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Abstract. Propyl gallate (PG) as a synthetic antioxidant
exerts a variety of effects on tissue and cell functions. Here,
we evaluated the effects of PG on the growth of HeLa cells
in relation to apoptosis and the cell cycle. PG dose-
dependently inhibited the growth of HeLa cells with an ICj,
of approximately 800 yM at 24 h. DNA flow cytometric
analysis indicated that PG significantly induced a G1 phase
arrest of the cell cycle along with an increase in the cyclin-
dependent kinase inhibitor (CDKI) p27. In addition, PG
induced apoptosis, which was accompanied by the loss of
mitochondrial membrane potential (MMP; AW, ), activation
of caspase-3 and caspase-8 and PARP cleavage. All the
tested caspase inhibitors (pan-caspase, caspase-3, -8 or -9
inhibitor) significantly rescued HeLa cells from PG-induced
cell death. However, none of the caspase inhibitors prevented
the loss of MMP (AW, induced by PG. In conclusion, PG
inhibited the growth of HeLa cells via caspase-dependent
apoptosis as well as a G1 phase arrest of the cell cycle.

Introduction

Propyl gallate (PG, 3.,4,5-trihydroxybenzoic acid propyl
ester) is used as a synthetic antioxidant in processed food,
cosmetics and food packing materials, to prevent rancidity and
spoilage. PG is also used to preserve and stabilize medicinal
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preparations on the US Food and Drug Administration list
(1). Because of its prevalent usage, the potential toxicity of
PG has been investigated in vivo (2,3) and in vitro, to assess
various toxicological properties, i.e., mutagenicity (4) and
cytogenetic effects (5). Despite the assumed low toxicity of
PG, it exerts a variety of effects on tissue and cell functions.
Several studies demonstrate the benefits of PG as an anti-
oxidant (6,7) and a chemopreventive agent (8). For instances,
PG is an efficient protector of liver cells from lipid peroxi-
dation by oxygen radicals (3). PG also has protective effects
against oxidative DNA damage using 8-oxoguanine formation
as a marker (7). In contrast, it is reported that PG exerted
prooxidant properties (9-11). PG is cytotoxic to isolated rat
hepatocytes because it impairs mitochondria, leading to ATP
depletion (12). PG inhibits growth of microorganisms by
inhibiting respiration and nucleic acid synthesis (13). Contro-
versially, the effects of PG can be enhancing or suppressing
on carcinogenesis and mutagenesis (4,14). Antioxidative and
cytoprotective properties of PG may change to prooxidative,
cytotoxic and genotoxic properties in the presence of Cu(Il)
(15). Therefore, in order to clarify the discrepancy between the
different effects of PG, further studies need to be performed
to re-evaluate its function and safety on cells and tissues.

The mechanism of apoptosis involves mainly two
signaling pathways, the mitochondrial pathway and the cell
death receptor pathway (16-18). The key element in the
mitochondrial pathway is the efflux of cytochrome ¢ from
mitochondria to cytosol, where it subsequently forms a
complex (apoptosome) with Apaf-1 and caspase-9, leading to
the activation of the caspase-3 (19). The cell death receptor
pathway is characterized by binding cell death ligands and
cell death receptors, and subsequently activates caspase-8
and caspase-3 (20,21). Caspase-3 is an executioner caspase,
which activation can systematically dismantle cells by
cleaving key proteins such as PARP.

Since little is known about the relationship between PG
and cancer cells, in this study we evaluated the effects of PG
on the growth of human cervix adenocarcinoma HeLa cells
and investigated its anti-growth mechanism in relation to
apoptosis as well as cell cycle arrest.

Materials and methods
Cell culture. The human cervix adenocarcinoma HelLa cells

were obtained from the ATCC and maintained in a humi-
dified incubator containing 5% CO, at 37°C. HeLa cells were
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cultured in RPMI-1640 supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin (Gibco BRL,
Grand Island, NY). Cells were routinely grown in 100-mm
plastic tissue culture dishes (Nunc, Roskilde, Denmark) and
harvested with a solution of trypsin-EDTA while in a
logarithmic phase of growth. Cells were maintained in these
culture conditions for all experiments.

