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Propyl gallate (PG) is a synthetic antioxidant that has been used in processed food and medicinal prep-
arations. The anti-cancer effect of PG in leukemia is unclear. In the present study, we demonstrate that PG
reduced cell viability in THP-1, Jurkat, and HL-60 leukemia cells and induced apoptosis in THP-1 cells. PG
activated caspases 3, 8, and 9 and increased the levels of p53, Bax, Fas, and Fas ligand. PG activated mito-
gen-activated protein kinases (MAPKs), inhibited nuclear translocation of the nuclear factor erythroid 2-
related factor 2 (Nrf-2) and induced intracellular glutathione (GSH) depletion. In addition, PG increased
superoxide dismutase-1 expression and decreased intracellular levels of reactive oxygen species. Our
data show for the first time that an early event of PG-induced apoptosis is MAPKs/Nrf-2-mediated GSH
depletion and that PG induced apoptosis via multiple pathways in human leukemia. PG might serve as
a potential chemotherapeutic agent or food supplement for human leukemia patients.

Crown Copyright � 2010 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Propyl gallate (PG), an ester also known as propyl 3,4,5-trihy-
droxybenzoate that belongs to the polyphenolic compound family,
is synthesized by the condensation of propanol and gallic acid. PG
has been proposed to act as an antioxidant that protects against
oxidation by hydrogen peroxide and oxygen free radicals in foods
containing oils and fats. This chemical is used in foods, cosmetics,
hair products, adhesives, and lubricants. Aside from its antioxidant
activity, the anticancer effects of PG have been noted in various hu-
man malignancies, including HeLa cervical cancer cells. Previous
research suggests that PG inhibits the growth of HeLa cells by
depleting intracellular glutathione (GSH) levels and inducing a G1

phase arrest of the cell cycle. PG also changes the redox character-
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istics of HeLa cells by increasing the production of reactive oxygen
species (ROS) and the activities of superoxide dismutase (SOD) and
catalase (Han and Park, 2009). The GSH depletion-mediated apop-
tosis and ROS production induced by PG in HeLa cells also correlate
with the activation of caspases 3, 8, or 9 (Han et al., 2009). How-
ever, while PG has a proven chemotherapeutic effect on HeLa cells,
its general anti-cancer effects and the detailed mechanism through
which redox signaling regulates the effect of PG on human leuke-
mia cells remain unknown.

Intracellular GSH, a principal nonprotein thiol responsible for
maintaining intracellular redox homeostasis, is an important anti-
oxidant and cofactor for glutathione S-transferase conjugation. In
most mammalian cells, intracellular GSH is synthesized by the
sequential action of two enzymes, c-glutamylcysteine synthetase
(c-GCS) and GSH synthetase. c-GCS is the rate-limiting enzyme
in the de novo synthesis of GSH, and c-GCS regulation is one of
the major determinants of GSH homeostasis (Li et al., 2010).
c-GCS is produced by phase II genes, which encode a series of
enzymes necessary for the antioxidation and detoxification of
endogenous and xenobiotic reactive and electrophilic compounds
(Talalay et al., 2003). Transcriptional control of phase II genes is
regulated by the binding of nuclear factor erythroid 2-related fac-
tor (Nrf-2) to consensus antioxidant response element sequences
in the promoter regions. Activation of this pathway may offer po-
tent and prolonged downstream antioxidant effects, including
ights reserved.
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elevated c-GCS and SOD expression (Gao et al., 2001; Ha et al.,
2006). To our knowledge, no study has thoroughly examined the
ability of PG to affect Nrf-2 levels, which are believed to be a crit-
ical site of GSH depletion in human leukemia cells.

The mitogen-activated protein kinases (MAPKs), a family of
highly related kinases, consist of the extracellular signal-regulated
protein kinases (ERKs), the c-jun N-terminal kinases (JNKs), the
p38 kinases and other relatively less characterized kinases, all of
which catalyze phosphorylation on either threonine or serine res-
idues adjacent to proline residues. The MAPK signaling system is
susceptible to various stimuli, including oxidative stress, and has
been associated with Nrf-2 regulation in many previous reports
(McCubrey et al., 2006; Owuor and Kong, 2002; Sun et al., 2009).
MAPK activation is also associated with the apoptosis induced by
many anti-cancer agents. For example, ceramide results in p38
MAPK-dependent apoptosis in HL-60 human leukemia cells (Kim
et al., 2008). Fenretinide stimulates sustained activation of JNK/
p38 MAPK and apoptosis in a reactive oxygen species-dependent
manner in neuroblastoma cells (Osone et al., 2004). The precise
role of MAPKs and other molecular pathways involved in PG-
induced apoptosis in human leukemia cells remain poorly
understood.

