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The present study investigated the effects of a preparation of a
g-tocopherol-rich mixture of tocopherols (g-TmT) on chemically
induced lung tumorigenesis in female A/J mice and the growth of
H1299 human lung cancer cell xenograft tumors. In the A/J
mouse model, the lung tumors were induced by either 4-(methyl-
nitrosamino)-1-(3-pyridyl)-1-butanone (NNK; intraperitoneal in-
jections with 100 and 75 mg/kg on Week 1 and 2, respectively) or
NNK plus benzo[a]pyrene (B[a]P) (8 weekly gavages of 2 mmole
each from Week 1 to 8). The NNK plus B[a]P treatment induced
21 tumors per lung on Week 19; dietary 0.3% g-TmT treatment
during the entire experimental period significantly lowered tumor
multiplicity, tumor volume and tumor burden (by 30, 50 and 55%,
respectively; P < 0.05). For three groups of mice treated with NNK
alone, the g-TmT diet was given during the initiation stage (Week
0 to 3), post-initiation stage (Week 3 to 19) or the entire experi-
mental period, and the tumor multiplicity was reduced by 17.8,
19.7 or 29.3%, respectively (P < 0.05). g-TmT treatment during
the tumor initiation stage or throughout the entire period of the
experiment also significantly reduced tumor burden (by 36 or
43%, respectively). In the xenograft tumor model of human lung
cancer H1299 cells in NCr-nu/nu mice, 0.3% dietary g-TmT
treatment significantly reduced tumor volume and tumor weight
by 56 and 47%, respectively (P < 0.05). In both the carcinogenesis
and tumor growth models, the inhibitory action of g-TmT was
associated with enhanced apoptosis and lowered levels of
8-hydroxydeoxyguanine, g-H2AX and nitrotyrosine in the tumors
of the g-TmT-treated mice. In cell culture, the growth of H1299
cells was inhibited by tocopherols with their effectiveness follow-
ing the order of d-T > g-TmT > g-T, whereas a-T was not effec-
tive. These results demonstrate the inhibitory effect of g-TmT
against lung tumorigenesis and the growth of xenograft tumors
of human lung cancer cells. The inhibitory activity may be due
mainly to the actions of d-T and g-T.

Introduction

Lung cancer is a major disease worldwide and is the leading cause of
cancer death in the Western world (1). Prevention of lung cancer by
dietary constituents and nutrients could be a safe, feasible and eco-
nomical approach. It has been suggested that tocopherols (vitamin E)
have cancer preventive activities (2–4). Tocopherols are a family of

phenolic compounds, each containing a chromanol ring system and
a 16-carbon tail (5). They function as chain-breaking antioxidants that
prevent the propagation of free radical reactions (6). The major di-
etary sources of tocopherols are vegetable oils, such as oils from
soybean, corn, cottonseeds and nuts (7). There are four forms of
tocopherols. c-Tocopherol (c-T) is the major form of tocopherol in
our diet. a-Tocopherol (a-T) is the major tocopherol found in human
blood and tissues, and it has superior activity over other tocopherols in
the classic fertility-restoration assay (6). Therefore, a-T has previ-
ously received the most attention, and its possible cancer-preventive
activities have been studied extensively (8). Recent results from large-
scale intervention studies with high doses of a-T, however, have been
disappointing (9,10).

As pointed out in several recent reviews, c-T has stronger anti-
inflammatory activities than a-T, and it may be more effective in
the prevention of cancer, as well as cardiovascular and neurodegen-
erative diseases (3,4,11,12). Recent results from our collaborative
group at Rutgers University have demonstrated the inhibition of co-
lon, prostate and mammary carcinogenesis in animal models by a c-T-
rich mixture of tocopherols (c-TmT) (2,13–16). For example, dietary
c-TmT treatment (0.3 and 0.17% in AIN93M diet) significantly in-
hibited inflammation and colon carcinogenesis in mice that had been
previously treated with azoxymethane and dextran sulfate sodium (2).

