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MMPT, (5-[(4-methylphenyl)methylene]-2-(phenylamino)-4(5H)-thiazolone), a thiazolidin compound, was
identified in our laboratory as a novel antineoplastic agent with a broad spectrum of antitumor activity against
many human cancer cells. A previous study showed that MMPT inhibited cell growth, and induced apoptosis
in H1792 cells. In this study, the antiproliferative activity of MMPT was investigated. The results showed that
MMPT was able to inhibit A549 cell growth in a time- and dose-dependent manner by blocking cell cycle pro-
gression in the G2 phase and inducing apoptosis. MMPT induced DNA fragmentation and caspase activation in
A549 cells, both of which are hallmarks of apoptosis. The apoptotic process was accompanied by the generation
of reactive oxygen species, depletion of glutathione (GSH), and reduction the GSH/GSSG ratio, suggesting that
MMPT may induce apoptosis in A549 cells through a reactive oxygen species dependent pathway. Treatment
with a thiol antioxidant, NAC, showed the recovery ofGSH depletion and the reduction of reactive oxygen species
levels in MMPT-treated cells, which were accompanied by the inhibition of apoptosis. In contrast, L-buthionine
sulfoximine (BSO), a well-known inhibitor of GSH synthesis, aggravated GSH depletion and cell death inMMPT-
treated cells. In conclusion, we have demonstrated thatMMPT inhibits the growth of A549 cells by inducing a G2
arrest of the cell cycle and by triggering apoptosis accompanied with the depletion of GSH.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Apoptosis is an important mechanism of controlled cell depletion in
response to both physiological and toxic stimuli. Morphologically, apo-
ptosis is characterized by a series of structural changes in dying cells:
blebbing of the plasmamembrane, cytoplasmic vacuolization, condensa-
tion of chromatin, and cellular fragmentation into membrane apoptotic
bodies (Cho and Choi, 2002;Wong, 2011). Thesemorphological changes
result from the activation of a set of apoptotic signaling pathways. Two
well established mechanisms involving apoptotic cell death have been
characterized. One is mediated by death receptors, which interact with
their ligands including CD95 (Fas/APO-1), TNF-R1, DR3, DR4 (TRAIL-
R1), and DR5 (TRAIL-R2) (Falschlehner et al., 2009; Qiao and Wong,
2009). The other is involved in the participation of mitochondria, for
most forms of apoptosis in response to cellular stress, loss of survival
factors and developmental cues (Ferrín et al., 2011). Recent studies of
the endoplasmic reticulum (ER) as a third subcellular compartment con-
taining caspase-4 were implicated in apoptotic execution induced by ER
stress (Rasheva and Domingos, 2009; Zhao et al., 2011). Many proteins

are involved in this complex process. Central to the apoptotic process
are the caspases, a family of cysteine proteases that are activated in a
cascade of sequential cleavage reactions from their inactive zymogen
precursors (Olsson and Zhivotovsky, 2011; Pop and Salvesen, 2009).

Chemical agents such as anticancer drugs and chemopreventive
agents stimulate cells to produce reactive oxygen species (Liu et al.,
2009). Generated reactive oxygen species can cause ΔΨm loss by
activating mitochondrial permeability transition, and can induce apo-
ptosis by releasing apoptogenic proteins such as cytochrome c to the
cytosol (Xu et al., 2012). Reactive oxygen species include hydrogen
peroxide (H2O2), superoxide anion (O2•

−) and hydroxyl radical
(•OH). These molecules have recently been implicated in regulating
many important cellular events, including transcription factor activa-
tion, gene expression, differentiation, and cell proliferation (Cataldi,
2010; Liu et al., 2009; Wolf, 2005). Reactive oxygen species can inter-
act with intracellular macromolecules such as proteins, membrane
lipids and nucleic acids. Oxidative attack of proteins can lead to oxida-
tion of amino acid residue side chains, formation of protein–protein
cross-linkages, and oxidation of the protein backbone resulting in
protein fragmentation (Cataldi, 2010; Wolf, 2005). Cell membrane is
another target of reactive oxygen species, and generally the effects
of lipid peroxidation are to decrease membrane fluidity, increase
the leakiness of the membrane, and inactivate membrane-bound en-
zymes, leading to complete loss of membrane integrity (Gaetke and
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Chow, 2003; Liu et al., 2009). Cells possess antioxidant systems to con-
trol the redox state, which is important for their survival. Excessive pro-
duction of reactive oxygen species gives rise to the activation of events
that lead to death or survival in various cell types (Dasmahapatra et al.,
2006; Simon et al., 2000; Wallach-Dayan et al., 2006). GSH is a main
non-protein antioxidant in the cell and it can clear away the superoxide
anion free radical and provide electrons for enzymes such as glutathione
peroxidase, which reduce H2O2 to H2O (Rhee et al., 2005). GSH has been
shown to be crucial for regulation of cell proliferation, cell cycle progres-
sion and apoptosis (Giannopoulou et al., 2009; Schnelldorfer et al., 2000),
and is known to protect cells from toxic insult through detoxification of
the toxic metabolites of drugs and reactive oxygen species (Biswas and
Rahman, 2009; Lauterburg, 2002).