The aim of this study was to evaluate the anti-cancer effects of
PG on two well-characterized human acute myeloid leukemia cell
lines, THP-1 and HL-60 cells, and one human T cell lymphoblast-
like cell line, Jurkat cells. The relationship between GSH depletion,
nuclear Nrf-2 translocation, and MAPK activation was investigated.
Our results demonstrate that PG induces a MAPK activation-
dependent reduction in Nrf-2 nuclear translocation and subse-
quent c-GCS inhibition that ultimately results in GSH depletion.
These results may be helpful in understanding the early apoptotic
events in PG-treated leukemia cells.
2. Materials and methods

2.1. Cell lines and reagents

Three human leukemia cell lines, THP-1, HL-60, and Jurkat cells, were obtained
from the Bioresource Collection and Research Center (Hsinchu, Taiwan). Chlorom-
ethylflourescein diacetate (CMF-DA) was acquired from Invitrogen Co. (Carlsbad,
CA). RPMI-1640 medium and fetal bovine serum (FBS) were obtained from Hyclone
(South Logan, UT) and Biological industries (South Logan, UT), respectively. The pri-
mary antibodies against caspases 3, 8 and 9, Bcl-2, Bax, p53, Fas, Fas-L, SOD-1, cat-
alase, c-GCS, SP-1, and Nrf-2 were obtained from Santa Cruz Biotechnology, Inc.,
(Santa Cruz, CA). The primary antibodies against p-JNK, JNK, p-ERK, ERK, p-p38
and p38 were acquired from Cell Signaling Technology (Boston, MA). SB203580,
SP600125 and PD98059 were purchased from Serva Electrophoresis (Mannheim,
Germany). PG, propidium iodide (PI), NAC, GSH, 20 ,70-dichlorodihydrofluorescein-
diacetate (DCFH-DA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT), DNase-free RNase A, dimethyl sulfoxide (DMSO), anti-actin primary
antibody and other chemicals were purchased from Sigma Chemical Co. (St. Louis,
MO).
2.2. Cell culture and treatment

THP-1, HL-60, and Jurkat cells were cultured in RPMI-1640 medium containing
10% FBS. The stock solution of PG was dissolved in DMSO, and different concentra-
tions (lM) were prepared in the RPMI-1640 medium.
2.3. Cell viability assays

Cell viability was evaluated by the MTT assay. Yellow MTT is reduced to purple
formazan by dehydrogenase in the mitochondria of living cells. A solubilization
agent such as DMSO is added to dissolve the insoluble purple formazan product into
a colored solution. The absorbance of this colored solution can be quantified by
measuring a specific wavelength (usually between 550 and 600 nm) with a spectro-
photometer. Cells (1 � 106) were cultured in 60 mm tissue-culture dishes for 24 h.
The culture medium was replaced with new medium, and the cells were exposed to
various concentrations of PG for the indicated times. After treatment, cells were
incubated with 0.5 mg/mL of MTT reagent for 2 h and lysed with DMSO. A 200 ll
Please cite this article in press as: Chen, C.-H., et al. Role of redox signaling reg
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aliquot of DMSO lysed solution was taken from 60 mm culture-dishes to 96-well
reader plates. The absorbance of DMSO lysed solution in 96-well reader plates
was measured at 595 nm in a microplate reader (Bio-Rad, Richmond, CA).

