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Abstract
Aim: To characterize the intracellular signaling mechanisms mediating the synergistic anticancer effects of combined
γ-tocotrienol and celecoxib treatment in neoplastic +SA mouse mammary epithelial cells in vitro.
Methods: +SA mammary tumor cells in different treatment groups were maintained in serum-free defined media
containing 10ng/ml EGF as a mitogen and exposed to various doses of γ -tocotrienol and celecoxib alone or in
combination. After a 96 hr culture period, cells were collected and whole cell lysates were subjected to Western blot
analysis to determine treatment effects on intracellular signaling proteins associated with EGF-dependent mitogenesis
and survival, and prostaglandin synthesis and responsiveness.
Results: Treatment with high doses of γ-tocotrienol or celecoxib alone inhibited Akt activation and downstream
signaling and NFκB activation. Similar treatment with γ-tocotrienol also decreased concentration and activation of
ErbB2-4 receptors, whereas celecoxib only inhibited ErbB2-4 receptor activation. In contrast, combined treatment with
subeffective doses of γ-tocotrienol and celecoxib resulted in a large decrease ErbB2-4 receptor levels and activation,
a decrease in PGE2 levels, and a corresponding increase in prostaglandin EP2 and EP4 receptor levels. Combined
treatment also induced an increase in the prostaglandin catabolizing enzyme, PGDH.
Conclusion: The synergistic anticancer effects of combined low dose γ-tocotrienol and celecoxib treatment in +SA
mammary tumor cells are mediated by COX-2-dependent mechanisms associated with a suppression in PGE2 levels,
as well as, COX-2-independent mechanisms associated with a reduction in ErbB2-4 receptor levels, activation, and
subsequent reduction in downstream Akt and NFκB mitogenic signaling.

Keywords: g-Tocotrienol; Celecoxib; ErbB; Prostaglandin Receptors;
PGDH; PGE2; NFκB

Abbreviations: COX: Cyclooxygenase; PGE2: Prostaglandin E2;
PGDH: Prostaglandin Dehydrogenase; TBS: Tris Buffered Saline
Introduction
γ-Tocotrienol represents one of the eight natural isoforms that
make up the family of vitamin E compounds and displays potent
antiproliferative and apoptotic activity against neoplastic mammary
epithelial cells at treatment doses that have little or no effect on normal
cell growth and function [1,2]. Celecoxib is a specific COX-2 inhibitor
that has also been shown to inhibit mammary tumor cell growth and
viability [3,4]. However, clinical use of these agents in the treatment
of cancer has been limited due to COX-2 inhibitor-induced high
dose toxicity [5,6] and poor bioavailability of γ-tocotrienol following
oral administration [7-10]. However, recent studies have shown that
combined treatment with low doses of γ-tocotrienol and celecoxib
resulted in a synergistic inhibition in mammary tumor cell growth, and
this synergistic antiproliferative effect was associated with a relatively
large suppression in COX-2 expression and PGE2 production [11].
These findings suggested that combination therapy with these agents
may provide enhanced therapeutic response in breast cancer patients,
while avoiding the toxicity associated with high-dose COX-2 inhibitor
monotherapy and the need for high dose γ-tocotrienol levels in the
blood.
Experimental evidence also suggests that the growth inhibitory
effects of γ-tocotrienol and celecoxib might also be mediated
through COX-2-independent mechanisms. Studies have shown
that γ-tocotrienol treatment inhibits EGF-dependent activation of
multiple ErbB receptor family members and subsequent downstream
mitogenic signaling in mouse +SA mammary tumor cells [12,13] and
celecoxib inhibits Akt [14-16] and NFκB [17] activity in breast cancer
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cells. Furthermore, COX-2 activation and prostaglandin synthesis
has been shown to modulate EGF receptor tyrosine kinase activation
and mitogenic signaling [18-20]. PGE2 is a direct indicator of COX-2
activation that acts to modulate ErbB receptor activation through an
intracellular signaling mechanism that involves Src-dependent events
[21]. The biological actions of prostaglandins are mediated through the
activation of G-protein coupled receptors called EP1-4 [22] and studies
have shown that PGE2 acts primarily through EP2 and EP4 receptor
activation [23]. PGE2 biological activity is regulated by the catabolizing
enzyme prostaglandin dehydrogenase (PGDH) [24].
Since both γ-tocotrienol and celecoxib inhibit COX-2-dependent
prostaglandin synthesis, EGF-dependent ErbB receptor activation,
and mitogenic signaling, it was hypothesized that the synergistic
antiproliferative effects resulting from combined low dose treatment of
these compounds might also involve suppression of PGE2-dependent
modulation of ErbB receptor activation and mitogenic signaling.
Therefore, studies were conducted to determine if growth inhibitory
effects resulting from combined low dose treatment with γ-tocotrienol
and celecoxib are mediated through suppression in EGF-dependent
ErbB receptor activation in +SA mammary tumor cells.
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Materials and Methods

