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Abstract
Present study examines grape seed extract (GSE) efficacy against a series of Non-small-cell lung
cancer (NSCLC) cell lines which differ in their Kras and p53 status to establish GSE potential as a
cytotoxic agent against a wide-range of lung cancer cells. GSE suppressed growth and induced
apoptotic death in NSCLC cells irrespective of their k-Ras status, with more sensitivity towards
H460 and H322 (wt k-Ras) than A549 and H1299 cells (mutated k-Ras). Mechanistic studies in
A549 and H460 cells, selected, based on comparative efficacy of GSE at higher and lower doses,
respectively, showed that apoptotic death involves cytochrome c release associated caspases 9 and
3 activation, and PARP cleavage, strong phosphorylation of ERK1/2 and JNK1/2, down regulation
of cell survival proteins, and up regulated pro-apoptotic Bak expression. Importantly, GSE
treatment caused a strong superoxide radical-associated oxidative stress, significantly decreased
intracellular reduced glutathione levels, suggesting, for the first-time, the involvement of GSE-
caused oxidative stress in its apoptotic inducing activity in these cells. Since GSE is a widely-
consumed dietary agent with no known untoward effects, our results support future studies to
establish GSE efficacy and usefulness against NSCLC control.
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1. Introduction
Lung cancer (LC) is the most frequently diagnosed malignancy and leading cause of cancer-
related deaths globally [1]. American Cancer Society, estimates 222,160 new LC cases and
160,340 associated deaths in 2012, in the United States alone [2]. The 5-year survival rate of
16% has only shown a slight improvement over the last 30 years, suggesting that additional
approaches and strategies are needed to control this deadly malignancy. In this regard, the
major emphasis of several recent studies has been on the identification of natural, non-toxic,
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dietary and/or non-dietary agents for both prevention and intervention of LC [3].
Management of cancer by these agents are anticipated to delay the neoplastic progression to
more advanced stages of the disease, that would positively improve the morbidity and
survival time in LC patients [4]. Accordingly, several bioactive food components have been
identified which account for anti-cancer efficacy of the plants of their origin [5]. One such
natural agent is grape seed extract (GSE); which is a complex mixture of procyanidins
(polyphenols containing dimers, trimers and other oligomers) and proanthocyanidins
(catechin and epicatechin and their gallate derivatives [6]. Previously, we and other have
shown GSE efficacy against prostate, colon, breast and other cancers in several cell culture
and animal models [7–9].

Constitutive up regulation of oxidative stress contributes to genotypic and phenotypic
changes of cancer cells, representing a redox vulnerability which can be targeted selectively
by pro-oxidant chemopreventive/therapeutic agents [10]. Interestingly, pro-oxidants induce
up regulation of cellular reactive oxygen species (ROS) specifically targeting cancer cells
thereby activating signal transduction pathways responsible for cell cycle arrest and/or
apoptosis [10], underlining the significance of this mechanism for potential therapeutic
targets. The oxidative insult causes DNA, protein and lipid damage, activation of mitogen
activated protein kinases (MAPKs) [11], induction of anti-apoptotic proteins (Bcl2, Bcl-xl,
survivin and XIAP), and inhibition of pro-apoptotic proteins (Bak, Bad and Bid) [12,13].
The MAPKs family consists of extracellular signal-regulated kinase (ERK1/2), c-Jun N-
terminal protein kinase (JNK1/2), and p38 kinase [14]. ERK1/2 is a survival moderator,
however sustained ERK1/2 activation might also induce cell death [11]. The activation of
JNK1/2 and p38 are generally implicated in the induction of cell death and inflammation
after exposure to stress conditions [15]. MAPKs are also known to mediate apoptosis via
activation of caspases [16]. Notably, caspases are classically activated by intrinsic and
extrinsic pathways involving cytochrome c released from the mitochondria into the cytosol
and cell surface death receptors, respectively, eventually leading to caspase 3 activation
[12], which cleaves poly (ADP-ribosyl) polymerase (PARP) leading to cell death via DNA
fragmentation [17]. Taken together, we rationalized that generation of oxidative stress in
tumor cells by dietary chemopreventive agents could be a useful strategy for the prevention
and/or intervention of LC. In the present study, employing a panel of human non-small-cell
lung cancer (NSCLC) cell lines, which accounts for 80–85% of the lung cancers, we for the
first time evaluated the potential link between the anti-cancer efficacy of GSE, oxidative
stress, and apoptotic death.