The effects of tocopherols on lung cancer chemoprevention have
not been sufficiently studied. There have been four case–control stud-
ies (17–20) and three cohort studies (21–23) on the relationship be-
tween dietary or blood levels of tocopherols and risk of lung cancer.
Three case–control studies (18–20) and two cohort studies (22,23)
reported a significant inverse association between dietary intake of
vitamin E and the risk of lung cancer. In the two cohort studies with
the positive findings, the protective effects were found in current smok-
ers, suggesting a preventive effect of dietary vitamin E against insult
from cigarette smoking (22,23). In the a-Tocopherol, b-Carotene
Cancer Prevention Study, daily supplement of 50 mg of all-racemic-
a-tocopheryl acetate did not produce a significant effect on the
incidence of lung cancer (24). One animal study reported that supple-
mentation with a-T did not inhibit lung metastasis of intravenously
injected murine colon adenocarcinoma cells in BALB/C mice (25).
However, in our recent study, c-TmT inhibited the growth of CL-13
murine lung cancer cells injected subcutaneously in A/J mice (26).

In the present study, we investigated the effects of c-TmT in chem-
ically induced lung tumorigenesis in A/J mice and in H1299 human
lung cancer cell xenograft tumors. The effects of c-TmT treatment on
oxidative stress, nitrosative stress and apoptosis in the tumors were
studied. We also characterized the inhibitory effects of different forms
of pure tocopherols against human lung cancer H1299 cells.

Materials and methods

Animal treatment

Female A/J mice (5 weeks old) were purchased from the Jackson Laboratory
(Bar Harbor, ME). The animals were fed an AIN-93M diet and maintained at
20 ± 2�C with a relative humidity of 50 ± 10% and with an alternating 12 h
light/dark cycle. They were acclimated in our animal facility for 1 week, and
carcinogenesis was initiated by 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) plus benzo[a]pyrene (B[a]P) (2 lmole each in saline or
glycerol trioctanoate, respectively, for 8 weekly gavages from Week 1 to 8)
or NNK (intraperitoneal injections with 100 and 75 mg/kg in saline on Week 1
and 2, respectively). The experiment was carried out under protocol 91-024
and designed as shown in Figure 1A. The mice treated with NNK plus B[a]P
were maintained on either an AIN93M diet or AIN93M diet containing 0.3%
c-TmT starting 1 week before the first carcinogen treatment (Week 0) to the
end of the experiment (Week 19). The mice treated with NNK were given 0.3%
c-TmT in the AIN93M diet during the initiation stage (Week 0 to Week 3),
post-initiation stage (Week 3 to Week 19) or during the entire experimental

Abbreviations: NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone;
B[a]P, benzo[a]pyrene; T, tocopherol; c-TmT, c-tocopherol-rich mixture
of tocopherols; PGE2, prostaglandin E2; LTB4, leukotriene B4; 8-OH-dG,
8-hydroxydeoxyguanine; EIA, enzyme immunoassay; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MVD, microvessel
density.
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period (Week 0 to Week 19). The c-TmT used was a mixture containing 57%
c-T, 24% d-T, 13% a-T and 1.5% b-T (Cognis Corporation, Cincinnati, OH).
Body weights, food and fluid consumption and general health status were
monitored weekly. The animals were killed by CO2 asphyxiation at Week
19. The lungs of each animal were removed, inflated and fixed in 10% buffered
formalin. Blood was taken by cardiac puncture and centrifuged for 15 min at
3000g for the preparation of plasma. The livers and the omentum fat pad were
also removed and weighed. Visible tumors (.0.1 mm in diameter) on the
surface of the lungs were counted, and their sizes were measured. For histo-
pathological analysis, the formalin-fixed lungs were embedded in paraffin,
dorsal sides facing down, so that most of the tumors were sectioned in 60 serial
5 lm sections. Two sections (each covering all five lobes of the lung) were
mounted on every glass slide. Three slides (taken from serial sections; numbers
1, 15 and 30) from each sample were stained with hematoxylin and eosin for
histopathological analysis. NNK-induced lung tumors in A/J mice are alveolar
type II cell-derived adenomas (27). The tumor diagnosis will be based on our
previous criteria (28).

