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Abstract

Many phytochemicals possess cancer-preventive properties, some putatively through phase Il metabolism-mediated
mutagen/oxidant quenching. We applied human lung cells in vitro to investigate the effects of several candidate
phytopreventive agents, including green tea extracts (GTE), broccoli sprout extracts (BSE), epigallocatechin gallate
(EGCG), sulforaphane (SFN), phenethyl isothiocyanate (PEITC), and benzyl isothiocyanate (BITC), on inducing phase Il
enzymes glutathione S-transferase P1 (GSTP7) and NAD(P)H:quinone oxidoreductase 1 (NQOT) at mRNA and protein
levels. Primary normal human bronchial epithelial cells (NHBE), immortalized human bronchial epithelial cells (HBEC), and
lung adenocarcinoma cells (A549) were exposed to diet-achievable levels of GTE and BSE (0.5, 1.0, 2.0 mg/L), or individual
index components EGCG, SFN, PEITC, BITC (0.5, 1.0, 2.0 umol/L) for 24 h, 48 h, and 6 d, respectively. mRNA assays
employed RNA-specific quantitative RT-PCR and protein assays employed Western blotting. We found that in NHBE cells,
while GSTP1 mRNA levels were slightly but significantly increased after exposure to GTE or BSE, NQO1 mRNA increased
to 2- to 4-fold that of control when exposed to GTE, BSE, or SFN. Effects on NQO1 mRNA expression in HBEC cells were
similar. NQO1 protein expression increased up to 11.8-fold in SFN-treated NHBE cells. Both GSTP1 and NQO1 protein
expression in Ab49 cells were constitutively high but not induced under any condition. Our results suggest that NQO1 is
more responsive to the studied chemopreventive agents than GSTP7 in human lung cells and there is discordance
between single agent and complex mixture effects. We conclude that modulation of lung cell phase Il metabolism by

chemopreventive agents requires cell- and agent-specific discovery and testing. J. Nutr. 140: 1404-1410, 2010.

Introduction

Higher dietary intake of fruits and vegetables has been associ-
ated with protection against lung cancer and other lung
disorders in recent large epidemiologic observational studies
(1-4). Among the molecular mechanisms involved in this
protection, phase II carcinogen and oxidant detoxifying enzyme
induction play a major role in quenching phase I-bioactivated
carcinogens and inhaled or endogenously produced oxidants.
One strategy for lung cancer and other lung disease chemopre-
vention focuses on the use of natural or synthetic agents to
modulate the metabolism and disposition of endogenous and
environmental carcinogens and oxidants through upregulation
of phase II enzymes (5,6).

' Supported by Prevent Cancer Foundation (research fellowship to X.L. Tan), by
NIH-R21 CA 94714 (to S.D. Spivack), and by NIH-R01 CA 10618 (to S.D. Spivack).
2 Author disclosures: X. L. Tan, M. Shi, H. Tang, W. Han, and S. D. Spivack, no
conflicts of interest.

3 Supplemental Figures 1-4 are available with the online posting of this paper at
jn.nutrition.org.

* To whom correspondence should be addressed. E-mail: tan.xianglin@mayo.
edu.

1404

Both glutathione S-transferase (GST)® and NAD(P)H:qui-
none oxidoreductase 1 (NQOT1) are well-known phase II
metabolism enzymes catalyzing diverse reactions that collec-
tively result in broad protection against electrophiles and
oxidants. GST is composed of multiple cytosolic and mem-
brane-bound isoforms and primarily functions as a detoxifica-
tion enzyme by catalyzing the conjugation of glutathione to a
variety of electrophilic compounds, including carcinogens and
other cytotoxic chemicals (7). GSTP1, a GST isoform, has been
evaluated as a major metabolic phase I enzyme in nonmalignant
human lung by mRNA and protein expression (8,9) and by
activity (10). NQO1, a cytosolic flavoprotein, is best known for
protecting cells against the toxicities of quinones and their
metabolic precursors by catalyzing obligatory 2-electron reduc-

