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Abstract
Background—Prostate cancer is the second most common cause of mortality. Gallic acid (GA)
is a natural polyphenol, and we tested its in-vitro cytotoxicity after 24 h in prostate cancer LNCaP
cells.

Materials and Methods—GA autoxidation was measured fluorimetrically for H2O2, and O2
·−

radicals by chemiluminescence. Intracellular reactive oxygen species (ROS) levels were detected
with 2’,7’-dichlorodihydrofluorescein diacetate. Cytotoxicity was evaluated by crystal-violet,
while apoptosis and mitochondrial membrane potential were determined by flow cytometry.
Cytochrome c release was detected by enzyme-linked immunosorbent assay, and caspase-8, -9 and
-3 activities were measured calorimetrically.

Results—GA autoxidation produced significant levels of H2O2 and O2
·−. Increased intracellular

ROS levels with GA were reduced by N-acetyl-L-cysteine (NAC) and L-glutathione (GSH). Cells
were protected against GA cytotoxicity when pretreated with increasing levels of superoxide
dismutase/catalase mixture, NAC, or GSH for 3 h. The number of apoptotic cells increased with
GA dose. GA caused mitochondrial potential loss, cytochrome c release, and activation of
caspases 3, 8 and 9.

Conclusion—The results indicate that ROS-dependent apoptotic mechanism of GA kills
malignant cells effectively; it is likely that GA could be a good anticancer agent.
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Prostate cancer is the second most common cause of cancer related mortality among US
men and in industrialized countries (1). Even though the exact cause of prostate cancer is
unknown, it is usually associated with age, cigarette smoking, and vasectomy (2), and may
involve other factors such as obesity, inactivity, ethnicity nationality and race.
Epidemiological findings have recently uncovered associations between dietary habits and
prostate cancer. For instance, diets high in red meat, dairy, and calcium containing products,
and low in fresh fruits and vegetables have been directly linked to high incidences of
prostate cancer (3). On the other hand, consumption of many natural products, such as
vegetables, and fruits not only reduces the prostate cancer rate, but also promotes a general
state of well-being when consumed chronically (4). A well-documented example is found in
the daily consumption of green tea, exemplified by the Chinese population and linked to
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their significantly lower levels of prostate cancer (5), as well as of lung, colon, and breast
cancer compared to industrialized countries of similar size (6). This phenomenon has been
attributed to the product’s major phenolic constituent (--)-epigallocatechin-3-gallate
(EGCG) and a reactive oxygen species (ROS)-dependent mechanism which induces potent
cytotoxicity in various cancer cell lines, while being significantly less toxic towards normal
epithelial cell lines (6, 7).

We recently showed that triphala, which is one of the most popular herbal formulae in the
world, exhibited specific cytotoxicity towards human prostate cancer LNCaP cells (8).
While our study demonstrated that triphala contained gallic acid (GA) in abundant quantity,
others showed that GA was one of the major contributors to the anticancer activity of
triphala (9). Consistent with these reports, GA was shown to possess a time-and dose-
dependent cytotoxic effect on the early-stage androgen-dependent prostate cancer cell line
LNCaP, while exhibiting reduced toxicity towards a normal prostate epithelial (PrEC) cell
line (8). GA, or its derivatives, are found naturally in grapes, wines (10), vegetables, and
plant products, including rose flowers, gallnuts, sumac, and green tea (11). GA is indicated
in the ‘French paradox,’ where it was observed that high wine consumption by the French
population is paralleled by significantly lower diabetic conditions, cardiovascular disease,
and cancer incidence compared to its neighboring European countries and the United States
(12).

Since GA is structurally similar to EGCG, we hypothesize that the pro-oxidant nature of GA
is the cause of its induction of apoptotic cell death in human prostate cancer LNCaP cells.
To date, the exact pro-oxidant nature of GA is poorly established. Therefore, the objectives
of this study were i) to investigate the pro-oxidant potential of GA, and ii) to determine
ROS-dependent death in LNCaP cells treated with GA.

Materials and Methods
Chemicals

RPMI-1640 medium was purchased from the (ATCC; Manassas, VA, USA). Phenol red-
free RPMI-1640 medium, fetal bovine serum, GA, hydrogen peroxide (H2O2), superoxide
dismutase (SOD), catalase, N-acetyl-L-cysteine (NAC), reduced L-glutathione (GSH), and
protease inhibitor cocktail were purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA).
Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) and 5-and -6-carboxy-2’,7’-
dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) were purchased from Invitrogen
Molecular Probes (Eugene, OR, USA). Thermo Scientific Pierce BCA protein assay kit was
obtained from Pierce Biotechnology (Rockford, IL, USA).