Xenograft experiment

Male NCr-nu/nu mice (5 weeks old) were purchased from Taconic Farm
(Germantown, NY). Human lung cancer H1299 cells were obtained from
American Type Cell Collection (Manassas, VA). All animals were housed five
to a plastic cage with a filter top. Conditions of the animal room were the same
as the experiments with A/J mice described above. After 1 week of acclimation,
animals were randomly distributed into control and experimental groups (10 per
group) and H1299 cells (1 � 106 cells per site in 100 ll mixture of matrigel and
culture medium at a 1:1 ratio) were injected subcutaneously to both flanks of the
mice. One day after the injection, animals were fed the AIN93M diet or the
same diet containing 0.3% c-TmT. Tumor size (length and width) was measured
by a caliper and calculated based on tumor volume 5 0.5 � width2 � length.
Body weight and food consumption were monitored once a week, until the
termination of the study. All animals were killed by CO2 asphyxiation 7 weeks
after tumor injection, and tumors were harvested and weighed.

Immunohistochemistry

Immunohistochemistry was performed on lung tissue sections and xenograft
tumor sections using specific antibodies to detect the localization and to quantify
the levels of the positive stainings. In brief, antigens were unmasked in antigen
unmasking solution (DAKO, Glostrup, Denmark). Endogenous peroxidase was

quenched using 3% H2O2 in distilled water. Sections were then blocked for 1 h at
room temperature in phosphate-buffered saline containing 3% serum and incu-
bated with primary antibody overnight at 4�C. Biotin-conjugated secondary an-
tibody (1:200) and avidin–biotin peroxidase complex were then applied to the
sections. Diaminobenzidine (Sigma-Aldrich, St Louis, MO) was used as a chro-
mogen. Negative controls were processed in the absence of the primary antibody.

Analysis of tocopherols by high-performance liquid chromatography

Our previous procedure was used for the determination of tocopherol levels
(16). In brief, the fat-soluble materials in plasma or tumor samples were
extracted with hexane, redissolved in ethanol and then analyzed by high-
performance liquid chromatography. The tocopherol concentrations in mouse
plasma and tissues were determined by comparison with the peak heights of the
‘standard plasma’ established in our laboratory (16).

Enzyme immunoassay

Enzyme immunoassays (EIA) for prostaglandin E2 (PGE2) and leukotriene B4

(LTB4) were conducted following the manufacturer’s instructions. In brief, the
plasma samples were mixed with ethyl acetate, vortexed for 30 s and then
centrifuged at 10 000g for 20 min. The organic layer was collected and dried
using a Speed Vacuum Evaporator (VWR International, West Chester, PA).
The dried samples were then reconstituted in EIA buffer (Cayman Chemical,
Ann Arbor, MI), and levels of PGE2 and LTB4 were determined using EIA kits
(Cayman Chemical).

Cell culture experiments

Human large-cell lung carcinoma H1299 cells were maintained in RPMI 1640
media (Mediatech Inc, Herndon, VA) supplemented with 10% heat-inactivated
fetal bovine serum (Mediatech Inc), 100 U/ml of penicillin and 0.1 mg/ml of
streptomycin (Sigma-Aldrich) at 37�C with 5% CO2 and 95% humidity. Cells
were kept subconfluent and media were changed every other day. Dimethyl
sulfoxide was used as the vehicle to deliver tocopherols, and the final concen-
tration of dimethyl sulfoxide in all experiments was 0.2%. H1299 cells (1500
cells/well or 5000 cells/well) were seeded in 96 well plates. After 24 h, cells
were treated with different concentrations of specific tocopherols (c-T, purified
in our laboratory from c-TmT; d-T, Sigma-Aldrich; a-T, MP Biomedicals,
Solon, CA) in 200 ll of serum complete media. At 48 and 72 h after treatment,
cells were subject to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Media were replaced by 100 ll fresh media containing

Fig. 1. (A) Study design for evaluating the chemopreventive efficacy of c-TmT against NNK plus B[a]P- or NNK-induced lung tumorigenesis in the A/J mouse.
In Experiment 1, the mice were treated with NNK plus B[a]P, and the c-TMT diet was started 1 week before the first carcinogen treatment (Week 0) to the end of
the experiment (Week 19). In Experiment 2, the mice treated with NNK alone were given 0.3% c-TmT diet in the initiation stage (Week 0 to Week 3), post-
initiation stage (Week 3 to Week 19) or during the entire experimental period (Week 0 to Week 19). (B) Effects of c-TmT on the tumor weight and tumor volume in
H1299 cell xenograft tumors. c-TmT diet significantly reduced the tumor volume starting from Week 3. The tumor weight was measured at the end of the
experiment after the tumors were dissected. �P , 0.05 by Student’s t-test.
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0.5 mg/ml of MTT (Sigma-Aldrich). After 1–2 h incubation at 37�C, MTT-
containing media was removed and the reduced formazan dye was solubilized
by adding 100 ll of dimethyl sulfoxide to each well. After gentle mixing, the
absorbance was monitored at 550 nm using a plate reader (TECAN, Phenix
Research Products, Candler, NC). The comparison between the treated and
control groups is expressed as the percentage of viable cells.