Measurement of PGE2

Reagent and chemicals

+SA cells were initially plated at a density of 5 x 104 cells/well (6
wells/group) in serum-free defined control media in 24-well culture
plates and allowed to adhere overnight. The following day, cells were
divided into different treatment groups and media was removed and
replaced with fresh control or treatment media, and then returned
to the incubator for a 72 h culture period. Cells were treated alone
or in combination with vehicle, γ-tocotrienol (0.25 µM) or celecoxib
(2.5 µM). In these particular experiments, media was not replaced at
any time after the start of treatment exposure. At the end of the 72 h
treatment period, media was collected and assayed for PGE2 according
to the methods described in the EIA kit provided by the manufacturer
(Cayman Chemical Co. Ann Arbor, MI). Optical density was measured
at 420 nm on a Synergy-2 Multi Mode Microplate Reader (BioTek
Instruments Inc., Winooski, VT). Differences among the treatment
groups were determined by analysis of variance (ANOVA) followed
by Dunnett’s t-test using the SAS software package (SAS Institute
Inc., NC). A difference of P < 0.05 was considered to be significant as
compared to vehicle-treated controls.

All reagents were purchased from Sigma (St. Louis, MO) unless
otherwise stated. Isolated γ-tocotrienol (>98% pure) was provided by
First Tech International Ltd. (Hong Kong). Celecoxib was purchased
from LC Laboratories (Woburn, MA). Antibodies for Akt, phosphoAkt (Ser 473), PTEN, phospho-PTEN (Ser 380), phospho-GSK3β(Ser 9), phospho-NFκB p65 (Ser 536), phospho-IKKα/β (Ser
176/180), phospho-IκB-α (Ser 32), ErbB1, phospho-ErB1 (Tyr 1173),
ErbB2, phospho-ErbB2 (Tyr 877), ErbB3, phospho-ErbB3 (Tyr 1289),
phospho-ErbB4 (Tyr 1284) were purchased from Cell Signaling
Technology (Beverly, MA). PGDH (FL-266) primary antibody was
purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). EP2
and EP4 primary antibodies were purchased from Cayman Chemical
Co. (Ann Arbor, MI). Goat anti-rabbit secondary antibody was
purchased from PerkinElmer Biosciences (Boston, MA). Mouse antiactin and peroxidase goat anti-mouse antibody were purchased from
Calbiochem (San Diego, CA). The PGE2 EIA-Monoclonal assay kit was
purchased from Cayman Chemical Co. (Ann Arbor, MI).

Cell line and culture conditions
Experiments conducted in the present study represent a logical
continuation of previous studies that have extensively characterized
the antiproliferative and apoptotic effects of γ-tocotrienol in the
highly malignant +SA mammary epithelial cell line [25,26]. The
highly malignant +SA mammary epithelial cell line was derived
from an adenocarcinoma that developed spontaneously in a BALB/c
female mouse [27-29]. The +SA cell line is characterized as being
highly malignant, estrogen-independent, and displays anchorageindependent growth when cultured in soft agarose gels. When +SA cells
are injected back into the mammary gland fat pad of syngeneic female
mice, they form rapidly growing anaplastic adenocarcinomas that are
highly invasive and metastasize to the lung [27-29]. Cell culture and the
experimental procedures used in this present study have been previously
described in detail [1,11]. Briefly, cells were grown and maintained
in serum-free Dulbecco’s modified Eagle’s medium (DMEM)/F12
control media containing 5 mg/ml bovine serum albumin (BSA), 10
µg/ml transferrin, 100 µg/ml soybean trypsin inhibitor, and 100 U/ml
penicillin and 100 µg/ml streptomycin, 10µg/ml insulin, and 10 ng/
ml EGF as a mitogen. Cells were maintained at 37°C in a humidified
atmosphere of 95.0% air and 5.0% CO2.

