
Abstract. Non-small cell lung cancer (NSCLC), accounting
for 80% of lung cancers, is the leading cause of all cancer
deaths. Previously, we demonstrated that delta-tocotrienol
inhibits NSCLC cell proliferation, invasion and induces
apoptosis by down-regulation of the Notch-1 signaling
pathway. The objective of this study was to investigate whether
delta-tocotrienol, could enhance the anticancer effects of
cisplatin. Treatment with a combination of delta-tocotrienol
and cisplatin resulted in a dose-dependent, significant
inhibition of cell growth, migration, invasiveness, and
induction of apoptosis in NSCLC cells, as compared to the
single agents. This was associated with a decrease in NF-κB
DNA binding activity, decrease in Notch-1, Hes-1, Bcl-2 and
increase in cleaved Caspase-3 and PARP expressions. These
results suggest that down-regulation of Notch-1, via inhibition
of NF-κB signaling pathways by delta-tocotrienol and
cisplatin, in combination, could provide a potential novel
approach for tumor arrest in NSCLC, while lowering the
effective dose of cisplatin.

Lung cancer is the leading cause of death among all malignant
diseases. It is estimated that 226,160 people (116,470 men and
109,690 women) will be diagnosed with this disease and out
of these, 160,340 will die of cancer of the lung and bronchus in
2012 (1). Non-small cell lung cancer (NSCLC) accounts for
80% of all reported lung cancers and has a poor five-year
survival rate of only 16% (2). This is partly attributed to the
fact that NSCLC progresses undetected (asymptomatically)
untill it has metastasized. Some of the common symptoms for
lung cancer include persistent cough, chest pain, coughing up

blood, hoarseness, weight loss, fatigue and recurrent respiratory
infections, all of which can be related to other respiratory
diseases in addition to lung cancer and hence are not specific
(3). The invasive NSCLC rapidly establishes distant metastases
in organs including the bones, contralateral lung, liver and
brain, ahead of diagnosis, which are lethal for the patients
rather than the primary tumors in lung themselves (4). 

Another factor contributing to the poor prognosis of
NSCLC patients is the lack of effective therapy to battle the
aggressive disease. According to the American Society of
Clinical Oncology-Clinical Practice, platinum (cisplatin and
carboplatin) and non-platinum combination therapies are the
standard first line treatments for NSCLC patients (12), with
cisplatin being the most frequently used chemotherapeutic
agent for the treatment of NSCLC. However, the utility of
cisplatin for the clinical management of NSCLC patients is
limited by its dose-related drug resistance. This disappointing
outcome strongly suggests that innovative research is required
to manage this fatal disease. The different mechanisms
proposed to be involved in cisplatin resistance, are changes in
cellular uptake and efflux of the drug, increased detoxification
of the drug, inhibition of apoptosis and increased DNA repair
(13). Also, it has been reported that the Notch pathway may
play a role in cisplatin induced drug resistance. For example,
it has been shown that the Notch-1 expression is negatively
correlated to cisplatin sensitivity of head and neck squamous
cell carcinoma, and could be used to predict cisplatin
sensitivity (14). Moreover, Notch-1 was highly expressed in
cisplatin-resistant head and neck squamous cell carcinoma
patients suggesting that the overexpression of Notch-1 induces
the reprogrammed survival pathways in head and neck
squamous cell carcinoma responding to chemotherapy (15).
Similarly, up-regulation of Notch-1 is associated with the
cisplatin resistance in ovarian cancer cell lines (16). In
addition, concurrent inhibition of Notch-1 pathway and use of
cisplatin elicits a striking induction of colorectal cancer cell
death (17). These results support the notion that inactivation
of the Notch pathway could sensitize the patients who are
likely to respond to cisplatin.
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Notch signaling plays an important role in cell proliferation
and apoptosis (5). Since Notch signaling regulates critical cell
fate decisions, alterations in Notch signaling are associated
with tumorigenesis. It has been found that Notch signaling is
frequently dysregulated with up-regulated expression in
different types of cancers such as lung, colon, head and neck,
pancreatic (6-9). Overexpression of Notch-1 has been shown
to inhibit apoptosis in different types of cancers (10, 11).
Clinical data has demonstrated that 30% of NSCLCs have
increased Notch activity and 10% of NSCLCs have gain-of-
function mutation on Notch-1 gene (9). These data suggest that
Notch could be considered as a therapeutic target.

Previously, we demonstrated that treatment of NSCLC cells
with delta-tocotrienol resulted in a dose- and time-dependent
inhibition of cell growth, cell migration, tumor cell invasiveness,
and induction of apoptosis (18). Real-time RT-PCR and western
blot analysis showed that antitumor activity by delta-tocotrienol
was associated with a decrease in expression of Notch-1, Hes-1,
Survivin, MMP-9, VEGF, and Bcl-2. In addition, there was a
decrease in nuclear factor-kappaB (NF-κB) DNA binding
activity (18). It is of interest to see whether a combination of
delta tocotrienol and cisplatin may be an effective therapy against
NSCLC, while sensitizing the cells against acquired drug
resistance. The objective of this study was to investigate the
growth inhibitory effects of a low cisplatin dose in combination
with delta-tocotrienol and to further demonstrate the effects of
their combination on intracellular signaling mechanisms.

