.

Cell lines and cell culture

A549 cells (wild-type p53, human non-small-cell lung

adenocarcinoma) were obtained from the Cell Resource

Center for Biomedical Research (Institute of Development,

Aging and Cancer, Tohoku University, Japan). Cells were

cultured in RPMI 1640 medium supplemented with 10%

(v/v) heat-inactivated fetal bovine serum, 100 units/ml

penicillin, and 100 lg/ml streptomycin (Invitrogen,

Carlsbad, CA, USA). Cells were maintained in a humidi-

fied atmosphere of 95% air and 5% CO2 at 37�C.
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Cell viability assays

Cell viability was evaluated by the Trypan blue exclusion

assay, and the cytotoxic effects of each drug were deter-

mined using an MTT (WST-8) colorimetric assay kit

(Dojindo, Kumamoto, Japan), as described previously [2].

TUNEL assay

Apoptotic cells were assayed by the TUNEL method using

the Mebstain apoptosis kit direct (MBL, Nagoya, Japan) for

flow cytometric analysis (FACSCalibur; Becton–Dickin-

son, San Jose, CA, USA). All experiments were conducted

in triplicate.

Western blotting

Whole proteins were analyzed by Western blotting as

described previously [2]. The following antibodies were

used: anti-phospho-mTOR and anti-LC3B (Cell Signaling,

Danvers, MA, USA); anti-p62 (MBL); and anti-b-actin

(BioVision, Mountain View, CA, USA). HRP-conjugated

secondary antibodies, sheep anti-mouse IgG (GE Health-

care, Piscataway, NJ, USA) and goat anti-rabbit IgG (Santa

Cruz Biotechnology, Santa Cruz, CA, USA) were also

used.

ROS measurement

Intracellular ROS production was measured using 5-(6)-

chloromethyl-20,70-dichlorodihydrofluorescein diacetate

(CM-H2DCF-DA) as a fluorescent probe (Invitrogen,

Carlsbad, CA, USA). Cells were cultured in 6-well plates at

1 9 106 cells/well. Cells were treated with the indicated

agents and incubated for 48 h. After incubation, cells were

exposed to dyes (2.5 lM) for 30 min at 37�C, harvested,

and then analyzed using FACSCalibur. The mean fluores-

cence intensity (MFI) was used for an index of the ROS

level.

Measurement of Akt phosphorylation

Akt protein activation by phosphorylation was assayed

with an ELISA (Active Motif, Carlsbad, CA, USA) specific

to p-Ser473 Akt and total Akt in HSC-3 and A549 cells, as

described previously [18]. Results are expressed as the

absorbance at 450 nm.

Statistical analysis

Data are given as the means ± SE. When required, mul-

tiple comparisons were made by Scheffe’s test. P values

less than 0.05 were regarded as significant.

Results

Inhibition of SeMet-induced apoptosis by rapamycin

To reevaluate previous results showing the induction of

apoptosis by Se compounds [2], we first examined whether

SeMet and selenite could induce apoptosis in lung cancer

cell line A549. After cells were treated with SeMet

(50 lM) or selenite (5 lM) for various lengths of time, the

apoptosis rate was evaluated by the TUNEL method.

As shown in Fig. 1a, the apoptosis rate of SeMet alone

reached 66.5 ± 2.4% after 5 days of incubation, and when

cells were treated for 4 days with selenite, the apoptosis

rate increased to 39.9 ± 5.4% (Fig. 1b). Our previous

results showed that treatment of A549 cells with SeMet

activated caspase-3, caspase-8, and caspase-9 in a

p53-dependent manner [2].

Fig. 1 Inhibition of SeMet-induced apoptosis by rapamycin. A549

cells were treated with a SeMet (50 lM) and b sodium selenite

(5 lM) in the presence of rapamycin (10 nM) for 5 or 4 days,

followed by the TUNEL assay. Cells pretreated for 1 h with 3-MA

(1 mM), LY294002 (LY, 30 lM), wortmannin (Wort, 60 lM), or

PI-103 (30 lM), were treated with c SeMet or d selenite without

washing, and then subjected to the TUNEL assay. Fluorescence-

positive cells, including the apoptotic subpopulation, were quantified.

Results are expressed as the means ± SE of triplicate experiments.

*P \ 0.05 versus SeMet or selenite alone
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We next investigated the signaling pathways of

PI3 K/Akt/mTOR required for apoptosis induction, using a

pharmacological inhibitor of mTOR (rapamycin), a

downstream target of Akt. Surprisingly, SeMet-induced

apoptosis was markedly inhibited in rapamycin pretreat-

ment (Fig. 1a), whereas no changes were found in apop-

tosis by selenite/rapamycin (Fig. 1b). PI3 K inhibitor

LY294002 was able to significantly inhibit apoptosis by

SeMet. Both wortmannin and PI-103 are more effective

than LY294002 in blocking apoptosis by SeMet (Fig. 1c).

