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Abstract

The modulatory influence of tea polyphenols (epigallocatechin gallate, epicatechin gallate and theaflavin) on benzo[a]pyrene (B[a]P)-
induced lung carcinogenesis in mice was analyzed using histopathological and molecular parameters. Progression of lung lesions was
restricted at the hyperplastic stage by tea polyphenols. A significant reduction in cellular proliferative index and an increase in apoptotic
index were noted in the restricted lung lesions. High expression of H-ras, c-myc, cyclin D1 and p53 genes was seen at the inflammatory
stage (9th week) and in subsequent premalignant lesions, but down-regulation of H-ras at the hyperplastic stage (17th week). Expression
of bcl-2 was high in hyperplastic lesions, whereas the expression of mdm2 and bcl-xl increased only at the moderately dysplastic stage
(36th week). The tea polyphenols inhibited inflammatory response in the lung lesions on the 9th week, when decreased expression of H-ras
and c-myc and increased expression of bax were noted. Prolonged treatment (>9th week) with tea polyphenols resulted in changes in the
expression of some additional genes, such as reduced expression of cyclin DI (from the 17th week), bcl-2 (from the 26th week; mild
dysplasia) and p21 (on the 36th week), and high expression of p53 (from the 17th week) and p27 (on the 36th week). These observations
indicate that the tea polyphenols can restrict B[a]P-induced lung carcinogenesis by differential modulation of the expression of p53 and its

associated genes such as bax, bcl-2, mdm2, p21 and p27, along with H-ras, c-myc and cyclin D1, at different time points.

© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Chemopreventive intervention by different phytochem-
icals, particularly tea polyphenols epigallocatechin gallate
(EGCQG), epicatechin gallate (ECG) and theaflavin (TF),
forms a relatively recent approach to restrict carcinogenesis
and prevent cancer [1-3]. Chemical carcinogenesis induced
in different susceptible strains provides very useful models
for understanding the mechanism of carcinogenesis and its
modulation. Better knowledge of genetic alterations taking
place during carcinogenesis is important for exploring the
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mechanism of action of different chemopreventive agents,
thereby helping in formulating important intervention
strategies.

Lung cancer is a leading cause of cancer deaths world-
wide, and it has been estimated that about 90% of lung cancer
cases are associated with tobacco use [4]. Chemopreventive
strategies may help to reduce lung cancer risk, as implied by
the observation that heavy smokers who do not get lung
cancer have a higher intake of antioxidants/phytochemicals
through vegetables and tea [5]. We have focused attention on
the chemopreventive role of tea polyphenols.

Benzo[a]pyrene (B[a]P)-induced lung carcinogenesis in
strain A mice is a commonly used animal model for the study
of carcinogenesis and anticarcinogenesis. The present
investigation was undertaken in this model to assess the
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modulatory role of three tea compounds in the expression of
some genes associated with carcinogenesis.

Multiple molecular changes, including overexpression of
cell-cycle- and apoptosis-regulatory genes H-ras, c-myc, cy-
clin D1 and p53 [6-9], are known to be associated with the
development of spontaneous or induced tumors in susceptible
mouse strains. Kang et al. [10] reported altered expression of
G1/S-regulatory genes cyclin D1, cyclin-dependent kinase 4
(cdk4), p21, p27, p15 and p16 during early lung carcinogen-
esis in transforming growth factor-p1 heterozygous mice.
K-ras mutation was suggested to be associated with the
development of hyperplastic lung lesions in mice, whereas
mutation of p53 was found to be associated with the
development of adenocarcinoma [11]. Overexpression of
antiapoptotic proteins bcl-2 and mdm?2 (the negative regulator
of p53) is often found in human lung cancer [12-14].
Proapoptotic bax, another bcl-2 family protein, was down-
regulated in primary small cell lung cancer that expresses
mutant p53 [15]. B[a]P is reported to induce the expression of
mdm2, bax and p21 in a p53-dependent manner in lung
cancer cell lines [16]. However, in Swiss 3T3 fibroblasts, B
[a]P has been shown to induce nuclear accumulation of p53,
with high expression of mdm2 but without any induction of
p21 [17]. Alteration of these cell-cycle- and apoptosis-
regulatory genes is a common phenomenon in human lung
cancer [11]. In spite of all these reports, so far, there has been
no comprehensive study characterizing molecular progres-
sion simultaneously with histopathological changes in lung
carcinogenesis and its intervention by tea compounds in vivo.

Tea polyphenols and tea extract have been shown to
prevent chemically induced carcinogenesis at different organ
sites in animal models [3,18]. The chemopreventive
mechanism of the tea polyphenols during lung carcinogen-
esis has been suggested to be associated with inhibition of
cellular proliferation and induction of cellular apoptosis
[19,20]. However, the molecular mechanism associated with
these phenomena has not been elucidated in detail. The
modulatory effect of tea on precancerous rat liver lesions was
suggested to be carried out through alterations in the cell
cycle regulators p21, cyclin D1, and cdk4 [21]. EGCG was
shown to decrease the expression of c-myec, to affect the cell
signaling pathway and to inhibit intestinal tumorigenesis in
Apc™™" mice [22]. Inhibition of c-myc, c-raf and H-ras
expression in 4-(methylnitrosamino)-1-(3-pyridyl)-1-buta-
none (NNK)-induced lung carcinogenesis by tea extract
and inhibition of c-myc expression in 12-O-tetradecanoyl-
phorbol 13-acetate (TPA)-induced skin carcinogenesis by
EGCG have been reported [6].

In the present study, we attempted to understand the
molecular mechanism of chemoprevention by tea poly-
phenols EGCG, ECG and TF during the progression of
premalignant lung lesions in mice. Analysis of the
histopathological changes, in situ cell proliferation, cell
death and expression of associated genes H-ras, c-myc,
cyclin DI, p53, bax, bcl-2, bcl-xl, mdm2, p21 and p27
was undertaken.

2. Materials and methods

2.1. Animals and chemicals

Inbred strain A mice were obtained from the animal
colony of the Chittaranjan National Cancer Institute
(Calcutta, India). They were maintained under standard
conditions, in an air-conditioned room with 55+10%
humidity under a daily cycle of alternating 12-h periods of
light and darkness. Drinking water and pellet diet (Lipton
India Ltd. India) were provided to the animals ad libitum. All
chemicals were of the highest analytical grade available.
EGCG, ECG, TF and B[a]P were obtained from Sigma
Chemical Co. (USA). TRIzol reagent, 5-bromo-2-deoxyur-
idine (BrdU) labeling and in situ cell death detection kits
were purchased from Roche Molecular Biochemicals
(Germany). Primary antibodies and the ABC staining system
for immunohistochemistry were purchased from Santa Cruz
Biotechnology, Inc. (California, USA).