2.4. DNA damage and cell cycle analysis

DNA damage and the cell cycle were measured with PI staining and flow cytom-
etry. Cells (1 � 106) were cultured in 60 mm tissue culture dishes for 24 h. The cul-
ture medium was replaced with fresh medium, and the cells were exposed to
various concentrations of PG for 24 h. After treatment, cells were pooled, washed
with PBS, fixed in PBS-methanol (1:2, volume/volume) solution, and then main-
tained at 4 �C for at least 18 h. After one wash of PBS, the cell pellets were stained
with the PI solution containing PBS, 40 lg/mL PI, and 40 lg/mL DNase-free RNase A
for 30 min at room temperature in the dark and then analyzed by a Becton–
Dickinson FACSan flow cytometer (Franklin Lakes, NJ). A minimum of 10,000 cells
was counted per sample, and the DNA histograms were further evaluated using
Modfit software on a PC workstation to calculate the percentage of cells in various
phases of the cell cycle and to quantify cells with DNA damage.

2.5. Staining of apoptotic cells with Hoechst 33258 and apoptotic morphology analysis

After PG treatment, cells were washed with PBS and resuspended in PBS. One
hundred microliters of cell suspension (1 � 106 cells) were incubated with 50 lM
Hoechst 33258 for 10 min. Apoptotic cells displaying chromatin condensation were
evaluated by fluorescence microscopy. Apoptotic morphology indicated by apopto-
tic bubbling was examined with a light microscope.

2.6. Measurement of intracellular ROS by flow cytometry

Production of intracellular ROS was detected by flow cytometry using DCFH-DA.
After treatment, cells were washed once with PBS, treated with 20 lM DCFH-DA for
30 min in the dark, washed once with PBS, collected by centrifugation, and sus-
pended in PBS. Intracellular ROS levels, as indicated by the fluorescence of dichlo-
rofluorescein (DCF), were measured through a 530/22-nm barrier filter using a
Becton–Dickinson FACS-Calibur flow cytometer.

2.7. Measurement of intracellular GSH depletion

After treatment, cells were incubated with 25 lM CMF-DA for 20 min at 37 �C in
a 5% CO2 incubator, washed once with PBS, collected by centrifugation, suspended
in PBS, and then measured through a 530/22-nm barrier filter using a Becton–Dick-
inson FACSan flow cytometer. The CMF fluorescence gives a measure of the intracel-
lular GSH level.

2.8. Preparation of nuclear extracts for Nrf-2

Cells (3 � 106) were washed with cold PBS and suspended in 0.15 ml of hypo-
tonic lysis buffer containing protease inhibitors for 30 min. The cells were then
lysed with 3.2 ll of 10% Nonidet P-40. The homogenate was centrifuged, and the
supernatant containing the cytoplasmic extracts was stored frozen at �80 �C. The
nuclear pellet was resuspended in a 25 ll of ice-cold nuclear extraction buffer. After
30 min of intermittent mixing, the extract was centrifuged, and the supernatants
containing nuclear extracts were secured. Protein content was measured with the
Bio-Rad protein assay reagent. The expression of Nrf-2 was measured by western
blotting.

2.9. Western blotting analysis

After treatment, cells were washed with PBS, resuspended in a protein extrac-
tion buffer for 10 min, and centrifuged at 12,000g for 10 min at 4 �C to obtain total
extracted proteins (supernatant). Protein concentrations were measured with a Bio-
Rad protein assay reagent (Bio-Rad, Richmond, CA). The extracted cellular proteins
were boiled in loading buffer, and an aliquot corresponding to 50–100 lg of protein
was separated on a 12% SDS–polyacrylamide gel. After electrophoresis, proteins
were electrotransferred onto a polyvinylidene fluoride transfer membrane. After
blotting, the membranes were incubated with various primary antibodies overnight
and then washed with PBST solution (0.05% Tween 20 in PBS). Following washing,
the secondary antibody labeled with horseradish-peroxidase was added to the
membrane for 1 h and then washed with PBST solution (0.05% Tween 20 in PBS).
The antigen–antibody complexes were detected by enhanced chemiluminescence
(Amersham Pharmacia Biotech, Piscataway, NJ) with a chemiluminescence
analyzer.