Materials and Methods

Cell culture, reagents and antibodies. Human NSCLC cell lines,
including A549, H1650 obtained from ATCC, were grown in DMEM
medium (Mediatech, Manassas, VA) supplemented with 10% fetal
bovine serum and 1% penicillin and streptomycin, in 5% CO2
atmosphere. Pure delta-tocotrienol was a kind gift from American
River Nutrition, Inc (American River Nutrition, Hadley, MA).
Protease inhibitor cocktail was obtained from Sigma (St. Louis, Mo).
Primary antibodies for cleaved caspase-3, PARP, β-actin and cell lysis
buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl , 1 mM Na2EDTA, 
1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1 mM Na3VO4, 1 μg/ml leupeptin) were purchased
from Cell Signaling Technology (Danvers, MA). Primary antibodies
against Notch-1, Hes-1, Bcl-2 were bought from Santa Cruz
Biotechnology (Santa Cruz, CA). The secondary antibodies were
bought from Bio-Rad Laboratories (Hercules, CA). 

Cell viability studies by MTS assay. The A549 and H1650 cells (5×103)
were seeded in a 96-well culture plate. After overnight incubation, the
medium was removed and replaced with a fresh medium containing
DMSO (vehicle control), delta-tocotrienol alone, cisplatin alone, or the
combination of delta-tocotrienol and cisplatin. After 72 h of incubation,
20 μl of CellTiter 96 AQueous One Solution Reagent (Promega,
Madison, WI) was added to each well. After 2 h of incubation at 37˚C
in a humidified, 5% CO2 atmosphere, the absorbance at 490 nm was
recorded on an EL×800 plate reader (Bio-Tek, Winooski, VT). Each
variant of the experiment was performed in triplicate.

Clonogenic assay. One million cells per well were seeded in a 100
mm dish and incubated overnight. Subsequently, the cells were
cultured in the presence of control medium, delta-tocotrienol (15μM)
alone, cisplatin (4 μM) alone, or the combination of delta-tocotrienol
(15 μM) and cisplatin (4 μM), grown for 72 h. Later, the viable cells
were counted and plated in 100 mm dishes in a range of 1,000 cells
per plate. The cells were then incubated for 21 days at 37˚C in a 5%
CO2 incubator. All the colonies were fixed in 4% paraformaldehyde
and stained with 2% crystal violet. 

Histone/DNA ELISA for detection of apoptosis. The Cell Death
Detection ELISA Kit (Roche, Palo Alto, CA) was used to detect
apoptosis in NSCLC cells. Briefly, 105 cells were seeded in six-well
plates. After 24 h of incubation, cells were treated in the presence of
control medium, delta-tocotrienol (15 μM) alone, cisplatin (4 μM)
alone, or the combination of delta-tocotrienol (15 μM) and cisplatin (4
μM) for 72 h. The cells were then lysed, and cytoplasmic histone/DNA
fragments were extracted and incubated in microtiter plate modules
coated with anti-histone antibody. In order to detect the immobilized
histone/DNA fragment, peroxidase-conjugated anti-DNA antibody was
used before color development with ABTS substrate for peroxidase.
The spectrophotometric absorbance of the samples was determined by
using an EL×800 plate reader (Bio-Tek, Winooski, VT) at 405 nm. 

Annexin V-FITC method for apoptosis analysis. Annexin V-FITC
apoptosis detection kit (BD, San Jose, USA) was used to measure the
apoptotic cells. Briefly, A549 and H1650 cells were incubated in the
presence of control medium, delta-tocotrienol (15 μM) alone, cisplatin
(4 μM) alone, or the combination of delta-tocotrienol (15 μM) and
cisplatin (4 μM) for 72 h. Cells were trypsinized, washed twice with
ice-cold PBS and re-suspended in 1× binding buffer at a concentration
of 105 cells/ml in a total volume of 100 μl. After that, 5 μl of Annexin
V-FITC and 5 μl of PI (Propidium Iodide) were added. All the samples
were kept in the dark for 20 min at room temperature. Finally, 400 μl
of 1× binding buffer was added to each tube and the number of
apoptotic cells was analyzed by flow cytometry (BD, San Jose, CA).

Wound healing assay. A549 and H1650 were seeded in a six well
plate at the concentration of 4×105 cells per well. After overnight
incubation, the culture media were removed and a scratch wound
across each well was made using fine tips. All the wound areas were
washed by PBS for three times to make sure no loosely held cells
attached. Subsequently, the cells were cultured in the presence of
control medium, delta-tocotrienol (15 μM) alone, cisplatin (4 μM)
alone, or the combination of delta-tocotrienol (15 μM) and cisplatin
(4 μM). The wound images were taken as 0 h. After 20 h, wound
healing pictures were taken under a microscope. 