2.2. Experimental design

The induction of histopathological lesions in the lung by
B[a]P was performed following the method of Yun et al. [23]
and was described in detail in our previous report [24].

Newborn mice received a single subcutaneous injection
0f 0.02 ml of B[a]P suspension (0.2 mg in 1% gelatin) at the
subscapular region. As newborn mice are more susceptible to
carcinogens than adult mice, in this study, male and female
newborn strain A mice less than 24 h of age were used. After
weaning, male and female mice were caged separately.

Four experimental groups were maintained. One B[a]P-
administered group was left untreated and served as the
carcinogen control. The other three B[a]P-administered
groups were treated with either EGCG, ECG or TF at a
dose of 0.01 mg, 4 ng and 0.02 mg, respectively (minimal
effective dose) by daily intraperitoneal injection to facilitate
efficient uptake of the compounds. The dose selection was
derived from our previous studies using tea infusion, their
high-performance liquid chromatography analysis for
EGCG, ECG and TF content, and determination of the
minimal effective dose.

Mice from each group were sacrificed on the 9th, 17th,
26th and 36th weeks, as our pilot study revealed significant
histological changes at these time points. The focal lesions of
the lungs were dissected out for histopathological, immuno-
histological and molecular analyses. A parallel normal
control group was maintained for comparison of the different
parameters studied in the experimental groups.

2.3. Histological analysis

Formalin-fixed lung tissues were embedded in paraffin
in accordance with the standard procedure. Serial sections
(5 pm) were cut and mounted on glass slides. Tissue sections
were stained with hematoxylin and eosin for histopatholo-
gical analysis, examined under a light microscope and
photographed. Three to five slides per mice were analyzed.
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The premalignant lesions described in this article are
bronchiolar lesions.

2.4. Determination of in situ cell proliferation

Proliferative cells in lung lesions were detected by BrdU
labeling with commercial kits used in accordance with the
manufacturer’s protocol. Lung tissues were placed in BrdU
added prewarmed (37°C) cell culture medium for 30 min
and then fixed in 10% formaldehyde. After paraffin
embedding and sectioning at 5 pm, four slides of serial
sections of each mice were deparaffinized and rehydrated
(in xylene and graded series of ethanol; 100% to 50%,
respectively). Next, tissue sections were incubated with
anti-BrdU, mouse monoclonal antibody and antimouse Ig
alkaline phosphatase (AP) (both at 37°C for 30 min in a
humid atmosphere), respectively. Color development was
achieved by incubation with a substrate solution containing
nitroblue tetrazolium (NBT) and X-phosphate for 5 min at
room temperature. A negative control was maintained
simultaneously. Sections were mounted in glycerin and
observed under a light microscope. Proliferative index was
determined as the percentage of labeled nuclei with respect
to the total number of nuclei counted. Based on lesion size,
5—10 representative microscopic fields were examined. The
relative proliferative index of each lesion was determined
with respect to the normal lung of the corresponding week.

2.5. In situ cell death detection

Apoptotic cells in lung lesions were detected by the
terminal deoxyneucleotidyl transferase (TdT)-mediated
dUTP biotin nick end labeling (TUNEL) method with an
in situ cell detection kit used in accordance with the
manufacturer’s protocol. The dissected lung tissues were
fixed in 10% formalin. Following paraffin embedding and
sectioning at 5 um, four slides from serial sections of each
mice were deparaffinized and rehydrated (in xylene and
graded series of ethanol; 100% to 50%, respectively). After
permeabilization in proteinase K solution (20 pg/ml in
10 mM Tris—HCIl, pH 7.4), sections were washed in
phosphate-buffered saline (PBS) and incubated with 50 pl
of TUNEL reaction mixture (TdT and fluorescein dUTP) at
37°C for 60 min in a humid atmosphere in the dark. Next,
sections were rinsed with PBS, incubated with converter
AP (anti-fluorescein antibody, Fab fragment from sheep,
conjugated with AP) for 30 min and analyzed under a light
microscope after color development, which was achieved
by incubation with a substrate solution containing NBT and
X-phosphatase for 5 min at room temperature. The sample
without primary antibody was used as negative. Apoptotic
index was determined as the percentage of labeled nuclei
with respect to the total number of nuclei counted. Based
on the lesion size, 5—10 representative microscopic fields
were examined. The relative apoptotic index of each lesion
was determined with respect to the normal lung of the
corresponding week.

2.6. Analysis of gene expression by semiquantitative reverse
transcription—polymerase chain reaction

Gene expression was analyzed by reverse transcription—
polymerase chain reaction (RT-PCR) procedure. Total RNA
was extracted from the freshly dissected lung lesions with
TRIzol reagent used in accordance with the manufacturer’s
protocol. cDNA was synthesized from the total RNA with
SuperScript III Reverse Transcriptase (Invitrogen, USA)
used in accordance with the manufacturer’s protocol. After
treatment with DNasel, 1 pg of RNA was taken in a 20-ul
reaction volume containing 200 ng of random hexamer, 40 U
of RNaseOUT (Invitrogen), 1% reverse transcription buffer
[50 mM Tris—HCI (pH 8.3), 75 mM KCI and 3 mM MgCl,],
0.005 M dithiothreitol (DTT), 0.5 mM each of deoxynucleo-
side triphosphates (AINTPs; Gibco-BRL, USA) and 200 U of
SuperScript III. The reaction was performed at 50°C for
60 min, then for 15 min at 75°C.

To analyze the expression of specific genes, 2 pl of the
cDNA was taken in a 20-pl PCR mixture containing 1x PCR
buffer [16 mM (NH,4),SO,4, 67 mM Tris—HCI (pH 8.8 at
25°C) and 0.01% Tween-20], 1.5 mM MgCl, 0.2 mM each
of dNTPs, 3 pmol of each gene-specific primer and 0.3 U of
Taq polymerase (Bioline, London, UK) enzyme. H-ras, c-
myc, cyclin D1, p21, p27, p53, bax, bcl-2, bcl-xI and mdm?2
genes were coamplified with the hypoxanthine phosphor-
ibosyl transferase (hprt) or B-actin gene as control. Primers
used in this experiment are listed in Table 1. The PCR cycle
conditions were as follows: 95°C for 3 min, then 35 cycles of
94°C for 30 s, 50°C for 30 s and 72°C for 60 s, with a final
extension step of 7 min at 72°C in a thermal cycler (Applied
BioSystem, USA). The PCR products were electrophoresed
in 2% agarose gel, stained in ethidium bromide, visualized in
UV transilluminator and then photographed. The intensity of
the bands was analyzed by scanning with a densitometric
scanner (Model CS-9000; SHIMADZU, Japan). In each
case, the intensity of the bands was normalized with respect
to the control bands of hprt/B-actin.