8 Abbreviations used: BITC, benzyl isothiocyanate; BSE, broccoli sprout
extract; DMSO, dimethyl sulfoxide; EGCG, epigallocatechin gallate; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; GST, glutathione S-transferase;
GTE, green tea extract; HBEC, human bronchial epithelial cells; ITC, isothiocy-
anate; MTT, 3-4,5-dimethylthiazol-2-yl-2, 5-diphenyl-tetrazolium bromide; NHBE,
normal human bronchial epithelial cell; NQO1, NAD(P)H:quinone oxidoreduc-
tase; PEITC, phenethyl isothiocyanate; SFN, sulforaphane.
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tion of these compounds, as well as acting as a coenzyme Q
(ubiquinone) reductase and facilitating the conversion of
a-tocopherolquinone to a-tocopherolhydroquinone, contribut-
ing to the maintenance of these important endogenous antiox-
idants (11,12). Many studies have shown that elevation of these
enzymes correlates with protection against chemical-induced
carcinogenesis in animal models (13,14). Knockout of either
GSTP1 or NQOT1 in mice led to significant increases in both
carcinogen-induced and spontaneous tumorigenesis (15-18).
Epidemiological studies in humans have shown an increased risk
of lung cancers in individuals who carry a null genotype or a
genotype that causes a significant decrease in enzyme activity of
a GST isoform or NOQ1 (19-22).

The isothiocyanates (ITC) are a family of compounds with
potential cancer chemoprevention activity. It is thought that an
important mechanism by which ITC inhibit tumorigenesis is to
suppress proliferation of oncogenic cells by inducing apoptosis
and arresting cell cycle progression. Extensive literature suggests
that a major component of chemopreventive activity of ITC
occurs via induction of genes encoding phase II enzymes (23-235).
Naturally occurring ITC found abundantly in cruciferous vege-
tables, including sulforaphane (SFN), phenethyl-isothiocyanate
(PEITC), and benzyl-isothiocyanate (BITC) have demonstrated
the induction of phase II genes, such as GSTP1 and NQO1
(26,27). Additionally, green tea and 1 of its components,
epigallocatechin gallate (EGCG), are prepared with minimal
oxidation of polyphenols and have been shown in animal studies
and human epidemiological studies to prevent cancer, including
lung cancer (28). Extensive laboratory studies in a variety of cell
culture systems and in limited animal models have further
demonstrated that green tea polyphenols afford protective effects
from diverse types of carcinogens and induce phase II enzyme
activity that could lead to enhanced detoxification process
(29,30).

However, little testing has yet been reported in normal lung
cells, which are target cells for such agents. Furthermore, in
many cases, the effects of the chemopreventive agents in cultured
cells or tissues are only achievable at supraphysiological
concentrations; such concentrations might not be attained
when the phytochemicals are administered as part of diet.
Additionally, the differential effects of crude extracts and
purified phytochemicals on stimulating gene expression are
seldom addressed. In an effort to identify candidate chemo-
preventive agents for experimentally augmenting GSTP1 and
NQOT1 expression at diet-achievable levels [e.g. 1.0 wmol/L
EGCG and SFN (31-34)], we tested a panel of 6 dietary
compounds and mixtures in 3 human cell lines at 3 concentra-
tion levels and 3 time points (24 h, 48 h, and 6 d). The 6 testing
mixtures/compounds were: green tea extracts (GTE), broccoli
sprout extracts (BSE), green tea-derived EGCG, crucifer-derived
SFN, PEITC, and BITC. The 3 human cell lines were: primary
normal human bronchial epithelial (NHBE) cells, immortalized
human bronchial epithelial cells (HBEC), and overtly malignant
lung adenocarcinoma A549 cells.

Materials and Methods

Chemicals and materials. GTE, named Sunphenon 90DCEF was
obtained from Taiyo International. According to the manufacturer’s
information, the GTE (purity >99%) powder contained >80%
ployphenols, of which 82.66% were catechins, including 55.67% being
the catechin EGCG and <1% caffeine. BSE (35) were kindly provided by
Dr. Zhang in the Department of Chemoprevention at Roswell Park
Cancer Institute, Buffalo, NY. SEN (purity 98.3%) was purchased from

LKT Laboratories. BITC (purity 98%), PEITC (purity 99%), and EGCG
(purity = 97%) were purchased from Sigma-Aldrich.

Cell lines and culture. NHBE cells (BioWhittaker) were maintained in
bronchial epithelial cell growth medium containing Clonetics bronchial
epithelial cell basal medium with supplements provided by BioWhit-
taker. Immortalized HBEC, courtesy of Dr. Minna at the University of
Texas Southwestern Medical Center (36), were cultured with keratino-
cyte serum-free medium (Life Technologies) containing 50 mg/L bovine
pituitary extract with 5 ug/L epidermal growth factor. A549 (American
Tissue Culture Collection) were cultured in F-12K nutrient mixture
(Invitrogen). Cells were routinely fed 24 h before exposure, then were
incubated with 0.5, 1.0, 2.0 mg/L mixtures (1.0 mg/L GTE containing
1.2 umol/L EGCG; 1.0 mg/L BSE containing 1.4 wmol/L total ITC) or
0.5, 1.0, 2.0 umol/L single index compound for 24 h, 48 h, and 6 d,
respectively [1.0 wmol/L is a diet-achievable serum concentration for
EGCG and SFN (31-34)].