Cell culture
LNCaP human prostate cancer cells were purchased from the ATCC and were maintained in
75 cm2 flasks as described elsewhere (8).

Autoxidative potential of GA
The ability of GA to autoxidize spontaneously into hydrogen peroxide and superoxide
reactive ROS in the medium was measured with the Amplex Red Hydrogen Peroxide/
Peroxidase kit (Invitrogen Molecular Probes) and the Superoxide Anion assay kit (Sigma-
Aldrich Inc.) respectively, as per the supplier’s instructions. The production of red
fluorescence due to amplex red reaction with hydrogen peroxide was measured (excitation/
emission=571/585 nm) in a Bio Tek Epoch microplate spectrophotometer (Winooski, VT,
USA) at 0, 3, 6, 9, and 24 h. Chemiluminescence of the released superoxide free radicals
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from GA-treated cells (80 μg/ml) was measured using a GloMax-96 Microplate
Luminometer (Promega, Madison, WI, USA).

Detection of intracellular ROS levels
Intracellular ROS (H2O2, •HO, and ONOO−) were measured with the oxidation-sensitive
fluorescent probe carboxy-H2DCFDA (Invitrogen Molecular Probes). Cells were pretreated
either with 10 mM NAC, or 10 mM GSH for 3 h, followed by replacement of the media
with media containing GA (80 μg/ml), dimethyl sulfoxide (DMSO) (0.1%, vehicle control),
or 100 μM H2O2 (positive control) and incubation for a further 3 h. The harvested cells were
loaded with 5 μM carboxy-H2DCFDA dye in phosphate-buffered saline (PBS) and
incubated at 37°C for 1 h in the dark. The DCF fluorescence signal was measured
immediately using a Bio Tek FLx800 microplate fluorometer set at excitation and emission
wavelengths of 490 and 527 nm respectively.

Cytotoxicity assay
In order to determine if GA cytotoxicity towards LNCaP cells is ROS-dependent, the cells
were pretreated with SOD/catalase (100–5000 U/ml), NAC (0.3–10 mM), or GSH (0.3–20
mM) for 3 h. The medium was then replaced with phenol red-free medium containing GA
(80 μg/ml) or DMSO (0.1%, vehicle control) and cells incubated for 24 h. Cytotoxicity was
evaluated by dye uptake assay using crystal violet as described previously (13). The plates
were read at 540 nm in a plate reader (Bio Tek Epoch microplate spectrophotometer).

Annexin V- (FITC)/ (PI) staining
At the end of 24 h incubation with GA, the cells were washed twice with ice-cold PBS,
collected with 0.25% trypsin-EDTA, centrifuged and re-suspended in 1x binding buffer.
GA-induced apoptosis was determined by staining with the annexin V-FITC/PI apoptosis
detection kit I (BD Pharmingen, San Diego, CA, USA) according to the manufacturer’s
instructions. The cells were immediately analyzed with a FACSCalibur flow cytometer
(Becton Dickinson, San Jose, CA, USA). CellQuest Pro software (Becton Dickinson) was
used for acquisition and analysis of the data.

Assessment of mitochondrial membrane potential (ΔΨm)
The loss of mitochondrial membrane potential (ΔΨm) was determined with the fluorescent
potentiometric JC-1 dye (Invitrogen Molecular Probes) according to the manufacturer’s
instructions. Carbonyl cyanide 3-chlorophenylhydrazone (CCCP, 50 μM) was used as a
positive control. At the end of treatment, cells were washed twice with ice-cold PBS,
collected in 0.25% trypsin-EDTA, centrifuged, and then re-suspended in PBS at 1x106 cells/
ml. Subsequently, 10 μl of JC-1 dye was added and the cell suspension was incubated in an
atmosphere of humidified air with 5% CO2 at 37°C for 30 min. Cells were pelleted to
remove excess dye, re-suspended in 500 μl of PBS, and immediately analyzed via
FACSCalibur flow cytometer. CellQuest Pro software was used for acquisition and analysis
of the data.

Measurement of cytochrome c release
After GA treatment, cells were washed twice with ice-cold PBS, collected with 0.25%
trypsin-EDTA, and centrifuged. Cells were then lysed on ice in cell extraction buffer
supplemented with protease inhibitor cocktail for 30 min at 2x106 cells/ml and then
subjected to two freeze-thaw cycles and centrifugation at 12,000 rpm for 15 min. The BCA
protein assay was then conducted on the supernatants containing the mitochondria-free
cytosolic protein fraction. Release of cytochrome c from the mitochondria to the cytosol was
measured in 5 μg of protein (antigen source) by means of a solid phase sandwich enzyme
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linked-immunosorbent assay (ELISA) as per the kit instructions (Invitrogen Camarillo, CA,
USA).