2.10. Statistical analysis

Data are presented as the means ± standard deviation from at least three inde-
pendent experiments and were analyzed using Student’s t-test. A P value of less
than 0.05 was considered statistically significant (Lucke, 1996).
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3. Results

3.1. PG induces apoptosis in THP-1 cells but not in HL-60 cells or Jurkat
cells

Treatment of three leukemia cell lines, THP-1, HL-60 and Jurkat
cells, with PG (0, 5, 10, 25, 50, or 75 lM) resulted in a dose-
dependent decrease in cell viability as measured by the MTT assay
(Fig. 1A). To evaluate whether PG induced apoptosis, these human
leukemia cells were exposed to 75 lM PG for 24 h. The apoptotic-
associated DNA damage fraction (SubG1) was evaluated by PI stain-
ing and flow cytometry, and apoptotic bubbling and chromatin
condensation were examined with a light microscope and Hoechst
33258 staining, respectively. As shown in Fig. 1B, the proportion of
Fig. 1. Cell viability and apoptosis analysis in PG-treated leukemia, WI-38, and ARPE-1
culture dishes at 80% confluence and treated with the indicated concentrations for 24 h. (A
at 37 �C, and the cells were lysed with DMSO. Absorbance was measured at 595 nm. (B)
volume) solution, and stained with propidium iodide, followed by flow cytometric analys
(magnification 200�). The arrows indicate apoptotic bubbles. (D) After treatment, the c
with a fluorescence microscope (magnification 200�). The arrows indicate the chromat
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THP-1 cells in SubG1 increased to 48.84% after a 24-h PG treatment.
Treatment with PG for 24 h had almost no effect on SubG1 levels in
HL-60 cells and Jurkat cells. In agreement with the DNA damage le-
vel, PG-induced marked apoptotic bubbling and chromatin con-
densation in THP-1 but not in HL-60 or Jurkat cells (Fig. 1C and
D). Because PG induced the greatest level of apoptosis in THP-1
cells, the proportion of cells in SubG1 was further evaluated in this
cell line at various concentrations of PG. For treatments lasting
24 h, increasing concentrations of PG caused a progressive increase
in the proportion of cells in SubG1 (Fig. 1E). We also evaluated the
effect of PG treatment on the cells viability in two normal human
cell lines (WI-38 and ARPE-19). WI-38 is a normal human lung cell
line and ARPE-19 is a normal human retinal pigment epithelial cell
line. As shown in Fig. 1F, WI-38 and ARPE-19 cells were treated
9 cell lines. THP-1, Jurkat, HL-60, WI-38, and ARPE-19 cells were plated in 60-mm
) and (F) After treatment, the MTT reagent (0.5 mg/ml) was added to the cells for 2 h
and (E) After treatment, cells were harvested, fixed in PBS-methanol (1:2, volume/

is. (C) After treatment, apoptotic morphology was evaluated with a light microscope
ells were stained with Hoechst 33258, and chromatin condensation was evaluated
in condensation in cells.

ulation in propyl gallate-induced apoptosis of human leukemia cells. Food

http://dx.doi.org/10.1016/j.fct.2010.11.031


4 C.-H. Chen et al. / Food and Chemical Toxicology xxx (2010) xxx–xxx
with PG for 24 h, resulting in 109.9% and 85.6% cells viability,
respectively. There is little or none toxicity in PG-treated normal
cells at the test conditions.

3.2. PG induces caspase activation, Bax and p53 expression in THP-1
cells

Because caspase activation is thought to induce apoptosis, and
up-regulation of Bax, Bcl-2, and p53 is an important event in the
apoptosis process, we examined whether PG mediated the cleav-
age of caspases 3, 8, and 9 or affected Bax, Bcl-2 or p53 levels in
treated THP-1 cells. As shown in Fig. 2A, the cleavage of caspases
3, 8, and 9 was markedly increased at 6, 12, and 24 h in PG-treated
cells compared with untreated cells. PG treatment induced an in-
crease in Bax expression that was clearly visible after 12 and
24 h of treatment (Fig. 2B); however, no significant change in
Bcl-2 was apparent in treated THP-1 cells. The PG-treated THP-1
cells also exhibited an increase in p53 protein levels that was
detectable after 6 h of treatment and maintained to the 24-h
endpoint.