Cell invasive assay. BD Biocoat invasion kit (BD, San Jose, CA) was
used to evaluate the tumor invasive ability. Briefly, approximately
2.5×105 A549 or H1650 cells with basal media were transferred in
each 6-well upper chamber in the presence of control medium, delta-
tocotrienol (15 μM) alone, cisplatin (4 μM) alone, or the combination
of delta-tocotrienol and cisplatin. In the meantime, 3 ml of culture
medium with 10% FBS was added into each lower chamber of each
6-well plate. After 20 h incubation, the cells on the upper chamber
were removed using a cotton stick. Each experiment was performed in
duplicate. The cells were fixed in 4% paraformaldehyde and stained
with 2% crystal violet. The spectrophotometric absorbance of the
samples was determined by using an EL×800 plate reader (Bio-Tek,
Winooski, VT), at 570 nm. 
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Protein extraction and western blotting. A549 and H1650 cell lines
were treated in the presence of control medium, delta-tocotrienol 
(15 μM) alone, cisplatin (4 μM) alone, or the combination of delta-
tocotrienol (15 μM) and cisplatin (4 μM) for 72 h to evaluate the
effects of treatment on Notch-1, Hes-1, PARP, Survivin, Bcl-2, and
β-actin expressions. Cells were lysed in the cold lysis buffer for 
30 min on ice. Protein concentrations were determined using the
Bradford protein assay kit (Bio-Rad Laboratories, CA). Each sample
contained 50 μg of total cell lysates. The samples were loaded on
10% SDS-polyacrylamide gel electrophoresis. After that, the gel was
transferred to a nitrocellulose membrane (Whatman, Clifton, NJ)
using transfer buffer (25 mM Tris, 190 mM glycine, 20% methanol)
in a Hoefer TE70XP transfer apparatus (Holliston, MA). The
membranes were incubated for 1 h at room temperature with 5%
nonfat dried milk in 1×TBS buffer containing 0.1% Tween. After that,
membranes were incubated over night at 4˚C with primary antibodies
(1:1000). The membranes were washed 3 times with TBS-T, and
subsequently incubated with the secondary antibodies (1:5000)
containing 2% BSA for 2 h at room temperature. The signal intensity
was then measured by chemiluminescent image with chemiDoc XRS
(Bio-Rad Laboratories, CA)

Real-time quantitative PCR for gene expression analysis. Total RNA
was isolated using the RNeasy Mini Kit from QIAGEN (Valencia, CA,
USA) according to the manufacturer’s protocols. Two micrograms of
total RNA from each sample were subjected to first strand cDNA
synthesis using TaqMan reverse transcription reagents kit (Applied
Biosystems, Foster City, CA) in a total volume of 20 μl. Reverse
transcription reactions were performed at 25˚C for 10 min, followed
by 48˚C for 30 min and 95˚C for 5 min. Real-time PCR analyses were
performed using the Eppendorf Realplex 4 system (Hauppauge, NY).
The sequences of the primers sets used for this analysis are as follows:
MMP-9, forward primer (5’-CGG AGT GAG TTG AAC CAG-3’) and
reverse primer (5’-GTC CCA GTG GGG ATT TAC-3’); VEGF,
forward primer (5’-GCC TTG CCT TGC TGC TCT AC-3’) and
reverse primer (5’-TTC TGC CCT CCT CCT TCT GC-3’); GAPDH,
forward primer (5’-CAG TGA GCT TCC CGT TCAG-3’) and reverse
primer (5’-ACC CAG AAG ACT GTG GAT GG-3’); All these primers
are checked by running them on virtual PCR, and primer concentration
was optimized to avoid the primer dimer formation. Real-time PCR
amplifications were performed using 2× SYBR Green PCR Master
Mix (Applied Biosystems). Two microliters of RT reaction were used
for a total volume of 25 microliters of quantitative PCR reactions. The
thermal profile for SYBR real-time PCR was 95˚C 10 min, followed
by 50 cycles of 95˚C 15 s and 60˚C 1 min. Data were analyzed
according to the comparative fold increases or decreases in gene
expression determined quantitation of normalized GAPDH expression
in each sample. 

Microwell colorimetric NF-κB assay for measuring NF-κB activity.
TransAM™ Transcription Factor ELISAs kit for P65 (Avtive Motif,
Carlsbad, CA) was used to evaluate the binding activity of NF-κB
according to the protocol. Briefly, one million of A549 and H1650
cells were seeded in an 100 mm dish. After 24 h of incubation, cells
were treated in the presence of control medium, delta-tocotrienol 
(15 μM) alone, cisplatin (4 μM) alone, or the combination of delta-
tocotrienol (15 μM) and cisplatin (4 μM) for 72 h. After that, nuclear
protein was extracted from each sample using the nuclear protein
extraction kit according to the protocol (Pierce, Rockford, IL). Two
micrograms of each sample were incubated in the microplate coated

with anti-p65 DNA sequence. In order to detect the p65-DNA binding
complex, peroxidase-conjugated anti-DNA antibody was used before
color development with ABTS substrate for peroxidase. The
chemilluminance of the samples was determined by using chemiDoc
XRS (Bio-Rad Laboratories, CA). The volume of each sample was
determined by Quantity One software (Bio-Rad Laboratories, CA).