2. Materials and Methods
2.1. Cell lines and reagents

Human NSCLC A549, H1299 and H460 cells were obtained from American Type Culture
Collection (Manassas, VA) and H322 cells were a kind gift from Dr. Daniel Chan
(Department of Medicine, Division of Medical Oncology, University of Colorado Denver).
RPMI 1640 media and other cell culture materials were from Invitrogen Corporation
(Gaithersburg, MD). PD98059 (Cat # 513000, Calbiochem, San Diego CA) and SP600125
(Cat # BML-1305, Enzo Life Sciences, Farmingdale, NY) was used. Primary antibodies for
cytochrome c (Cat # 556433) and Bcl-xl (Cat # 610746) were from BD Pharmingen (San
Diego, CA). Antibodies for cleaved caspase 3 (Cat # 9661), cleaved caspase 9 (Cat # 9501),
cleaved PARP (Cat # 9541), pERK1/2 (Cat # 9101), pJNK1/2 (Cat # 9251), total ERK1/2
(Cat # 9102, JNK1/2 (Cat # 9252), Bak (Cat # 3814), Bcl2 (Cat #,2876), XIAP (Cat # 2042),
and anti-rabbit peroxidase-conjugated secondary antibody (Cat # 7074) were from Cell
Signaling (Danvers, MA). Survivin (Cat # NB-500-201) was from Novus Biologicals. α-
Tubulin (Cat # sc-5546) was from Santa Cruz Biotechnology (Santa Cruz., CA). N-acetyl-L-
cysteine (NAC, Cat # A-9165), dimethylsulfoxide (Cat # 154938) and β-actin (Cat # A2228)
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antibody were from Sigma-Aldrich (St. Louis, MO). Annexin V-Vybrant apoptosis kit (Cat
# V-13241) was from Molecular Probes (Eugene, Oregon).

2.2. Cell culture and treatments
GSE was a gift from Kikkoman Corporation (Noda City, Japan) and its details about
composition and characterization are published earlier.[18,19]. NSCLC cells A549, H1299,
H460 and H322 cells were cultured in RPMI 1640 medium containing 10% fetal bovine
serum and 1% penicillin-streptomycin under standard culture conditions. At 60–65%
confluency, cells were treated for 12–48 h with desired doses of GSE (20–100 μg/ml) in
DMSO or DMSO alone. Cells were harvested and assessed for viability using the Trypan
blue dye exclusion method as published earlier [20]. Unless specified otherwise, the final
concentration of DMSO in the culture medium during different treatments did not exceed
0.1% (v/v). In inhibitor experiments, cells were pretreated with 20 mM NAC for 0.5 h, while
PD98059 (50 μM) and SP600125 (50 μM) were added for 2 h, prior to the addition of GSE.

Some western blots were multiplexed or stripped and reprobed with different antibodies
including those for loading control. As applicable, densitometric analysis of immunoblots
was done by Scion Image program (NIH, Bethesda, MD), and densitometric values adjusted
to loading controls (β-actin and α-Tubulin) as needed.