Pretreatment with 3-MA modestly decreased the percent-

age of apoptotic cells. When cells were treated with sele-

nite, apoptosis was significantly decreased in the presence

of LY294002 or PI-103 (Fig. 1d). It is noteworthy that

PI3 K family inhibitors were not cytotoxic to the cells at

the concentrations used, in the absence of Se compounds.

Taken together, these results suggest that SeMet showed

different properties from selenite in response to rapamycin.

Phosphorylation of Akt and mTOR by SeMet

The mTOR signaling protein is one of the downstream

targets of PI3 K/Akt. To examine the effect of SeMet on

Akt or mTOR activation, A549 cells were treated with

SeMet for 12 h. Levels of phospho-Akt and phospho-

mTOR were examined by ELISA or Western blot using

phospho-specific antibodies, respectively. Levels of phos-

pho-Akt were increased after SeMet treatment, whereas

constitutive Akt activity of cells was markedly reduced in

the presence of LY294002 (Fig. 2a). In addition, SeMet

treatment for 48 h clearly increased mTOR activity. This

was evidenced by the appearance of phospho-mTOR.

In contrast, we observed no signal of phospho-mTOR in

selenite-treated cells, whereas the signal of phospho-

mTOR was detected in untreated cells (Fig. 2b).

Involvement of ROS in Se-induced apoptosis

We investigated whether Se compounds could increase the

ROS level in A549 cells. Cells were examined for evidence

of oxidative stress using a peroxide-sensitive DCF fluo-

rescence assay. ROS accumulation was observed at 48 h of

treatment with SeMet or selenite in A549 cells, compared

to the control group (Fig. 3). The ROS scavenger NAC at

3 mM abrogated DCF accumulation induced by SeMet or

selenite (Fig. 3). In addition, we investigated whether the

generation of intracellular ROS is part of the mechanism by

which SeMet induces apoptosis in A549 cells. Pretreatment

of cells with NAC completely blocked SeMet-induced

apoptosis in cells, as well as selenite-induced apoptosis

(Fig. 4a, b). Taken together, these results demonstrate that

the generation of ROS by SeMet treatment enhances the

progress of apoptosis.

Regulation of intracellular levels of ROS by rapamycin

There are likely multiple proteins and pathways that

regulate ROS generation; of special interest is the

PI3 K/Akt/mTOR pathway. To evaluate the potential role

of the mTOR pathway in the regulation of ROS levels,

we used rapamycin to treat A549 cells. Treatment with

Fig. 2 Akt and mTOR phosphorylation by SeMet. a A549 cells were

treated with SeMet (100 lM) or LY294002 (30 lM) for 12 h, and

fixed. Phospho-Akt and total-Akt were assayed in triplicate, and

reactions were measured at OD450 nm. Results are the means ± SE

of OD450 values from triplicate experiments. b Cells were treated with

SeMet or sodium selenite for 48 h. Total cell lysates were prepared

for phospho-mTOR expression, and equal amounts of lysates were

loaded for Western blotting. b-Actin was used as a loading control

Fig. 3 SeMet-induced ROS generation. A549 cells were treated with

SeMet (50 lM) or sodium selenite (2.5 lM) for 48 h with or without

NAC (3 mM). The level of ROS in cells was detected by

CM-H2DCF-DA-dependent measurements. The mean fluorescence

intensity (MFI) was used for an index of ROS levels. *P \ 0.05

versus SeMet or selenite alone
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rapamycin markedly reduced SeMet-induced generation of

ROS (Fig. 4c). These results indicated that activation of the

PI3 K/Akt/mTOR pathway is required for optimal induc-

tion of ROS.

Conversion efficiency of LC3B-I to LC3B-II by SeMet

In order to examine the contribution of autophagy to

SeMet-induced apoptosis in A549 cells, autophagy was

monitored by measuring the conversion of the cytoplasmic

form of LC3B-I to the autophagosomal membrane-bound

form of LC3B-II. LC3B-II can be used to estimate the

abundance of autophagosomes before they are destroyed

through fusion with lysosomes [19]. Lysates of cells treated

with SeMet (100 lM) were subjected to Western blot

analysis, and processing of LC3B-I to LC3B-II was ana-

lyzed. In A549 cells, the level of LC3B-II was slightly

increased by incubation with SeMet (48 h) or selenite

(24 h), whereas clear bands corresponding to LC3B-II

were found in control cells (Fig. 5).

