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Abstract

Thiacremonone (2, 4-dihydroxy-2, 5-dimethyl-thiophene-3-one) is an antioxidant substance as a novel sulfur compound
generated from High-Temperature-High-Pressure-treated garlic. Peroxiredoxin 6 (PRDX6) is a member of peroxidases, and
has glutathione peroxidase and calcium-independent phospholipase A2 (iPLA2) activities. Several studies have
demonstrated that PRDX6 stimulates lung cancer cell growth via an increase of glutathione peroxidase activity. A docking
model study and pull down assay showed that thiacremonone completely fits on the active site (cys-47) of glutathione
peroxidase of PRDX6 and interacts with PRDX6. Thus, we investigated whether thiacremonone inhibits cell growth by
blocking glutathione peroxidase of PRDX6 in the human lung cancer cells, A549 and NCI-H460. Thiacremonone (0-50 ng/
ml) inhibited lung cancer cell growth in a concentration dependent manner through induction of apoptotic cell death
accompanied by induction of cleaved caspase-3, -8, -9, Bax, p21 and p53, but decrease of xIAP, clAP and Bcl2 expression.
Thiacremonone further inhibited glutathione peroxidase activity in lung cancer cells. However, the cell growth inhibitory
effect of thiacremonone was not observed in the lung cancer cells transfected with mutant PRDX6 (C47S) and in the
presence of dithiothreitol and glutathione. In an allograft in vivo model, thiacremonone (30 mg/kg) also inhibited tumor
growth accompanied with the reduction of PRDX6 expression and glutathione peroxidase activity, but increased expression
of cleaved caspase-3, -8, -9, Bax, p21 and p53. These data indicate that thiacremonone inhibits tumor growth via inhibition
of glutathione peroxidase activity of PRDX6 through interaction. These data suggest that thiacremonone may have
potentially beneficial effects in lung cancer.
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Among the Nrfs, Nrf2 positively regulates transcription of the
PRDX6 gene [10].

As PRDXs are antioxidants, they support survival and tumor
maintenance by protecting cells from oxidative stress-induced

Introduction

Peroxiredoxins (PRDXs) are a family of peroxidases as
antioxidant enzymes [1-2]. The PRDX family includes six

members. They are divided into two classes [3]. The 2-Cys group
includes PRDX1-5, whereas PRDXG6 is only a member of the
1-Cys group. PRDXs are a family of peroxidases that destroy
peroxides using conserved cysteine residues in the catalytic center
[4]. Among the six mammalian members of this family, PRDXG6 is
the only member that has glutathione peroxidase and calcium-
independent phospholipase A2 (iPLA2) activities [5]. Whereas
other PRDXs utilize thioredoxin as a physiological reductant,
PRDX6 utilizes glutathione [6]. PRDX6 protects cells from
membrane, DNA, protein damages, and lipid peroxidation [7].
The antioxidant response element (ARE) in the prdx6 promoter
region, a cs-acting regulator element, is activated by oxidative
stress [8]. Transcription of the PRDX6 gene is regulated by
nuclear factor erythroid 2-related factors 1, 2, and 3 (Nrfl, Nrf2,
and Nrf3) as transcription factors via binding to the ARE [9].

PLOS ONE | www.plosone.org

apoptosis [11]. In a recent study, over expression of PRDX 6
attenuates cisplatin-induced apoptosis in human ovarian cancer
cells [12]. In contrast, reduction of PRDX6 expression increased
peroxide-induced cell death in liver cancer cells [13]. The invasion
and metastasis promoting actions of PRDX6 has been found in
lung cancer cells through activation of Akt via activation of
phosphoinositiede 3-kinase (PI3K) and p38 kinase [4,14]. The
activity of PRDX6 contributes to the metastatic ability of lung
cancer cells by stimulating invasion components including PI3K,
Akt, and uPA [4]. It was also reported that PRDX6 expression in
lung cancer cells was significantly associated with tumor progres-
sion [13].

Garlic has been used in traditional medicine as a food
component to prevent the development of cancer [16]. Thiacre-
monone (2,4-dihydroxy-2,5-dimethyl-thiophene-3-one) is an anti-
oxidant substance, as a novel sulfur compound, generated from
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High-Temperature-High-Pressure (HTHP)-treated garlic [17]. In
the present study, we investigated the anti-cancer effect of
thiacremonone through the inhibition of glutathione peroxidase
activity via interaction in lung cancer cells.

Materials and Methods

Extraction and characterization of thiacremonone

The structure of a sulfur compound isolated from garlic (named
thiacremonone) is shown in results (Fig. 1A). Garlic (Allium
sativum L) was heated at temperatures of 130°C for 2 hrs. The
heated samples were juiced and then filtered on a Buchner funnel
under a vacuum. Heated garlic juice was partitioned consecutively
in a separating funnel using ethyl acetate. Isolation of the
compounds from the ethyl acetate layer of heated garlic juice
was subjected to column chromatography on silica gel. This
fraction containing thiacremonone was purified by preparative
RP-HPLC on a Younglin SP930D Instrument [17]. Thiacremo-
none was resolved in 0.01% dimethyl sulfoxide, and treated at
concentrations of 10, 20, and 50 pg/ml in culture cells.