Although MMPT was demonstrated to induce apoptosis in H1792
human lung cancer cells (Zhao et al., 2010), there is no available in-
formation to address MMPT affecting A549 human lung cancer cells
and also no information to address the role of reactive oxygen species
and GSH on MMPT-induced apoptosis. Therefore, in this study we fo-
cused on the mechanism and the role of reactive oxygen species pro-
duction and GSH depletion on the induction of apoptosis by MMPT in
A549 cells.

2. Materials and methods

2.1. Standard cell culture conditions

Human lung cancer cell lines A549 were obtained from American
Type Culture Collection (Manassas, VA). Cells were grown in RPMI
1640, supplemented with 10% fetal bovine serum, L-glutamine (2 mM),
penicillin (100 units/ml), streptomycin (100 units/ml), and HEPES
(25 mM). Normal human lung cells (Wi-38) and normal human fibro-
blasts cells (NHFB) were maintained in Dulbecco's modified Eagle's me-
dium (DMEM) with the same supplements. All cells were maintained in
the presence of 5% CO2 at 37 °C.

2.2. Chemicals and antibodies

MMPT was synthesized and was structurally confirmed by nucle-
ar magnetic resonance (NMR). The MMPT was dissolved in DMSO
to a concentration of 10 mM and stored at 4 °C. Sodium 3′-[1-
(phenylamino-carbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro)
benzenesulfonic acid hydrate (XTT)was obtained fromRocheDiagnostics
GmbH (Germany). ApoAlert caspase-3 colorimetric assay kit was pur-
chased from Clontech Laboratories, Inc., (Palo Alto, CA); Nucleosome
ELISA was purchased from Calbiochem (Cambridge, MA). L-buthionine
sulfoximine (BSO), N-acetylcysteine (NAC), dithiothreitol (DTT), 2,7-
dichlorodihydrofluorescein diacetate (DCHFDA), propidium iodide
(PI), ribonuclease A (RNase A), Rhodamine 123, and Hoechst 33258
(H33258) were purchased from Sigma Aldrich Chemical (St. Louis,
Mo., USA). Fetal bovine serum (FBS), penicillin, streptomycin, RPMI
1640 medium, 4-(2-hydroxyerhyl)-piperazine-1-erhanesulfonicacid
(HEPES), and PBS were obtained from GIBCO BRL (Gaithersburg, MD).
Monochlorobimane was obtained from Molecular Probes (Eugene,
OR). Glutathione kit was obtained from Cayman Chemical (Ann Arbor,
MI).

2.3. Cytotoxicity studies

The inhibitory effects of MMPT on cell growth were determined by
XTT assay. Briefly, cells were plated in 96-well plates (5×103 cells/
well). After 24 h incubation the cells were treated with MMPT. The cell
viability was determined by XTT assay according to the manufacturer's
protocol. Cell viability (%)=ODtreatment/ODcontrol×100%. The IC50 value,
a dose that causes 50% reduction of surviving cells when compared with
control, was determined by the SigmaPlot Version 10.0 program.

2.4. Colony formation assay

The antiproliferative effect of MMPT on A549 cells was assessed by
colony formation assay, as described by Roy et al. (2005). Briefly,
~400 cells were plated into each well of 6-well pates in triplicate for
24 h. Thereafter, cells were treated with MMPT. The cells were kept
in an incubator at 37 °C for 7 days. On day 8, the colonies were
washed with PBS, fixed with formalin (10%), and stained with trypan
blue. The colonies that had ≥50 cells per colony were counted. The
number of colonies formed in the presence of varying concentrations
of MMPT was expressed as a percentage of untreated controls.