2.3. Immunoblotting
At 60–65% confluency, cells were treated as mentioned above and cell lysates were
prepared in non-denaturing lysis buffer [10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% triton
X-100, 1mM EDTA, 1mM EGTA, 0.3 mM phenyl methyl sulfonyl fluoride, 0.2 mM sodium
orthovanadate, 0.5% NP40, 5 U/ml aprotinin]. Briefly, media was removed from the culture
plates followed by two washings with ice-cold PBS. Subsequently, cells were incubated in
lysis buffer for 20 min on ice and collected by scraping. Finally, cell lysates were
centrifuged at 4°C for 60 min at 14,000 rpm. Protein concentrations in lysates were
determined by Bio-Rad DC protein assay kit (Cat # 500-0111) from Bio-Rad (Hercules,
CA). For immunoblotting, total cell lysates were denatured with 2X sample buffer. Samples
were subjected to SDS-PAGE on 12 or 16% gel and separated proteins were transferred onto
membrane by Western blotting. Membranes were blocked with blocking buffer for 1 h at
room temperature. After blocking, the membranes were probed with desired primary
antibodies over night at 4°C followed by peroxidase-conjugated appropriate secondary
antibody and visualized by ECL detection system (Cat #.RPN2105, GE Healthcare,
Buckinghamshire, UK).

2.4. Measurement of superoxide generation
The generation of intracellular ROS was measured using dihydroethidium (DHE) dye at a
final concentration of 5 μM. Briefly, cells after treatment with GSE were incubated with
DHE for 30 min at 37°C, harvested by trypsinization, washed and resuspended in PBS at
37°C, and analyzed immediately for ethidium fluorescence intensity via flow cytometry and
also visualized by using an inverted fluorescence microscope. Microscopic images were
taken by AxioCam MrC5 camera at 100X magnification and processed by Axiovision 4.6
(Carl Zeiss microimaging). An increase in ethidium fluorescence intensity is an indicator of
increase in cellular superoxide levels.

2.5. Measurement of intracellular reduced glutathione levels
The intracellular reduced glutathione (GSH) levels were measured using ApoGSH
Glutathione colorimetric detection kit (Cat # K261-100) procured from BioVision Inc.
(Mountain view, CA). Briefly, cells were treated with GSE without or with pre-treatment
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with NAC for 30 min. Trypsinized cells were counted and processed to measure intracellular
levels of reduced GSH as per manufacturer’s instructions provided with the kit. Reduced
GSH levels were normalized with total number of cells in control and GSE treated groups,
respectively.

2.6. Analysis of cytochrome c release
Cytochrome c release from mitochondria in to cytosol was measured in A549 and H460
cells following desired treatments. Briefly, cells were washed thrice with ice-cold PBS, and
then incubated in permeabilization buffer (20 mM HEPES-KOH, pH 7.4, 50 mM KCl, 210
mM mannitol, 70 mM sucrose, 5 mM MgCl2, 1 mM DTT, 0.1 mM PMSF) containing
complete protease inhibitor cocktail (Cat # 11836170001, Roche Molecular Biochemicals,
Indianapolis, IN) for 20 min on ice. Cells were homogenized using a pre-chilled Dounce
homogenizer for ~40–45 strokes. After a short centrifugation at 1000g for 5 min, the
supernatants were again centrifuged at 14,000g for 30 min, and the cytosolic supernatants
and mitochondrial pellets were collected. The pellets were washed once with extraction
buffer and then finally suspended in mitochondrial lysis buffer (150 mM NaCl, 50 mM Tris-
HCl, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 1 mM EGTA, and protease inhibitor).
Cytosolic fractions were analyzed by immunoblotting.

2.7. Quantitative detection of apoptosis
To quantify GSE-induced apoptotic death of NSCLC cells, cells were plated in 60 mm
dishes. At ~50% confluency, cells were treated with GSE for 6–72h. After these treatments,
cells were collected by brief trypsinization and washed with PBS twice, and subjected to
Annexin V and PI staining using Vybrant Apoptosis Assay Kit 2 following the step-by-step
protocol provided by the manufacturer. Stained cells were analyzed by FACS analysis,
utilizing the core service of the University of Colorado Cancer Center (Aurora, CO), in
order to quantify the apoptotic cells.

2.8. Statistical analysis
Statistical significance of differences between control and treated samples were calculated
by one-way ANOVA followed by a Bonferroni’s test using SigmaStat version 3.5 software
(Jandel Scientific, San Rafael, CA), and P values of ≤0.05 were considered significant. The
data in all cases are representative of at least 3–4 independent studies with reproducible
results.