Statistical analysis

SPSS software was used to perform statistical analyses. For simple compar-
isons between two groups, the two-tailed Student’s t-test was used. One-way
analysis of variance was used for comparisons among multiple groups.

Results

Effects of dietary c-TmT treatment on general health and lung tumor
formation in A/J mice

The possible inhibitory actions of dietary c-TmT treatment on lung
tumorigenesis were examined in two animal models. c-TmT-enriched
diet had no effect on food consumption or the body weights of the mice.
The liver and omentum fat pad over body weight ratios were not affected
by c-TmT treatment (data not shown). All the carcinogen-treated mice
developed lung tumors at the end of the experiment. The tumors were
diagnosed as lung adenomas based on our previous criteria (28). Lung
adenomas were in a solid, papillary or mixed growth pattern and were
generally composed of well-differentiated cells. Treatment with c-TmT
did not significantly change tumor morphology or tumor incidence in
either model. The oral administration of the combination of NNK and
B[a]P induced 21 tumors per lung at Week 19 (Table I). Treatment of
the mice with 0.3% c-TmT in the diet during the entire experimental
period significantly lowered the tumor multiplicity to 14.8 (30% in-
hibition, P, 0.05). Tocopherol treatment also significantly reduced the
average tumor volume from 0.08 to 0.04 mm3 (50% inhibition,
P , 0.05) and tumor burden (the total tumor volume per mouse) from
1.71 to 0.77 mm3 (55% inhibition, P , 0.05) in this experiment.

In the NNK-induced carcinogenesis experiment, the 0.3% c-TmT
diet was given to three groups of mice: during the initiation stage, the
post-initiation stage or the entire experimental period. c-TmT treat-
ment significantly reduced the tumor multiplicity for all three treat-
ment time schedules (to 17.1, 16.7 and 14.7, respectively) as
compared with the NNK control group (20.8, P , 0.05). Moreover,
the tumor burden was reduced by the tocopherol treatment given
during the tumor initiation stage or during the entire experimental
period (36 or 43% inhibition, respectively; P, 0.05). No lung tumors
were found in the saline- or glycerol trioctanoate-treated control ani-
mals that did not receive carcinogen treatment.

Effects of c-TmT on H1299 cell xenograft tumors in nude mice

The possible inhibitory effect of c-TmT on the growth of H1299 hu-
man lung cancer cells was studied in a xenograft tumor model. The
0.3% c-TmT diet was given to the mice 1 day after cancer cell im-
plantation until the end of the experiment. No significant changes were
observed in the body weight of treated mice as compared with the mice

fed with control diet (data not shown). An inhibitory effect of c-TmT
was first observed 3 weeks after implantation of the cancer cells. After
6 weeks, tumor size and tumor weight were significantly reduced
(Figure 1B). As compared with the control group, the tumor size
was decreased by 56%, and the tumor weight was reduced by 47%.

Effects of c-TmT on cell apoptosis and proliferation in the A/J mouse
model and xenograft tumor model

Cell apoptosis was detected by immunohistochemistry with an antibody
against cleaved caspase 3 (Figure 2A) and then analyzed by (Image-Pro
system, Bethesda, MD). In the NNK plus B[a]P-treated control group,
0.09% tumor cells were positively stained (apoptotic index), and the
dietary c-TmT treatment significantly increased the apoptotic index to
0.25% (155% increase, P , 0.05). Similarly, a 3.3-fold increase in
apoptotic index was observed in the H1299 xenograft tumors of mice
treated with c-TmT (0.13% in the control diet group versus 0.55% in
the c-TmT treated group). Cell proliferation was measured by immu-
nohistochemistry with anti-Ki-67 antibody in both the NNK plus
B[a]P-induced tumors and the xenograft tumors. The percentage of
Ki-67-positive cells was not significantly changed by c-TmT treatment
in both the carcinogenesis and xenograft models (data not shown).