2.5. H33258 stained assay

Cells grown on 4-chamber slides were treated with or without
MMPT (15 μM) for 48 h. The detection was performed as described
previously (Zhao et al., 2010).

2.6. Cell cycle analysis

To determine cell cycle distribution, the cells incubated with MMPT
at 15 μM for 12–48 h were harvested by trypsinization, washed with
PBS, resuspended in 70% ethanol in PBS, and kept at 4 °C for at least
24 h. Before analysis, the cells were adjusted to a final density of
1×106 cells/ml in PBS containing RNase A (1 mg/ml) and stained with
10 mg/ml of PI. The resulting suspension was then passed through a
nylon mesh filter and analyzed on a Becton Dickinson FACScan. Cell
cycle distribution was calculated using the Modifit-3 program.

2.7. Measurement of apoptosis by ELISA

The induction of apoptosis by MMPT was assayed using the Nucle-
osome ELISA kit, according to the manufacturer's protocol. The sam-
ples of cell lysate were placed in 96-well plates (1×106 per well).
The induction of apoptosis was evaluated by assessing the enrichment
of nucleosome in cytoplasm, and determined exactly as described in
the manufacturer's protocol (Salgame et al., 1997).

2.8. Measurement of mitochondrial membrane potential

The mitochondrial membrane potential was determined using the
Rhodamine 123 fluorescent dye (from Sigma), a cell-permeable cationic
dye that preferentially enters mitochondria based on a highly negative
mitochondrialmembrane potential (ΔΨm). Depolarization ofmitochon-
drial membrane potential (ΔΨm) results in the loss of Rhodamine 123
from the mitochondria and a decrease in intracellular fluorescence. In
brief, cells were washed twice with PBS and incubated with Rhodamine
123 (0.1 μg/ml) at 37 °C for 30 min. PI (1 μg/ml) was subsequently
added, and the staining intensity of Rhodamine 123 and PI was deter-
mined by flow cytometry.

2.9. Estimation of intracellular reactive oxygen species

The generation of intracellular reactive oxygen species was mea-
sured using DCHFDA (2,7-dichlorodihydrofluorescein diacetate) as
the fluorescence probe as described previously (Pandey and Mishra,
2003). Briefly, A549 cells (3×105 cells/ml) were incubated with var-
ious concentrations of MMPT with respective controls in phosphate
buffered saline (PBS) for either 15 or 30 min at 37 °C followed by la-
beling with the fluorescence probe. Aliquots (200 μl) obtained after
different treatments were diluted to 3 ml with PBS followed by mea-
surement of fluorescence intensity using a 490-nm excitation filter
and 520-nm emission filter in a FP-6500 Spectrofluorometer (Jasco,
Tokyo, Japan).
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Fig. 1. Effect of MMPT on cell viability in A59, NHFB andWi-38 cells. (A) A549 cells were treated with the indicated concentrations of MMPT for 48 h and (B) treatment of A549 cells
with 15 μM MMPT for the indicated time. The cell viability was assessed by the XTT assay as described in “Materials and methods”. A549 cells culture treated with DMSO (control)
were taken as 100% of cell viability. (C) Cell proliferation potential and formation were assessed by colony formation assay. ND, not detectable. Each data point is a mean of three
independent experiments with six wells/concentration and is given as mean±S.D. *Pb0.05, **Pb0. 01 vs. DMSO controls (Student's t-test). (D) NHFB and Wi-38 cells were treated
with various concentrations of MMPT for 48 h, and then their viability was determined by XTT assay. Each data point is a mean of three independent experiments with six wells/
concentration and is given as mean±S.D.

Fig. 2. Effect of TV on cell cycle distribution in A549 cells. A549 cells were treated with or without MMPT 15 μM for 12 h, 24 h, and 48 h, harvested, fixed and stained with PI. The
DNA content of the stained cells was analyzed by flow cytometry: (A) DMSO controls, (B) 15 μM MMPT for 12 h, (C) 15 μM MMPT for 24 h and (D) 15 μM MMPT for 48 h. Data are
representative of three independent experiments with similar results.