Experimental treatments
For all experiments, an aqueous stock solution of highly lipophilic
γ-tocotrienol was prepared as previously described [1,11]. Briefly,
an appropriate amount of γ-tocotrienol was first dissolved in 100 µL
of 100% ethanol, then added to a small volume of sterile 10% BSA
in water and incubated overnight at 37oC with continuous shaking.
This stock solution was then used to prepare various concentrations
of 0-3.5 µM γ-tocotrienol-supplemented treatment media. A stock
solution of celecoxib was prepared by dissolving a known amount in
sterile dimethyl sulfoxide (DMSO) at the start of each experiment. This
stock solution was then used to prepare various concentrations of 0-20
µM celecoxib-supplemented treatment media. Final concentration of
DMSO and/or ethanol was maintained as the same in all treatments
groups within a given experiment and never exceeded 0.1%. Treatment
doses used for experimentation were based on previous dose-response
studies characterizing treatment effects in +SA mammary tumor cells
[11].
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Electrophoresis and western blot analysis
+SA cells were plated at a density of 1 x 106 cells/100 mm culture
plates and grown in serum-free defined control or treatment media.
At the end of 96 h treatment period, cells were isolated with trypsin,
washed, and then whole cell lysates were prepared for subsequent
electrophoresis, as previously described in detail [48]. Briefly, protein
concentration in each sample was determined using the BioRad protein
assay kit (BioRad, Hercules, CA). Equal amounts of protein (30 µg)
from each sample were loaded on 7.5–15 % SDS-polyacrylamide
minigels and electrophoresed. Proteins were then transblotted (30 V
for 12-16 h at 4oC) to polyvinylidene difluoride (PVDF) membranes
(Dupont, Boston, MA) and then blocked with 2% bovine serum
albumin (BSA) in 0.1% Tween Tris buffered saline (TBST) for 2 h.
The PVDF membranes were probed with specific primary antibodies
against Akt (1:5000), phospho-Akt (1:2000), PTEN (1:5000), phosphoPTEN (1:5000), phospho-GSK-3β (1:5000), phospho-NFκB p65
(1:2000), phospho-IKK-α/β (1:2000), phospho-IκB-α (1:2000),
PGDH (1:5000), EP2 (1:10000) and EP4 (1:10000) receptors, total and
phosphorylated ErbB1-4 receptors (1:2000) in 2% BSA/TBST for 2 h
at room temperature. Membranes were washed five times with TBST
and then incubated with horseradish peroxidase-conjugated goat antirabbit secondary antibody diluted 1:4000 in 2% BSA/TBST for 1 h
followed by washing. Antibody bound proteins were visualized with
the SuperSignal enhanced chemiluminescence kit (Pierce, Rockford,
IL). The Kodak Gel Logic-1500 imaging system (Carestream Molecular
Imaging, New Haven, CT) was used to visualize the luminescent
proteins. All experiments were repeated at least three times. A
representative Western blot image from each experiment is shown
in each Figure. The visualization of β-actin was used to ensure equal
sample loading in each lane. Densitometric analysis was performed
using Kodak Molecular Imaging Software 4.5 (Carestream Health
Inc, New Haven, CT). For quantification, the values obtained from
densitometry of Western blot images for the various treatment groups
were normalized to their respective β-actin and control densitometric
values to clearly visualize the differences between treatment groups.