Assay for cell viability. Because NHBE cells in pilot studies were most
sensitive to the agents, cell viability was assessed for NHBE cells by
visual inspection of the plates under light microscopy and the use of the
3-4,5-dimethylthiazol-2-yl-2, 5-diphenyl-tetrazolium bromide (MTT)
Cell Growth Assay (Millipore). The MTT assay allows quantitative
analysis of cell viability via endogenous mitochondrial metabolic
activity. NHBE cells were plated into 96-well tissue culture plates and
grown for 24 h. Medium was discarded and replaced with medium
containing serial dilutions of phytochemicals. After incubation at 37°C
for 48 h, 10 uL of MTT (5 g/L PBS) was added to each well and the plates
were incubated at 37°C for another 4 h. Then 100 uL isopropanol with
0.4 mol/L HCl and 50 uL dimethyl sulfoxide (DMSO) were added to
solubilize the formazan crystals at room temperature. Within 1 h, the
absorbance was measured on an ELISA plate reader with a test
wavelength of 570 nm and a reference wavelength of 630 nm. Cells
were tested in 2 independent assays (biological duplicates) with each
containing 3 technical replicates.

Quantitative real-time RT-PCR. Total RNA was prepared by the Mini
RNA isolation kit (ZYMO Research) according to the manufacturer’s
instructions. RT was performed with our universal tagged RT primer
using SuperScript II Reverse Transcriptase (Life Technologies), as
previously described (8,37,38) The cDNA products were then applied
to quantitative real-time PCR immediately or stored at —20°C until use.

The quantitative real-time PCR for GSTP1 and NQO1 was
performed in Applied Biosystems 7500 Real-Time PCR System (Applied
Biosystem) using a previously published RNA-specific strategy that is
unconfounded by any contaminating genomic DNA pseudogene se-
quence encoding target transcripts (GSTP1 and NQO1) and reference
“housekeeper” internal transcript (GAPDH, glyceraldehyde-3-phosphate
dehydrogenase) (37). A primer pair 5'-TGA AGA AGA AAG GAT GGG
AGG-3' (sense) and 5'-AGG GGG AAC TGG AAT ATC AC-3’
(antisense) was used for amplification of the NQO1 gene. The primers
for GSTP1 and GAPDH amplification and the component of PCR
reactions, as well as PCR conditions, have been described elsewhere (38).
All real-time PCR were performed in technical triplicates for each
sample. Each exposure condition for mRNA analysis was reproduced
and confirmed by 1 additional independent experiment, representing
biological duplicates.

Western blot analysis. The treated and untreated cells were washed 2
times with PBS (pH 7.0) and harvested after Trypsin/EDTA treatment.
The cells were then lysed by incubation at 37°C for 10 min with a
solution containing 0.8 % digitonin and 2 mmol/L EDTA (pH 7.8). Each
whole-cell lysate was centrifuged at 10956 X g, 4°C for 3 min, and the
supernatant fluid was stored at —80°C for GSTP1 or NQO1 protein
assay. Protein assay was performed by Western blotting using Western-
Breeze Chemiluminescent Western blot immunodetection kit (Invitro-
gen). Briefly, after quantification of total protein level using BCA protein
assay reagent kit (Pierce), each cell lysate sample (15 ug) was subjected
to electrophoresis in 10% acrylamide NuPAGE Novex Bis-Tris dena-
turing gels (Invitrogen). Proteins were then blotted onto nitrocellulose

GSTP1 and NQOT modulation in lung 1405



membranes (Invitrogen). Blots were blocked and treated with the
antibodies according to the manufacturer’s instructions. Rabbit poly-
clonal to GSTP1 (Oxford Biomedical Research), NQO1 (Abcam), and
GAPDH (Imgenex) primary antibodies were diluted at 0.1 mg/L in block
solution for 2 h at room temperature with the blotted membranes. The
secondary anti-rabbit antibodies, supplied in the WesternBreeze kit, were
incubated with the membranes for 30 min at room temperature.
Detection was accomplished with a ready-to-use CDP-Star chemilumi-
nescent substrate for alkaline phosphatase kit exposed on Kodak
X-OMAT film (Sigma-Aldrich). Western blotting assays were performed
in 3 independent experiments representing biological triplicates.