Cell Culture

The A549 and NCI-H460 lung cancer cell lines were purchased
from the American Type Culture Collection (Manassas, VA). The
CCD-18Co colon normal cell line and LL24 lung normal cell line
were purchased from the Korean cell line bank (Seoul, Korea).
NCI-H460 and LL24 normal cells were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum (FBS) and
penicillin/streptomycin (100 U/ml). A549 and CCD-18Co nor-
mal cells were cultured in a DMEM medium supplemented with
10% fetal bovine serum (FBS) and penicillin/streptomycin
(100 U/ml). Cell cultures were then maintained at 37°C in a
humidified atmosphere of 5% CO2.

Cell Viability Assay

To determine the cell numbers, A549 and NCI-H460 lung
cancer cells or CCD-18Co colon normal cell line and LL24 lung
normal cell line were plated in 24-well plates (5x10* cells/well).
Subconfluent cells were subsequently treated with thiacremonone
(10, 20, and 50 pg/ml) for 72 hr. After treatment, cells were
trypsinized and pelleted by centrifugation for 5 min at 1,500 rpm,
resuspended in 5 ml of phosphate-buffered saline (PBS), and
0.1 ml of 0.2% trypan blue was added to the cancer cell
suspension in each of the solutions (0.9 ml each). Subsequently,
a drop of suspension was placed into a Neubauer chamber and the
living cancer cells were counted. Cells that showed signs of staining
were considered to be dead, whereas those that excluded trypan
blue were considered viable. Each assay was carried out in
triplicate.

Transfection

Lung cancer cells (5x10* cells per well) were plated in 24-well
plates and transiently transfected with PRDX6 siRNA (Santa Cruz
Biotechnology) or pcDNA-PRDX6, (generous gifts from DR.
Jhang Ho Pak, University of Ulsan College of Medicine using a
mixture of Prdx6 siRNA or pcDNA-Prdx6 and the WelFect-EX
PLUS reagent in OPTI-MEN, according to the manufacturer’s
specifications (WelGENE, Seoul, Korea).

Luciferase Activity Assay

A549 and NCI-H460 human lung cancer cells were transfected
with prdx6 promoter-Luc plasmid using a mixture of plasmid and
the WelFect EX PLUS reagent in OPTI-MEN, according to the
manufacturer’s specifications (WelGENE, Seoul, Korea). After
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6 hr, the cells were treated with thiacremonone. Luciferase activity
was measured by using the luciferase assay kit (Promega,
Wisconsin, USA) according to the manufacturer’s instructions

(WinGlow, Bad Wildbad, Germany).

Western Blot Analysis

The membrane was incubated for 2 hr at room temperature with
specific antibodies: rabbit polyclonal for PRDX6 and cIAP2
(1:1,000 dilution, Abcam, plc. Cambridge UK), xIAP, Bcl2,
caspase-3, caspase-9 (1:1,000 dilution, Cell Signaling Technology,
Inc., Beverly, MA), Bax (1:500 dilution, Santa Cruz Biotechnology,
Inc.) and mouse monoclonal for p53, and caspase-8 (1:1,000
dilution, Cell Signaling Technology, Inc.), p21 (1:500 dilution,
Santa Cruz Biotechnology, Inc.). The blot was then incubated with
the corresponding conjugated anti-rabbit and anti-mouse immu-
noglobulin G-horseradish peroxidase (1:2,000 dilution, Santa Cruz
Biotechnology, Santa Cruz, CA). Immunoreactive proteins were
detected with ECL Western blotting detection system.

Glutathione Peroxidase Activity Assay

GPx co-substrate mixture, including nicotinamide adenine
dinucleotide phosphate (NADPH), glutathione, and glutathione
reductase, was used to measure glutathione peroxidase activity in
vitro. A GPx Assay Kit was purchased from Cayman Chemical
(Michigan, USA) and procedures were done according to the
manufacturer’s instructions. After treating the cells, they were
homogenized and subjected to the assay, and the absorbance value
was measured at 340 nm and normalized to protein concentra-
tion.

Molecular Modeling

The crystal structure of PRDX6 (PDB code 1prx) was used for
the docking study. The thiacremonone was built using a Maestro
build panel. The compound was minimized using the Impact
module of Maestro in the Schrédinger Suite Program. The
starting coordinate of the PRDX6 was further modified for
binding model prediction. The protein structure was minimized
using the Protein Preparation Wizard by applying an OPLS force
field. For the grid generation, the binding site was defined as the
centroid of the Cys 47 in the catalytic site of PRDX6. Ligand
docking into the catalytic site of PRDX6 was carried out using the
Schrodinger docking program, Glide. The minimized conforma-
tion of thiacremonone was docked into the prepared receptor grid.
The best-docked poses were selected as the initial covalent model
of Cys 47 in the catalytic site of PRDX6 with thiacremonone. The
covalent complexes were further minimized using the steepest
descent algorithm. Molecular graphics for the covalent binding
model of the thiacremonone was generated using a PyMol package
(http://www.pymol.org).