Results
Effects of γ-tocotrienol and celecoxib on PGDH and PGE2
levels
Treatment with 3.5 µM γ-tocotrienol, 2.5 µM or 20 µM celecoxib
alone or the combination of 0.25 µM γ-tocotrienol and 2.5 µM
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Figure 1: (A) Western blot analysis of γ-tocotrienol and2.5celecoxib
treatment efµM CB
fects on PGDH in neoplastic +SA mammary epithelial cells. Cells were initially
plated at a density of 1x106 cells/100 mm culture dishes, divided into different treatment groups, and then maintained on their respective control or treatment media for a 4-day treatment period. Afterwards, cells were isolated and
prepared for Western blot analysis. Samples were analyzed for relative levels
of the PGDH. Scanning densitometric analysis was performed for each blot to
visualize the relative levels of proteins. Integrated optical density of each band
was normalized with their corresponding β-actin and control treatment bands
and then shown in bar graphs. Vertical bars indicate the fold-change in protein
levels in various treatment groups as compared with their respective controls.
(B) Effects of celecoxib and γ-tocotrienol treatment alone and in combination on
PGE2 synthesis in neoplastic +SA mammary epithelial cells. Cells were initially
plated at a density of 5x104 cells/well in 24-well culture plates, divided into the
different treatment groups, and then maintained on their respective control or
treatment media for a 72 hr treatment period. Afterward, media was collected
from the different treatment groups and prepared for use in the EIA assay for
PGE2. Vertical bars indicate the mean cell count + SEM in each treatment group.
*P<0.05 as compared with the vehicle-treated control group.
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Figure 2: Western blot analysis of γ-tocotrienol and celecoxib treatment on
EP2 and EP4 receptors in neoplastic +SA mammary epithelial cells. Cells were
initially plated at a density of 1x106 cells/100 mm culture dishes, divided into
different treatment groups, and then maintained on their respective control or
treatment media for a 4-day treatment period. Afterwards, cells were isolated
and prepared for Western blot analysis. Samples were analyzed for relative
levels of the proteins. Scanning densitometric analysis was performed for each
blot to visualize the relative levels of proteins. Integrated optical density of each
band was normalized with their corresponding β-actin and control treatment
bands and then shown in bar graphs. Vertical bars indicate the fold-change in
protein levels in various treatment groups as compared with their respective
controls.
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celecoxib (2.5 µM) alone had no effect, whereas treatment with growth
inhibitory doses of γ-tocotrienol (3.5 µM) or celecoxib (20 µM) alone
caused a slight increase in EP2 and EP4 prostaglandin receptor levels
as compared to +SA cells in the vehicle-treated control group (Figure
2). Combined treatment with subeffective doses of γ-tocotrienol (0.25
µM) and celecoxib (2.5 µM) was also found to result in a slight increase
in EP2 and EP4 prostaglandin receptor levels as compared to vehicletreated controls (Figure 2).
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celecoxib induced a moderate increase, whereas treatment with 0.25
µM γ-tocotrienol alone had little or no effect on intracellular levels of
PGDH as compared to +SA cells in the vehicle-treated control group
(Figure 1A). Treatment with 0.25 µM -tocotrienol or 2.5 µM celecoxib
alone induced a slight decrease in PGE2 levels as compared to vehicletreated control, but this decrease was not found to be significant (Figure
1B). However, combined treatment with the same subeffective doses of
γ-tocotrienol and celecoxib resulted in a significant decrease in PGE2
levels as compared to vehicle-treated controls (Figure 1B).

Control
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Figure 3: Western blot analysis of γ-tocotrienol and celecoxib on Akt, p-Akt
(Ser 473), PTEN, p-PTEN and p-GSK-3β in neoplastic +SA mammary epithelial
cells. Cells were initially plated at a density of 1x106 cells/100 mm culture dishes,
divided into different treatment groups, and then maintained on their respective
control or treatment media for a 4-day treatment period. Afterwards, cells were
isolated and prepared for Western blot analysis. Samples were analyzed for
relative levels of the proteins. Scanning densitometric analysis was performed
for each blot to visualize the relative levels of proteins. Integrated optical density
of each band was normalized with their corresponding β-actin and control
treatment bands and then shown in bar graphs. Vertical bars indicate the foldchange in protein levels in various treatment groups as compared with their
respective controls.