Genotyping of the 3 cell lines for functional GSTP1 promoter
haplotypes by cloning and sequencing. Our laboratory previously
identified 10 promoter polymorphisms in the GSTP1 gene, which were
statistically grouped into 3 main haplotypes (Hap1, Hap2, and Hap3)
(39). Given previously observed GSTPI promoter haplotypes and
unpredicted inhibitory chemopreventive agent-haplotype interactions
(39), the GSTP1 promoter haplotypes of the 3 cell lines were determined
through cloning and sequencing, as described previously (40). Briefly, a
1616-bp fragment of the GSTP1 promoter region from —1804 to —199
(containing all the known SNP variants previously identified) was
amplified by PCR. The PCR products were purified and ligated into
pCR8/GW/TOPO TA cloning vector (Invitrogen) and transfected into
One Shot Mach1-T1R Chemically Competent Escherichia coli (Invi-
trogen). DNA from individual clones was sequenced on a Perkin-Elmer
Biosystems ABI PRISM 377XL automated sequencer.

Data and statistical analysis. The data from the MTT assay were
normalized to the untreated control (100% viability). We initially used
2-way ANOVA to test the effects of agent, dose, and their interaction.
We then separately tested agent and dose response effect by 1-way
ANOVA with post hoc Dunnett’s test for comparing groups to the
control. Results were expressed as means = SEM, # = 2 means of
triplicate measures.

The mRNA expression data for the target gene GSTP1 and NQO1
were first quantitated relative to the expression of the housekeeping gene
GAPDH following the AACt method (41) and then normalized to the
background expression in the vehicle, DMSO- or deionized water-
treated cells at the respective time points by using the following formula:
Relative gene expression = (1/[2Cttarget) — Crthousekeeper)) for treqted
group)/ (1/[2C(targe) - Cethousekeeper)) £ HMSO or deionized water).

For evaluation of the modulation of GSTP1 and NQO1 mRNA, we
initially used 4-way ANOVA with interaction terms to test if there was
any agent, cell line, dose, time and their interaction effects. To address
the dose effects in the fixed cell line, agent and time point, we tested dose
response effect using post hoc Dunnett’s test with residual variation
estimated from the 4-way ANOVA to compare groups to the control.
Results were expressed as means = SEM, n = 2 means of triplicate
measures.

Western blot was performed for 3 cell lines after exposure to 2.0
pmol/L or 2.0 mg/L of the agents for 24 h, 48 h, or 6 d. Protein
expression was quantified by densitometry with a scanning laser
densitometer (Molecular Dynamics). The relative density ratio of
GSTP1 or NQO1 protein band to GAPDH was normalized by arbitrarily
setting the ratio for untreated control at that time point as 1.0. For
evaluation of the modulation of GSTP1 and NQO1 protein, we initially
used 3-way ANOVA with interaction terms to test if there is any cell line,
agent, time, and their interaction effect. To address the effects of agents
in the fixed cell line and time point, we tested agent effect by post hoc
Dunnett’s test with residual variation estimated from the 3-way ANOVA
to compare groups to the control. Results were expressed as means =
SEM, n = 3. ANOVA was performed using SAS 9.1 for Windows and the
Dunnett’s test was done manually. All differences were considered
significant at P < 0.05.

Results

Inhibition of cell proliferation. Exposure of NHBE cells to
GTE, BSE, EGCG, SFN, PEITC, and BITC for 48 h at a
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concentration range of 0.5-20 umol/L or mg/L caused a dose-
dependent inhibition of cell proliferation, with the relative
antiproliferative activity of BITC > PEITC > BSE > SFN >
EGCG > GTE (Fig. 1A). Each agent had dose-dependent effects
(P < 0.05). After 48-h exposure to 2.0 umol/L BITC, PEITC,
SFN, and EGCG, and 2.0 mg/L. GTE and BSE, effects of the
agents differed from one another (P < 0.05). NHBE cells were
41.1, 46.7, 56.3, 64.2, 67.8, and 52.1% nonviable after 48 h
exposure to 10 umol/L BITC, PEITC, SFN, and EGCG and
10 mg/L GTE and BSE, respectively. Morphologically, we ob-
served that cell growth was inhibited after 48 h exposure to
BITC or PEITC at 10 umol/L or for BSE at 10 mg/L. However,
SFN and EGCG at 10 wmol/L and GTE at 10 mg/L caused little
change in cell morphology (Fig. 1B). We did not find apparent
morphological changes in cells exposed to vehicle or 2.0 umol/L
EGCG, SFN, or PEITC or 2.0 mg/L. GTE or BSE, respectively.
Our results for the cytotoxicity of BITC, PEITC, and SFN are
comparable with previous studies (42,43). In subsequent exper-
iments, we chose concentrations of tested compounds whereby
NHBE cells were =80% viable after 24 h exposure.