2.7. Immunohistochemistry

Excised lung lesions were fixed in 10% formalin and
embedded in paraffin in accordance with standard histological
procedures. Expression of the proteins in four serial tissue
sections per mice was determined by immunostaining follow-
ing the ABC staining protocol (ABC Staining System; Santa
Cruz Biotechnology, Inc.). The endogenous peroxidase of
deparaffinized and rehydrated tissue sections was blocked by
incubating the tissue sections in 1% hydrogen peroxide in
methanol for 15 min at room temperature. Sections were then
incubated with a protein block (1.5% normal goat serum in
PBS) for 60 min at room temperature. Next, sections were
incubated with primary antibody (1:100 dilution/0.5-5 pg/ml
in 1.5% blocking serum) for 30 min at room temperature,
followed by incubation with a biotinylated anti-mouse
secondary antibody (1 pg/ml) for 30 min and incubation with
AB enzyme reagent (avidin and biotinylated horseradish
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Table 1

Oligonucleotide primer sequences used for RT-PCR analysis of proliferation and apoptosis-associated genes

Gene of interest Primer sequences References

H-ras FP: 5’ACA GAA TAC AAG CTT GTG GTG GTG 3’ [25]
RP: 5’CTC TAT AGT GGG ATC ATA CTC GTC 3’

c-myc FP: 5'TCC TGT ACC TCG TCC GAT TC 3’ [26,27]
RP: 5’ATT GAT GTT ATT TAC ACT TAA GGG T 3/

cyclin D1 FP: 5’AAC ACC AGC TCC TGT GCT GCG AA 3’ [28]
RP: 5’GTC TCC TTC ATC TTA GAG GCC ACG 3’

p21 FP: 5’AAT CCT GGT GAT GTC CGA CC 3’ [29]
RP: 5’AAA GTT CCA CCG TTC TCG G 3’

p27 FP: 5’GAG GGC AGA TAC GAG TGG CAG 3’ [29]
RP: 5’CTG GAC ACT GCT CCG CTA ACC 3’

p33 FP: 5’ATG ACT GCC ATG GAG GAG TCA CAG T 3’ [30]
RP: 5’GTG GGG GCA GCG TCT CAC GAC CTC C 3/

Bax FP: 5’AAG CTG AGC GAG TGT CTC CGG CG 3’ [31]
RP: 5’GCC ACA AAG ATG GTC ACT GTC TGC C 3’

bcl-2 FP: 5’CTC GTC GCT ACC GTC GTG ACT TCG 3’ [31]
RP: 5’CAG ATG CCG GTT CAG GTA CTC AGT C 3’

bel-xl FP: 5'TGG ATC CTG GAA GAG AAT CG 3’ [26]
RP: 5’AGA TCA CTG AAC GCT CTC CG 3/

mdm2 FP: 5’CGA CTATTC CCA ACC ATC G 3/ [32]
RP: 5’CTA GTT GAA GTA ACT TAG CAC AAT 3’

P-actin FP: 5’GTG GGC CGC TCT AGG CAC CAA 3/ [29]
RP: 5’CTC TTT GAT GTC ACG CAC GAT TTC 3’

hprt FP: 5’GCT GGT GAA AAG GAC CTC T 3/ [27]

RP: 5’CAC AGG ACT AGA ACA CCT GC 3’

FP: forward primer; RP: reverse primer.

peroxidase) for 30 min. Color development was achieved by
incubation with 3,3-diaminobenzidine-tetrahydrochloride-con-
taining peroxidase substrate (0.02% hydrogen peroxide) for
10 min at room temperature. The sample without primary
antibody was used as negative control in all cases and to see the
specificity of the primary antibody. The slides were then
counterstained with hematoxylin, dehydrated, mounted in
depex polystyrene (DPX) mounting medium and observed
under a light microscope. A positive reaction is indicated
by light brown to dark brown precipitate in the cytoplasm and/
or in the perinuclei of the cells. The percentage of immuno-
reactive cells was determined in each lesion.

2.8. Statistical analysis

All data were expressed as mean+S.D. Statistical analyses
were performed using one-way analysis of variance, fol-
lowed by paired ¢ test with the help of critical difference.

3. Results
3.1. Effect of tea polyphenols on B[a]P-induced lung lesions

It is evident from Fig. 11 that the body weight of mice in
different groups did not change significantly. We had earlier
reported that B[«]P treatment resulted in gradual progression
of the lung lesions through inflammation, hyperplasia, mild
dysplasia and moderate dysplasia on the 9th, 17th, 26th and
36th weeks, respectively (Fig. 11IA—D) [24]. The number of
inflammatory cells (lymphocyte) on the 9th week was high

compared to that of normal lung cells. Hyperplasia was
manifested as an increase in cell number with retention of
alveolar pattern. During hyperplasia, the single layer of
bronchiolar epithelium became multilayered, but the cells
maintained their normal appearance (i.c., the cells were well
differentiated and lacked nuclear pleomorphism). During
mild dysplasia and moderate dysplasia, there was loss of
polarity in columnar epithelial cells (<30% and >30% cells,
respectively), and the nuclear-to-cytoplasmic ratio of cells
increased. Dysplasia was accompanied by occasional
metaplasia (normal epithelial cells replaced by flattened
squamous epithelium) and inflammation in the peribronch-
iolar region. Following treatment with black tea polyphenol
TF, lung lesions did not progress beyond hyperplasia
(Fig. 1IIE—H; Table 2), as seen in our previous study with
EGCG and ECG (Table 2). Treatment reduced the size and
the number of hyperplastic zones. In addition, infiltration of
inflammatory cells in the peribronchiolar region was low in
the treatment group compared to the carcinogen controls.

3.2. Inhibition of B[a]P-induced lung hyperproliferation by
tea polyphenols

Fig. 2A is a representative photograph that shows the
pattern of cellular proliferation in the lungs from different
groups on the 36th week. It is evident from Fig. 2B that the
relative proliferative index in lung lesions on the 9th week
of B[a]P exposure was similar to that in the normal lung.
However, due to B[a]P exposure, a significant increase in the
relative proliferative index was seen in the hyperplastic



S. Manna et al. / Journal of Nutritional Biochemistry 20 (2009) 337-349 341

—_
—

—
.

45 -
40 A
35 4
30 4
25 4
20 4
15 4"
10 4
5 d

Body weight (g)

(1n).