3. Results
3.1. GSE inhibits growth and induces death in human NSCLC cells

First, we evaluated the efficacy of GSE against a panel of human NSCLC cell lines, having
wild type EGFR gene sequence and different status of k-Ras and p53 genes, namely A549
(mutated k-Ras and wt p53), H1299 (mutated k-Ras and null p53), H460 (wt k-Ras and wt
p53) and H322 (wt k-Ras and mutated p53) cells [21, 22]. GSE at 50, 75 and 100 μg/ml
doses caused 41–86% (P<0.05–0.001), 36–92% (P<0.05–0.001) and 23–93% (P<0.01–
0.001) growth inhibition of A549 cells after 24, 48 and 72 h treatment, respectively (Fig.
1A). Concomitantly, an increase in A549 dead cell population [35–70% (P<0.05–0.001),
29–75% (P<0.01–0.001) and 23–79% (p<0.01–0.001)] was also observed under the same
concentrations and treatment conditions (Fig. 1A). In H1299 cells, similar GSE doses were
effective in decreasing the cell growth by 26–85% (P<0.001), 24–61% (P<0.05–0.001) and
26–74% P<0.001) at 24, 48 and 72 h, respectively (Fig. 1B), together with significant cell
death [20–47% (P<0.01–0.001, 24 h), 17–34% (P<0.01–0.001, 48 h) and 16–36% (P<0.01–
0.001, 72 h)] (Fig. 1B). In case of H460 and H322 cells, GSE showed significant effect on
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growth inhibition and cell viability at comparatively lower doses (20–50 μg/ml, Fig. 1C &
D). Overall, GSE treatment significantly suppressed cell growth and induced cell death in a
dose- and a time-dependent manner in all the four cell lines studied. Notably, since these
NSCLC cell lines have wild type gene sequence of EGFR but differ genetically in the status
of critical gene such as k-Ras [21], which is part of the major causes of chemotherapy
resistance/failure, our findings showing strong GSE inhibitory effects in all of these cell
lines have significant translational implications in NSCLC management.

3.2. GSE induces apoptotic death in human NSCLC cells
GSE treatment induced strong apoptotic death ranging from 26–44% (P<0.001), 24–48%
(P<0.001) and 11–38% (P<0.001) in A549 cells at 24, 48 and 72 h, respectively (Fig. 2A);
however, similar GSE treatments caused only 2–22% (P<0.001), 2–16% (P<0.001) and 2–
14% (P<0.001) apoptotic death in H1299 cells (Fig. 2B). Unlike A549 and H1299 cells, a
much lower GSE concentration was effective in inducing apoptosis for H460 and H322 cell
lines based on their cell death effects with GSE in Fig 1. Based on these results showing
strong apoptotic effect of GSE in a panel of human NSCLC cell lines, we selected two cell
lines, A549 (mutated k-Ras) and H460 (wt k-Ras), representing GSE inhibitory effect at
high and low concentrations, respectively, for detailed mechanistic studies.

3.3. GSE activates various attributes of apoptosis in NSCLC A549 and H460 cells
GSE caused a strong and mostly dose-dependent phosphorylation of ERK1/2 and JNK1/2
without any noticeable change in their total protein levels in both the cell lines (Fig. 3A);
however, it did not affect phospho /total p38 levels (data not shown). Furthermore, we
observed that GSE treatment strongly decreases the protein levels of Bcl-xl, Bcl2, XIAP and
survivin, while Bak levels increase at lower doses in A549 (Fig. 3B, left panel). Similar
results were observed in H460 cells; however Bcl-xL protein expression was not changed
after GSE treatment (Fig. 3B, right panel).