Data analysis. Results were expressed as means±SEM and analyzed
using GraphPad Prism 4.0 (Graph pad Software, La Jolla, CA).
Statistical comparisons between groups were done using one-way
ANOVA. Values of p<0.05 were considered to be statistically
significant and individual p-values are reported in the figures,
separately. Calcusyn (Biosoft, United Kingdom) was used to analyze
the combination effect of delta-tocotrienol and cisplatin. 

Results
In order to test the effects of delta-tocotrienol, cisplatin and
their combination on cell growth, A549 and H1650 cells were
treated with control medium, delta-tocotrienol alone, cisplatin
alone, or the combination of delta-tocotrienol and cisplatin
for 72 h separately, followed by the MTS assay. As shown in
Figure 1 A (A549) and B (H1650), a significant potentiation
in the inhibition of cell growth was observed by combination
of delta-tocotrienol and cisplatin compared to single agents
in both A549 and H1650 cells respectively. In the A549 cell
line, combination treatment with 7.5 μM of delta-tocotrienol
and 2 μM of ciplatin, 15 μM of delta-tocotrienol and 4 μM
of ciplatin, and 30 μM of delta-tocotrienol and 8 μM of
ciplatin for 72 h resulted in 25%, 55%, and 92% inhibition of
cell growth relative to control, respectively. Similarly,
treatment of H1650 cell line with these combinations for 72 h
resulted in 32%, 56%, and 91% inhibition of cell growth,
respectively, relative to control. Based on the MTS results, we
selected 15 M of delta-tocotrienol and 4 μM of ciplatin to
perform further experiments.

In order to confirm the effects of delta-tocotrienol and
cisplatin on cell growth, A549 and H1650 cells were treated
with each of the single agents or their combination and assessed
for cell viability by clonogenic assay. As shown in the Figure 1
C (A549) and D (H1650), the combination treatment of delta-
tocotrienol and cisplatin resulted in a significant inhibition of
colony formation compared to either agent alone or the control
in both NSCLC cell lines. Overall, the results from the
clonogenic assay were consistent with the MTS shown in Figure
1A and 1B. The molecular mechanisms involved in NSCLC cell
growth inhibition were further investigated, and the results are
presented in the following sections. 

Since inhibition of cell growth could also result from
apoptosis, induced by delta-tocotrienol and cisplatin, we
further investigated whether delta-tocotrienol, cisplatin and in
combination could induce apoptosis in both cell lines by two
different approaches, histone/DNA ELISA and the Annexin
V/PI staining. The effects of delta-tocotrienol (15 μM),
cisplatin (4 μM) individually and in combination, were tested
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Figure 1. Antiproliferative effects of delta-tocotrienol and/or cisplatin on NSCLC cells. Cell viability of human NSCLC cell lines, A549 (A) and
H1650 (B). Both A549 (A) and H1650 (B) cells were initially plated at a density of 5×103 cells/well (3wells/group) in 96-well plates and grown in
experimental medium with delta-tocotrienol (D), cisplatin (C) and the combination of DC for 72 h. Viable cell number was determined using the MTS
colorimetric assay. Vertical bars indicate the mean cell count±SEM (n=3). *p<0.05 is considered as significant as compared with vehicle-treated
controls. Cell survival of human NSCLC cell lines A549 (C) and H1650 (D). A549 (C) and H1650 (D) cells treated with delta-tocotrienol (15 μM),
cisplatin (4 μM), and the combination of delta-tocotrienol (15 μM), cisplatin (4 μM) were evaluated by the clonogenic assay. Colony formation in
control and treated A549 and H1650 cells is shown. A significant reduction in colony formation between treated and untreated cells of both A549
and H1650 cells was observed by photomicrographic analysis. 

Figure 2. Induction of apoptotic effects of delta-tocotrienol and cisplatin NSCLC cells. A549 (A) and H1650 (B) cells were treated with delta-
tocotrienol (15 μM), cisplatin (4 μM), and their combination for 72 h. Then apoptosis for both cell lines was determined by histone/DNA ELISA.
*p<0.05, **p<0.01. A549 (C) and H1650 (D) cells were treated with delta-tocotrienol (15 μM), cisplatin (4 μM), and their combination for 72 h.
Then apoptosis for both cell lines was determined by Annexin V-FITC staining. 



using ELISA in both cell lines. As shown in Figure 2A (A549)
and Figure 2B (H1650), exposure of A549 and H1650 to
delta-tocotrienol (15 μM) and cisplatin (4 μM) for 72 h
significantly enhanced apoptosis. In addition, the combination
of delta-tocotrienol (15 μM) and cisplatin (4 μM) further
increased apoptosis in both cell lines. 