Reagents. PG was purchased from the Sigma-Aldrich
Chemical Co. (St. Louis, MO). PG was dissolved in ethanol
at 200 mM as a stock solution. The pan-caspase inhibitor
(Z-VAD-FMK; benzyloxycarbonyl-Val-Ala-Asp-fluoro-
methylketone, caspase-3 inhibitor (Z-DEVD-FMK; benzyloxy-
carbonyl-Asp-Glu-Val-Asp-fluoromethylketone, caspase-8
inhibitor (Z-IETD-FMK; benzyloxycarbonyl-Ile-Glu-Thr-Asp-
fluoromethylketone and caspase-9 inhibitor (Z-LEHD-FMK;
benzyloxycarbonyl-Leu-Glu-His-Asp-fluoromethylketone were
obtained from R&D Systems, Inc. (Minneapolis, MN) and
dissolved in DMSO (Sigma) at 10 mM as a stock solution.
Cells were pretreated with caspase inhibitor for 30 min
prior to treatment with PG. Ethanol (0.2%) and DMSO (0.2%)
were used as a control vehicle. All stock solutions were
wrapped in foil and kept at -20°C.

Cell growth assay. The effect of PG on HeLa cell growth
was determined by trypan blue exclusion cell counting or
measuring 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) dye absorbance of living cells as
previously described (22). In brief, cells (3x10° cells per
well) were seeded in 24-well plates (Nunc) for cell counting,
and cells (5x10% cells per well) were seeded in 96-well
microtiter plates for an MTT assay. After exposure to the
doses of 100-1600 M PG for 24 h, cells in 24- or 96-well
plates were collected with trypsin digestion for trypan blue
exclusion cell counting or for an MTT assay. Twenty micro-
liters of MTT (Sigma) solution (2 mg/ml in PBS) were added
to each well of 96-well plates. The plates were incubated for
4 additional hours at 37°C. MTT solution in the medium was
aspirated off and 200 pl of DMSO were added to each well
to solubilize the formazan crystals formed in viable cells.
Optical density was measured at 570 nm using a microplate
reader (Spectra MAX 340, Molecular Devices Co., Sunnyvale,
CA). Each plate contained multiple wells at a given experi-
mental condition and multiple control wells. This procedure
was replicated for 2-4 plates per condition.

Cell cycle analysis. Cell cycle distributions in cells were deter-
mined by propidium iodide (PI, Sigma-Aldrich; Ex/Em =
488 nm/617 nm) staining as previously described (23). In
brief, 1x10° cells were incubated with the designated doses of
PG with or without caspase inhibitor for 24 h. Cells were
then washed with PBS and fixed in 70% ethanol. Cells were
washed again with PBS, then incubated with PI (10 xg/ml)
with simultaneous RNase treatment at 37°C for 30 min. Cell
DNA content was measured using a FACStar flow cytometer
(Becton-Dickinson, San Jose, CA) and analyzed using lysis II
and CellFit software (Becton-Dickinson) or ModFit software
(Verity Software House, Inc., ME).

Annexin V staining. Apoptosis was determined by staining
cells with annexin V-fluorescein isothiocyanate (FITC)
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(Ex/Em = 488 nm/519 nm) as previously described (24). In
brief, 1x10° cells were incubated with the designated doses of
PG with or without caspase inhibitors for 24 h. Cells were
washed twice with cold PBS and then resuspended in 500 ul
of binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM
NaCl, 2.5 mM CaCl,) at a concentration of 1x10° cells/ml.
Five microliters of annexin V-FITC (PharMingen, San Diego,
CA) was then added to these cells, which were analyzed with
a FACStar flow cytometer (Becton-Dickinson).

Measurement of MMP (A¥,,). The MMP (AW, ) was measured
using the Rhodamine 123 fluorescent dye (Ex/Em = 485 nm/
535 nm), which preferentially enters mitochondria, as
previously described (25). In brief, 1x10° cells were incubated
with the designated doses of PG with or without caspase
inhibitors for 24 h. Cells were washed twice with PBS and
incubated with Rhodamine 123 (0.1 ug/ml; Sigma) at 37°C
for 30 min. Rhodamine 123 staining intensity was deter-
mined by flow cytometry. Rhodamine 123 negative cells
indicate the loss of MMP (AW,) in HeLa cells. MMP (A¥,)
levels in cells except MMP (AW, ) loss cells were expressed
as mean fluorescence intensity (MFI), which was calculated
by CellQuest software.

Western blot analysis. The expression of apoptosis-related
proteins was evaluated by Western blot analysis as previously
described (26). In brief, 1x10° cells were incubated with the
designated doses of PG for 24 h. The cells were then washed
in PBS and suspended in lysis buffer [20 mM HEPES pH 7.9,
20% glycerol, 200 mM KCI, 0.5 mM EDTA, 0.5% NP40,
0.5 mM DTT, 1% protease inhibitor cocktail (Sigma)].
Lysates were then collected and stored at -20°C until further
use. Supernatant protein concentration was determined by the
Bradford method. Supernatant samples containing 40 p g total
protein were resolved by 8 or 15% SDS-PAGE gel depending
on the target protein sizes, transferred to Immobilon-P PVDF
membranes (Millipore, Billerica, MA) by electroblotting, and
probed with anti-Bcl-2, anti-caspase-3, anti-PARP, anti-p27
and anti-B-actin antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA). Membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies. Blots were
developed using an ECL kit (Amersham, Arlington Heights,
IL).