Normal

Weeks

—&— Normal B[a]P

—%— B[a]P+ECG —e— B[a]P+ TF

B[a]P+EGCG

Fig. 1. Influence of TF during the progression of B[a]P-induced lung lesions. (I) Effect of tea polyphenols on the body weight of mice treated with B[a]P. Body
weight was measured biweekly. Values are presented as mean+S.E. (n=5-7 mice). (II) Histopathological analysis of the effect of TF on the progression of lung
lesions (n=7—12) stained by hematoxylin and eosin. Normal (original magnification x500); (a) 9th week (original magnification x250); (b) 17th week (original
magnification x400); (c) 26th week (original magnification x400); (d) 36th week (original magnification x800); (e) 9th week (original magnification x400); (f)
17th week (original magnification x400); (g) 26th week (original magnification x312.5); (h) 36th week (original magnification x 800). TF restricted the

progression of carcinogenesis at the hyperplastic stage.

lesions on the 17th week (71%; P<.01), as well as in
subsequent weeks (i.e., on the 26th and 36th weeks by 98%
and 87%, respectively; P<.01).

Tea polyphenols significantly reduced the relative
proliferative index by 24—-42% (P<.01) as compared to the
B[a]P group on the 17th, 26th and 36th weeks.

3.3. Induction of apoptosis in Bla]P-induced lung lesions by
tea polyphenols

Fig. 2C is a representative photograph of apoptotic cells in
the lung lesions of different groups on the 36th week. The
percentage of apoptotic cells on the 9th week in the B[a]P-
treated group was comparable to that of the normal lung in the
corresponding week (Fig. 2D). A gradual and significant
decrease in relative apoptotic index was noted during the
progression of lung lesions on the 17th, 26th and 36th weeks

after B[a]P exposure by 19%, 34% and 30% (P<.01),
respectively. This was in comparison to that in the lung le-
sions on the 9th week.

Tea polyphenols did not affect the relative apoptotic index
in the lung lesions on the 9th week, which was comparable to
that of the corresponding lesions in carcinogen controls.
However, a significant increase (31-93%; P<.01) in the
relative apoptotic index was observed in the treated groups
on the 17th, 26th and 36th weeks.

3.4. Expression of proliferation and apoptosis-associated genes

To analyze the molecular events at the early stages of lung
carcinogenesis, the expression of some proliferation- and
apoptosis-associated genes was studied by RT-PCR (Fig. 3).
There was a differential expression pattern of H-ras during
early lung carcinogenesis. The expression of H-ras was

26th week

36th week

Mild dysplasia [83% (10/12)]
Hyperplasia with focal

Hyperplasia with inflammation

Moderate dysplasia with
squamous metaplasia [100% (7/7)]
Hyperplasia with focal

dysplasia [77.8% (7/9)]
Hyperplasia with inflammation
[100% (6/6)]

dysplasia [100% (7/7)]

and occasional metaplasia [87.5 (7/8)]

Table 2
Histopathological pattern of B[a]P-induced lung lesions in mice after treatment with tea polyphenols

9th week 17th week
B[a]P Inflammation Hyperplasia with focal

[100% (10/10)] dysplasia [100% (10/10)]
B[a]P+TF Normal [100% (10/10)]  Hyperplasia with inflammation

[100% (10/10)]
B[a]P+EGCG  Normal [100% (10/10)]  Hyperplasia with occasional
metaplasia [100% (10/10)]

B[a]P+ECG Normal [100% (10/10)]  Hyperplasia [100% (10/10)]

Hyperplasia with inflammation

Hyperplasia with focal dysplasia

[77.8% (7/9)] [75% (6/8)]
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Fig. 2. Inhibition of cell proliferation (detected by BrdU immunohistochemistry) and induction of apoptosis (detected by TUNEL staining) in B[a]P-induced lung
lesions by tea polyphenols. (A) Representative photograph of BrdU immunohistochemistry of lung lesions on the 36th week (original magnification x400). (B)
Histogram of proliferative cells in lung lesions. (C) Representative photograph of immunohistochemically detected apoptotic cells in lung lesions on the 36th
week (original magnification x400). (D) Histogram of apoptotic cells in lung lesions. Results are presented as mean+S.E. (n=5-7). *P<.01. () Normal; (&) B

[a]P; (B) Bla]P+EGCG; ([ Bla]P+ECG; () B[a]P+TF.

seen to increase by about 34% (P<.05) on the 9th week
compared to that of the respective normal lung. On the 17th
week, there was down-regulation, and the level was
comparable to that of the corresponding normal lung. On
the 26th week, the level of H-ras increased by 21%, but the
result was not statistically significant. This was followed by
an increase of about 41% (P<.01), again in the moderate
dysplastic lesions on the 36th week. The expression of c-
myc was significantly increased by 45% (P<.01) on the 9th
week compared to the expression of the corresponding
normal lung, which continued to increase further by 59—
77% (P<.01) in the subsequent weeks. The expression of
cyclin DI continued to increase significantly by 27-49%
through the 9th week to the 36th week in comparison to the

normal lung. Among the different apoptosis-associated
genes, the expression of p53 gene in the lesions was up-
regulated by about 33% (P<.05) on the 9th week compared
to the normal lung, followed by a gradual increase by 50%
(P<.01) on the 17th week, which then gradually decreased
to 40% (P<.01) on the 36th week. Expression of the
antiapoptotic gene bcl-2 did not change on the 9th week
compared to the normal lung, but increased by 35% and
61% (P<.01) on the 17th and 26th weeks, respectively, and
remained more or less constant in the subsequent week. No
significant changes in the expression of p21, p27, bax, bcl-
xl and mdm2 were observed, except that of an increase
(P<.01) in bcl-xI and mdm2 expression on the 36th week by
38% and 70%, respectively.
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3.5. Expression of proliferation and apoptosis-associated
genes in Bfa]P-induced lung lesions in the presence of
tea polyphenols

It was evident from RT-PCR analysis (Fig. 3) that the tea
polyphenols significantly reduced the expression of H-ras
by 20—32% on the 9th, 26th and 36th weeks compared to the
B[a]P-treated lung lesions in the corresponding weeks,
although its expression remain unaltered on the 17th week
after treatment. Unlike H-ras, the tea polyphenols signifi-
cantly reduced the expression of c-myc at all time points (i.e.,
9th, 17th, 26th and 36th weeks) by 20—45% compared to the
corresponding B[a]P control. Similar to c-myc, a significant
reduction (28—51%; P<.01) in the expression of cyclin D1
was also noted, except on the 9th week. The tea polyphenols
did not have any effect on the expression of p53 on the 9th
and 17th weeks, except for a 23% increase (P<.05) noted in
the EGCG-treated group on the 17th week. However, on the
26th and 36th weeks, p53 expression was found to be
significantly increased by 34-64% (P<.01) after treatment
with the polyphenols. In contrast to p53, bcl-2 expression
was significantly reduced (40—47%; P<.01) by the tea
polyphenols on the 26th and 36th weeks as compared to the
B[a]P-treated group. The expression of bax was significantly
increased in all treatment groups (except for the ECG-treated
group) by 22-68% on the 9th week. The tea polyphenols did
not have any significant effect on the expression of bcl-x/
and mdm2 in the lesions. However, there was significant
inhibition of p2/ expression (30-40%; P<.01) and sig-
nificant activation of p27 expression (36—44%; P<.05) by
the tea polyphenols on the 36th week.