The Annexin V/PI staining data confirmed apoptosis-
inducing effect of delta-tocotrienol and/or cisplatin treatment
in both tested cell lines (Figure 2C and D), respectively. In
A549 cell line (Figure 2C), the combination treatment of
delta-tocotrienol and cisplatin induced 48.06% apoptosis as
compared with 14.35% with delta-tocotrienol (15 μM) and
16.20% in cisplatin (4 μM) treatments alone. Similarly, in
H1650 cell line (Figure 2D), the combination treatment of
delta-tocotrienol and cisplatin induced 44.59% apoptosis as
compared with 17.68% with delta-tocotrienol (15 μM) and
19.79% in cisplatin (4 μM) treatments alone. These results
are consistent with those from the MTS assay, suggesting that
the potentiation in overall cell growth inhibition by the
combination of cisplatin and delta-tocotrienol, could in part
be due the induction of apoptosis in both NSCLC cell lines.

As both delta-tocotrienol and cisplatin alone induce
apoptosis in various cancer cells, we wanted to verify the
effect of the combination of delta-tocotrienol and cisplatin
treatment in A549 and H1650 cell lines. As shown in Figure
3A and Figure 3B, the combination index of ED75, as
calculated by the calsusyn software, was found to be 1.06
(A549) and 1.05 (H1650) respectively. According to the
combination definitions, these results confirm the additive
effects between delta-tocotrienol and cisplatin in NSCLC cells. 

Thus far, our results have shown that delta-tocotrienol,
cisplatin and their combination inhibited cell growth and
induced apoptotic cell death in NSCLC cells. Our previous
data demonstrated that delta-tocotrienol induced apoptosis
through the Notch-1 pathway in NSCLC cells (18). In order

to further understand the molecular mechanism involved in
delta-tocotrienol- and cisplatin-induced apoptosis of NSCLC
cells, modifications in the cell death pathway were
investigated. Using western blotting analysis, we found that
combination treatment of delta-tocotrienol and cisplatin
significantly suppressed the protein expression of Notch-1
and its downstream signaling molecule Hes-1 in NSCLC
A549 (Figure 4A) and H1650 (Figure 4B), compared to
treatment by either delta-tocotrienol or cisplatin alone. Given
that Notch signaling and its gene products are known to
regulate cell proliferation, cell cycle distribution and
apoptosis, we further explored the apoptosis-related genes in
both NSCLC cell lines. Our data showed that the combination
treatment of delta-tocotrienol and cisplatin suppressed the
Notch-1 pathway as compared with either delta-tocotrienol or
cisplain alone in the A549 and H1650 cell line respectively.
This suppression of Notch-1 was associated with the higher
expression of cleaved caspase 3, cleaved PARP and inhibition
of Bcl-2 expression. 

To further confirm the result on changes in protein
expression, we also conducted real-time PCR to assess Notch-
1 and its target genes such as Hes-1 in NSCLC cells upon the
treatment of delta-tocotrienol, cisplatin and their combination.
Our data clearly demonstrated that the combination treatment
of delta-tocotrienol and cisplatin caused a more potent
suppression of Notch-1 signaling pathway in A549 (Figure 4
C) and H1650 (Figure 4D) cells as compared to either
compound or control. Taken together, our findings strongly
suggest that the combination treatment of delta-tocotrienol and
cisplatin suppressed transcription and translation of Notch-1
and its target genes such as Hes-1, Bcl-2 leading to reduced
proliferation, and enhanced apoptosis in NSCLC cells.

The NF-κB pathway plays important roles in cancer cell
transformation, cell invasion, and apoptosis. Further, NF-
κB has been shown to cross-talk with Notch signaling (19).
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Figure 3. Isobologram plots for the combination analysis of delta-tocotrienol and cisplatin. Isobologram plots for combination treatments with
delta-tocotrienol (7.5, 15, 30 μM) and cisplatin (2, 4, 8 μM) in A549 (A) and H1650 (B) were evaluated by the MTT assay. The combination index
(CI) shows an additive effect of the two agents.



Cisplatin, a DNA-damaging drug, is known to increase the
NF-κB activity (20, 21). This increasing activity of NF-κB
is associated with drug resistance. Interestingly, our
previous data demonstrated that delta-tocotrienol could
successfully reduce NF-κB DNA binding activity in
NSCLC cells (18). The effect of combination treatment of
delta-tocotrienol and cisplatin on NF-κB DNA-binding
activity in NSCLC cells was determined by subjecting
nuclear extracts from treated A549 and H1650 cells to p65
ELISA. As shown in Figure 5 A and B, compared to the
control, the combination treatment significantly inhibited
the DNA-binding activity of NF-κB for both cell lines.
These results suggested that the treatment with delta-
tocotrienol decreased the cisplatin-induced NF-κB
activation, which further confirmed the potential benefit of
delta-tocotrienol as a sensitizing agent to cisplatin. 

Since VEGF and MMP9 are known to be the downstream
target genes of NF-κB signaling pathway, the relative
expressions of VEGF and MMP9 were evaluated by RT-PCR.
As shown in Figure 5 C (A549) and 5 D (H1650), the
combination treatment of delta-tocotrienol and cisplatin
significantly inhibited the expression of VEGF and MMP9 in
both cell lines, respectively. The results clearly demonstrated

that delta-tocotrienol sensitized the NSCLC cells to cisplatin
by inhibiting NF-κB activity and the expressions of its target
genes.