Effects of c-TmT on angiogenesis in the A/J mouse model

The formation of microvessels in lung adenomas was analyzed im-
munohistochemically using anti-endothelial cell CD31 antibodies.
Morphologically, CD31-labeled capillary clusters and blood vessels
were more frequently observed in the peripheral area of the adenoma
than in the central area of the tumor (Figure 2B). Positively stained
microvessels in lung adenomas are expressed as microvessel density
(MVD), which is the number of blood vessels per area of adenoma
measured (blood vessels per square millimeter). In the NNK plus
B[a]P-treated control group, the MVD was 375. The dietary c-TmT
treatment significantly reduced the MVD to 208 (44.5% reduction,
P , 0.05). In the xenograft tumors, we did not observe significant
changes of MVD by treatment with c-TmT, which might be due to
the relatively large size and necrosis of the tumors caused by the
relatively long time of tumor growth.

Effects of c-TmT treatment on 8-OH-dG, c-H2AX and nitrotyrosine
levels

In order to study the effects of dietary c-TmT treatment on reactive
oxygen and nitrogen species, the levels of 8-OH-dG, c-H2AX and
nitrotyrosine were determined by immunohistochemistry and analyzed
by Image-Pro system. As shown in Figure 3, the antibody against
8-OH-dG showed a strong nuclear staining in the NNK plus B[a]P-
induced lung tumors. The percentage of 8-OH-dG-positive cells in
these lung tumors was �26%, which was much higher than that of
the normal lung tissues (9.5%). The treatment with c-TmT significantly
reduced the percentage of 8-OH-dG-positive cells in lung tumors to
16.8% (35% reduction, P , 0.05), but not in the normal lung tissues.

Table I. The inhibitory effects of c-TmT on tumorigenesis in A/J mice

Group Mice (No.) Tumor multiplicity
(% inhibition)

Tumor volume (mm3)
(% inhibition)

Tumor burden (mm3)
(% inhibition)

NNK þ B[a]P 22 21.0 ± 3.0 0.08 ± 0.01 1.77 ± 0.46
NNK þ B[a]P þ 0.3% TmT 22 14.8 ± 1.4a (30%) 0.04 ± 0.01a (51%) 0.71 ± 0.17a (60%)
NNK 24 20.8 ± 1.2 0.20 ± 0.02 4.12 ± 0.49
NNK þ 0.3% TmT (initiation) 24 17.1 ± 1.0b (18%) 0.16 ± 0.02 2.64 ± 0.30b (36%)
NNK þ 0.3% TmT (post-initiation) 24 16.7 ± 1.6b (20%) 0.19 ± 0.02 4.01 ± 0.68
NNK þ 0.3% TmT (entire period) 24 14.7 ± 1.7b (30%) 0.16 ± 0.02 2.33 ± 0.35b (43%)
Glycerol trioctanoate control 6 0 0 0
Saline control 6 0 0 0

Values are the mean ± SE per mouse. Gross tumor data were analyzed under a dissection microscope. Tumors .0.1 mm were counted. Tumor volumes (mm3) were
measured using the formula V 5 4/3 r3, where r is the radius of the tumor determined by the mean values of the longest and shortest diameters.
aP , 0.05 by Student’s t-test compared with the NNK plus B[a]P group.
bP , 0.05 by Student’s t-test compared with the NNK group.
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The c-H2AX staining, which reflects DNA double-strand break-in-
duced DNA repair, also showed a nuclear staining pattern (Figure 3).
Most of the c-H2AX-positive cells were found in lung tumors, but very
few normal lung tissue cells were stained. Similarly, treatment with
c-TmT significantly reduced the c-H2AX-positive cells from 0.51%
in the control group to 0.23% in the c-TmT-treated group (55% re-
duction, P , 0.05). The nitrotyrosine-positive staining was found only
in the cytoplasm of pulmonary macrophages and some type II cells, but
not in lung tumor cells. There was no difference in nitrotyrosine stain-
ing found between the c-TmT-treated and control groups.