3.6. Immunohistochemical analysis of the Bfa]P-induced
lung lesions

Immunohistochemical analysis of protein expression was
performed in lung lesions on the 26th and 36th weeks, when
major changes in histology and mRNA expression pattern
were observed (Fig. 4). The expression of H-ras was
significantly increased (37% and 54%; P<.01) on the 26th
and 36th weeks in B[a]P-induced lesions compared to the
corresponding normal lung, which was then significantly
reduced by tea polyphenols. Similar to H-ras, bcl-2
expression was also high (about 2.6-fold; P<.01) in the B
[a]P-treated lung lesions, followed by inhibition of its
expression by the tea polyphenols. No significant differences
in the expression of bax on the 26th and 36th weeks were
noted between the carcinogen control group and the
corresponding normal control group. However, the tea
polyphenols significantly increased its expression by about
1.6-fold to 2.2-fold (P<.01) in the lung lesions.

4. Discussion

An analysis of an experimental B[a]P-induced lung
carcinogenesis mouse model revealed progressive histo-

pathological changes that could be identified as inflamma-
tion, hyperplasia, mild dysplasia and moderate dysplasia on
the 9th, 17th, 26th and 36th weeks, respectively, following
carcinogenic exposure [24]. It was further observed that
chemopreventive intervention with two green tea polyphe-
nols (i.e., EGCG and ECG) could restrict the progression of
such lung lesions at the hyperplastic stage [24]. It is evident
from the present study that black tea polyphenol TF also
restricted the carcinogenic process at the hyperplastic stage,
similar to that noted with EGCG and ECG. Budesonide, a
corticosteroid, was reported to delay lung carcinogenesis
induced by B[«]P in adult A/J mice [33]. EGCG is reported
to suppress early-stage, but not late-stage, prostate cancer in
TRAMP mice [34]. All these studies suggest that it is
possible to restrict the progression of lung carcinogenesis by
chemopreventive intervention.

While there are some reports to indicate that use of tea
compounds could influence body weight, we did not observe
any significant change with any of the compounds used.
Similarly, Yang et al. [35] did not see any change in the body
weight of mice during the progression of NNK-induced
premalignant lung lesions, as well following treatment with
TFE. Mimoto et al.[36] reported that EGCG could prevent
cisplastin- and NNK-induced weight loss during lung
carcinogenesis in A/J mice. These are in contrast to the
report that black tea extract reduced body weight after the
24th week of treatment in NNK-induced lung carcinogenesis
in mice, although the animals were healthy and active, with
low tumor multiplicity and tumor volume [37].

Cell proliferation and apoptosis detected in situ in lung
lesions reveal no significant changes at the inflammatory
stage (9th week after B[a]P exposure) in comparison to the
normal lung. However, the expression of H-ras, c-myc, cy-
clin D1 and p53 increased significantly at this stage (Fig. 5),
suggesting a role of these genes in the inflammatory process.
The increased expression of H-ras has been reported in rat
lung inflammatory cells [38]. Activation of the myc
oncogene engaged a broad array of inflammatory signals
(influx of mast cells), which in turn recruited immune cells to
the tumor. Wong et al. [39] reported the important role of
cyclin DI in ulcerative-colitis-related inflammation. Hudson
et al. [40] reported that p53 expression increases during
inflammation. The observation that macrophage migration-
inhibitory factor (a proinflammatory cytokine released at
sites of inflammation) is capable of functionally inactivating
p53, which normally functions to prevent proliferation of
cells carrying genotoxic damage, may provide a mechanistic
link between inflammation and cancer. It seems that, during
inflammation, cells are in a critical state due to genotoxic
stress, which induces the up-regulation of both positive and
negative cell cycle regulators. This may lead to the activation
of inflammatory NF-xB and PI3 kinase pathways that
functionally interact with proinflammatory signaling path-
ways and release proinflammatory cytokines to regulate
cellular activation and survival in inflammation [41,42].
Deregulation of these genes (i.e., overexpression of c-myc,
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Fig. 5. Expression pattern of proliferation and apoptosis-associated genes during the progression of B[a]P-induced lung lesions and their modulation by

tea polyphenols.

cyclin D1, H-ras and p53) has been seen during B[a]P, NNK
and coal burning smoke-induced mouse lung carcinogenesis
[6—10]. B[a]P was found to induce the expression of p53 at
both protein and mRNA levels in the A549 and NIH3T3 cell
lines [43]. Our study shows that tea polyphenols could
reduce the effect of genotoxic stress on early lung lesions by
reducing the expression of H-ras and c-myc and by
increasing the expression of bax, although cellular prolifera-
tion and apoptosis remained almost unaffected. Green tea
catechins were found to inhibit chemically induced DNA
adduct formation [44,45] and to protect DNA from OH-
radical-induced strand breaks and base damage [46]. Tea
extracts also produced anti-inflammatory activity in chemi-
cally induced edema model in rats and mice [47,48]. This
anti-inflammatory activity of tea polyphenols may be
mediated through modulation of cyclooxygenase-2, induci-
ble nitric oxide synthase and proinflammatory cytokines, and
through inhibition of chemokine-induced neutrophil chemo-
taxis [49-52]. Although the role of tea polyphenols as an
anti-inflammatory agent in cancer deserves deeper investiga-
tion, all these investigations support the potential of tea
polyphenols in reducing chronic or recurrent inflammation,
whose role in the development of many types of cancer in
humans is well recognized [53,54].

That B[a]P-induced genotoxic stress might lead to genetic
alterations in subsequent stages of the progression of lung

carcinogenesis is evident from this study. Among the up-
regulated genes, increased expression of c-myc, cyclin D1
and p53 genes was seen throughout the progression of early
lung lesions up to the premalignant stage of dysplasia. The
additional genetic changes noted are likely to afford selective
growth advantage to the altered cells. It seems that the
increased expression of c-myc, cyclin DI and bcl-2 in the
hyperplastic lesions could override the high p53 expression
for induction of cellular proliferation and reduction of the
apoptotic process at these stages.

Overexpression of c-myc, bcl-2 and mdm?2, and mutation
in ras and p53 are common phenomena in lung cancer, and
mutation in p53 often occurs late in chemically induced
mouse lung tumorigenesis [11]. The increased expression of
p33 noted in this study was not accompanied by any change
in the expression of p2I, p27 and bax, indicating the
inability of p53 to influence p2/, p27 and bax. However,
decreased expression of p21 and p27 was reported in mice
lung carcinogenesis [10].