µM) and celecoxib (20 µM) given alone where compared to subeffective
doses γ-tocotrienol (0.25 µM) and celecoxib (2.5 µM) given alone or
in combination on EGF-dependent Akt activation and downstream
signaling in +SA mammary tumor cells. Treatment doses were selected
based on results obtained from previous dose-response studies with
these cells [11]. Western blot (Figure 3A) and scanning densitometric
analysis (Figure 3B) showed that treatment with 3.5 µM γ-tocotrienol
or 20 µM celecoxib alone caused a relatively large decrease, whereas
treatment with 0.25 µM γ-tocotrienol or 2.5 µM celecoxib alone had
no effect on phospho-Akt (activated) levels as compared to cells in the
vehicle-treated control group. In contrast, combined treatment with
0.25 µM γ-tocotrienol and 2.5 µM celecoxib resulted in a relatively
large decrease in phosphorylated-Akt levels (Figure 3A and 3B).
Similar treatment effects were observed on phospho-GSK-3β levels, a
downstream target for activated Akt phosphorylation (Figure 3A and
3B). Total Akt levels were not found to differ among any of the treatment
groups (Figure 3A and 3B). Since Akt inactivation is regulated by the
phosphatase, PTEN, it was of interest to determine treatment effects
on total PTEN and phospho-PTEN (activated) levels. Results showed
that total PTEN and phospho-PTEN levels were similar in all treatment
groups (Figure 3A and 3B).
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Treatment with 0.25 µM γ-tocotrienol, 2.5 µM celecoxib or 20 µM
celecoxib alone had no effect on total ErbB2-4 levels in +SA mammary
tumor cells (Figure 5). However, treatment with 3.5 µM γ-tocotrienol
alone or combined treatment with subeffective doses of γ-tocotrienol
(0.25 µM) and celecoxib (2.5 µM) was found to cause a relatively large
decrease in total levels ErbB2-4 as compared to vehicle-treated controls
(Figure 5). ErbB1 levels were not found to be altered in any of the
treatment groups (Figure 5). Treatment with 0.25 µM γ-tocotrienol or
2.5 µM celecoxib alone had no effect on the phosphorylated (activated)
ErbB1-4 levels (Figure 5). However treatment with growth inhibitory
doses of γ-tocotrienol (3.5 µM) or celecoxib (20 µM) alone, or combined
treatment with subeffective doses of γ-tocotrienol (0.25 µM) and
celecoxib (2.5 µM) caused relatively large decrease in phosphorylated
(activated) ErbB2-4 levels as compared to vehicle-treated controls
(Figure 5). Phosphorylated ErbB1 levels were not found to differ among
any of the different treatment groups (Figure 6).

Discussion
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Previous studies demonstrated that the synergistic antiproliferative
effects of combined treatment with low doses of γ-tocotrienol with
celecoxib in +SA mammary tumor cells were associated with a large
reduction in intracellular levels of COX-2 and a corresponding
significant decrease in PGE2 production [11]. Results in the present
study further extend these previous findings and demonstrate that
combination treatment with these agents also attenuates EGF-dependent
ErbB receptor activation and downstream mitogenic signaling.
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Figure 4: Western blot analysis of g-tocotrienol and celecoxib treatment alone
and in combination on p-NFκB p65 (Ser 536), p-IKK-α/β(Ser 176/180) and
p-IκB-α (Ser 32) in neoplastic +SA mammary epithelial cells. Cells were initially
plated at a density of 1x106 cells/100 mm culture dishes, divided into different
treatment groups, and then maintained on their respective control or treatment
media for a 4-day treatment period. Afterwards, cells were isolated and
prepared for Western blot analysis. Samples were analyzed for relative levels
of the proteins. Scanning densitometric analysis was performed for each blot to
visualize the relative levels of proteins. Integrated optical density of each band
was normalized with their corresponding β-actin and control treatment bands
and then shown in bar graphs. Vertical bars indicate the fold-change in protein
levels in various treatment groups as compared with their respective controls.
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Western blot (Figure 4A) and scanning densitometric analysis
(Figure 4B) showed that treatment with higher doses of γ-tocotrienol
(3.5 µM) or celecoxib (20 µM) alone caused a large decrease in phosphoNFκB p65 (Ser 536), phospho-IKK-α/β (Ser 176/180) and phosphoIκB-α (Ser 32) in +SA cells as compared to vehicle-treated controls.
Treatment with subeffective doses of γ-tocotrienol (0.25 µM) and
celecoxib (2.5 µM) alone had no effect, whereas combined treatment
with 0.25 µM γ-tocotrienol and 2.5 µM celecoxib induced a relatively
large decrease in phospho-NFκB p65 (Ser 536), phospho-IKK-α/β (Ser
176/180) and phospho-IκB-α (Ser 32) levels in +SA cells as compared
to vehicle-treated controls (Figure 4A and 4B).
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Figure 5: Western blot analysis of γ-tocotrienol and celecoxib treatment alone
and in combination on (A) ErbB1, ErbB2, ErbB3, and ErbB4, and (B) p-ErbB1
(Tyr 1173), p-ErbB2 (Tyr 877), p-ErbB3 (Tyr 1289) and p-ErbB4 (Tyr 1284) in
neoplastic +SA mammary epithelial cells. Cells were initially plated at a density
of 1x106 cells/100 mm culture dishes, divided into different treatment groups,
and then maintained on their respective control or treatment media for a 4-day
treatment period. Afterwards, cells were isolated and prepared for Western blot
analysis. Samples were analyzed for relative levels of the proteins. Scanning
densitometric analysis was performed for each blot to visualize the relative
levels of proteins. Integrated optical density of each band was normalized with
their corresponding β-actin and control treatment bands and then shown in
bar graphs. Vertical bars indicate the fold-change in protein levels in various
treatment groups as compared with their respective controls.