Although the effect of delta-tocotrienol and cisplatin on
anti-proliferation and induction of apoptosis has been shown
in certain cancers, their effects on tumor cell migration and
invasion has not been evaluated thus far. Since the
combination treatment of delta-tocotrienol and cisplatin
inhibited MMP-9 and VEGF expression, which are important
factors for cell migration and invasion, we conducted a
Matrigel invasion assay in order to assess its effect on the
invasive capacity of A549 and H1650 NSCLC cells. As shown
in Figure 6 A and B, the combination treatment of delta-
tocotrienol and cisplatin in A549 and H1650 cells significantly
decreased their invasive capability as compared with either the
untreated control, or delta-tocotrienol, and ciplatin alone. 

In order to determine the combination effect of delta-
tocotrienol and cisplatin on the tumor migration ability in
NSCLC cells, we performed the wound healing assay. As
demonstrated in Figure 6 C (A549) and D (H1650), the
combination of delta-tocotrienol and cisplatin inhibited cell
migration compared with the untreated control, delta-
tocotrienol, and cisplatin alone. 
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Figure 4. Down-regulation of Notch-1 and its target genes by delta-tocotrienol and cisplatin. A549 and H1650 cells were treated with delta-
tocotrienol (15 μM), cisplatin (4 μM), and their combination for 72 h. The expressions of Notch-1, Hes-1, PARP, caspase-3 (pro- and cleaved-), Bcl-
2 protein were detected by western blotting analysis in A549 (A) and H1650 (B) NSCLC cells. The relative expression of mRNA by real time PCR
of Notch-1 (left panel) and Hes-1 (right panel) for A549 (C) and H1650 (D) cells is shown. *p<0.05, **p<0.01.



Discussion

Cisplatin, is one of the most widely used chemotherapy drugs,
and has been approved for the treatment of different types of
human solid carcinomas including lung, ovarian, bladder, and
testicular cancers. Unfortunately, drug resistance and toxicity
during chemotherapy remains a major hurdle and challenge
for the usage of cisplatin in cancer therapy. Our previous data
showed that treatment of NSCLC cells with delta-tocotrienol
results in a dose-dependent inhibition of cell growth, cell
migration, tumor cell invasiveness, and induction of apoptosis
(18). Real-time RT-PCR and western blot analysis showed that
antitumor activity of delta-tocotrienol was associated with a
decrease in Notch-1, Hes-1, survivin, MMP-9, VEGF, and
Bcl-2 expression (18). The aim of this study was to determine
whether delta-tocotrienol has potential in combinational
therapy with cisplatin for the treatment of NSCLC and further,
to elucidate its molecular mechanism. We demonstrated that
treatment of NSCLC cells with delta-tocotrienol and cisplatin
in combination resulted in a dose-dependent inhibition of cell
proliferation. Also, this is the first study to report the
effectiveness of delta-tocotrienol in inducing apoptosis in

NSCLC cell lines, when used in combination with cisplatin.
Abnormal overexpression of Notch-1 pathway has been found
in a subset of NSCLC patients (9). Interestingly, activated
forms of Notch-1 and its down-stream molecule Hes-1 can be
stimulated by cisplatin. Delta-tocotrienol mitigated the
activation of Notch-1, leading to greater expression of
apoptotic proteins such as cleaved caspase-3, cleaved PARP
and the inhibition of Bcl-2 expression as compared with either
delta-tocotrienol or cisplatin alone in the A549 and H1650 cell
lines, respectively. Therefore, the inhibition of Notch-1
signaling by delta-tocotrienol augmentation is a rational
strategy against NSCLC cells to reduce the escape from the
cell death phenomenon by cisplatin. 

Our previous data also demonstrated that delta-tocotrienol
could decrease NF-κB-DNA binding activity. NF-κB plays
important roles in many cellular processes including cell
proliferation, invasion, and angiogenesis, all of which are
crucial for cancer development and progression (22). Growing
data indicates that there is cross-talk between the Notch-1/Hes-
1 pathways and the NF-κB pathway. Notch ligands induce NF-
κB activation in leukemia cells, and decreased Notch-1
expression in these cells has been shown to be accompanied
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Figure 5. The effects of delta-tocotrienol and cisplatin on NF-κB activity and its down-stream genes. A549 (A) and H1650 (B) cells were incubated
with delta-tocotrienol (15 μM), cisplatin (4 μM), and their combination or DMSO-control for 72 h, and nuclear proteins were subjected to ELISA
assay for the evaluation of NF-ĸB DNA binding activity. A549(C) and H1650 (D) cells were treated with delta-tocotrienol (15 μM), cisplatin (4
μM), and their combination for 72 h. The expressions of VEGF (left) and MMP9 (right) were analyzed by real-time-RT-PCR. Relative gene
expressions are presented as means±S.E.M of three independent experiments.*p<0.05, **p<0.01. 



with concomitant decrease in NF-κB binding activity (23).
Moreover Notch-1 has been found to induce sustained NF-κB
activity by facilitating its nuclear retention (24). Recently,
Notch-1/Hes-1 pathways were found to be upstream
mechanisms for maintainence of NF-κB activation in leukemia
in vivo and in vitro (25). Interestingly, cisplatin, a DNA
damaging agent, has been shown to induce the NF-κB activity
in vitro and in vivo (26, 27). The activated NF-κB plays
important roles in drug resistance and tumor relapse. Consistent
with previous data, we found that treatment with delta-
tocotrienol could reduce the NF-κB activity (Figure 5A and B)
in NSCLC cells. Moreover, delta-tocotrienol also suppressed
the NF-κB activity induced by cisplatin in both NSCLC cell
lines (Figure 5A and B). These molecular findings lend support
in favor of simultaneous targeting of Notch-1 and NF-κB for
effectively sensitizing NSCLC cells to cisplatin. 