The staining patterns of 8-OH-dG and c-H2AX in the H1299 cell
xenograft tumors were similar to those in the lung tumors of A/J mice
as described above. Significant reductions in the levels of 8-OH-dG
and c-H2AX by the c-TmT treatment were observed as compared
with the tumors in mice on the control diet. Dietary c-TmT treatment
decreased the percentage of 8-OH-dG- and c-H2AX-positive cells by
52 and 57%, respectively. Strong cytoplasm staining of nitrotyrosine
was observed in xenograft tumor cells. The staining intensity was
44% lower in the tumors of mice treated with 0.3% c-TmT compared
with the control (Figure 3).

Effects of c-TmT on plasma PGE2 and LTB4 levels

The plasma levels of PGE2 and LTB4 in the A/J mouse model and
xenograft tumor model were assayed by EIA (Figure 4). The plasma
PGE2 and LTB4 levels were significantly higher in tumor-bearing A/J
mice compared with the mice without carcinogen treatment (21-fold
and 51% higher, respectively; P , 0.05). In the tumor-bearing mice,
the c-TmT treatment resulted in lower plasma levels of PGE2 (by
61%, P , 0.05) and LTB4 (by 12.7%, P , 0.1). In the xenograft
tumor model, c-TmT significantly reduced the plasma LTB4 level to
63.5% of the control mice (P, 0.05). The plasma PGE2 levels of the
thymus-deficient nude mice were very low, and no difference was
found between control and c-TmT treated mice.

Plasma and tumor levels of tocopherol

In a preliminary set of experiments, Ncr-nu/nu male mice were fed the
AIN-93M diet or diet supplemented with 0.1 or 0.3% c-TmT 1 week
before the mice were injected with H1299 cells. c-TmT, given at 0.3%
in the diet for 7 weeks, inhibited the xenograft tumor growth (tumor
size and tumor weight were 51 and 37% lower than the control

Fig. 2. Effects of c-TmT on apoptosis and angiogenesis in NNK plus B[a]P-induced lung tumors and H1299 cell xenograft tumors. (A) Apoptosis was studied by
immunohistochemistry with anti-caspase-3 antibody. Light photographs of caspase-3 staining in lung tumors of A/J mice and H1299 cell xenograft tumors (left panel).
Bar graph showing that treatment with c-TmT enhanced the apoptosis indexes in lung tumors and xenograft tumors (right panel). Data shown are mean ± SE from 50
lung tumors in each group of A/J mice or 10 xenograft tumors of each group; �P , 0.05 by Student’s t-test. (B) Immunohistochemical analysis of angiogenesis
in lung adenomas with anti-CD31 antibody. CD-31-stained blood capillaries were visualized as brown color staining. Positively stained microvessels in lung
adenomas are expressed as MVD, which is the number of the blood vessels per area of adenoma measured (blood vessels per square millimeter). Bar graph showing
that treatment with c-TmT reduced the MVD in lung tumors. Data shown are mean ± SE from 40 lung tumors in each group of A/J mice; �P, 0.05 by Student’s t-test.
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groups), but 0.1% c-TmT treatment did not (data not shown). The
plasma and tumor levels of tocopherols were analyzed (Figure 5). In
plasma, the c-T levels were dose dependently increased by 0.1 and
0.3% c-TmT diet (1.3- and 6.3-fold increase, respectively). A large

increase was found in d-T plasma levels after the treatment (14- and
107-fold increase, respectively), but a-T levels were not significantly
altered by the dietary treatment. We also found that dietary treatment
with c-TmT dose dependently increased c-T and d-T levels in tumors.

Fig. 3. Effects of c-TmT treatment on 8-OH-dG (A and C), c-H2AX (B and D) and nitrotyrosine (E) levels in lung tumors of A/J mice and xenofraft tumors. (left)
Light photographs of immunohistochemistry with corresponding antibodies. (right) Bar graphs showing that treatment with c-TmT reduced 8-OH-dG- and
c-H2AX-positive cell indexes and nitrotyrosine-positive intensity. Data shown are mean ± SE from 50 lung tumors in each group of A/J mice or 10 xenograft
tumors from each group; �P , 0.05 by Student’s t-test.
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The a-T levels in tumors were also significantly increased by the 0.3%
c-TmT treatment (by 109%, P , 0.05). Assuming a volume of 1 ml
for 1 g tumor tissue, the levels of a-, c- and d-T in the control group
were 5.56, 0.36 and 0.08 lM and in the 0.3% c-TmT group were
11.69, 4.59 and 1.07 lM, respectively.