8 Y. Zhao et al. / European Journal of Pharmacology 688 (2012) 6–13



Author's personal copy

2.10. Determination of glutathione (GSH) and glutathione disulfide (GSSG)
levels

Determination of glutathione (GSH) and GSSG levels was deter-
mined in A549 cells by glutathione kit obtained from Cayman Chem-
ical (Ann Arbor, MI) as described by us previously (Zhang et al.,
2008). Briefly cells were plated at a density of 1×106 in 100-mm cul-
ture dishes and allowed to attach overnight and treated on the second
day with tested agents. Cells were collected by scraping, washed with
PBS, and cell lysate was used for determination of GSH level using the
abovementioned kit according to themanufacturer's instruction. To de-
termine GSSG levels, GSH was masked by 2-vinyl pyredine for 1 h be-
fore the assay. The samples were read at 405 nm at 5 min intervals for
30 min. The GSH and GSSG were evaluated by comparison with stan-
dards and normalized with protein content. The results were expressed
as total GSH (% of control) or GSH/GSSG ratio, using reduced form GSH
or an oxidized form of GSH (GSSG) as the standard.

2.11. Caspase-3 activity assay

Caspase-3 activity in A549 cells was assayed according to the man-
ufacturer's protocol. Briefly, 2×106 cells were lysed with lysis buffer
and centrifuged at 12,000 rpm at 4 °C for 5 min. Then, the supernatants
were mixed with 2× Reaction Buffer containing DTT (10 mM) and
caspase-specific substrate, and incubated for 1 h at 37 °C. The samples
were read at 405 nm using a micro-plate reader.

2.12. Statistical analysis

Data are expressed as the mean±standard deviation (S.D.) of three
independent experiments, and analyzed by Student's t-test. Differences
at Pb0.05 or less were considered statistically significant.

3. Results

3.1. Effect of MMPT on cell proliferation and cell viability

The MMPT that were initially observed to kill A549 cells but not Wi-
38 andNHFB underwent two additional screenings to confirm the obser-
vation (data not shown). The growth inhibitory effect of MMPT was
examined at doses between 0.01 and 100 μM for 48 h. A549 cell growth
was markedly inhibited by MMPT treatment in a dose-dependent man-
ner (Fig. 1A), but notWi-38 and NHFB (Fig. 1D). After 48 h of incubation
with 2.8 and 7.5 μM of MMPT, the numbers of viable cells decreased to
70% and 50%, respectively, compared to controls. The effect of MMPT
on the cell survival was also time-dependent (Fig. 2B). It is noteworthy
that MMPT-mediated reduction of cell viability was dose and time
dependent (Fig. 1A and B). Its IC50 value was 7.5 μM. Thus, we chose
15 μM MMPT, a concentration close to the IC80 value, to detect changes
in molecular events in the following experiments.

We also examined the effect ofMMPT on the colonogenic survival of
A549 cells. Therewas a drastic decrease in the ability of the A549 cells to
form colonies with increasing doses of MMPT (0.1–100 μM) (Fig. 1C).
MMPT at dosages of 10 and 100 μM completely inhibited the prolifera-
tion of cells with no colonies formed by the end of 7 days. These obser-
vations indicated that MMPT has antiproliferative and anticarcinogenic
effects on A549 cells.

3.2. Treatment with thiazolidin compounds causes induction of G2/M
phase arrest in A549cells

To investigate further features of cell growth inhibition by MMPT,
flow cytometric analysis was performed. The results on the effect of
MMPT on cell cycle progression of A549were shown in Fig. 2. The accu-
mulation of cells in the G2/M phase was accompanied by synchronous
decreases in the numbers of cells in the G1 and S phases.

3.3. Induction of apoptosis by MMPT

Concomitant with cell growth inhibition induced byMMPT, cell mor-
phological changes were observed using a phase contrast microscope.
The cell shrinkage, vacuole and membrane blebbing were observed fol-
lowing MMPT treatment at 15 μM for 48 h (Fig. 3A). The nuclear mor-
phology of dying cells was examined using a fluorescent DNA-binding
agent, H33258. A549 cells treated with 15 μM MMPT for 48 h displayed
typical morphological features of apoptotic cells, i.e., nucleus condensa-
tion and nucleus fragmentation (Fig. 3B).

To confirm the apoptosis induced by MMPT, a Nucleosome ELISA
assay was conducted. Fig. 3C shows the time course of DNA fragmenta-
tion in continuous treatment with 7.5 and 15 μM of MMPT. DNA frag-
mentation of A549 cells was found at 12 h and maximized at 48 h after
addition of MMPT. In contrast to the control, when cells were treated
with MMPT, the number of cells undergoing apoptosis increased about
8.43 and 12.41 fold at 7.5 and 15 μM of MMPT, respectively at 48 h.
Based on these results, we demonstrated that MMPT could significantly
induce apoptosis of A549 cells in a time-dose-dependent manner.