Discussion

Our earlier work showed that different classes of Se

compounds induce apoptosis with differential mechanisms

in human carcinoma cell lines [2]. In the present study, we

have demonstrated that SeMet exposure induced apoptosis

through the Akt/mTOR signal transducing pathway, indi-

cated by evidence that mTOR or PI3 K inhibitors com-

pletely blocked SeMet-induced apoptosis. In addition,

rapamycin significantly reduced ROS generation. Thus, we

can conclude that SeMet-induced apoptosis proceeds in a

PI3 K/ROS-dependent manner.

Previous study showed that free radicals could cause

extensive chemical modifications and alterations in DNA

and proteins, including modified bases and sugars, and

even strand breaks [20]. The generation of ROS in response

to Se compounds has been implicated in the triggering of

apoptosis. During selenite-induced apoptosis, cysteine

residues in Bax can chemically react with ROS, leading to

a change in its conformation and its subsequent translo-

cation to mitochondria [21]. Selenocystine triggers DNA

damage that mediates the apoptotic pathway in selected

cancer cells [22]. The present study demonstrates that

SeMet exposure caused ROS production and cell apoptosis.

Using CM-H2DCF-DA susceptible to oxidation by H2O2,

we found that both SeMet and selenite mainly induced

H2O2 generation, indicating that H2O2 is likely the main

ROS involved in SeMet-induced apoptosis. Moreover,

pretreatment of A549 cells with the free radical scavenger

NAC, which preferentially quenched the hydroperoxide

type of ROS, reduced SeMet-induced ROS generation, and

apoptosis was completely blocked by NAC (Fig. 4a).

Pretreatment with NAC resulted in near complete

Fig. 4 Involvement of ROS in Se-induced apoptosis. A549 cells

were treated with a SeMet (5 days) or b sodium selenite (4 days) in

the presence of NAC, and then subjected to the TUNEL assay.

Fluorescence-positive cells, including the apoptotic subpopulation,

were quantified. Results are expressed as the means ± SE of triplicate

experiments. c Cells were treated with SeMet for 48 h in the presence

of rapamycin. The levels of ROS in cells were detected by

CM-H2DCF-DA-dependent measurements. *P \ 0.05 versus SeMet

or selenite alone

Fig. 5 LC3B expression and processing after Se exposure. A549

cells were treated with SeMet or sodium selenite for the indicated

time periods for the detection of LC3B-II. Changes in LC3B were

examined by Western blot
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inhibition of selenite-induced DCF fluorescence (Fig. 4b).

Even though the exact mechanism of ROS generated by

SeMet is unknown, several sources of ROS generation

could exist in cells, including the mitochondrial electron

transfer system.

ROS induced by anti-cancer agents may act in an

antagonistic manner to anti-apoptotic molecules included in

the Akt/mTOR signaling pathway in cancer cells. Of special

interest for SeMet-induced apoptosis is the requirement for

an active PI3 K/mTOR pathway in the induction of elevated

levels of intracellular ROS. Downstream signaling events

associated with the phosphorylation of mTOR include ROS

generation, because pretreatment of cells with rapamycin

inhibited ROS generation (Fig. 4c). A recent report dem-

onstrated that ROS generation in transformed cells required

PI3 K/Akt/mTOR activation [23]. The exact role of PTEN

in our system, a tumor suppressor and a target of mutations

in solid tumors, in the direct regulation of ROS and PI3 K in

A549 cells still needs to be determined. Akt kinases play

critical roles in regulating growth, proliferation, survival,

metabolism, and other cellular activities. In contrast to its

well-established survival-promoting role, we found here

that Akt also plays a pro-apoptotic role in SeMet-induced

apoptosis. In agreement with our study, it is indicated that

Akt is not just a single function kinase, and under certain

conditions, activation of Akt may be beneficial to cell death.

It was shown that Akt activation increases oxidative stress,

which in turn further increases Akt phosphorylation and

renders cells susceptible to ROS-triggered cell death [9].

In addition, anti-cancer drugs, such as methotrexate, doce-

taxel, and doxorubicin, can also activate the Akt/Cdk2

pathway to promote, rather than suppress, cell death [24].

In the case of the death receptor pathway, activation of Akt

by Fas ligand stimulation leads to apoptosis in epidermal

C141 cells [25]. A recent report suggested strongly that the

transient activation of Akt supports cell survival, whereas

its sustained activation can lead to cellular oxidative stress,

eventually resulting in apoptosis through increased Foxo3a

expression [26]. Taken together, these data provide novel

insights into the molecular consequences of uncontrolled

Akt/mTOR activation.