Measurement of caspase enzyme activities
Proteolytic activities of caspase-3, -8, and -9 enzymes in LNCaP cells were measured using
colorimetric protease assays (Invitrogen Molecular Probes) according to the manufacturer’s
instructions. At the end of the 24 h incubation, the cells were subjected to two freeze-thaw
cycles, followed by centrifugation at 12,000 rpm for 15 min. The protein content in the
supernatants was determined by BCA protein assay. A total of 50 μg of protein was
incubated with 5 μl of DEVD-pNA, IETD-pNA, or LEHD-pNA, or (200 μM) substrate in
50 μl of reaction buffer at 37°C for 2 h in the dark. The optical density of the reaction
mixture was then quantitated at a wavelength of 405 nm using a Bio Tek Epoch microplate
spectrophotometer.

Statistical analysis
Results are presented as the mean±standard deviation (SD). The data were analyzed for
significance by one-way analysis of variance (ANOVA) and compared by Bonferroni's
multiple comparison test using GraphPad Prism Software, version 5.00 (San Diego, CA,
USA). A test value of p<0.05 was considered significant.

Results
Spontaneous autoxidation of GA

Generation of H2O2 or O2 ·− radicals due to autoxidation of GA in the medium was assessed
in the presence or absence of cells at 0, 3, 6, 9, and 24 h. The basal H2O2 levels in the
medium blank or medium with cells remained the same at all time points (Figure 1A).
Addition of GA to these two groups significantly (p<0.05) increased the levels of H2O2 as a
function of time from 3 h onwards. However, the levels of H2O2 and O2

·− radicals in these
groups remained almost the same throughout (Figure 1A and B). In the case of O2

·− radicals,
it was observed that the levels in the medium-blank did not increase significantly over time
(Figure 1B). On the other hand, the O2

·− level for medium with cells increased significantly
(p<0.05) with time. Addition of GA either to the medium-blank and to medium with cells
caused a significant (p<0.05) increase within 5–10 min and was indicated by an
instantaneous blue-grey color change; however, the O2

·− levels in these two groups
remained the same at all time points thereafter (Figure 1B).

Intracellular ROS production by GA
When cells were treated with GA at 80 μg/ml for 3 h, it resulted in significantly (p<0.05)
higher levels of ROS production (Figure 2) compared to the control. However, in cells
pretreated with 10 mM NAC or 10 mM GSH for 3 h, followed by GA treatment for an
additional 3 h, the ROS levels decreased markedly. The decrease in the ROS level was
found to be greater with NAC than GSH pretreatment. The results clearly indicate that GA
induces intracellular ROS in LNCaP cells.

ROS-dependent cell death
Treatment of cells with GA at 80 μg/ml for 24 h caused more than 50% cell death (p<0.05).
However, GA did not induce cytotoxicity when the LNCaP cells were pretreated with
increasing concentrations of SOD/catalase for 3 h (Figure 3A). The cell viability at 5000U/
ml of SOD/catalase was not significantly different from that of the untreated control. Since
SOD and catalase are antioxidant enzymes involved in quenching the free radicals in cells,
these results clearly suggest that free radicals are the cause of cell death with GA treatment.
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In order to investigate further if non-enzyme antioxidant compounds render similar
protection, we pretreated the cells with NAC (0.3-10 mM) or GSH (0.3–20 mM) for 3 h,
followed by GA treatment for 24 h. It was found that NAC between 0.3 to 5 mM did not
cause significant protection, but at 10 mM, it restored to a level similar to that of the control
cell viability (Figure 3B). On the other hand, GSH up to 10 mM dose did not protect the
cells significantly (Figure 3C); however, at 20 mM dose, GSH caused a marginal increase in
the cell viability. These results clearly indicate that SOD/catalase combination has a
significant protective role against GA-induced cell death at higher doses compared to GSH.

Induction of apoptosis by GA
GA at 10 or 40 μg/ml did not trigger apoptosis of the cells at 24 h (p>0.05). However at 80
μg/ml, GA produced significant (p<0.05) numbers of early apoptotic cells, with a 2.7-fold
increase in annexin V-FITC+ cells as compared to the untreated control (Figure 4). The
results clearly suggest that apoptosis is a dose-dependent phenomena in LNCaP cells.