3.3. PG induces intracellular GSH depletion but not ROS production in
THP-1 cells

GSH depletion and ROS production are two important events in
the apoptotic process. Because PG has been shown to induce a GSH
decrease and ROS increase in human cervical cancer HeLa cells in
another study (Han and Park, 2009), we assessed whether PG treat-
ment also affected GSH and ROS levels in THP-1 cells. As shown in
Fig. 3A, the percentage of intracellular GSH-depleted cells in-
Fig. 2. (A) Activation of caspases 3, 8, and 9 and (B) the expression of p53, Bax, and
Bcl-2 in PG-treated THP-1 cells. Cells were plated in 60-mm culture dishes at 80%
confluence and then treated with 75 lM PG for 3, 6, 12 or 24 h. After treatment,
cells were washed with PBS and extracted with protein extraction buffer. Fifty
micrograms of protein were loaded on a 12% SDS–polyacrylamide gel and evaluated
by western blotting. These experiments were performed at least three times and a
representative experiment is presented.
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creased slightly to 7.7 ± 2.8 and 9.5 ± 3.5 after 3 and 6 h of treat-
ment, respectively, compared to untreated cells. After 24 h of
treatment, the percentage of intracellular GSH-depleted cells in-
creased to 23.6 ± 5.8. Intracellular ROS levels, as indicated by DCF
fluorescence, were reduced upon PG treatments of various dura-
tions (Fig. 3B). These results indicate that the GSH depletion in-
duced by PG is not dependent on intracellular ROS production.

3.4. PG decreases Nrf-2 nuclear translocation and c-GCS expression in
THP-1 cells

c-GCS is the rate-limiting enzyme for GSH synthesis and is
transcriptionally regulated by the transcription factor Nrf-2. To
gain further insight into the mechanism of PG-mediated GSH
depletion, we determined its effect on Nrf-2 nuclear translocation
and c-GCS expression in THP-1 cells by western blotting. As shown
in Fig. 4A, the Nrf-2 nuclear fraction was decreased as early as 0.5 h
after onset of PG treatment, and maintained low 3 h later. c-GCS
expression in PG-treated THP-1 cells declined in a time-dependent
manner (Fig. 4B). Because SOD and catalase are two important
intracellular antioxidants that scavenge superoxide and H2O2,
respectively, we next determined whether the PG-induced ROS
reduction was associated with either enzyme. As shown in
Fig. 4B, the expression of SOD-1 in PG-treated THP-1 cells in-
creased in a time-dependent manner, but catalase expression
was not affected by PG treatment.

3.5. PG induces MAPK activation and Fas and Fas ligand expression in
THP-1 cells

Previous studies have shown that MAPK activation is a critical
event for the induction of apoptosis (Lau et al., 2010). To determine
whether PG enhances MAPK activation, the phosphorylation of
JNK, ERK, and p38 was measured by western blotting. As shown
in Fig. 4C, JNK, ERK, and p38 each showed a transient rise in phos-
phorylation at 10 min, which decreased at later time points. Fas
has been shown to be an important mediator of apoptotic cell
death and activation of Fas by Fas ligand (Fas-L) induces apoptosis
(Miyata et al., 2010). We therefore determined the expression of
Fas and Fas-L in PG-treated THP-1 cells by western blotting. As
shown in Fig. 4D, a marked increase in Fas expression was ob-
served at 6, 12 and 24 h after PG treatment. A significant increase
in Fas-L level, correlated with changes in Fas level, was detected at
12 h and 24 h.