Inhibition of H1299 human lung cancer cell growth in culture by
c- and d-tocopherol
We studied the effect of three major tocopherol isoforms (a-, c- and
d-T) and c-TmT on the growth of H1299 human lung carcinoma cells.
After 48 and 72 h treatment (5000 cells per well), a-T did not inhibit
cell growth at all concentrations tested, but d-T and c-T dose depen-
dently inhibited cell growth with d-T having a stronger inhibitory
effect than c-T (Figure 6). c-TmT also showed dose-dependent in-
hibition of cell growth, and the potency was lower than d-T and higher
than c-T, except that at low concentrations (e.g. at 25 lM) with
seeding of 1500 cells per well, c-TmT appeared to be slightly more
effective than d-T and c-T.

Discussion

The present study demonstrates the inhibitory effects of c-TmT on
chemically induced lung tumorigenesis in female A/J mice and the
growth of human large-cell lung cancer H1299 cell xenograft tumors
in NCr-nu/nu mice. To our knowledge, this is the first report on the
inhibitory activities of a mixed tocopherol preparation against lung

tumorigenesis in animals and tumor growth of human lung cancer
cells in a xenograft model.

In this study, we found that c-TmT given at the initiation stage
reduced the tumor multiplicity and tumor burden. This result suggests
that tocopherols can reduce the deleterious effects caused by carcin-
ogen metabolism and can prevent the molecular or tissue damage by
the carcinogens and their metabolites. For example, reactive oxygen
species are generated in the lung by treatment with carcinogens, and
tocopherols may act as antioxidants and scavenge these species (29).
In a preliminary experiment, we have observed the protective effect of
dietary c-TmT (0.3%) against NNK or B[a]P-induced liver damage,
which was reflected in elevated plasma alanine aminotransferase lev-
els (data not shown). c-TmT showed stronger effects in reducing
tumor volume in the NNK plus B[a]P-induced lung tumorigenesis
model as compared with the NNK-induced model. It appears that
tissue tocopherols may be more effective at inhibiting the action of
the eight smaller doses of carcinogen absorbed through the gastroin-
testinal tract than the two larger doses of NNK administered by
intraperitoneal injection.

The tumor growth inhibitory effect of c-TmT was also observed in
the H1299 human lung cancer cell xenograft tumors. This result was
consistent with a preliminary experiment we conducted under similar
conditions, where 0.3% c-TmT significantly decreased the tumor size
and tumor weight by an average of 51 and 37%, respectively. Our
group also found similar tumor inhibitory effects of c-TmT in a syn-
geneic tumor model with CL-13 mouse lung adenocarcinoma cells
implanted in the A/J mice, where dietary treatment with 0.1 and 0.3%

Fig. 4. Effects of c-TmT on plasma PGE2 and LTB4 levels. (A) PGE2 and LTB4 levels in the plasma of NNK plus B[a]P-treated A/J mice. (B) PGE2 and
LTB4 levels in the plasma of Ncr-nu/nu mice. The data are shown as mean ± SE. Different notations (a, b, c) indicate statistical significance by one-way analysis of
variance (P , 0.05). �P , 0.05 by Student’s t-test.

Fig. 5. Effect of c-TmT on plasma and tumor tissue levels of tocopherols in Ncr-nu/nu mice. (A) Plasma tocopherol levels. (B) Tumor tissue tocopherol levels.
The dietary c-TmT treatment lasted for 7 weeks. Tocopherol levels were analyzed as described in Materials and Methods.
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c-TmT for 7 weeks inhibited the tumor volume of CL-13 syngeneic
tumors by 53.9 and 80.5%, respectively (26).