Pull Down Assay

Thiacremonone was conjugated with cyanogen bromide
(CNBr)-activated Sepharose 4B (Sigma-Aldrich, St. Louis, MO).
Briefly, thiacremonone (1 mg) was dissolved in 1 ml of coupling
buffer (0.1 M NaHCO3 and 0.5 M NaCl, pH 6.0). The CNBr-
activated Sepharose 4B was swelled and washed in 1 mM HCI
through a sintered glass filter, then washed with the coupling
buffer. CNBr-activated Sepharose 4B beads were added to the
thiacremonone-containing coupling buffer and incubated at 4°C
for 24 hr. The thiacremonone-conjugated Sepharose 4B was
washed with three cycles of alternating pH wash buffers (buffer 1,
0.1 M acetate and 0.5 M NaCl, pH 4.0; buffer 2, 0.1 M Tris-HCl
and 0.5 M NaCl, pH 8.0). Thiacremonone-conjugated beads were
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Figure 1. Structure of thiacremonone and PRDX6 and binding of thiacremonone to PRDX6. (A) Structure of thiacremonone, a
sulfurcompound isolated from garlic. (B) Recombinant protein of PRDX6 was incubated with thiacremonone-conjugated Sepharose 4B. (C) Whole cell
lysates of NCI-H460 were incubated with thiacremonone-conjugated Sepharose 4B. After precipitation, the levels of bound PRDX6 were monitored
by Western blot analysis. (D) After precipitation with thiacremonone-conjugated Sepharose 4B, the levels of bound PRDX6 or mutant PRDX6 C47S
were monitored by Western blot analysis. (E) Ribbon representation docking model of thiacremonone with PRDX6 (F) Molecular surface

representation docking model of thiacremonone with PRDX6.
doi:10.1371/journal.pone.0091508.g001

then equilibrated with a binding buffer (0.05 M Tris-HCI and
0.15 M NaCl, pH 7.5). The control unconjugated CNBr-activated
Sepharose 4B beads were prepared as described above in the
absence of thiacremonone. The cell lysate or PRDX6 recombinant
protein (Abnova, Taipei, Taiwan) were mixed with thiacremo-
none-conjugated Sepharose 4B or Sepharose 4B at 4°C for 24 hr.
The beads were then washed three times with TBST. The bound
proteins were eluted with SDS loading buffer. The proteins were
then resolved by SDS-PAGE followed by immunoblotting with
antibodies against PRDX6 (1:1,000 dilution, Abcam, plc. Cam-
bridge, UK).

Ethics Statement

All experiments were approved and carried out according to the
Guide for the Care and Use of Animals [Animal Care Committee
of Chungbuk National University, Korea (CBNUA-436-12-02)].
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Animal Experiment

12-week-old C57BL/6]-Tg(Prdx6) mice were purchased from
Jackson Lab (Maine, USA) and 12-weck-old C57BL/6 mice were
purchased from Koatech (Pyeongtaek, Korea). The mice were
divided into four groups. Lewis Lung Carcinoma (LLC) cells were
injected s.c. (1.2% 10° tumor cells/0.1 mL PBS/animal) with a 27
gauge needle. After 10 days, two groups of mice (n = 10) were 1.p.
injected with thiacremonone (30 mg/kg in PBS and 0.01%
DMSO) two times a week for 3 weeks. The control group of
mice (n=20) were treated with vehicle [PBS and 0.01% DMSO
(i.p.)]) two times a week for 3 weeks. For subcutaneous tumors the
maximum allowable size is 20 mm in diameter for a mouse, thus
we sacrificed all mice before reaching maximum size Cervical
dislocation was performed for euthanasia.
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Figure 2. Effect of thiacremonone on prdx6-luciferase activity and expression and activity of PRDX6 and cell growth. (A) Lung cancer
cells were transfected with prdx6-luciferase plasmid, and then treated with thiacremonone for 6 hrs. Luciferase activity was then determined as
described in Materials and Methods. (B) Lung cancer cells were treated with thiacremonone for 72 hrs. Cell extracts were analyzed by western
blotting. Each image and band is representative of three independent experiments. (C) The levels of glutathione peroxidase activity in lung cancer
cells were measured using assay kits, as described in Materials and methods. (D) The cells were harvested by trypsinization and stained with 0.2%
trypan blue. Values (A, C and D) are mean *S.D. * p<<0.05 compared with significantly different from untreated control cells.

doi:10.1371/journal.pone.0091508.g002

Immunohistochemistry

All tissue specimens were fixed in formalin and paraffin-
enclosed for examination. Sections 4 um thick were stained with
hematoxylin and eosin (H&E) and immunohistochemistry. The
sections were then blotted and incubated with mouse monoclonal
antibodies and were washed three times for 5 min each in PBS,
and then incubated with secondary antibodies for 2 hr. After the
slides were washed and developed with DAB, the slides were
counterstained with hematoxylin, mounted in aqua-mount, and
evaluated on a light microscope (Olympus, Tokyo, Japan).