Morphological assay of apoptosis led us to hypothesize that MMPT
might activate the caspase-dependent cell death pathway. Therefore, we
examined the effect of MMPT on caspase-3 activation. As can be seen in
Fig. 3D and E, MMPT activates caspase 3 in a dose- and time-dependent

Fig. 3. Effects ofMMPT on apoptosis in A549 cells. Exponentially growing cellswere treated
with the indicated concentrations of MMPT for the indicated times. (A) Morphological
changes of A549 cells induced by MMPT. Cells were treated with or without 15 μM MMPT
for 48 h, and observed using a phase contrast microscope. Scale bar is 50 μm. (B) Cells
were treated with or without 15 μM MMPT for 48 h, stained with H33258, and observed
under a fluorescence microscope. Arrows indicate apoptotic nuclei with condensed chro-
matin. Scale bar is 50 μm. (C) A549 cells were treated with 0, 7.5 μM, and 15 μM of MMPT
for 6, 12, 24, and 48 h, respectively. The cell apoptosis was assessed by Nucleosome ELISA.
The graph shows the percentages of DNA fragmentation cells. (D) A549 cells were treated
with the indicated concentrations of MMPT for 48 h, (E) treatment of A549 cells with
15 μM MMPT for the indicated time, (F) and treatment of A549 cells with the indicated
concentration of NAC for 30 min before treating with MMPT (15 μM) for 48 h. Enzymatic
activity of caspase 3 was measured. The release of chromophore pNA was monitored
spectrophotometrically (405 nm). The data are presented as the mean±S.D. of the results
for three independent experiments. Statistical significance: (C–E) *Pb0.05, **Pb0.01 vs.
DMSO controls. (F) #P>0.05, *Pb0.05 vs. DMSO controls. **Pb0.05 vs. cells treated with
MMPT alone (Student's t-test).
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manner. This indicated that caspase-3 is involved in the MMPT-induced
apoptosis.

3.4. Effects of MMPT on mitochondrial membrane potential (ΔΨm) in
A549 cells

To elucidate the effect ofMMPT onmitochondrialmembrane poten-
tial (ΔΨm), cells were treatedwith the indicated doses of MMPT for the
indicated amounts of time (Fig. 4A and B). Treatment with MMPT in-
duced the loss of mitochondrial membrane potential (ΔΨm) in A549
cells in a dose- and time-dependent manner (Fig. 4A and B).

3.5. Effect of MMPT on reactive oxygen species generation and GSH levels
in A549 cells

In order to measure the capacity of MMPT to cause intracellular
oxidation, we used the specific oxidation-sensitive fluorescent dye
DCFH-DA, which leads to an enhanced fluorescent intensity following
generation of reactive metabolite intracellular. Fig. 5A shows that MMPT
induced a dose dependant increase in reactive oxygen species generation
in A549 cells as measured by DCHFDA fluorescent probe.

Reduced GSH is the major non-protein thiol in cells and is essential
for maintaining cellular redox status. Since MMPT-induced apoptosis in
human lung cancer cells correlatedwith reactive oxygen species genera-
tion, we argued that MMPT treatment might disturb cellular redox sta-
tus. To address this issue, we determined the effect of MMPT treatment
on intracellular GSH levels. MMPT treatment resulted in depletion of
intracellular GSH levels in A549 cells in a dose-dependent manner
(Fig. 5B). GSH is converted to its oxidized form (GSSG), which must be
reduced by the combination of GSH reductase and NADPH. Therefore,

an index of cellular oxidative events is the ratio of the levels of the re-
duced and oxidized forms of GSH. Fig. 5C shows that MMPT induced a
dose dependant decrease the ratio of GSH/GSSG in A549 cells. These ex-
periments supported the notion that MMPT treatment affected cellular
redox status.