In this study, SeMet increased the phosphorylation level

of mTOR at 48 h of incubation in A549 cells, although

selenite exposure decreased phospho-mTOR compared to

the control (Fig. 2b). Activation of mTOR signaling path-

ways by SeMet was found to enhance the ability to initiate

the apoptosis machinery (Fig. 1a). In our studies, we

demonstrated that SeMet treatment caused a transient

increase in phosphorylation with consequent activation of

Akt, whereas the amount of phospho-Akt was decreased in

selenite-treated cells [2]. Recently, it was suggested that

apoptosis was effectively induced through autophagy

modulation in cancer cells. Sodium selenite increases NB4

cell apoptosis by autophagy inhibition through PI3 K/Akt,

and the inhibition of autophagy contributes to the upregu-

lation of apoptosis [27]. MSA is a substrate for reduction to

methylselenol by thioredoxin reductase. When thioredoxin

reductase levels were reduced using siRNA, there was a

clear increase in LC3B-II in cells treated with MSA com-

pared to treatments with MSA or the siRNA alone [28].

The detection of processed LC3B-II by Western blotting

has been the mainstay of autophagy detection, although

LC3B-II expression levels can vary markedly between

different cell types and in response to different stresses.

In this study, no evidence of autophagy was confirmed

because a higher conversion rate of LC3B-I to LC3B-II

could be not observed in response to SeMet and selenite

(Fig. 5).

Clinical trials are ongoing with rapamycin and its ana-

logs in various tumor types. In addition to direct anti-tumor

effects, rapamycin specifically inhibits mTORC1, but not

mTORC2, by disrupting the interaction between raptor and

mTOR. The mTORC2 complex is responsible for the

phosphorylation of Akt. It was reported that prolonged

treatment with rapamycin resulted in the inhibition of

mTOR and increased Akt phosphorylation at Ser473,

suggesting that secondary activation of Akt may occur as a

consequence of mTORC2 activation [29]. In addition, a

recent report suggested that mTOR inhibition by rapamy-

cin might be related to the feedback activation of Akt and

that this can cause hyper-activation of Akt and resistance to

apoptosis [30]. Although the efficacy of rapamycin as a

single agent is limited in most tumor types, anti-cancer

effects of conventional chemotherapeutic agents are

enhanced in combination with rapamycin. For example,

rapamycin interacts with 5-fluorouracil in a synergistic

manner in scirrhous gastric cancer cells by activation of the

apoptosis signal [31]; however, an antagonistic effect was

found for the combination of mTOR inhibitors with anti-

cancer drugs (paclitaxel, gemcitabine, irinotecan, and

oxaliplatin). We also found that low doses (10 nM) of

rapamycin completely protected against SeMet-induced

apoptosis (Fig. 1a). In this regard, rapamycin may act as

one of the anti-apoptotic components of the Akt/mTOR

signaling pathway. Conversely, the Akt/mTOR pathway

may represent a common pro-apoptotic mechanism utilized

by cancer cells.

Wortmannin acts as a potent inhibitor of PI3 K; how-

ever, it is nonspecific as it also elicits a strong inhibitory

effect on MAPK. LY294002 is a commonly used phar-

macologic inhibitor of PI3 K, where it acts on the ATP

binding site of the PI3 K enzyme, thus selectively inhib-

iting the PI3 K/Akt nexus. PI-103, the first synthetic multi-

targeted compound, simultaneously inhibits PI3 Ka and

mTOR. The early and still frequently employed inhibitors,

wortmannin and LY294002, have significant limitations as
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chemical tools, although they were valuable in the past.

PI-103 exhibited advantages over wortmannin and

LY294002, with excellent potency and selectivity [32].

In this study, PI-103 was more effective than LY294002

and wortmannin in blocking apoptosis by SeMet (Fig. 1c).

Although 3-MA is widely used as an inhibitor of autoph-

agy, 3-MA suppresses the invasion of HT1080 cells,

independently of autophagy inhibition, through the inhi-

bition of type I and II PI3 Ks and possibly other

molecules [33].

In summary, a host of dietary factors can influence

various cellular processes and thereby potentially influence

the overall cancer risk and tumor behavior. In many cases,

these factors suppress cancer by stimulating programmed

cell death. The present study provides insight into the role

of ROS, Akt, and mTOR signaling in apoptotic death by

SeMet in A549 lung adenocarcinoma cells. Better under-

standing of the mechanism of action of SeMet could

potentially facilitate the clinical development of SeMet for

malignant tumors.
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