Data Analysis

The data were analyzed using the GraphPad Prism 4 ver. 4.03
software (GraphPad Software, La Jolla, CA). Data are presented as
mean = SD. The differences in all data were assessed by one-way
analysis of variance (ANOVA). When the P value in the ANOVA
test indicated statistical significance, the differences were assessed
by the Dunnett’s test. A value of P<<0.05 was considered to be
statistically significant.
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Results

Binding between thiacremonone and PRDX6

The interaction was assessed in a pull-down assay using
thiacremonone-Sepharose 4B beads, and after PRDX6 was
detected by immunoblotting with anti-PRDX6. The results
indicated that thiacremonone bound with recombinant PRDX6
protein or cell lysates containing PRDX6 protein from human
NCI-H460 lung cancer cells. (Fig. 1B and C). To identity the
binding site of thiacremonone to PRDX6, we performed a
computational docking model of thiacremonone with PRDXG6
under the Schrédinger docking program, Glide. The results from
the docking studies suggested that thiacremonone might covalently
bind with Cys 47 residue in PRDX6 catalytic site. The ribbon
representation docking model of thiacremonone with PRDX6
indicated that the following interactions are possible in the
catalytic site; the side chain of Thr 44, Met 127 and Val 46 of
PRDX6 (Fig. 1E). We also found decreased binding of
thiacremonone with mutant PRDX6 C47S compared to PRDX6
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Figure 3. Effect of thiacremonone on apoptotic cell death and the expression of apoptosis regulatory proteins. (A) The lung cancer
cells were treated in the absence (left panels) and presence of thiacremonone (50 pg/ml, right pannels) for 72 hrs, and then labeled with DAPI and
TUNEL solution. Total number of cells in a given area was determined by using DAPI nuclear staining (fluorescent microscope). The green color in the
fixed cells marks TUNEL-labeled cells. For quantification, three randomly selected areas were assessed. The apoptotic index (%) was determined as the
(TUNEL-positive cell number/total DAPI stained cell number) x 100 (magnification, 200x). Values are mean *S.D. * P<0.05 compared with
significantly different from untreated control cells. (B) The lung cancer cells were treated with different concentrations of thiacremonone (10, 20, and
50 pg/ml) for 72 hrs. Expression of apoptosis regulatory proteins was determined using Western blot analysis. Each image and band is representative

of three independent experiments.
doi:10.1371/journal.pone.0091508.g003

(Fig. 1D). As shown in Fig. 1F, molecular surface representation of
a docking model where the binding pocket for thiacremonone is
formed in PRDX6.

Effect of Thiacremonone on PRDX6-Luciferase Activity
and Expression and Activity of PRDX6

To test whether interaction between thiacremonone and
PRDX6 could attenuate prdx6-mediated promoter activity and
expression, the cells were treated with thiacremonone (10, 20, and
50 pg/ml) for 6 hrs in A549 and NCI-H460 human lung cancer
cells transfected with a prdx6-dependent luciferase reporter
construct. The luciferase activity of cancer cells transfected with
prdx6 promoter-Luc plasmid was over 5%10* RLU/ mg proteins,
and the treatment with thiacremonone caused the suppression of
luciferase activity in cancer cells (Fig. 2A). Consistent with the
inhibitory effect on luciferase activity, the expression of PRDX6
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was also decreased by thiacremonone in cancer cells (Fig. 2B). We
further confirmed the relative glutathione peroxidase activity by
thiacremonone. Thiacremonone inhibited glutathione peroxidase
activity of both lung cancer cells, 72 hrs after treatment with
thiacremonone as shown in Fig. 2C. These results suggest that the
binding of thiacremonone to PRDX6 leads to the inhibition of
PRDXG6 expression and activity.

Effect of Thiacremonone on Cell Growth in a Variety of
Cancer Cells Including Lung Cancer Cells

Since PRDX6 is implicated in lung cancer cell growth, we
investigated whether interaction of thiacremonone and PRDX6
could inhibit PRDX6 activity, thereby inhibit cancer cell growth.
To assess the inhibitory effect of thiacremonone on cell growth of
lung cancer cells, A549 and NCI-H460, we analyzed cell viability
by direct cell counting. The cells were treated with several
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with thiacremonone.
doi:10.1371/journal.pone.0091508.g004

concentrations of thiacremonone (10, 20, 50 pg/ml) for 72 hr. As
shown in figure 2D, thiacremonone inhibited cell proliferation of
lung cancer cells in a concentration-dependent manner. Seventy-
two hour treatment of thiacremonone inhibited A549 cell growth
with IC5, value of 46 pg/ml, and NCI-H460 cells growth with
1G5 values of 42 pg/ml, respectively. Morphologic observation
showed that the cells were gradually reduced in size and changed
into a small round single cell shape with the treatment of
thiacremonone in A549 cells and NCI-H460 cells. We confirmed
normal cell growth inhibition using CCD-18 colon and LL24 lung
normal cells. However, thiacremonone showed no cytotoxic effect
in the normal cells (Figure S1).