Alteration of mitochondrial membrane potential (ΔΨm)
The effect of GA on mitochondrial membrane potential was investigated at 6, 12 and 24 h. It
was observed that there was no significant (p>0.05) depolarization of membrane potential
with GA treatment at 6 and 12 h (Figure 5A and B). However at 24 h, GA at 40 and 80 μg/
ml caused a significant (p<0.05) decrease in mitochondrial membrane potential compared to
the control (Figure 5C). The data suggest that the collapse of mitochondrial membrane
potential by GA is both time and dose dependent.

Cytochrome c release from mitochondria
Treatments at 0, 6, 12 and 24 h indicated that GA (80 μg/ml) caused significant (p<0.05)
release of cytochrome c from the mitochondria of LNCaP cells compared to the control as
early as 6 h (Figure 6). The amount released was found to be 3.4 ng/ml at 6 h of treatment.
Increasing the treatment period caused a more significant release of cytochrome c from the
mitochondria into the cytosol.

Activation of caspase enzymes
GA at 40 or 80 μg/ml activated the caspase-8 activity at 6 and 12 h significantly (p<0.05)
compared to the control. However at 24 h, its activity decreased markedly (Figure 7A).
Furthermore, GA was also seen to increase the activities of caspase-9 and 3 enzymes
significantly (p<0.05), in both a dose and time dependent manner compared to the control
(F7B, C). The results clearly demonstrate that GA activates different caspases in LNCaP
cells.

Discussion
Current treatment for localized or early stage androgen-dependent prostate cancer is based
on surgical or pharmacological castration with luteinizing hormone-releasing hormone
analogs used in combination with nonsteroidal anti-androgens (flutamide, bicalutamide, or
nilutamide) (14–16). However, within 18–24 months, prostate tumors beyond stage T2c
usually relapse and become resistant through a variety of mechanisms (14). Compounds that
activate the apoptotic machinery in these cells through molecular targets other than the
androgen receptor are currently a highly desirable commodity in the arena of localized
disease treatment (14–18). Several studies have demonstrated that transformed cells
maintain persistently higher levels of oxidative stress compared to normal cells (19, 20).
This differential oxidative stress may be exploited to induce apoptosis in tumor cells
selectively (17, 21–23). In the present study, we explored the feasibility of this idea with GA
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in LNCaP cells. GA was one of the main chemicals, found in triphala herbal powder and
exhibited high cytotoxicity towards LNCaP cells (8). Earlier studies showed that GA
induced production of high levels of ROS in the presence of transition metals such as Fe+3

(24, 25). In the present study, we identified different ROS entities and studied the
mechanism of cytotoxicity.

The time-dependant increase of H2O2 (Figure 1A) and O2
·− radicals (Figure 1B) indicates

that GA had undergone autoxidation upon its addition to the medium. The results for GA
autoxidation are consistent with previous reports (26). The observation that the levels of
H2O2 and O2

·− radicals remained the same whether in the presence or absence of cells with
GA treatment not only suggests that GA autoxidation occurred outside of the cells but also
indicates that the oxidized products did not diffuse into the cells, otherwise, GA-treated cells
would have had higher radical levels than the GA medium-alone control. In agreement with
earlier studies (27), we also noticed that GA treatment caused induction of ROS in cells,
which was lowered with pretreatment of cell membrane-permeable non-enzymatic
antioxidants NAC and GSH (Figure 2). Pretreatment of cells with the non-permeable
enzymatic antioxidant SOD/catalase mixture also reduced the ROS production, which was
reflected by the increased cell viability with GA exposure (Figure 3). Since ROS is an
inclusive term that refers to free radicals and other reactive oxygen-derived non-radical
species (28, 29), the restoration of cell viability with antioxidants clearly indicates that ROS
are the primary cause of cell death with GA treatment in our study.

Several drugs induce various modes of cell death. For instance, some chemicals cause
necrotic cell death while others induce apoptosis. Drugs that trigger apoptotic cell death in
tumor tissues are highly preferred in cancer chemotherapy (16). Apoptosis, characterized by
chromatin condensation, membrane blebbing, etc. occurs when the cell membrane is
damaged, and can be easily identified by annexin V-FITC dye. In our study, cells treated
with GA exhibited a dose-dependent increase in annexin V-FITC binding, suggesting that
GA treatment triggered apoptosis in LNCaP cells (Figure 4). GA-induced apoptosis was
shown earlier in various tumor cell lines (27, 30, 31). The apoptotic process can be related to
mitochondrial damage by free radicals in some instances (17, 18), and our study clearly
indicated that GA treatment not only caused time-and dose-dependant loss of mitochondrial
membrane potential (Figure 5), but also released cytochrome c (Figure 6) into the cytosol. It
is well known that activation of various pro-caspase enzymes by cytochrome c occurs in the
cytosol. We observed that caspase-3, 8 and 9 were activated in both a time-and dose-
dependant manner (Figure 7). Similar observations were reported for different cell culture
models (30, 31).