Specifically, combined treatment with subeffective doses γ-tocotrienol
and celecoxib reduced EGF-dependent ErbB2-4 phosphorylation. Since
ErbB2-4 receptor phosphorylation is required for substrate interaction
and activation through tyrosine phosphorylation [30,31], a reduction
in ErbB receptor activation also resulted in a corresponding decrease
in EGF-dependent phosphorylation (activation) of Akt, NFκB, and
GSK-3β. These findings indicate that the synergistic anticancer effects
of combined γ-tocotrienol and celecoxib treatment in +SA mammary
tumor cells are mediated by both COX-2-dependent and -independent
mechanisms.
Previous studies showed that treatment with moderate doses
of celecoxib or γ-tocotrienol alone resulted in a significant decrease,
whereas treatment with subeffective of these agents alone had no
significant effect on +SA mammary tumor cell growth or PGE2
synthesis [11]. However, combined treatment with subeffective doses
of γ-tocotrienol and celecoxib were found to cause a significant
reduction in COX-2, but not COX-1 levels, and a corresponding
significant decrease in PGE2 levels [11]. The present study further
demonstrates that combination treatment with these agents also results
with a modest increase in PGDH levels. Since this enzyme inactivates
prostaglandins, particularly PGE2, it is possible that treatment-induced
elevations in PGDH levels may also play a role in reducing PGE2 levels
in these mammary tumor cells. Interestingly, combined treatment with
subeffective doses of γ-tocotrienol and celecoxib was also found to
cause increase in prostaglandin receptors EP2 and EP4 levels. However,
this elevation in prostaglandin receptor levels as a counter-regulatory
response to decreased PGE2 levels was not enough to reverse the growth
inhibitory effects of combined low dose γ-tocotrienol and celecoxib
treatment.
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The intracellular mechanisms involved in mediating the
antiproliferative effects of γ-tocotrienol in mammary tumor cells have
been previously reviewed in detail [11,16,26]. Studies have shown
that treatment with growth inhibitory doses of γ-tocotrienol inhibits
EGF-dependent growth and is associated with a reduction in Akt and
NFκB activation in +SA mammary tumor cells [11,16,32,33]. Similarly,
treatment with high doses of celecoxib has also been shown to suppress
Akt and NFκB activation and mitogenesis in various tumor cell types
[14,17]. However, the exact intracellular mechanisms involved in
mediating the antiproliferative effects of combined treatment with
subeffective doses of celecoxib and γ-tocotrienol in +SA mammary
tumor cells had not previously been determined.
Results in the present study show that the growth inhibitory
effects of combined treatment with subeffective doses of γ-tocotrienol
and celecoxib are associated with a decrease in phospho-Akt (active
form) and phospho-GSK-3β a downstream substrate of activated Akt
[34-37]. Results also showed that this decrease in Akt activity did
not result from an increase in PTEN phosphatase levels, an enzyme
involved in reducing phospho-Akt levels [35]. In addition, combined
γ-tocotrienol and celecoxib treatment was also found to inhibit NFκB
phosphorylation (active form). NFκB exist primarily in the cytoplasm
in an inactive state bound to the inhibitory protein, IκB [38-40]. Several
mitogen-dependent kinases such as Akt can activate IκB-kinase,
which will then phosphorylate IκB and promotes its degradation and
leads to the release and enhanced phosphorylation and activation of
NFκB [38-40]. Results showed that the inhibitory effects of combined
γ-tocotrienol and celecoxib treatment on NFκB phosphorylation
appear to result from a decrease in IκB-kinase phosphorylation and
subsequent decrease in IκB phosphorylation. Since γ-tocotrienol and
celecoxib inhibits mitogen-induced Akt or NFκB activation, but are not
found to directly inhibit Akt or NFκB activity [15,36], the inhibitory
effects of these agents must occur upstream of these signaling proteins,
possible at the level of the EGF receptor.
Characterization of ErbB receptors in +SA mammary tumor cells
has shown that ErbB1-4 receptors are expressed in these cells and
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ErbB (2-4)
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Figure 6: Schematic illustration of the COX-2 dependent and independent