Quantification of caspase-3 and caspase-8 activity. The
activity of caspase-3 and caspase-8 was assessed using
caspase-3 and caspase-8 Colorimetric Assay kits (R&D
Systems, Inc.), as previously described (27). In brief, 1x10°
cells were incubated with or without PG for 24 h, then washed
in PBS and suspended in 5 volumes of lysis buffer [20 mM
HEPES pH 7.9, 20% glycerol, 200 mM KCl, 0.5 mM EDTA,
0.5% NP40, 0.5 mM DTT, 1% protease inhibitor cocktail
(Sigma)]. Lysates were then collected and stored at -20°C until
used. Protein concentration was determined by the Bradford
method. Supernatant samples containing 100 ug total protein
were added to DEVD-pNA or IETD-pNA in 96-well microtiter
plates (Nunc) and incubated at 37°C for 1 h. Optical density
was measured at 405 nm using a microplate reader (Spectra
MAX 340, Molecular Devices Co.). Each plate contained
multiple wells of a given experimental condition and multiple
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Figure 1. Effects of PG on the growth of HeLa cells in vitro. Exponentially-
growing cells were treated with the indicated concentrations of PG for 24 h.
Cell number (A) and cell growth (B) were assessed by trypan blue exclusion
cell counting and an MTT assay, respectively. “P<0.05 compared with the
PG-untreated control cell group.

control wells. Caspase activity is expressed in arbitrary absor-
bance units (absorbance at a wavelength of 405 nm).

Statistical analysis. The results shown in Figures represent
the mean of at least three independent experiments; bar, SD.
The data were analyzed using Instat software (GraphPad
Prism4, San Diego, CA). The Student's t-test or one-way
analysis of variance (ANOVA) with post hoc analysis using
Tukey's multiple comparison test for parametric data. The
statistical significance was defined as P<0.05.

Results

Effects of PG on the growth of HeLa cells. We examined the
effect of PG on the growth of HeLa cell by trypan blue cell
counting. Treatment with 100-1600 M PG significantly
decreased the population of live HeLa cells for 24 h in a
dose-dependent manner (Fig. 1A). In contrast, the number of
dead cells increased only at the concentration of 1600 xM
PG (Fig. 1A). Collectively, the ratio of dead cells to viable
cells was increased. When the growth of HeLa cells after
treatment with PG was also investigated by an MTT assay,
dose-dependent reduction of cell growth was observed in
HeLa cells with an ICs, of ~800 uM following treatment
with PG for 24 h (Fig. 1B). In addition, 100 M PG reduced
the growth of HeLa cells about >80% at 72 h (data not
shown). Thus, an IC, of PG in HeLa cells at 72 h was <50 M.
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Figure 2. Effects of PG on the cell cycle distribution in HeLa cells.
Exponentially-growing cells were treated with the indicated concentrations
of PG for 24 h. The changes of cell cycle phase distribution were assessed
by DNA flow cytometric analysis. The inside figure indicates the expression
of p27 protein in PG-treated and -untreated HeLa cells via Western blot.
“P<0.05 compared with the PG-untreated control cell group.

Because the incubation time of 72 h was too long to observe
the direct effect of PG on HeLa cells, cells were treated with
PG for 24 h in the whole study.

Effects of PG on the cell cycle distribution in HeLa cells. We
examined the effect of PG on the cell cycle distribution in live
HeLa cells without sub-G1 DNA content cells. As shown in
Fig. 2, DNA flow cytometric analysis indicated that treat-
ment with 200-1600 M PG significantly induced a G1 phase
arrest of the cell cycle at 24 h. In addition, a cyclin-dependent
kinase inhibitor (CDKI), p27 which typically causes cells to
arrest in the G1 phase of the cell cycle was increased in
PG-treated HeLa cells. It is plausible that a G1 phase arrest
in PG-treated HeLa cells was regulated by cell cycle regulated
proteins such as p27.