Effect of Thiacremonone on Apoptotic Cell Death and

the Expression of Apoptotic Regulatory Proteins
Apoptosis is the process of programmed cell death which has an

important role in anti-cancer effects of chemotherapeutics [18]. To

determine that the inhibition of cell growth by thiacremonone was
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due to the induction of apoptotic cell death, we evaluated the
changes in the chromatin morphology of cells by using DAPI
staining followed by TUNEL staining assays. The double labeled
cells were then analyzed by fluorescence microscope. Conversely
with cell growth inhibition, DAPI-stained TUNEL-positive cells
were significantly increased in thiacremonone treated cells. The
treatment of thiacremonone resulted in about 45% and 65%
induction of apoptotic cell death in A549 and NCI-H460 cancer
cells, respectively (Fig. 3A). The activation of cell death regulatory
proteins including caspases-9 and-3, as well as Bax, leads to
apoptosis in cancer cells [19]. To figure out the expression of cell
death regulatory proteins by thiacremonone, the expression of
apoptotic cell death related proteins was investigated by Western
blots. The expression of pro-apoptotic proteins, Bax and cleaved
form of caspase-3, -8, -9, and p21 and p53 were increased by a
treatment of thiacremonone. However, the expression of Bcl2,
xIAP, and cIAP2 were decreased by a treatment of thiacremonone
(Fig. 3B).
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independent experiments. (C) The levels of glutathione peroxidase activity in lung cancer cells were measured using assay kits, as described in
Materials and methods. Values (A and C) are mean *S.D. #, p<<0.05 compared with significantly different from untreated cells with thiacremonone.
* p<0.05, significantly different from untreated cells with DTT or GSH.. %, p<<0.05, significantly different between treated cell with thiacremonone and
co-treated cells with DTT or GSH and thiacremonone.

doi:10.1371/journal.pone.0091508.g005

Reverse of Inhibitory Effect of Thiacremonone on Cancer  Thiacremonone Inhibited Tumor Growth in Vivo Allograft

Cell Growth by Transfection of Mutant PRDX6 (C47S) To elucidate the anti-tumor effect of thiacremonone in vivo, the

To investigate whether cell growth was inhibited by the tumor growth in allograft bearing mice following thiacremonone
interaction of thiacremonone and PRDX6, the lung cancer cells treatments was investigated. In LLC allograft studies, thiacremo-
were transfected with C47S-prdx6. The inhibitory effect of none was administrated intraperitoneally twice per week for 3
thiacremonone on cancer cell growth is reversed by mutant weeks to mice. Tumor volume was measured weekly, and all mice

PRDX6 (C47S), and expression and activity of PRDX6 is also were killed at the end of experiment when tumors were dissected
reversed (Iig. 4). These results suggest that the interaction of and weighted. The inhibitory effect of thiacremonone on the

PRDX6 with thiacremonone could be significant for lung cancer growth of lung tumor was significant in both allograft models using
cell growth, and thiacremonone suppresses lung cancer cell growth C57BL/6] mice as well as PRDX6 overexpressed mice. The
(Fig. 4A) via suppression of PRDX6 expression (Fig. 4B) and relative tumor growth was measured after treatment of thiacre-

glutathione peroxidase activity (Fig. 4C). Furthermore, DT'T and monone (30 mg/kg, n = 10). ”gumor growth in G57BL/6] (tumor
GSH suppressed the inhibitory effects of thiacremonone on cell volume; 8000.4%2000.7 mm”, tumor weigh; 4.7%0.82 g) mice

growth, PRDX6 expression and glutathione peroxidase activity was significantly Qecreased by thiacremonone (tumor volume;
(Fig. 5). These data demonstrated that thiacremonone inhibited 4543.62731.1 mm’, tumor weight; 3.45+0.31 g, Fig. 6A). This
cell growth via inhibition of glutathione peroxidase activity and inhibitory effect was found in PRDX6 overexpressed mice (tumor
expression of PRDXG6. volume; 10060.5=1039.6 mm® (T'g-control) versus