Based on the results shown in Fig. 3A and 3B, next we assessed the involvement of both
extrinsic and intrinsic pathways in GSE-caused apoptotic death of these NSCLC cell lines.
GSE did not activate caspase 8 in either cell lines (data not shown), suggesting a lack of
involvement of extrinsic apoptosis pathway. However, GSE treatment caused a significant
release of cytochrome c in the cytosol (Fig. 3C), as well as cleavage of caspases 9 and 3, and
PARP in both A549 and H460 cell lines (Fig. 3D), suggesting an overall involvement of
intrinsic pathway in these apoptotic effects of GSE.

3.4. GSE increases superoxide generation in NSCLC A549 and H460 cells
Epifluorescence studies in A549 cells indicated mild ethidium fluorescence staining [23] in
untreated control cells, indicating a basal level of oxidative stress in these cancerous cells;
however, GSE treatment caused a robust increase (2 folds, P<0.001) within 30 min, which
slowly declined thereafter (Fig. 4A). In H460 cells, red nuclear ethidium fluorescence was
almost absent in the control H460 cells. However, the GSE treated cells showed bright red
nuclear ethidium fluorescence indicative of ROS superoxide radical generation. FACS
analysis revealed a time dependant increase in ethidium fluorescence intensity in GSE
treated cells (Fig. 4B). Further, FACS analysis also revealed a significant time dependant
increase in the percentage of cells positive for ethidium fluorescence indicating the potential
of GSE to cause oxidative stress in most of the cells; a 5 fold increase (P<0.001) in ROS
generation was detected within 1 h and maximal enhancement (6 folds, P<0.001) was
detected by 3 h which remained sustained even till 12 h (data not shown). The generated
ROS was specifically of superoxide radical type; no H2O2 could be detected by staining
experiments with DCFH2-DA dye. These results verified that GSE resulted in superoxide
radical associated oxidative stress in both A549 and H460 cells.
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3.5. GSE decreases GSH levels in NSCLC A549 and H460 cells
Reduced GSH is an important intracellular anti-oxidant involved in maintaining intracellular
reduction-oxidation balance [10], and therefore, GSH levels were next examined in GSE
treated cells. Fig. 5A and 5B (left panel) clearly show that the level of GSH was
significantly reduced by 82% [P<0.001 (A549 cells)] and 60% [P<0.001 (H460)] after GSE
treatment following 12 and 6 h, respectively. Further, to determine whether anti-oxidant,
NAC, would be able to reduce the GSE induced oxidative stress, NSCLC cells were pre-
treated with NAC (20 mM) for 30 min before the addition of GSE for 12 and 6 h in A549
and H460 cells, respectively. Results indicated that indeed NAC was able to significantly
recover GSE-caused decrease in the GSH level in both A549 and H460 cells (~40%,
P<0.001 for both, Fig. 5A and 5B, right panel). These results suggest that GSE produces
intracellular ROS which might be responsible for the reduction in the reduced GSH levels,
and this additionally suggests that oxidative stress is generated by GSE which eventually
leads to apoptotic death, which was studied next.