Effects of PG on apoptosis and MMP (AY,,) in HeLa cells.
Next, we determined whether PG induces apoptosis in HeLa
cells using annexin V staining. As shown in Fig. 3A, the
proportion of annexin V-staining cells in PG-treated cells
was increased in a dose-dependent manner, which indicates
that PG-induced HeLa cell death occurred via apoptosis. To
elucidate the effect of PG on MMP (A¥,)) using Rhodamine
123, cells were treated with the indicated doses of PG for
24 h (Fig. 3B). Treatment with PG induced the loss of MMP
(Aw,) in HeLa cells in a dose-dependent manner. Following
exposure to 800 uM PG for 24 h, the percent of Rhodamine
123 negative staining [MMP (A¥,)) loss] cells was increased
~25% compared with that of control cells. In relation to the
levels of MMP (A¥,) in live HeLa cells, treatment with
400 uM PG reduced the MMP (A% ) about 25% (Fig. 3C).
The dramatic decrease in MMP (A%, ) levels was observed in
above 800 uM PG-treated cells (Fig. 3C).

Examination of Bcl-2 regulation during PG-induced
apoptosis revealed that Bcl-2 protein level was decreased
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Figure 3. Effects of PG on apoptosis and apoptosis-related proteins in HeLa cells. Exponentially-growing cells were treated with the indicated concentrations
of PG for 24 h. (A) The graph shows the percent of annexin V positive cells. (B) The graph shows the percent of Rhodamine 123 negative [MMP (AW ) loss]

cells. (C) The graph shows the percent of MMP (AW ) levels in HeLa cells. (D) Samples (40 pg) of protein extracts were resolved by SDS-PAGE gel,
transferred onto the PVDF membranes, and immunoblotted with the indicated antibodies against Bcl-2, caspase-3, PARP and B-actin. (E) and (F) Graphs
show caspase-3 and caspase-8 activities in PG-treated and -untreated HeLa cells, respectively. "P<0.05 compared with the PG-untreated control group.

in PG-treated HeLa cells (Fig. 3D). Unfortunately, we could
not detect the pro-apoptotic protein, Bax in HeLa cells with
our anti-Bax antibody. Caspase-3 plays an essential role as
an executioner in apoptosis (28). Therefore, we examined
whether PG activate caspase-3 during the induction of
apoptosis. The level of pro-caspase-3 (32 kDa precursor) was
significantly reduced in PG-treated cells as compared with
the level of the control cells (Fig. 3D), which suggests that
the activation of caspase-3 occurred in PG-treated cells. In
fact, PG treatment increased caspase-3 activity in HeLa cells
(Fig. 3E). Caspase-8, which is related to the cell death receptor
pathway (17,18), was also activated by treatment with PG
(Fig. 3F). Cleavage of PARP-1 provides one of the most
recognizable examples in apoptosis (29). Western blotting
showed that the intact 116 kDa moiety of PARP was decreased
in PG-treated HeLa cells, implying that PARP was degraded
in PG-treated cells (Fig. 3D).

Effects of caspase inhibitors on apoptosis and MMP (A¥P,,) in
PG-treated HeLa cells. To determine which caspases are
required for PG-induced apoptosis, cells were treated with
caspase inhibitors at a concentration of 15 M. Treatment with
Z-VAD resulted in the marked rescue of HeLa cells from
PG-induced apoptosis at 24 h, as measured by the population
of sub-G1 cells (Fig. 4A) and annexin V staining (Fig. 4B).
Inhibitors for caspase-3, caspase-8 and caspase-9 also signi-
ficantly prevented apoptotic events in PG-treated HeLa cells
(Fig. 4A and B). Interestingly, caspase inhibitors did not

prevent the loss of MMP (A¥,) induced by PG (Fig. 4C).
Instead, pan-caspase inhibitor and caspase-9 inhibitor mildly
intensified the loss. In relation to the levels of MMP (AW, ), all
of the tested caspase inhibitors did not recover the reduced
MMP (AW,) levels in PG-treated HeLa cells (Fig. 4D).
Caspase-9 inhibitor decreased the MMP (AW) level in PG-
treated or -untreated HeLa cells (Fig. 4D).