5048.9+737.9 mm®  (Tg-thiacremonone),  tumor  weight;
4.9%0.21 g (Tg-control) versus 3.44+0.78 g (T'g-thiacremonone),
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Figure 6. Effect of thiacremonone on tumor growth in allograft model. (A) Tumor volumes, weights, and images of normal mice. (B) Tumor
volumes, weights, and images of PRDX6 overexpressed mice. Values (A and B) are mean *S.D. * P<<0.05 significantly different from untreated mice.
(C) Tumor sections of normal mice were analyzed by H&E stain and expression of proteins by immunohistochemistry. The resultant tissues were
developed with DAB, and counterstained with hematoxylin. (D) Tumor sections of PRDX6 overexpressed mice were analyzed by H&E stain and
expression of proteins by immunohistochemistry. The resultant tissues were developed with DAB, and counterstained with hematoxylin. For
quantification, 200 cells at three randomly selected areas were assessed, and the specific protein positively stained cells were counted. Scale bar

indicates 50 um.
doi:10.1371/journal.pone.0091508.g006

Fig. 6B). The immunohistochemistry analysis of tumor section by
H&E, and by proliferation antigens against PCNA staining
revealed that thiacremonone inhibited tumor growth, but assess-
ments of pro-apoptotic proteins, Bax and cleaved caspase-3 by
IHC revealed more frequently in thiacremonone-treated LLC
bearing C57BL/6] mice and PRDX6 overexpressed mice (Fig. 6C
and D).

Effect of Thiacremonone on Expression and Activity of
PRDX6, and Cell Death Regulatory Proteins

To figure out the expression of PRDX6 and apoptotic cell death
regulatory proteins by thiacremonone, expression of proteins were
investigated by Western blots. PRDX6 was decreased by
treatment of thiacremonone in both normal and PRDX6
overexpressed mice tumor tissue. The expression of pro-apoptotic
proteins, Bax and cleaved form of caspase-3, -8, -9, as well as p21
and p53 was increased, whereas the expressions of Bel2, xIAP, and
cIAP2 were decreased by treatment of thiacremonone in both
normal and PRDX6 overexpressed mice tumor tissues (Figure

PLOS ONE | www.plosone.org

S2A). As shown in Figure S2B, thiacremonone also inhibited
glutathione peroxidase activity of PRDX6 in normal and both
PRDX6 overexpressed mice tumor tissues.

Discussion

Many studies have shown that fresh garlic extracts, aged garlic,
garlic oil and specific organosulfur compounds generated by
processing garlic could alter carcinogen metabolism, inhibit tumor
cell growth through induction of cell cycle arrest, apoptosis, and
prevention of promotion and angiogenesis [20-21] in a variety of
cancer cell lines including hepatoma, cervical, prostate, lung, colon
cancer cells [22-26]. Diallyl trisulfide (DATS), a sulfane sulfur-
containing compound showed the strongest inhibition of cell
proliferation and the greatest induction of caspase-3 activity in
HepG2 cells [23]. DATS suppresses human lung cancer cell
growth by causing G2-M phase cell cycle arrest followed by Bax-
mediated apoptosis [26]. Diallyl sulfide (DAS) induces cell cycle
arrest and apoptosis through the p53, caspase- and mitochondria-
dependent pathways in HelLa human cervical cancer cells [25].
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Allicin (diallyl thiosulfinate) induces apoptosis in colon cancer cells
[22]. Thiacremonone was isolated as a sulfurcompound from a hot
water extract of garlic, and found that this compound could have
an anti-cancer effect on colon cancer [27]. Our present data
showed that a seventy-two hour treatment of thiacremonone
induced cell death of lung cancer cells with an ICs5, value of
46 pg/ml in A549 cells, and 42 pg/ml in NCI-H460 cells,
respectively. Lung cancer cell growth was significantly decreased
by DATS in a concentration- and time-dependent manner with an
1C5p of <3.6 pg/ml [26], and with an IC5y of 7.3 ng/ml by
DADS [34]. The IC50 of S-allylcysteine (SAC) to human
metastatic cells was about 5.3 mg/ml at day 3 [28]. After
treatment for 24 hr, the cell growth of prostate cancer cells with
9 pg/ml sulforaphane (SFN) was 10.2%+3.1% compared with that
in control cells (100%) [29]. Even though concentrations of
compounds leading cancer cell growth inhibition are different, it
depends on the cell type and compounds treated, derived
compounds from garlic including thiacremonone have an anti-
cancer effect. However, exact action mechanisms are still unclear.