3.6. PG-induced apoptosis in THP-1 cells through multiple pathways

To investigate the critical pathway(s) in PG-induced apoptosis,
THP-1 cells were pretreated with 100 lM Boc-Asp(OMe)-fmk (a
pan caspase inhibitor), 100 lM pifithrin-a (a p53 inhibitor),
10 mM NAC (an intracellular GSH synthetic agent), 20 lM
SB203580 (a p38 inhibitor), 20 lM SP600125 (a JNK inhibitor) or
20 lM PD98059 (a MEK inhibitor) for 2 h, followed by treatment
with 75 lM PG for another 24 h. The SubG1 fraction was then ana-
lyzed by PI staining and flow cytometry. As shown in Fig. 5A, the
SubG1 fraction in untreated THP-1 cells was 0.37% and increased
to 45.22% after 24 h of exposure to 75 lM PG. Boc-Asp(OMe)-fmk
pretreatment rescued PG-induced apoptosis to the greatest extent:
the percentage of SubG1 cells decreased to 8.43% in these cells.
Pifithrin-a and NAC displayed moderate inhibitory effects, with
respective SubG1 fractions of 23.81% and 26.67%. Regarding the
MAPK inhibitor pretreatments, PD98059 reduced the SubG1 frac-
tion to 18.02% after 24 h of treatment, compared to 51.19% in the
PG-treated cells (Fig. 5B). SB203580 displayed a moderate effects;
the SubG1 fraction in these cells was 46.48%. SP600125 had the
weakest effect on PG-induced apoptosis, as cells pre-treated with
ulation in propyl gallate-induced apoptosis of human leukemia cells. Food
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Fig. 3. Evaluation of intracellular GSH and ROS in PG-treated THP-1 cells. Cells were plated in 60-mm culture dishes. (A) The culture medium was replaced with fresh
medium when the cells were 80% confluent and then treated with 0 (untreated) or 75 lM of PG for 3, 6, or 24 h. After treatment, the cells were incubated with 25 lM CMF-DA
for 30 min in a 37 �C 5% CO2 incubator and then measured with a flow cytometer. Data show the percentage of intracellular GSH-negative cells. (B) The culture medium was
replaced with fresh medium when the cells were 80% confluent and then exposed to 75 lM of PG for 10, 20, 30, 60 min, or 24 h. Production of intracellular ROS was detected
by flow cytometry using DCFH-DA staining. The intracellular fluorescence of dichlorofluorescein (DCF) was measured with a Becton–Dickinson FACScan flow cytometer. Data
in each panel represent the DCF fluorescence intensity within the cells. The values shown are mean ± standard deviation (n = 5–8 samples per experiment). Significant
differences from the untreated group show P < 0.05 (�).
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this inhibitor displayed a SubG1 fraction of 35.61%. These results
indicate that the apoptotic effect induced by PG in THP-1 cells is
mediated by multiple pathways. To evaluate whether MAPK acti-
vation inhibits Nrf-2 nuclear translocation, THP-1 cells were pre-
treated with 20 lM SB203580, 20 lM SP600125 or 20 lM
PD98059 for 2 h, followed by treatment with 75 lM PG for another
Please cite this article in press as: Chen, C.-H., et al. Role of redox signaling reg
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30 min. Nrf-2 nuclear translocation was then analyzed by western
blotting. As shown in Fig. 5C, pretreatment with SB203580 or
PD98059 rescued nuclear Nrf-2 accumulation in PG-treated cells,
indicating that the PG-induced inhibition of Nrf-2 nuclear translo-
cation depends on the activation of MEK/ERK and p38. Treatment
of NAC to the THP-1 cells after treating with PG for 12 h does not
ulation in propyl gallate-induced apoptosis of human leukemia cells. Food
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Fig. 4. (A) Nrf-2 nuclear translocation, (B) the expression of c-GCS, SOD-1, and catalase, (C) Activation of JNK, ERK and p38, and (D) the expression of Fas-L and Fas in PG-
treated THP-1 cells. Cells were plated in 60-mm culture dishes at 80% confluence and then treated with 75 lM PG for the indicated times. After treatment, nuclear proteins
were isolated and examined for Nrf-2; total protein was extracted to assess c-GCS, SOD-1, catalase, Fas-L and Fas expression and phosphorylation and non- phosphorylation
of JNK, ERK and p38. Fifty micrograms of protein were loaded on a 12% SDS–polyacrylamide gel and evaluated by western blotting. These experiments were performed at
least three times and a representative experiment is presented.
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prevent the PG-induced apoptosis (Fig. 5D). PG also can not induce
obvious apoptosis (<10%) at 3–12 h (Fig. 5E). These results indicate
that GSH depletion is a consequence of cell death. Fig. 5F shows
that 5 lM of SB203580 did not induce marked apoptosis in THP-
1 cells. Other inhibitors or scavengers also did not induce obvious
apoptotic effects on control cells (<10%).
4. Discussion