Discussion

In the present study, we focused on assessing the effects of
PG on the growth of HeLa cells in relation to the cell cycle
arrest and apoptosis. Treatment with PG significantly
decreased the population of HeLa cells for 24 h in a dose-
dependent manner. The ratio of dead cells to live cells was
increased after treatment with PG compared with PG-untreated
cells. In addition, PG induced apoptosis in HeLa cells in a
dose-dependent manner as evidenced by sub-G1 cells and
annexin V staining cells. To explain the mechanism of cell
growth inhibition by PG concerning cell cycle changes, we
did cell cycle analysis in PG-treated cells. DNA flow cyto-
metric analysis indicated that treatment with PG significantly
induced a G1 phase arrest of the cell cycle for 24 h. Because
treatment with 400 yM PG strongly inhibited the growth of
HeLa cells by approximately 40%, but slightly induced cell
death by approximately 15% in view of sub-G1 cells and
annexin V staining cells, the G1 phase arrest by PG can be
considered as a pathway to suppress the growth of HeLa cells.
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Figure 4. Effects of caspase inhibitors on apoptosis and MMP (A¥,,) in PG-treated HeLa cells. Exponentially-growing cells were treated with 400 uM PG

and/or each caspase inhibitor (15 yM) for 24 h. (A) and (B) Graphs show the percent of sub-G1 cells (A) and annexin V staining cells (B), as measured with a
FACStar flow cytometer. (C) and (D) The graphs show the percent of Rhodamine 123 negative [MMP (A¥,) loss] cells (C) and MMP (A¥,) levels (D) in

HeLa cells, as measured with a FACStar flow cytometer. “P<0.05 compared with the control group. #P<0.05 compared with cells treated with PG only.

Collectively, PG inhibited the growth of HeLa cells via
apoptosis as well as a G1 phase arrest of the cell cycle.

To gain insight into the molecular mechanism involved in
apoptosis by PG, the expression of apoptosis-related proteins
and changes in MMP (A% ) were assessed in HeLa cells.
Many apoptotic agents increase Bax and/or decrease Bcl-2
protein expression in target cells during the apoptotic process.
Likewise, PG-induced apoptosis in HeLa cells was accom-
panied by the down-regulation of Bcl-2. It has been suggested
that a high ratio of Bax to Bcl-2 can cause the collapse of MMP
(AW,), resulting in cytochrome c release and apoptosis (30).
In the cytosol, cytochrome ¢ forms an apoptosome that is
composed of Apaf-1 and pro-caspase-9, resulting in the
activation of caspase-9. Caspase-9 activates the effector pro-
caspases, including pro-caspase-3, to carry out the process of
apoptosis (31). Correspondingly, PG treatment reduced the
levels of MMP (AY¥,), induced the loss of MMP (AW¥,,), and
activated caspase-3 in HeLa cells. We also observed that the
proportion of annexin V positive staining cells was similar to
that of Rhodamine 123 negative staining cells. This result
suggests that apoptosis is accompanied by the alteration of
mitochondria function. In fact, it is reported that PG is cyto-
toxic to isolated rat hepatocytes because it impairs mito-
chondria, leading to ATP depletion (12).

To determine which caspases are required for the induction
of apoptosis, PG-treated HeLa cells were incubated with
various caspase inhibitors. Treatment with caspase inhibitors

tested in this experiment significantly rescued HeLa cells
from PG-induced apoptosis at 24 h. Z-VAD (pan-caspase
inhibitor) treatment had a stronger effect on reducing apoptosis
than any other inhibitors. These data suggest that activation
of caspase-3, -8 and -9 is necessary for the induction of
apoptosis and also suggest that other executioners such as
caspase-6 and -7 are also required for the complete induction
of apoptosis by PG. In particular, caspase-8 activation in
PG-induced apoptosis was observed in HeLa cells. The exact
mechanism involved needs further study, since caspase-8
activation is associated with the cell death receptor pathway
of apoptosis (17,18).

With regard to the MMP (AW,), caspase inhibitors did not
prevent the loss of MMP (AY¥,)) induced by PG. Caspase
inhibitors also did not recover the decreased MMP (AW,)
level in PG-treated HeLa cells. Instead, some of the caspase
inhibitors (pan-caspase inhibitor and caspase-9 inhibitor) inten-
sified the MMP (A¥,)) loss and the reduced levels. These
results implied that the loss of MMP (A¥,)) following treat-
ment with PG activated caspases and consequently induced
apoptosis, and also the activation of caspase by PG did not
positively intensify the MMP (AW,) loss. Furthermore, the
loss of MMP (A¥,) by PG might be not enough to fully trigger
apoptosis in HeLa cells under the inhibition of caspase
activity. In addition, none of the caspase inhibitors signi-
ficantly altered the cell cycle distribution in PG-treated HeLa
cells (data not shown). This result suggests that the activation
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of caspases during PG-induced apoptosis in HeLa cells is not
tightly involved in cell cycle regulation.

In conclusion, PG treatment inhibited the growth of HeLa

cells via caspase-dependent apoptosis as well as cell cycle
arrest. Since little is known about the relationship between
PG and cancer cells, our results provide the first information
on the molecular anti-growth mechanisms of PG in cancer
cells.
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