As PRDX6 scavenge peroxide, such as small HyOs, it supports
survival of cancer cells and tumor maintenance [30]. Many studies
have demonstrated that PRDX6 promotes invasion and metastasis
of a variety of cancer cells including lung, breast, and ovarian
cancer cells [4,12,31]. PRDXG6 is expressed in all major organs,
with a particularly high level in the lung [32]. Moreover, PRDX6
was found at higher levels in lung squamous cell carcinoma
patients [33]. Overexpression of PRDX6 increased lung cancer
cell growth via activity of PRDX6 [4]. Thus, targeting PRDX6 by
certain compounds could be effective for lung tumor growth
inhibition as chemotherapeutics. PRDX6 has dual enzyme
activities such as glutathione peroxidase and iPLA2 [32].
Glutathione peroxidase promotes cancer cell growth via inhibition
of apoptosis and a higher probability or of relapses including lung
metastasis and local recurrences [34]. Glutathione peroxidase
inhibits cisplatin-induced apoptosis via the down-regulation of
Bel2 in NCI-H460 human lung cancer cells [35]. In the tumor
tissues, glutathione peroxidase activity was higher than in the
tumor-free tissues [36]. Our data showed that decreasing
glutathione peroxidase activity in lung cancer cells was associated
with lung cancer cell growth inhibition in concentration-depen-
dent manner. Expression of PRDX6 was decreased by thiacre-
monone in both in vitro and in vivo. In addition, by the pull-down
assay using thiacremonone-agarose bead, we found that thiacre-
monone bound with recombinant PRDX6 protein or cell lysates
containing PRDX6 from human NCI-H460 lung cancer cells, but
the binding was not observed in the cell lysates extracted from the
cancer cells transfected with C47S-prdx6 mutant plasmid. The cell
growth inhibitory effect of thiacremonone was also significantly
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Figure S1 No cytotoxic of thiacremonone in normal
cells. After treatment of thiacremonone for 72 hrs, the cells were
harvested by trypsinization and stained with 0.2% trypan blue.
Relative cell survival rate was determined by counting live and
dead cells. The results were expressed as a percentage of viable
cells. Values are mean *s.d. * p<<0.05 compared with significantly
different from untreated control cells.

(TIF)

Figure S2 Effect of thiacremonone on the expression of
apoptosis regulatory proteins and activity of PRDX6 in
tumor tissue. (A) Tumor extracts from three mice were
analyzed by western blotting. Each image and band is represen-
tative of three independent experiments. (B) The levels of
glutathione peroxidase activity in tumor tissue were measured
using assay kits, as described in Materials and methods. Values are
mean *s.d. ¥ P<<0.05 significantly different from untreated mice.

(TIF)

Author Contributions

Conceived and designed the experiments: MJ SBH JTH. Performed the
experiments: MJ] MHP SHC. Analyzed the data: MJ] HMY HSY YML
HSJ YK JKJ JTH. Contributed reagents/materials/analysis tools: BYH
MKL NDK MHP DHL. Wrote the paper: HMY KRP JTH.

7. Manevich Y, Sweitzer T, Pak JH, Feinstein SI, Muzykantov V, et al. (2002) 1-
Cys peroxiredoxin overexpression protects cells against phospholipid peroxida-
tion-mediated membrane damage. Proc Natl Acad Sci U S A 99: 11599-11604.

8. Dhakshinamoorthy S, Long DJ 2nd, Jaiswal AK (2000) Antioxidant regulation
of genes encoding enzymes that detoxify xenobiotics and carcinogens. Curr Top
Cell Regul 36: 201-216.

9. Chowdhury I, Mo Y, Gao L, Kazi A, Fisher AB, et al. (2009) Oxidant stress
stimulates expression of the human peroxiredoxin 6 gene by a transcriptional
mechanism involving an antioxidant response element. Free Radic Biol Med 46:
146-153.

10. Baker AF, Landowski T, Dorr R, Tate WR, Gard JM, et al. (2007) The
antitumor agent imexon activates antioxidant gene expression: evidence for an
oxidative stress response. Clin Cancer Res 13: 3388-3394.

11. Neumann CA, Fang Q (2007) Are peroxiredoxins tumor suppressors? Curr
Opin Pharmacol 7: 375-380.

12. Pak JH, Choi WH, Lee HM, Joo WD, Kim JH, et al. (2011) Peroxiredoxin 6
overexpression attenuates cisplatin-induced apoptosis in human ovarian cancer
cells. Cancer Invest 29: 21-28.

March 2014 | Volume 9 | Issue 3 | 91508



22.

23.

24.

. Walsh B, Pearl A, Suchy S, Tartaglio J, Visco K, et al. (2009) Overexpression of

Prdx6 and resistance to peroxide-induced death in Hepal-6 cells: Prdx
suppression increases apoptosis. Redox Rep 14: 275-284.

. Lee SB, Ho JN, Yoon SH, Kang GY, Hwang SG, et al. (2009) Peroxiredoxin 6

promotes lung cancer cell invasion by inducing urokinase-type plasminogen
activator via p38 kinase, phosphoinositide 3-kinase, and Akt. Mol Cells 28: 583~
588.

Schremmer B, Manevich Y, Feinstein SI, Fisher AB (2007) Peroxiredoxins in the
lung with emphasis on peroxiredoxin VI. Subcell Biochem 44: 317-344.

. Lee Y, Kim H, Lee J, Kim K (2011) Anticancer activity of S-allylmercapto-L-

cysteine on implanted tumor of human gastric cancer cell. Biol Pharm Bull 34:

677-681.

. Kwon OC, Woo KS, Kim TM, Kim DJ, Hong JT, et al. (2006) Physicochemical

characteristics of garlic (Allium sativum L.) on the high temperature and pressure
treatment. Korean ] Food Sci Technol 2006;38:331-336

. O’Donovan TR, O’Sullivan GC, McKenna SL (2011) Induction of autophagy

by drug-resistant esophageal cancer cells promotes their survival and recovery
following treatment with chemotherapeutics. Autophagy 7: 509-524.