Our study demonstrated that GA cytotoxicity towards LNCaP cells originated through an
ROS-dependent apoptotic mechanism. One major benefit of GA is that its ready availability
in various plants and fruits (32). Another advantage of GA is that it has favorable
bioavailability at micromolar concentrations, both in its free and glucuronidated forms (33),
in human blood plasma after ingestion of GA-rich products. Finally, the non-toxicity of GA
is shown by its high lethal dose LD50 of 5 g/Kg body weight in rats (33). Based on these
merits as well as the ROS- dependent cell death, it appears that GA could be a good
candidate for anticancer activity. Further studies in animal models will test the efficacy of
GA in this capacity.
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Figure 1.
Generation of hydrogen peroxide (A) and superoxide free radical (B) by autoxidation of
gallic acid (GA). GA (80 μg/ml) and Amplex Red/HRP (A) or Luminol (B) reagent was
incubated in phenol red- and FBS-free RPMI-1640 experimental media in the presence or
absence of LNCaP cells for 0, 3, 6, 9, and 24 h. Results represent mean optical density at
571 nm (A) or luminescence intensity (B) (±SD) from three independent
experiments. *Significantly different (p<0.05) from the medium blank or untreated cells.
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Figure 2.
Effect of non-enzymatic antioxidants, (NAC) and (GSH), on gallic acid (GA-induced ROS
in LNCaP cells. Cells were pretreated either with 10 mM NAC or 10 mM GSH for 3 h,
followed by replacement of medium containing GA (80 μg/ml) for another 3 h. Cells were
then incubated with 5 μM carboxy-2’,7’-dichlorodihydrofluorescein diacetate for 1 h, prior
to measurement of DCF by fluorometry. Results represent the mean DCF fluorescence
(±SD) from three independent experiments. Significantly different at p<0.05 from *the
untreated control, and #GA-treated cells.
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Figure 3.
Effect of enzymatic antioxidants, (SOD) and (catalase) (A), non-enzymatic antioxidant
(NAC) (B), and non-enzymatic antioxidant (GSH) (C) on gallic acid (GA)-induced
cytotoxicity in LNCaP cells. Cells were pretreated with either a 100–5000 U/ml SOD/
catalase mixture, 0.3–10 mM NAC, or 0.3–10 mM GSH for 3 h, followed by treatment with
GA (80 μg/ml) for 24 h. Results represent the means ±SD from three independent
experiments. Significantly different at p<0.05 from *the untreated control, and #GA- treated
cells.
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Figure 4.
Gallic acid (GA)-induced apoptosis in LNCaP cells. Cells were treated with GA (10-80 μg/
ml) or 100 μM H2O2 (positive control) for 24 h and then incubated with annexin V-FITC/PI
for 30 min and immediately analyzed by flow cytometry. Results represent mean
percentages of annexin V-FITC+ cells (±SD) from three independent
experiments. *Significantly different at p<0.05 from the untreated control.
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Figure 5.
Effect of gallic acid (GA) on mitochondrial membrane potential (ΔΨm) in LNCaP cells.
Cells were treated with GA (10, 40 and 80 μg/ml) or 50 μM carbonyl cyanide 3-
chlorophenylhydrazone (CCCP)(positive control) for 6 h (A), 12 h (B), and 24 h (C), and
then incubated with JC-1 dye for 30 min and immediately analyzed by flow cytometry.
Results represent the mean (±SD) from three independent experiments (untreated control
ΔΨm = 100%). *Significantly different at p<0.05 from the untreated control.
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Figure 6.
Cytochrome c release from the mitochondria in gallic acid (GA)-treated LNCaP cells. Cells
were treated with GA (80 μg/ml) for 6-24 h and 5 μg of mitochondria-free cytosolic protein
fraction was analyzed for cytochrome c by ELISA. Results represent the mean concentration
(±SD) from three independent experiments. *Significantly different at p<0.05 from the
control (0 h).
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Figure 7.
Gallic acid (GA)-induced caspase-3 (A), -8 (B), and -9 (C), proteolytic activity in LNCaP
cells. Cells were treated with GA (10-80 μg/ml) for 6-24 h and 50 μg of protein was
incubated with either IETD (Ile-Glu-Thr-Asp)-pNA, LEHD (Leu-Glu-His-Asp)-pNA, or
DEVD (Asp-Glu-Val-Asp)-pNA substrate for 2 h and the OD405 was measured by
spectrophotometry. Results represent the mean (±SD) from three independent
experiments.*Significantly different at p<0.05 from the untreated control.
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