mechanisms involved in mediating the synergistic antiproliferative effects
of combined γ-tocotrienol and celecoxib treatment. The COX-2-dependent
mechanism involve a suppression in COX-2 and PGE2 levels and a
corresponding increase in PGDH levels, while the COX-2-independent
mechanisms involve a reduction in the levels and EGF-dependent activation
ErbB2-4 receptor levels and subsequent reductions in downstream Akt and
NFκB mitogenic signaling.
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display tyrosine phosphorylation following EGF exposure [12,13].
EGF-induced activation of ErbB1 receptors leads to the formation
of receptor homo- and heterodimers [31,41]. Furthermore, although
the ErbB2 receptor lacks a ligand binding site and the ErbB3 receptor
has no tyrosine kinase activity, these receptors can initiate mitogenic
signaling by forming heterodimers [30,42] that are particularly
potent in activating Akt [19,43]. Furthermore, elevated Akt signaling
is associated with advanced breast cancer progression and a poor
prognosis [44].
In the present study, combined treatment with subeffective doses
γ-tocotrienol and celecoxib had no effect on ErbB1 receptor levels or
EGF-dependent phosphorylation (activation). However, combined
treatment was found to induce a large reduction in total ErbB3, and
to a lesser extent ErbB2 and ErbB4 receptor levels, and corresponding
decrease in EGF-dependent phosphorylation in ErbB2-4 receptors
in +SA mammary tumor cells. Since activation of ErbB2 and ErbB3
heterodimers is associated with enhanced Akt mitogenic signaling,
these results indicate that the antiproliferative effects induced by
combined treatment with subeffective doses of γ-tocotrienol and
celecoxib are mediated, at least in part, through COX-2-independent
mechanisms that involve a reduction in levels and EGF-dependent
activation of multiple ErbB receptor family members. At present, it
is not known if combined treatment-induced reductions in ErbB24 levels result from a decrease in receptor synthesis or increase in
receptor degradation. Further studies are required to determine if one
or both of these possibilities are correct.
Overexpression of COX-2 plays a major role in nearly all stages of
tumor development [45,46], and COX-2 inhibitors have been shown to
be potent anticancer agents. Nevertheless, the use of COX-2 inhibitors
in cancer trials has been greatly limited by their high-dose toxicity that
is characterized by severe gastrointestinal and cardiovascular toxicities
[5,6]. Similarly, it is now well established that γ-tocotrienols display
potent antiproliferative and apoptotic activity against mammary
tumor cells at treatment doses that have little or no effect on normal
cell growth and function. Although experimental evidence has been
very promising, oral supplementation of tocotrienols in clinical studies
has produced inconsistent results. It is now evident that the part of
the reason for the discrepancies in anticancer effectiveness between in
vitro and in vivo studies is due to poor γ-tocotrienol bioavailability.
Recent studies have shown that it is very difficult to obtain and/
or sustain therapeutic levels of γ-tocotrienol in the blood and target
tissues following oral administration because of inefficient tocotrienol
intestinal absorption and delivery to target tissues in the body [7-10].
Results in this study indicate that combined low doses γ-tocotrienol and
celecoxib treatment may have potential value as a potent therapeutic
regiment in the treatment of breast cancer, while at the same time
reducing or eliminating the problems associated with celecoxib high
dose toxicity and γ-tocotrienol poor bioavailability when high doses of
these agents are as monotherapy.
In summary, these studies have shown that the synergistic
antiproliferative effects of combined low dose γ-tocotrienol and
celecoxib treatment in +SA mammary tumor cells are mediated by both
COX-2-dependent and COX-2-independent mechanisms. The COX2-dependent mechanism involve a suppression in COX-2 and PGE2
levels, while the COX-2-independent mechanisms involve a reduction
in the levels and EGF-dependent activation ErbB2-4 receptor levels
and subsequent reductions in downstream Akt and NFκB mitogenic
signaling.
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