Significant reduction in the presence of apoptotic cells in
hyperplastic and dysplastic lung lesions might be due to the
increased expression of bel-2 at both RNA and protein levels
noted in the present study. The increased expression of H-ras
in mild dysplastic lesions and in moderately dysplastic
lesions at both RNA and protein levels indicates that the
H-ras-mediated signaling pathway was associated with
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progression of the premalignant lesions. It was evident that
there was cooperation between myc and ras to induce the S-
phase of the cell cycle by activating cyclin/cdk activity and
loss of p27 inhibition [55]. It has also been reported that the
ras gene could positively regulate the synthesis of cyclin D1
[56] and stabilize the myc protein [57]. The increased
expression of bcl-xI and mdm2 observed in moderately
dysplastic lung lesions might have some additive effect on
the reduction of apoptosis at this stage.

Significant reduction in the proliferation and induction of
apoptosis by treatment with tea polyphenols beyond the 9th
week of B[a]P exposure resulted in restriction of lung lesions
at the hyperplastic stage. This might be due to significant
reduction in the expression of proliferation-associated genes
(H-ras, c-myc and cyclin DI) and induction in the expression
of apoptosis-associated genes (p53 and bax) noted on the
17th week. Prolonged treatment with tea polyphenols could
also significantly induce the expression of the cell cycle
inhibitor p27 in the lung lesion on the 36th week,
significantly reducing the apoptotic inhibitor bcl-2 on the
26th and 36th weeks and the cell cycle inhibitor p27 on the
36th week. The immunohistochemical observation also
supported the RNA data of bax, bcl-2 and H-ras in lung
lesions on the 26th and 36th weeks.

There are reports showing the inhibition of c-myc and
H-ras by tea and its polyphenols in NNK-induced lung
lesions in mice [6], of cyclin D1 and p21 in preneoplastic
rat liver cells [21], and of c-myc and cyclin D1 in
intestinal tumorigenesis [22]. Several in vitro studies also
showed that tea polyphenols could modulate cell-cycle-
and apoptosis-regulatory genes in different cancer cell
lines [58—60]. EGCG has been shown to induce apoptosis
in estrogen-receptor-negative human breast carcinoma
cells via inhibition of bcl-2 expression and induction of
p53 and bax expression [61]. Tea polyphenols are also
able to augment the activity of the apoptosis executor
caspase-3 in different cell lines [62]. All these studies
have established a well-defined role for tea polyphenols
in apoptosis.

The present report is the first of its kind to attempt a
characterization of early and precancer lung lesions induced
by a chemical carcinogen at the molecular level, which was
correlated with histopathological changes, cell proliferation
and programmed cell death (apoptosis). The modulation of
these pathophysiological changes and associated gene
expressions following chemopreventive intervention by tea
polyphenols in the same experimental system gives an
insight into the understanding of carcinogenesis and antic-
arcinogenesis. It is evident from the present study that
cellular proliferation and apoptosis were found to occur in
opposite directions during B[a]P-induced lung carcinogen-
esis and that the interplay of H-ras, c-myc, cyclin D1, p53
and bcl-2 genes has an important role in the initiation of lung
carcinogenesis. It is of interest to note that the tea
polyphenols can restrict lung carcinogenesis at the hyper-
plastic stage by modulating mainly the expression of these

genes and the bax gene. For maintenance of restriction at the
hyperplastic stage due to prolonged treatment with the tea
polyphenols, additional alterations in some cell cycle/
apoptosis regulators such as p2/ and p27 are necessary.
This indicates that the tea polyphenols modulate the p53-
dependent apoptotic pathway, along with the expression of
some proliferation-associated genes such as c-myc, cyclin
D1 and H-ras, to restrict the progression of B[a]P-induced
lung lesions. These results provide molecular and cellular
insights into the claimed beneficial properties of green tea
and indicate that tea polyphenols are potent anti-inflamma-
tory and proapoptotic compounds with both preventive and
therapeutic potential.

Acknowledgments

This work was supported by grants 9/30(29)/2002-EMR-I
(to S.M.) and 37(1151)/03/EMR-II (to S.D. and C.K.P.) from
the Council of Scientific and Industrial Research, New
Delhi.

The authors are grateful to the Director of the
Chittaranjan National Cancer Institute for kind interest in
this work. We thank Dr. S. Mandal for his assistance with
statistical analysis.

References

[1] Surh YJ. Cancer chemoprevention with dietary phytochemicals.
Nature Rev Cancer 2003;3:768—80.

[2] Adhami VM, Afaq F, Ahamad N, Hara Y, Mukhtar H. Tea polyphenols
as cancer chemopreventive agents. In: Kelloff GJ, Hawk ET, Sigman
C, editors. Cancer chemoprevention: promising cancer chemopreven-
tion agents, vol. 1. Totowa (NJ): Humana Press, Inc.; 2004. p. 437—49.

[3] Lin JK, Liang YC. Cancer chemoprevention by tea polyphenols. Proc
Natl Sci Coun 2000;24:1-13.

[4] Shopland DR. Tobacco use and its contribution to early cancer
mortality with a special emphasis on cigarette smoking. Environ
Health Perspect 1995;103(Suppl 8):131-42.

[5] Knekt P, Jarvinen R, Seppanen R, Hellovaara M, Teppo L, Pukkala E,
etal. Dietary flavonoids and the risk of lung cancer and other malignant
neoplasms. Am J Epidemiol 1997;146:223-30.

[6] Hu G, Han C, Chen J. Inhibition of oncogene expression by green tea
and (—)-epigallocatechin gallate in mice. Nutr Cancer 1995;24:
203-9.

[7] Tao L, Li Y, Wang W, Kramer PM, Gunning WT, Lubet RA, et al.
Effect of budesonide on the methylation and mRNA expression of the
insulin like growth factor 2 and c-myc genes in mouse lung tumors.
Mol Carcinog 2002;35:93—-102.

[8] Sabourin CL, Wang QS, Ralston SL, Evans J, Coate J, Herzog CR,
et al. Expression of cell cycle proteins in 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone-induced mouse lung tumors. Exp Lung Res 1998;
24:499-521.

[9] Lin C, Dai X, Sun X. Expression of oncogene and anti-oncogene in
mouse lung cancer induced by coal-burning smoke. Zhonghua Zhong
Liu Za Zhi 1995;17:432—4.

[10] Kang Y, Ozbun LL, Angdisen J, Moody TW, Prentice M, Diwan BA,
et al. Altered expression of G1/S regulatory genes occurs early and
frequently in lung carcinogenesis in transforming growth factor-bl
heterozygous mice. Carcinogenesis 2002;23:1217-27.

[11] Meuwissen R, Berns A. Mouse models for human lung cancer. Genes
Dev 2005;19:643—64.



348
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

S. Manna et al. / Journal of Nutritional Biochemistry 20 (2009) 337-349

Jiang SX, Sato Y, Kuwao S, Kameya T. Expression of bcl-2 oncogene
protein is prevalent in small cell lung carcinomas. J Pathol 1995;177:
135-8.