Many anti-cancer drugs kill cancer cells by inducing high levels
of intracellular ROS. Some studies have suggested that high con-
centrations of PG (�400 lM) induce increased ROS levels and cell
death in HeLa human cervical cancer cells (Han and Park, 2009).
However, our results show that 75 lM PG reduced intracellular
ROS levels to about half that seen in untreated THP-1 cells at every
time point (Fig. 3B). PG contains a hydrophobic alkyl ester group
that helps PG to cross the cell membrane and enter the cytoplasm.
Once in the cytoplasm, the hydroxyl groups on the polyphenolic
structure of PG can scavenge free radicals by donating hydrogen
atoms (Maisuthisakul et al., 2007). Another mechanism by which
PG might decrease intracellular ROS is the up-regulation of SOD-
1 observed in THP-1 cells after 3 h of treatment (Fig. 4B). SOD is
a superoxide scavenger that metabolizes superoxide to H2O2,
which is further metabolized to H2O and O2 by catalase. Because
PG did not affect the expression of catalase (Fig. 4B), the elimina-
tion of intracellular H2O2 could be executed normally in THP-1
cells and ultimately contribute to the decrease in intracellular
ROS in PG-treated THP-1 cells.

GSH depletion has been accepted as an important event for suc-
cessful induction of apoptosis by various chemical compounds in
many cancer cell lines. Our previous study demonstrated that
GSH depletion occurs after treatment with several chemical com-
pounds, including actinodaphnine, secokotomolide A and 6-sho-
gaol, which induce some human cancer cell lines (Hsieh et al.,
2006; Chen et al., 2006, 2007). PG did not induce intracellular
ROS production, suggesting that GSH depletion is dependent on
the inhibition of Nrf-2 nuclear translocation and c-GCS expression
rather than ROS production in PG-treated THP-1 cells (Fig. 4). Pre-
treatment with NAC partially decreased of the size of the SubG1
Please cite this article in press as: Chen, C.-H., et al. Role of redox signaling reg
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fraction induced by PG (Fig. 5A), indicating that GSH depletion par-
ticipated in the apoptotic process that follows PG treatment.

Previous studies recognized that the tumor suppressor p53 ex-
erts its anti-neoplastic activity primarily through the induction of
apoptosis, and that cytosolic localization of endogenous wild type
p53 is necessary and sufficient for apoptosis (Chipuk et al., 2004).
P53 can directly activate the proapoptotic Bax protein to permea-
bilize the mitochondria and activate the apoptotic program
(Chipuk et al., 2004). Consistent with these observations, our data
indicate that PG-induced p53 expression at 6–24 h and Bax expres-
sion at 12 and 24 h. In addition, we show that pretreatment with
the p53 inhibitor pifithrin-a also decreased the percentage of
SubG1 cells to about half that measured in PG-treated cells. These
results indicate that p53-dependent Bax induction may be an
important pathway for apoptotic injury during PG exposure.

Caspase family proteins are some of the chief executors of the
apoptotic process (Lampiasi et al., 2009). They belong to a class
of enzymes known as cysteine proteases and are present within
the cell as inactive zymogens. These zymogens can be cleaved
and transformed into active enzymes following the induction of
apoptosis. Apoptosis can be initiated via extrinsic death receptors
or by intrinsic mitochondrial dysfunction, which result in the acti-
vation of caspases 8 and 9, respectively. These caspases then acti-
vate other caspases in a cascade that eventually leads to the
activation of effector caspases such as caspase 3. Effector caspases
are responsible for the cleavage of key cellular proteins that medi-
ate apoptosis (Lampiasi et al., 2009). Our results show that caspas-
es 8, 9, and 3 were activated by 6 h after the onset of PG treatment.
Moreover, we demonstrated that Boc-Asp(OMe)-fmk (a pan cas-
pase inhibitor) decreased the percentage of SubG1 cells induced
by PG, suggesting that caspase activation is the chief pathway in-
volved in PG-mediated apoptosis.