Furthermore, we wanted to explore the anti-metastatic effect
of delta-tocotrienol and of cisplatin in NSCLC cells. Indeed,
we showed that in both A549 and H1650 cells, migration and
invasiveness were significantly reduced under treatment of
delta-tocotrienol and cisplatin (Figure 6). Previously, it has
been reported that delta-tocotrienol suppressed hypoxia-
induced VEGF and IL-8 expression at both mRNA and protein
levels which in turn suppressed tumor angiogenesis (28).
Consistent with previous studies, our study confirmed that the
anti-metastatic effects induced by delta-tocotrienol and
cisplatin were associated with a decrease in VEGF and MMP-
9 expressions (Figure 5C and D). 

In conclusion, in this study, we provided evidence to support
that delta-tocotrienol could enhance sensitivity of cisplatin in
NSCLC cells. The combined treatment of delta-tocotrienl and
cisplatin significantly suppressed both NSCLC cells growth,
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Figure 6. Delta-tocotrienol inhibits cell migration and invasion. Inhibition of NSCLC cell invasion by delta-tocotrienol, cisplatin, and their
combination for 72 h. Upper panel: A549 (A) and H1650 (B) cells were seeded into Matrigel-coated inserts with delta-tocotrienol (15 μM),
cisplatin (4 μM), the combination or DMSO (C). Cells that invaded to the lower surface of the insert over a period of 20 h were stained with
crystal violet dye. Lower panel: The photometric intensity of the invaded cells was determined for the number of A549 and H1650 cells. Cell
invasion is presented as means±S.E.M of three independent experiments. *p<0.05, **p<0.01. Inhibition of NSCLC cell migration by delta-
tocotrienol (15 μM), cisplatin (4 μM), their combination or DMSO (C) using the wound healing assay. Uniform wounds were made by scratching
the confluent cultures which were then treated with delta-tocotrienol (15 μM) alone, cisplatin (4 μM) alone, the combination of delta-tocotrienol
(15 μM) and cisplatin (4 μM) or DMSO (C) for over 20 h. Then the wound healing images were captured using a microscope at 10× objective.



colony formation, cell migration and invasion. Delta-tocotrienol
suppressed cisplatin-caused activation of NF-κB pathway.
Although the data needs to be substantiated further in a valid in
vivo animal model for lung cancer, our findings indicate the
potential of this combination of delta-tocotrienol and cisplatin
as a novel therapeutic strategy for NSCLC.

References
1 Siegel R, Ward E, Brawley O and Jemal A: Cancer statistics,

2011: the impact of eliminating socioeconomic and racial
disparities on premature cancer deaths. CA Cancer J Clin 61: 212-
236, 2011.

2 Wu X, Piper-Hunter MG, Crawford M, Nuovo GJ, Marsh CB,
Otterson GA et al: MicroRNAs in the pathogenesis of Lung
Cancer. J Thorac Oncol 4: 1028-1034, 2009.

3 Chrysogelos SA and Dickson RB: EGF receptor expression,
regulation, and function in breast cancer. Breast Cancer Res Treat
29: 29-40, 1994.

4 Maihle NJ, Baron AT, Barrette BA, Boardman CH, Christensen
TA, Cora EM et al: EGF/ErbB receptor family in ovarian cancer.
Cancer Treat Res 107: 247-258, 2002.

5 Artavanis-Tsakonas S, Rand MD, Lake RJ: Notch signaling: cell
fate control and signal integration in development. Science 284:
770-776, 1999.

6 Buchler P, Gazdhar A, Schubert M, Giese N, Reber HA, Hines OJ
et al: The Notch signaling pathway is related to neurovascular
progression of pancreatic cancer. Ann Surg 242: 791-800,
discussion 800-791, 2005.

7 Lin JT, Chen MK, Yeh KT, Chang CS, Chang TH, Lin CY et al:
Association of High Levels of Jagged-1 and Notch-1 Expression
with Poor Prognosis in Head and Neck Cancer. Ann Surg Oncol
2010.

8 Reedijk M, Odorcic S, Zhang H, Chetty R, Tennert C, Dickson
BC et al: Activation of Notch signaling in human colon
adenocarcinoma. Int J Oncol 33: 1223-1229, 2008.

9 Westhoff B, Colaluca IN, D’Ario G, Donzelli M, Tosoni D,
Volorio S et al: Alterations of the Notch pathway in lung cancer.
PNAS 106: 22293-22298, 2009.