Pezzella F, Turley H, Kuzu I, Tungekar MF, Dunnill MS, Pierce CB,
et al. bcl-2 protein in non-small-cell lung carcinoma. N Engl J Med
1993;329:690—4.

Higashiyama M, Doi O, Kodama K, Yokouchi H, Kasugai T, Ishiguro
S, et al. MDM2 gene amplification and expression in nonsmall-cell
lung cancer: immunohistochemical expression of its protein is a
favourable prognostic marker in patients without p53 protein
accumulation. Br J Cancer 1997;75:1302-8.

Brambilla E, Negoescu A, Gazzeri S, Lantuejoul S, Moro D, Brambilla
C, et al. Apoptosis-related factors pS3, Bcl2, and Bax in neuroendo-
crine lung tumors. Am J Pathol 1996;149:1941-52.

Nakanishi Y, Pei XH, Takayama K, Bai F, Izumi M, Kimotsuki K, et al.
Polycyclic aromatic hydrocarbon carcinogens increase ubiquitination
of p21 protein after the stabilization of pS3 and the expression of p21.
Am J Respir Cell Mol Biol 2000;22:747-54.

Vaziri C, Faller DV. A benzo[a]pyrene-induced cell cycle checkpoint
resulting in pS3-independent G1 arrest in 3T3 fibroblasts. J Biol Chem
1997;272:2762-9.

Yang CS, Maliakal P, Meng X. Inhibition of carcinogenesis by tea.
Annu Rev Pharmacol Toxicol 2002;42:25-54.

Yang CS, Yang GY, Landau JM, Kim S, Liao J. Tea and tea
polyphenols inhibit cell hyperproliferation, lung tumorigenesis, and
tumor progression. Exp Lung Res 1998;24:629-39.

Liao J, Yang GY, Park ES, Meng X, Sun Y, Jia D, et al. Inhibition
of lung carcinogenesis and effects on angiogenesis and apoptosis in
A/J mice by oral administration of green tea. Nutr Cancer 2004;48:
44-53.

Jia X, Han C, Chen J. Effects of tea on preneoplastic lesions and cell
cycle regulators in rat liver. Cancer Epidemiol Biomarkers Prev 2002;
11:1663-7.

Ju J, Hong J, Zhou JN, Pan Z, Bose M, Liao J, et al. Inhibition of
intestinal tumorigenesis in Apc™™" mice by (—)-epigallocatechin-3-
gallate, the major catechin in green tea. Cancer Res 2005;65:10623-31.
Yun TK, Kim SH, Lee YS. Trial of a new medium-term model using
benzo(a)pyrene induced lung tumor in newborn mice. Anticancer Res
1995;15:839-46.

Manna S, Banerjee S, Saha P, Roy A, Das S, Panda CK. Differential
alterations in metabolic pattern of the spliceosomal UsnRNAs during
pre-malignant lung lesions induced by benzo(a)pyrene: modulation by
tea polyphenols. Mol Cell Biochem 2006;289:149-57.

Watanabe H, Shimokado K, Asahara T, Dohi K, Niwa O. Analysis of c-
myc, K-ras and p53 genes in methylcholanthrene-induced mouse
sarcoma. Jpn J Cancer Res 1999;90:40—7.

Tsuruyama T, Nakamura T, Jin G, Ozeki M, Yamada Y, Hiai H.
Constitutive activation of Stat5a by retrovirus integration in early pre-
B lymphomas of SL/Kh strain mice. Proc Natl Acad Sci 2002;99:
8253-8.

Pereira MA, Kramer PM, Conran PB, Tao L. Effect of chloroform on
dichloroacetic acid and trichloroacetic acid-induced hypomethylation
and expression of the c-myc gene and on their promotion of liver and
kidney tumors in mice. Carcinogenesis 2001;22:1511-9.

Castro IPD, Malumbres M, Santos J, Pellicer A, Piqueras JF.
Cooperative alterations of Rb pathway regulators in mouse primary
T cell lymphomas. Carcinogenesis 1999;20:1675-82.

Pereira MA, Li Y, Gunning WT, Kramer PM, Al-Yaqoub F,
Lubet RA, et al. Prevention of mouse lung tumors by budesonide
and its modulation of biomarkers. Carcinogenesis 2002;23:
1185-92.

Hernandez I, Maddison LA, Wei Y, DeMayo F, Petras T, Li B, et al.
Prostate-specific expression of p53%!7?" differentially regulates p21,
Bax, and mdm2 to inhibit prostate cancer progression and prolong
survival. Mol Cancer Res 2003;1:1036-47.

Wu C, Fujihara H, Yao J, Qi S, Li H, Shimoji K, et al. Different
expression patterns of Bcl-2, Bel-xl and Bax proteins after sublethal

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

forebrain ischemia in C57black/Crj6 mouse striatum. Stroke 2003;34:
1803-8.

Wang X, Michael D, Murcia GD, Oren M. P53 activation by nitric
oxide involves down-regulation of mdm2. J Biol Chem 2002;277:
15697-702.

Estensen RD, Jordan MM, Wiedmann TS, Galbraith AR, Steele VE,
Wattenberg LW. Effect of chemopreventive agents on separate stages
of progression of benzo(a)pyrene induced lung tumors in A/J mice.
Carcinogenesis 2004;25:197-201.

Harper CE, Patel BB, Wang J, Eltoum IA, Lamartiniere CA.
Epigallocatechin-3-gallate suppresses early stage, but not late stage
prostate cancer in TRAMP mice: mechanisms of action. Prostate 2007;
67:1576-89.

Yang GY, Liu Z, Seril DN, Liao J, Ding W, Kim S, et al. Black tea
constituents, theaflavins, inhibit 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone (NNK)-induced lung tumorigenesis in A/J mice. Carcino-
genesis 1997;18:2361-5.

Mimoto J, Kiura K, Matsuo K, Yoshino T, Takata I, Ueoka H, et al. (—)-
Epigallocatechin gallate can prevent cisplastin-induced lung tumor-
igenesis in A/J mice. Carcinogenesis 2000;21:915-9.

Yang G, Wang ZY, Kim S, Liao J, Seril DN, Chen X, et al.
Characterization of early pulmonary hyperproliferation and tumor
progression and their inhibition by black tea in a 4-(methylnitrosa-
mino)-1-(3-pyridyl)-1-butanone-induced lung tumorigenesis model
with A/J mice. Cancer Res 1997;57:1889-94.

Tang YL, Hu CP, Feng JT, Zhu JQ, Lin MJ. Regulation effect of nerve
growth factor on Ras—MAPK signal transduction pathway in
neurogenic inflammation of asthma. Zhong Nan da Xue Bao Yi Xue
Ban 2006;31:319-25.