The antioxidant and anti-inflammatory effects of tocopherols have
been well documented. In the present experiment, we have also ob-
served a strong anti-oxidative effect of c-TmT in both A/J mice and
the xenograft model, as lower 8-OH-dG, c-H2AX and nitrotyrosine
levels were observed after c-TmT treatment. The oxidative stress
levels in tumor cells are generally higher than normal tissues due to
oncogene activation, aberrant metabolism, mitochondrial dysfunc-
tion, inflammation and other factors (30,31). The reactive oxygen
species generated in tumor cells can function as secondary messenger
molecules to transduce receptor-initiated signaling cascades, includ-
ing vascular endothelial growth factor (32,33), platelet-derived
growth factor (34) and cytokines, such as transforming growth factor
(35) and hepatocyte growth factor (36). These signaling pathways
control diverse cellular events that promote tumor growth (37–40).
Thus, inhibition of reactive oxygen species by c-TmT could
retard tumor growth. Reactive oxygen species can also stimulate an-
giogenesis (40,41), and the antioxidant activity of c-TmT may also
contribute to its antiangiogenic effect observed in the lung tumors of
A/J mice.

The plasma levels of proinflammatory eicosanoids, PGE2 and LTB4
were also found to be reduced, suggesting an anti-inflammatory effect
of c-TmT. We also observed enhanced apoptosis in c-TmT treated
animals in both models. These events may be related to the lung tumor
inhibition by c-TmT. However, significant changes were not observed
in the levels of apoptosis-related proteins, such as the Bcl-2 family
members Bcl-2, Bax, Bcl-xl or p-Bad by western blotting in NNK
and B[a]P-induced lung tumors in A/J mice (data not shown). We
did not observe the effects of c-TmT on tumor cell proliferation in vivo,
as the percentage of Ki-67-positive cell was not found significantly
changed by immunohistochemistry (data not shown). The levels
of key signals in cell signaling pathways, such as p-Erk1/2, p-C-Jun,
p-JNK, p-Akt, NF-kB and p-Stat3, were studied by western blotting,
but significant changes were not observed by treatment of c-TmT.

We found that d-T and c-T inhibited tumor cell growth dose de-
pendently in vitro, whereas a-T showed no significant effect. Of the
three pure tocopherol isoforms, d-T showed the strongest inhibitory
effect. Previous studies have suggested that mixtures of tocopherols
are superior to a single tocopherol at inhibiting inflammation (42,43).
The tumor inhibitory effects of c-TmT have been reported in other
cancer cell lines and animal studies (2,13,14,16). In our study, how-
ever, c-TmT was not found to be more effective than d-T in most of
the experiments. The possible synergistic actions among tocopherols
need to be further studied. It has been reported that c-T can inhibit cell
growth (44–46), induce apoptosis (44,47), inhibit COX-2 activities
and inflammation (43,48,49) and modulate the function of peroxi-
some proliferators-activated receptor (PPAR-c) functions (44). The
present study suggests that d-T may have even more interesting ac-
tivities. More detailed studies are needed to further elucidate the
mechanism of action of d-T, c-T and c-TmT.

In summary, we have demonstrated the inhibitory activity of
a mixed tocopherol preparation (c-TmT) against the formation and
growth of lung cancer. The inhibition is proposed to be due to the
antioxidant activity of all the tocopherols, the ability to quench re-
active nitrogen species by d-T and c-T and the inhibition of COX-2 by
d-T, c-T and their metabolites (43). Based on this analysis, we propose
that tocopherol mixtures are better cancer prevention agents than pure
a-T. This hypothesis warrants further testing, especially in light of
recent large-scale human trials with high doses of a-T that failed to
demonstrate any cancer preventive effect (9,10). Some epidemiolog-
ical studies have demonstrated a protective effect of dietary tocopher-
ols against cancer (8,23,50); the presently used c-TmT preparation,
with a similar tocopherol ratio as in our diet, may be a promising
agent for human cancer prevention and warrants further studies.
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Fig. 6. Effects of tocopherols on the growth of H1299 cells. (A–D) H1299 cells were seeded in 96 well plates, and after 24 h, cells were treated with different
concentrations of tocopherols for 48 or 72 h. Viable cells were assayed by MTT as described in Materials and Methods. Data represent mean ± SE (n5 6). (A) 48 h
treatment, 1500 cells per well (B) 48 h treatment, 5000 cells per well (C) 72 h treatment, 1500 cells per well (D) 72 h treatment, 5000 cells per well.
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