3.6. GSE induces ERK1/2 and JNK1/2 activation, cytochrome c release and apoptosis via
ROS-dependent mechanism

To finally relate ROS generation, ERK1/2 and JNK1/2 activation, cytochrome c release and
apoptosis, cells were treated with NAC for 30 min or PD98059 (MAPK kinase inhibitor) or
SP600125 (JNK1/2 inhibitor) for 2 h earlier to GSE treatment and analyzed for ERK1/2 and
JNK1/2 activation, cytochrome c release and apoptosis. Pre-treatment with NAC caused a
strong inhibition of GSE-caused ERK1/2 activation in both cell lines without altering the
total protein levels; however GSE-caused JNK1/2 activation was unaltered by NAC pre-
treatment in A549 cells, while H460 cells showed strong inhibition of JNK1/2 activation
(Fig. 6A and 6B, left panel). Furthermore, NAC pre-treatment followed by GSE exposure
significantly reversed apoptotic cell death (P<0.001, for both) induced by GSE alone in
A549 and H460 cells, respectively (Fig. 6A and B, right panel). These results suggested that
indeed ROS plays an important role in inducing the activation of ERK1/2 and JNK1/2
followed by apoptosis in A549 and H460 cells after the GSE treatment. We therefore also
assessed whether GSE-caused ERK1/2 and JNK1/2 activation directly plays any role in its
apoptotic effects, by using selective chemical inhibitors. When cells were pre-treated for 2 h
with PD98059, GSE-caused ERK1/2 activation was inhibited in both A549 and H460 cells
(Fig. 6A and B, left panel), together with a partial, though significant, reversal in GSE-
induced apoptotic cell death in both A549 and H460 cell lines (Fig. 6A and B, right panel).
In other studies, SP600125 pre-treatment did not reverse GSE-induced JNK1/2 activation
(data not shown) or apoptosis in A549 cells (Fig. 6A, right panel), but H460 cells showed a
significant reversal of JNK1/2 activation and apoptosis following SP600125 pre-treatment
(Fig. 6B). The concentration of SP600125 used in the present study may be limiting for
A549 cell line, and probably is responsible for failure to block the JNK1/2 activation by
GSE in this cell line. Together these inhibitor studies suggested that whereas GSE-caused
oxidative stress plays a major role in ERK1/2 phosphorylation, the activated ERK1/2 plays
only a moderate role in the apoptotic death in both cell lines, and that GSE-caused oxidative
stress induces apoptotic death by another mechanism. More interestingly, similar conclusion
could be drawn for GSE-caused oxidative stress and JNK1/2 activation and their roles in
apoptosis induction in H460 cells; on the other hand the observed JNK1/2 activation by GSE
was independent of the involvement of GSE-caused oxidative stress and played no role in
apoptotic death of A549 cells. These observations suggested that more studies are needed in
future to identify additional pathways involved in apoptotic effects of GSE in these NSCLC
cell lines.

The role of GSE-caused oxidative stress was also assessed in the activation of intrinsic
apoptotic pathway by assessing cytochrome c release in both A549 and H460 cell lines
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which were pre-treated with NAC followed by GSE. The cytochrome c release in to the
cytosol was completely blocked in both the cell lines by NAC pre-treatment (Fig. 6C),
suggesting that indeed ROS plays a major role in the disruption of mitochondrial membrane
potential and subsequent release of cytochrome c into the cytosol.

4. Discussion
Chronic tobacco exposure is the main cause of k-Ras mutations in the lung and its mutations
contribute to the 30% lung adenocarcinoma [24]. Presence of k-Ras mutations in LC patients
is considered as a poor prognostic factor. Interestingly, in the present study, GSE induces
apoptotic cell death in NSCLC cells irrespective of their k-Ras status. Most importantly, in
the present study we observed that cells (H460 and H322) harboring wt k-Ras mutations are
more sensitive to GSE treatment than cells (A549 and H1299) harboring mutated k-Ras.
Together, these results indicate that most of the human NSCLC tumors will be sensitive to
GSE, signifying strong translational potential of our findings.

In line with earlier studies in different cancer models, [17,25], in the present study also, GSE
induces apoptosis in NSCLC cells. However, in depth understanding of the factors that
regulate apoptosis in GSE treated cancer cells are yet to be accomplished. Thus, in the
present study, we explored to uncover the mechanism involved for inducing the apoptosis in
GSE treated NSCLC cells.

Uncontrolled oxidative stress describes a state of the cell in which the cellular antioxidant
guard mechanisms are inadequate to counteract ROS, or undue ROS is produced, or both. It
is a well-known fact that large amount of oxidative stress causes severe damage to cellular
components such as lipids, proteins, sugar and nucleic acid-bases, which compromises
cellular viability or vital functions [26,27]. Further, damage by oxidative stress to any
cellular constituent, if unrestricted, causes development of several human diseases such as
cancer and cardiovascular disease etc. [28,29]. However, oxidative stress may also exert
diverse cytotoxic and pro-apoptotic functions that would hamper tumorigenicity and
malignant progression by altering signal transduction pathways culminating into cell cycle
arrest and/or apoptosis, depending on the extent/severity of oxidative stress [10]. Most of the
cancer cells show inherent constitutive oxidative stress that maintains tumor growth and
protects these cells representing a redox vulnerability which can be targeted selectively by
pro-oxidant chemopreventive/ therapeutic agents [30,31].