3.6. Effects of NAC and BSO on levels of GSH, apoptosis and reactive oxygen
species in MMPT-treated A549 cells

In order to determinewhether the observed increase in reactive oxy-
gen species generation and intracellular GSH content had any relevance
toMMPT-induced cell death, the effects of theNACwere examined. A549
cells were treatedwith 5 mMNAC prior to treatmentwith 15 μMMMPT.
As shown in Fig. 6A, the accumulation of reactive oxygen species by
MMPT was significantly inhibited by NAC. In addition, NAC inhibited
the depletion of GSH content induced by MMPT (Fig. 6B). Next, we
examined apoptosis following pretreatment with NAC using the Nucleo-
some ELISA assay. Fig. 6C shows that pretreatment of A549 cells with
NAC protected against MMPT-induced apoptosis. In addition, treatment
with NAC significantly reduced the loss of mitochondrial membrane
potential (ΔΨm) induced by MMPT (Fig. 4C).

L-buthionine-S,R-sulfoximine (BSO) is an inhibitor of GSH biosyn-
thesis. We investigated whether a decrease in intracellular GSH content
is relevant to MMPT-induced cell death in A549 cells. To verify this pos-
sibility, A549 cells were treated with 200 μM BSO, prior to treatment
with 15 μMMMPT. Treatmentwith BSO reducedGSH levels in A549 con-
trol cells, and intensified the decreased GSH levels in MMPT-treated
A549 cells (Fig. 6B). Furthermore, while BSO alone slightly increased
reactive oxygen species levels in control cells, it exaggerated reactive
oxygen species levels in MMPT-treated cells (Fig. 6A). The GSH levels

Fig. 3 (continued).
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reduced by BSO was accompanied with an increase in reactive oxygen
species levels. In relation to apoptosis, BSO alone had no significant
effect (in view of nucleosome levels), whereas the combined treatment
withMMPT and BSO intensified levels of apoptosis in A549 cells (Fig. 6C).

4. Discussion

In the present study, we demonstrated that MMPT decreased the vi-
ability of A549 cells in a dose and time-dependentmanner.We also have
demonstrated that MMPT induced cells cause an arrest in the G2/M
phase. MMPT also induced apoptosis at concentrations above 7.5 μM. In
the present study, we focused on the mechanisms of MMPT-induced

apoptosis in A549 cells in relation to intracellular reactive oxygen species
and GSH levels.

Reactive oxygen species are formed as by-products ofmitochondrial
respiration or precise oxidases including nicotine adenine dephosphate
(NADPH) oxidase, xanthine oxidase (XO) and certain arachidonic acid
oxygenases (Ling et al., 2003; Viel et al., 2008). And, reactive oxygen
species are now thought to be involved in several cellular mechanisms
including apoptosis (Cataldi, 2010; Ling et al., 2003). This free radical
generation has been shown to accelerate cell death by damaging cellu-
lar components, including DNA, proteins, and lipid membranes (Ling et
al., 2003; Liu et al., 2009). Studies in a variety of tumor cell types have
suggested that cancer chemotherapy drugs induce apoptosis in part
by generating endogenous oxidants (Ling et al., 2003; Wolf, 2005). In-
creasing evidence now demonstrates that the redox status of cells is
an important factor in determining whether tumor cells can withstand
chemotherapy (Giannopoulou et al., 2009;Wang et al., 2006). Likewise,

Fig. 5. Effect ofMMPT treatment on reactive oxygen species generation, GSH depletion, and
GSH/GSSG ratio. (A) Intracellular reactive oxygen species concentrationwas determined by
treating A549 cells with the indicated concentrations of MMPT for 48 h, the cells were
loaded with DCFH-DA, and the fluorescence intensity was measured by Fluorescence
Spectrometer as described in “Materials and methods”. The differences of reactive oxygen
species levels in each group were expressed as fold changes. (B) Cells were treated with
the indicated concentrations of MMPT for 48 h, and the intracellular GSH content was
measured as explained under “Materials and methods”. The differences of GSH levels in
each groupwere expressed as % of control. (C) Cellswere treatedwith the indicated concen-
trations ofMMPT for 48 h, and the intracellular GSH content andGSSG level weremeasured
as explained under “Materials andmethods”. The resultswere expressed asGSH/GSSG ratio.
Each data point is a mean of three independent experiments with 3 dishes/concentration
and is given as mean±S.D. *Pb0.05, **Pb0. 01 vs. DMSO controls (Student's t-test).