Wong NA, Mayer NJ, Anderson CE, McKenzie HC, Morris RG,
Diebold J, et al. Cyclin DI and p21 in ulcerative colitis-related
inflammation and epithelial neoplasia: a study of aberrant
expression and underlying mechanisms. Hum Pathol 2003;34:
580-8.

Hudson JD, Shoaibi MA, Maestro R, Carnero A, Hannon GJ, Beach
DH. A proinflammatory cytokine inhibits pS53 tumor suppressor
activity. J Exp Med 1999;190:1375-382.

Li Q, Withoff' S, Verma IM. Inflammation-associated cancer: NF-kB is
the lynchpin. Trends Immunol 2005;26:318-25.

Makarov SS. NF-kB in rheumatoid arthritis: a pivotal regulator of
inflammation, hyperplasia, and tissue destruction. Arthritis Res 2001;
3:200-6.

Pei XH, Nakanishi Y, Takayama K, Bai F, Hara N. Benzo[a]pyrene
activates the human p53 gene through induction of nuclear factor kB
activity. J Biol Chem 1999;274:35240—6.

Xu Y, Ho CT, Amin SG, Han C, Chung FL. Inhibition of tobacco-
specific nitrosamine-induced lung tumorigenesis in A/J mice by green
tea and its major polyphenol as antioxidants. Cancer Res 1992;52:
3875-9.

Chung FL, Wang M, Hecht SS. Effects of dietary indoles and
isothiocyanates on N-nitrosodiethylamine and 4-(methylenitrosoa-
mino)1-O-pyridyl)-1-butanone a-hydroxylation and DNA methylation
in rat liver. Carcinogenesis 1985;6:539—43.

Anderson RF, Fisher LJ, Hara Y, Harris T, Mak WB, Melton LD, et al.
Green tea catechins partially protect DNA from OH radical-induced
strand breaks and base damage through fast chemical repair of DNA
radicals. Carcinogenesis 2001;22:1189-93.

Liang YC, Tsai DC, Lin-Shiau SY, Chen CF, Ho CT, Lin JK. Inhibition
of 12-o-tetradecanoylphorbol-13-acetate-induced inflammatory skin
edema and ornithine decarboxylase activity by theaflavin-3,3¢-
degallate in mouse. Nutr Cancer 2002;42:217-23.

Das M, Sur P, Gomes A, Vedasiromoni JR, Ganguly DK. Inhibition of
tumor growth and inflammation by consumption of tea. Phytother Res
2002;16:540—4.

Lin JK. Cancer chemoprevention by tea polyphenols through
modulating signal transduction pathways. Arch Pharm Res 2002;25:
561-71.



S. Manna et al. / Journal of Nutritional Biochemistry 20 (2009) 337-349 349

[50] Sartor L, Pezzato E, Dona M, Dell’Aica I, Calabrese F, Morini M, et al.
Prostate carcinoma and green tea: (—)epigallocatechin-3-gallate
inhibits inflammation-triggered MMP-2 activation and invasion in
murine TRAMP model. Int J Cancer 2004;112:823-9.

[51] Hou DX, Luo D, Tanigawa S, Hashimoto F, Uto T, Masuzaki S, et al.
Prodelphinidin B-4 3’-O-gallate, a tea polyphenol, is involved in the
inhibition of COX-2 and iNOS via the downregulation of TAK1-NF-
kB pathway. Biochemical Pharmacology 2007;74:742—51.

[52] Varilek GW, Yang F, Lee EY, deVilliers WJ, Zhong J, Oz HS, et al.
Green tea polyphenol extract attenuates inflammation in interleukin-2-
deficient mice, a model of autoimmunity. J Nutr 2001;131:2034-9.

[53] Balkwill F, Mantovani A. Inflammation and cancer: back to Virchow?
Lancet 2001;357:539-45.

[54] Hussain SP, Hofseth LJ, Harris CC. Radical causes of cancer. Nat Rev
Cancer 2003;3:276-85.

[55] Leone G, DeGregori J, Sears R, Jakoi L, Nevins JR. Myc and ras
collaborate in inducing accumulation of active cyclin E/Cdk2 and E2F.
Nature 1997;387:422-6.

[56] Peeper DS, Upton TM, Ladha MH, Neuman E, Zalvide J, Bernards R,
et al. Ras signaling linked to the cell-cycle machinery by the
retinoblastoma protein. Nature 1997;386:177-81.

[57] Sears R, Leone G, DeGregori J, Nevins JR. Ras enhances myc protein
stability. Mol Cell 1999;3:169—79.

[58] Levites Y, Amit T, Youdim MB, Mandel S. Involvement of protein
kinase C activation and cell survival/cell cycle genes in green tea
polyphenol (—)-epigallocatechin-3-gallate neuroprotective action. J
Biol Chem 2002;277:30574—80.

[59] Huh SW, Bae SM, Kim YW, Lee JM, Namkoong SE, Lee IP, et al.
Anticancer effects of (—)-epigallocatechin-3-gallate on ovarian carci-
noma cell lines. Gynecol Oncol 2004;94:760—8.

[60] Masuda M, Suzui M, Weinstein IB. Effects of epigallocatechin-3-
gallate on growth, epidermal growth factor receptor signaling
pathways, gene expression, and chemosensitivity in human head and
neck squamous cell carcinoma cell lines. Clin Cancer Res 2001;7:
4220-9.

[61] Roy AM, Baliga MS, Katiyar SK. Epigallocatechin-3-gallate induces
apoptosis in estrogen receptor-negative human breast carcinoma cells
via modulation in protein expression of p53 and Bax and caspase-3
activation. Mol Cancer Ther 2005;4:81-90.

[62] Shankar S, Ganapathy S, Srivastava RK. Green tea polyphenols:
biology and therapeutic implications in cancer. Front Biosci 2007;12:
4881-99.



	Tea polyphenols can restrict benzo[a]pyrene-induced lung carcinogenesis by altered expression o.....
	Introduction
	Materials and methods
	Animals and chemicals
	Experimental design
	Histological analysis
	Determination of in situ cell proliferation
	In situ cell death detection
	Analysis of gene expression by semiquantitative reverse transcription–polymerase chain reaction
	Immunohistochemistry
	Statistical analysis

	Results
	Effect of tea polyphenols on B[a]P-induced lung lesions
	Inhibition of B[a]P-induced lung hyperproliferation by tea polyphenols
	Induction of apoptosis in B[a]P-induced lung lesions by tea polyphenols
	Expression of proliferation and apoptosis-associated genes
	Expression of proliferation and apoptosis-associated genes in B[a]P-induced lung lesions in the.....
	Immunohistochemical analysis of the B[a]P-induced lung lesions

	Discussion
	Acknowledgments
	References