10 Jundt F, Anagnostopoulos I, Forster R, Mathas S, Stein H and
Dorken B: Activated Notch1 signaling promotes tumor cell
proliferation and survival in Hodgkin and anaplastic large cell
lymphoma. Blood 99: 3398-3403, 2002.

11 Miele L and Osborne B: Arbiter of differentiation and death:
Notch signaling meets apoptosis. J Cell Physiol 181: 393-409,
1999.

12 Visvanathan K, Chlebowski RT, Hurley P, Col NF, Ropka M,
Collyar D et al: American society of clinical oncology clinical
practice guideline update on the use of pharmacologic
interventions including tamoxifen, raloxifene, and aromatase
inhibition for breast cancer risk reduction. J Clin Oncol 27: 3235-
3258, 2009.

13 Stordal B, Davey M: Understanding cisplatin resistance using
cellular models. IUBMB Life 59: 696-699, 2007.

14 Zhang ZP, Sun YL, Fu L, Gu F, Zhang L and Hao XS: Correlation
of Notch1 expression and activation to cisplatin-sensitivity of head
and neck squamous cell carcinoma. Ai Zheng 28: 100-103, 2009.

15 Gu F, Ma Y, Zhang Z, Zhao J, Kobayashi H, Zhang L et al:
Expression of Stat3 and Notch1 is associated with cisplatin
resistance in head and neck squamous cell carcinoma. Oncol Rep
23: 671-676, 2010.

16 Zhang S, Balch C, Chan MW, Lai HC, Matei D, Schilder JM et
al: Identification and characterization of ovarian cancer-initiating
cells from primary human tumors. Cancer Res 68: 4311-4320,
2008.

17 Aleksic T and Feller SM: Gamma-secretase inhibition combined
with platinum compounds enhances cell death in a large subset of
colorectal cancer cells. Cell Commun Signal 6: 8, 2008.

18 Ji X, Wang Z, Geamanu A, Sarkar FH, Gupta SV: Inhibition of
cell growth and induction of apoptosis in non-small cell lung
cancer cells by delta-tocotrienol is associated with notch-1 down-
regulation. J Cell Biochem 112: 2773-2783, 2011.

19 Wang Z, Zhang Y, Banerjee S, Li Y and Sarkar FH: Notch-1
down-regulation by curcumin is associated with the inhibition of
cell growth and the induction of apoptosis in pancreatic cancer
cells. Cancer 106: 2503-2513, 2006.

20 Watanabe K, Inai S, Jinnouchi K, Bada S, Hess A, Michel O et
al: Nuclear-factor kappa B (NF-kappa B)-inducible nitric oxide
synthase (iNOS/NOS II) pathway damages the stria vascularis in
cisplatin-treated mice. Anticancer Res 22: 4081-4085, 2002.

21 Lee JE, Nakagawa T, Kita T, Kim TS, Iguchi F, Endo T et al:
Mechanisms of apoptosis induced by cisplatin in marginal cells in
mouse stria vascularis. ORL J Otorhinolaryngol Relat Spec 66:
111-118, 2004.

22 Karin M: Nuclear factor-kappaB in cancer development and
progression. Nature 441: 431-436, 2006.

23 Itoh M, Fu L and Tohda S: NF-kappaB activation induced by
Notch ligand stimulation in acute myeloid leukemia cells. Oncol
Rep 22: 631-634, 2009.

24 Shin HM, Minter LM, Cho OH, Gottipati S, Fauq AH, Golde TE
et al: Notch1 augments NF-kappaB activity by facilitating its
nuclear retention. EMBO J 25: 129-138, 2006.

25 Espinosa L, Cathelin S, D’Altri T, Trimarchi T, Statnikov A, Guiu
J et al: The Notch/Hes1 pathway sustains NF-kappaB activation
through CYLD repression in T cell leukemia. Cancer Cell 18:
268-281, 2010.

26 Li Y, Ahmed F, Ali S, Philip PA, Kucuk O and Sarkar FH:
Inactivation of nuclear factor kappaB by soy isoflavone genistein
contributes to increased apoptosis induced by chemotherapeutic
agents in human cancer cells. Cancer Res 65: 6934-6942, 2005.

27 Banerjee S, Zhang Y, Ali S, Bhuiyan M, Wang Z, Chiao PJ et al:
Molecular evidence for increased antitumor activity of
gemcitabine by genistein in vitro and in vivo using an orthotopic
model of pancreatic cancer. Cancer Res 65: 9064-9072, 2005.

28 Shibata A, Nakagawa K, Sookwong P, Tsuduki T, Tomita S,
Shirakawa H et al: Tocotrienol inhibits secretion of angiogenic
factors from human colorectal adenocarcinoma cells by
suppressing hypoxia-inducible factor-1alpha. J Nutr 138: 2136-
2142, 2008.

Received May 29, 2012
Revised June 11, 2012

Accepted June 12, 2012

Ji et al: Delta-tocotrienol Augments Cisplatin-induced Supression of NSCLC

2655