Accordingly, our detailed study revealed that GSE induced oxidative stress via superoxide
formation and depletion of total intracellular GSH levels in NSCLC cells. Decreased total
intracellular GSH levels were reversed by NAC pre-treatment prior to GSE exposure in
these cells and the results advocate that GSE produces intracellular oxidative stress which
might be responsible for the reduced GSH levels. Importantly, these observations are in line
with previous published study, where reduced intracellular GSH level were reported to be an
important regulator of death and survival of cancer cells [10].

Recent literature reveals that cells not only adapt to harmful oxidative stress utilizing
intracellular antioxidant defense system, but eventually educate themselves to use ROS in
their favor. These toxic species can contribute essentially to the maintenance of cellular
homeostasis by targeting key signaling molecules, such as MAPKs and NF-κB by altering
kinases/ phosphatases regulating their activity [32], cell survival proteins expression and
cytochrome c release [33]. In the present study, we found that GSE effectively induced
ERK1/2 and JNK1/2 activation. Further, we also observed that GSE caused oxidative stress
is the major player for the activation of ERK1/2 and JNK1/2 activation and apoptosis,
however, activation of ERK1/2 and JNK1/2 is partially responsible for the induction of
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apoptosis in A549 and H460 cells. Though further studies are needed to define the role of
oxidative stress induced ERK1/2 and JNK1/2 activation in GSE treated NSCLC cells; our
completed studies suggest the important role of oxidative stress in the pro-apoptotic efficacy
of GSE.

However, the oxidative stress induced activation of ERK1/2 and JNK1/2, and cytochrome c
release in the cytosol are not the only events responsible for the induction of apoptosis in
GSE treated A549 and H460 cells; the results also suggest the involvement of additional
pathways which might contribute to the induction of apoptosis after GSE treatment. Further,
there are collective evidences that suggest cell survival proteins (Bcl-xl, Bcl2, XIAP and
survivin) are strong apoptosis inhibitors, the expression of which is increased in cancer cells
as compared to normal cells [34,35]. Therefore, modulation of the apoptotic proteins by
GSE, results in a significant induction of apoptosis in A549 and H460 cells. Interestingly,
GSE induced oxidative stress was not found to play any role in this modulation, thus some
other alternative pathways may be involved in their inhibition after GSE treatment. The
results of this study indicate that GSE induces apoptosis via at least two major pathways
involving oxidative stress and inhibition of cell survival proteins expression. Based on these
findings, more studies are needed in future to evaluate both anti-cancer and
chemopreventive efficacy of GSE in appropriate pre-clinical LC models to establish its
potential usefulness against human lung cancer.
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Abbreviations