Exposure of cells to oxidative stress induces activation of multi-
ple members of the MAPK family, including ERK1/2, JNK, and p38
(Torres and Forman, 2003). Among them, the JNK and p38 path-
ways are frequently associated with the induction of apoptosis,
while the ERK pathway is thought to deliver survival signals that
protect cells from apoptosis (Yang et al., 2004). However, increas-
ing evidence indicates that ERK activation results in apoptosis in
certain cell types. For example, cisplatin induces ERK1/2 activation,
and inhibition of ERK prevented apoptosis in renal epithelial cells
ulation in propyl gallate-induced apoptosis of human leukemia cells. Food
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Fig. 5. Evaluation of critical events in PG-induced apoptosis. (A) THP-1 cells were treated with 0 (untreated) or 75 lM PG alone for 24 h, or pretreated with 100 lM Boc [Boc-
Asp(OMe)-fmk], 100 lM PFT-a (pifithrin-a, or 10 mM NAC (N-acetylcysteine) for 2 h, followed by 75 lM PG treatment for 24 h. All samples were subsequently processed for
cell cycle analysis. (B) THP-1 cells were treated with 0 (untreated) or 75 lM PG alone for 24 h, or pretreated with 5 lM SB203580, 20 lM SP600125 or 20 lM PD98059 for 2 h,
followed by 75 lM PG treatment for 24 h. All samples were subsequently processed for cell cycle analysis. (C) THP-1 cells were treated with 0 (untreated) or 75 lM PG alone
for 30 min, or pretreated with 20 lM SB203580 (SB), SP600125 (SP) or PD98059 (PD) for 2 h, followed by 75 lM PG treatment for 30 min. Nuclear proteins were isolated from
each sample. Fifty micrograms of protein were loaded on a 12% SDS–polyacrylamide gel and the expression of Nrf-2 was evaluated by western blotting analysis. (D) THP-1
cells were treated with 10 mM NAC after treatment with 75 lM PG for 12 h. After 24 h of PG treatment, the cells were processed for cell cycle analysis. (E) THP-1 cells were
treated with 75 lM PG for the indicated times; (F) THP-1 cells were treated with 100 lM Boc [Boc-Asp(OMe)-fmk], 100 lM PFT-a, 10 mM NAC, 5 lM SB203580, 20 lM
SP600125 or 20 lM PD98059 for 24 h. After treatment, all samples were subsequently processed for cell cycle analysis. These experiments were performed at least three
times and a representative experiment is presented.
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(Kim et al., 2005). Moreover, ERK inhibition by U0126 resulted in
renal protection in cisplatin-induced nephrotoxicity in mice (Jo
et al., 2005). Although JNK, p38, and ERK activation were apparent
as early as 10 min after the onset of PG treatment, inhibition of
MEK by PD98059, a MEK inhibitor, resulted in the greatest reduc-
tion of PG-induced SubG1 cells (Fig. 5B). This result indicates that
Please cite this article in press as: Chen, C.-H., et al. Role of redox signaling reg
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MEK/ERK signaling may be an early initiator of the PG-induced
apoptotic process. Furthermore, another study also showed that
activation of ERK contributed to Fas and Fas-L expression and the
activation of caspase 8 (Chen et al., 2010). Our results show that
up-regulation of Fas and Fas-L and caspase 8 activation may be
two downstream events of MEK/ERK signaling in PG-treated
ulation in propyl gallate-induced apoptosis of human leukemia cells. Food
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Fig. 6. Schematic illustration of a proposed model of PG-induced apoptosis in THP-
1 cells.
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THP-1 cells. These findings are in accordance with results from
other studies that reported ERK activation accompanied by the
Fas response in valproate-induced apoptosis in B-chronic lympho-
cytic leukaemia cells (Bouzar et al., 2009).

Our studies demonstrate for the first time that PG causes apop-
tosis in human leukemia cells via multiple pathways, including
activation of caspases and MAPKs, up-regulation of p53, Bax, Fas,
and Fas-L expression and GSH depletion. Among these pathways,
caspase activation is the chief effect, with MAPK activation and
p53 expression/GSH depletion as the second and third effects,
respectively. The activation of MEK/ERK and MAPK/p38 is an early
event in PG-induced inhibition of Nrf-2 nuclear translocation,
which may result in c-GCS down-regulation and GSH depletion.
A hypothetical diagram that illustrates the apoptotic effects of PG
on leukemia cells is depicted in Fig. 6. PG might serve as a potential
chemotherapeutic agent or food supplement for human leukemia
patients.
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