Fig. 4. Effects of MMPT on mitochondrial membrane potential (ΔΨm) in A549 cells.
(A) A549 cells were treated with the indicated concentrations of MMPT for 48 h,
(B) treatment of A549 cells with 15 μMMMPT for the indicated time, (C) and treatment
of A549 cells with the indicated concentration of NAC for 30 min before treating with
MMPT (15 μM) for 48 h. Cells were treated with MMPT, stained with Rhodamine
123, and analyzed by flow cytometry. Graph shows the percentages of Rhodamine
123-negative cells. (A,B) *Pb0.05 vs. DMSO controls. (C) #P>0.05, *Pb0.05 vs. DMSO
controls. **Pb0.05 vs. cells treated with MMPT alone (Student's t-test).

11Y. Zhao et al. / European Journal of Pharmacology 688 (2012) 6–13
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our data showed that the intracellular reactive oxygen species levels
were significantly increased in MMPT-treated A549 cells. Therefore,
we investigated whether the intracellular increase in reactive oxygen
species levels by MMPT is tightly related to the induction of apoptosis
in A549 cells. NAC, like GSH, might enter into the mitochondria,
where it plays a protective role as a reactive oxygen species scavenger
(Wang et al., 2011). NAC, also an antioxidant, can serve as a precursor
to GSH synthesis (Xu et al., 2012). NAC has been shown previously to
be thiol antioxidants in drug-induced reactive oxygen species genera-
tion, and they inhibit drug-mediated apoptosis (Jung et al., 2005). In
our experiment, NAC significantly reduced the level of reactive oxygen
species in A549 cells treated with MMPT. This result suggests that the
increased cytoplasm GSH by NAC enter the mitochondria to reduce
the level of reactive oxygen species in MMPT-treated cells (Kulinsky
and Kolesnichenko, 2007). In addition, this decrease was accompanied
with the decreased levels of nucleosome cells. The anti-apoptotic effect
of NAC was additionally confirmed by attenuation of the activation of
caspase-3 (Fig. 3F). These results suggest that the change of intracellular
reactive oxygen species by MMPT is at least in part related to apoptosis
in A549 cells.

Changes in the intracellular milieu have been reported to be critical
for the activation of apoptotic enzymes and the progression of apoptosis
(Poh and Pervaiz, 2005; Xu et al., 2012). The GSH has amajor role in cel-
lular redox reactions and thiol-ether formation. GSH is a main non-
protein antioxidant in the cell, and it can clear away the superoxide
anion free radical and provide electrons for enzymes such as glutathione
peroxidase, which reduce H2O2 to H2O (Rhee et al., 2005). Reduced GSH
is themajor non-protein thiol in cells and is essential formaintaining cel-
lular redox status. Intracellular GSH content has a decisive effect on anti-
cancer drug-induced apoptosis, indicating that apoptotic effects are
inversely proportional to GSH content (Franco and Cidlowski, 2009;
Saha et al., 2009; Sun et al., 2011). Likewise, our results clearly indicated
the depletion of intracellular GSH content by MMPT in A549 cells. In ad-
dition, pretreatment of A549 cells with BSO, an inhibitor of GSH synthe-
sis, increased the reactive oxygen species levels, and aggravated the GSH
depletion and cell death by MMPT. In contrast, thiol-containing com-
pounds such as NAC obviously abated intracellular GSH depletion and
blocked the cell death induced by MMPT. These results support that in-
tracellular GSH levels are tightly related to MMPT-induced cell death.

In our previous study, we have demonstrated that MMPT induced
growth inhibition of H1792 cells through Fas-mediated and caspase-
dependent apoptosis pathway, which suggested that MMPT might be
used as a Fas/FasL and caspases promoter to initiate lung cancer cell
apoptosis. Then, we determined the relationship of MMPT-induced
apoptosis and intracellular oxidation in H1792 cells. But the intracellu-
lar reactive oxygen species and GSH levels were not changed in the
MMPT-induced cell death of H1792 cells (data not shown). This result
is not consistent with present study, which indicated that increased re-
active oxygen species and depletion of GSH played an important role in
MMPT-induced cell death in A549 cells.

In summary, MMPT inhibited the growth of A549 cells by inducing
a G2 arrest of the cell cycle and by triggering apoptosis. The induction
of apoptosis by MMPT is accompanied by the activation of caspase-3,
and ismostly prevented by inhibitors of caspase. Our study also demon-
strated that MMPT induced oxidative stress by increasing reactive oxy-
gen species levels in A549 cells and depletion of intracellular GSH. In
conclusion, our data suggested that MMPT, as a reactive oxygen species
generator, inhibits the growth of A549 cells by inducing a G2 arrest of
the cell cycle, and induces apoptosis via the depletion of GSH contents
in A549 cells.
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