Sun M, Liu C, Nadiminty N, Lou W, Zhu Y, et al. (2012) Inhibition of Stat3
activation by sanguinarine suppresses prostate cancer cell growth and invasion.
Prostate 72: 82-89.

. Druesne-Pecollo N, Latino-Martel P (2011) Modulation of histone acetylation by

garlic sulfur compounds. Anticancer Agents Med Chem 11: 254-259.

. Lai KC, Kuo CL, Ho HC, Yang JS, Ma CY, et al. (2012) Diallyl sulfide, diallyl

disulfide and diallyl trisulfide affect drug resistant gene expression in colo 205
human colon cancer cells in vitro and in vivo. Phytomedicine 19: 625-630.
Bat-Chen W, Golan T, Peri I, Ludmer Z, Schwartz B (2010) Allicin purified
from fresh garlic cloves induces apoptosis in colon cancer cells via Nrf2. Nutr
Cancer 62: 947-957.

Icick M, Kwicecien 1, Chwatko G, Sokolowska-Jezewicz M, Kowalczyk-Pachel
D, et al. (2012) The effects of garlic-derived sulfur compounds on cell
proliferation, caspase 3 activity, thiol levels and anaerobic sulfur metabolism
in human hepatoblastoma HepG2 cells. Cell Biochem Funct 30: 198-204.
Kim SH, Bommareddy A, Singh SV (2011) Garlic constituent diallyl trisulfide
suppresses x-linked inhibitor of apoptosis protein in prostate cancer cells in
culture and in vivo. Cancer Prev Res (Phila) 4: 897-906.

. Nagaraj NS, Anilakumar KR, Singh OV (2010) Diallyl disulfide causes caspase-

dependent apoptosis in human cancer cells through a Bax-triggered mitochon-
drial pathway. J Nutr Biochem 21: 405-412.

PLOS ONE | www.plosone.org

10

26.

30.

31.

32.

33.

34.

36.

Thiacremonone Inhibits PRDX6

Xiao D, Zeng Y, Hahm ER, Kim YA, Ramalingam S, et al. (2009) Diallyl
trisulfide selectively causes Bax- and Bak-mediated apoptosis in human lung
cancer cells. Environ Mol Mutagen 50: 201-212.

. Ban JO, Yuk DY, Woo KS, Kim TM, Lee US, et al. (2007) Inhibition of cell

growth and induction of apoptosis via inactivation of NF-kappaB by a
sulfurcompound isolated from garlic in human colon cancer cells. J] Pharmacol
Sci 104: 374-383.

. Ng KT, Guo DY, Cheng Q, Geng W, Ling CC, et al. (2012) A garlic derivative,

S-allylcysteine (SAC), suppresses proliferation and metastasis of hepatocellular
carcinoma. PLoS One 7: e31655.

. PeiY, Wu B, Cao Q, Wu L, Yang G (2011) Hydrogen sulfide mediates the anti-

survival effect of sulforaphane on human prostate cancer cells. Toxicol Appl
Pharmacol 257: 420-428.

Chatterjee S, Feinstein SI, Dodia C, Sorokina E, Lien YC, et al. (2011)
Peroxiredoxin 6 phosphorylation and subsequent phospholipase A2 activity are
required for agonist-mediated activation of NADPH oxidase in mouse
pulmonary microvascular endothelium and alveolar macrophages. J Biol Chem
286: 11696-11706.

Chang XZ, Li DQ, Hou YF, Wu J, Lu JS, et al. (2007) Identification of the
functional role of peroxiredoxin 6 in the progression of breast cancer. Breast
Cancer Res 9: R76.

Fisher AB (2011) Peroxiredoxin 6: a bifunctional enzyme with glutathione
peroxidase and phospholipase A(2) activities. Antioxid Redox Signal 15: 831
844.

Zhang X7, Xiao ZF, Li C, Xiao ZQ), Yang F, et al. (2009) Triosephosphate
isomerase and peroxiredoxin 6, two novel serum markers for human lung
squamous cell carcinoma. Cancer Sci 100: 2396-2401.

Conti A, Rodriguez GC, Chiechi A, Blazquez RM, Barbado V, et al. (2011)
Identification of potential biomarkers for giant cell tumor of bone using
comparative proteomics analysis. Am J Pathol 178: 88-97.

. Wang L, Chanvorachote P, Toledo D, Stehlik C, Mercer RR, et al. (2008)

Peroxide is a key mediator of Bcl-2 down-regulation and apoptosis induction by
cisplatin in human lung cancer cells. Mol Pharmacol 73: 119-127.

Cao M, Li Q, Zhang Z, Jia H and Gu S (2009) [The quantitative analysis of the
oxidants/antioxidants in the tissues of lung cancer patients.]. Zhongguo Fei Ai
Za Zhi 12: 322-326.

March 2014 | Volume 9 | Issue 3 | 91508