DHE dihydroethidium

ERK1/2 extracellular signal-regulated kinase

GSE grape seed extract

GSH glutathione

JNK1/2 c-Jun N-terminal protein kinase

MAPKs mitogen activated protein kinases

LC Lung Cancer

NSCLC non-small-cell lung cancer

NAC N-acetyl-L-cysteine

PARP poly (ADP-ribosyl) polymerase

ROS reactive oxygen species

IAPs inhibitor of apoptosis proteins

GSH glutathione
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Figure 1. GSE inhibits growth and induces death of human NSCLC cells
GSE inhibits growth and induces death in A) A549, B) H1299, C) H460 and D) H322 cells,
in both dose- and time- dependent manner. Cells (1.05 x 105) were platted in 60 mm dishes,
treated with DMSO (control) or different concentrations of GSE, and after 12, 24, 48 or 72
h, cells were harvested and counted as detailed in Materials and Methods section. $, P<0.05;
@, P<0.01; *, P<0.001 for differences with control group. GSE, grape seed extract.
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Figure 2. GSE induces apoptotic death of human NSCLC cells
GSE induces apoptotic death in A) A549, B) H1299, C) H460 and D) H322 cells. Cells were
treated with DMSO (control) or GSE for the mentioned time and dose as detailed Materials
and Methods section. At the conclusion of the experiment, cells were collected by
trypsinization, washed with PBS, and subsequently stained with Annexin V- PI. Stained
cells were processed for FACS analysis. *, P<0.001 for differences with control group;
GSE, grape seed extract.
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Figure 3. GSE induces various attributes of apoptosis in NSCLC A549 and H460 cells
A549 and H460 cells were cultured as described in Materials and Methods section, and
treated with either DMSO alone (control) or varying concentrations of GSE. At the end of
the treatments, total cell lysates were prepared and subjected to SDS-PAGE followed by
Western immunoblotting. Membranes were probed with desired primary antibodies
followed by peroxidase-conjugated appropriate secondary antibodies and visualized by ECL
detection system. The densitometric data presented below the bands are ‘fold change’
compared to respective DMSO control, after normalization with respective loading control
(α-Tubulin and β-actin). C, Control; GSE, grape seed extract.
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Figure 4. GSE increases superoxide generation in NSCLC A549 and H460 cells
A) A549 and B) H460 cells after treatment with GSE were incubated with DHE for 30 min
at 37°C, harvested by trypsinization, washed and re-suspended in PBS at 37°C, and analyzed
immediately for ethidium fluorescence intensity via flow cytometry and also visualized by
using an inverted fluorescence microscope. In case of shorter GSE exposures, cells were
incubated with GSE and DHE together. Superoxide generation in NSCLC cells was
indicated by increased ethidium fluorescence after DHE staining. GSE, grape seed extract;
*, P<0.001 for differences with control group.
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Figure 5. GSE causes depletion of intracellular GSH levels
Treatment of A) A549 and B) H460 cells with 100 μg/ml and 20 μg/ml GSE, respectively,
resulted in significant decrease in the intracellular levels of reduced GSH as compared to
control cells. Pre-treatment of NAC (20 mM) for 30 min prior the GSE exposure in A549 for
12 h and in H460 for 6 h reversed the GSE inhibited GSH level. The intracellular reduced
glutathione levels were measured using ApoGSH Glutathione colorimetric detection kit.
Briefly, at the end of the experiments, trypsinized cells were counted and processed to assess
intracellular levels of reduced GSH. Reduced GSH levels were normalized with total
number of cells in control and GSE treated groups, respectively. NAC, N-acetyl-L-cysteine;
GSE, grape seed extract; GSH, glutathione
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Figure 6. GSE induces ERK1/2 and JNK1/2 activation, cytochrome c release and apoptosis via
ROS-dependent mechanism
A) A549 and B) H460 cells were pre-treated with either NAC (30 min)/PD98059/SP600125
(2 h) prior the addition of GSE in A549 (100 μg/ml, 24 h) and H460 (20 μg/ml, 12h) cells.
After these treatments, lysates were prepared for Western blot analysis as described in
Materials and Methods section. Further, after similar treatments, cells were collected by
brief trypsinization and washed with PBS twice, and subjected to Annexin V - PI staining
using Vybrant Apoptosis Assay Kit2 following the protocol as described in ‘Materials and
Methods’ section. After staining, FACS analysis was performed for the quantification of the
apoptotic cells. C) Pre-treatment with NAC (30 min) prior the addition of the GSE in A549
(100 μg/ml, 24 h) and H460 (20 μg/ml, 12 h) cells, and at the conclusion of the experiment
mitochondrial and cytosolic lysates were prepared and subjected to SDS-PAGE followed by
Western immunoblotting for detection of cytochrome c (cyto c) levels as described in the
‘Materials and Methods’ section. GSE, grape seed extract; NAC, N-acetyl-L- cysteine; PD,
PD98059, SP, SP600125; NS, non significant.
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