mRNA expression of GSTP1 and NQO1. GSTP1 (Fig. 2A)
and NQO1 (Fig. 2F) mRNA expression in NHBE cells showed
increases after exposure to 2.0 mg/L GTE. There were 70 and
80% increases to 1.7 times (for 24 h) and 1.8 times (for 48 h) the
control value for NQO1 mRNA expression after application of
2.0 mg/L GTE and a maximum increase of 3.3-fold after 6 d
application of 2.0 mg/L GTE in NHBE cells. However, exposure
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FIGURE 1 Cytotoxicity of GTE, BSE, EGCG, SFN, PEITC, and BITC
in NHBE cells. (4) Cells were treated with each of the agents for 48 h.
Data are means = SEM, n = 2 means of triplicate measures. For each
agent, the effect of the dose was significant. Agents differed
significantly from one another at 2 units/L with differences shown at
20 units/L where means without a common letter differ, P < 0.05. (B)
Phase contrast images of NHBE cells after 48 h treatments.
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to the index single compound EGCG component of GTE alone
did not induce mRNA expression of GSTP1 and NQO1, even at
the highest concentration of 2.0 wmol/L (data not shown).

Additionally, we found NQO1 mRNA expression increased
after exposure to 2.0 mg/L BSE (containing SFN, PEITC, and
BITC) (Fig. 2G) as well as to the BSE index component SFN
alone (Fig. 2H) in NHBE cells. SFN showed a significant
increase of NQO1 mRNA expression at the lower concentration
of 0.5 and 1.0 umol/L, whereas PEITC and BITC had consistent
decreases of NQO1 expression at the concentrations of 0.5, 1.0,
and 2.0 wmol/L (Fig. 21, J). GSTP1 mRNA expression signif-
icantly increased upon exposure to 2.0 mg/L BSE (Fig. 2B) but
not in response to the single components SEN, PEITC, and BITC
(Fig. 2C-E).

In HBEC and A549 cells, we observed parallel effects of these
agents on mRNA expression of GSTP1 and NQOT1 (Supple-
mental Figs. 1 and 2). SFN exposure increased NQO1 mRNA
expression in NHBE and HBEC cells but not in A549 cells, while
GTE persistently induced GSTP1T mRNA expression in NHBE
cells but not in HBEC3 and A549 cells.

Protein expression of GSTP1 and NQO1. We determined the
levels of GSTP1 and NQOT1 protein in NHBE cells after
exposure to the panel of agents for 24 h, 48 h, and 6 d (Fig.
3). NQO1 protein expression significantly increased after
application of plant-derived mixtures of GTE and BSE as well
as a single component SFN, PEITC, and BITC. It showed a

2 mg/L

2 mg/L

FIGURE 2 Modulation of GSTP1 (A-£) and NQO1
(F~J) mRNA expression by the chemopreventive
agents in NHBE cells. Values are expressed as fold
of vehicle-treated control at that time and are
means = SEM, n = 2 means of triplicate measures.
Different from the vehicle-treated control at that

2 pmol/L time, *P < 0.05.

2 ymol/L

maximum increase of 11.8-fold after 6 d of application of
2.0 umol/L SFN. However, GSTP1 protein expression did not
change in NHBE cells after exposure to the studied agents.

We also examined the modulation of GSTP1 and NQO1
protein levels in HBEC and A549 cells. We observed increases of
NQOT1 protein level in HBEC only at 1 time point, 48 h upon
exposure to SEN, PEITC, BITC, GTE, or BSE, with a maximum
increase of 7.5-fold by 2.0 wmol/L SFN (Supplemental Fig. 3).
The level of GSTP1 and NQO1 protein did not show significant
increases in A549 cells under any of the investigated conditions
(Supplemental Fig. 4).

Genotypes of GSTP1 promoter haplotypes in the 3 cell
lines. NHBE, HBEC, and A549 cells were genotyped for
previously reported GSTP1 promoter haplotypes (39) through
cloning and sequencing. The 3 most frequent haplotypes (HAP1,
HAP2, and HAP3) (40) were also found in these 3 cell lines. The
NHBE primary cell line employed was HAP1/HAP3 heterozy-
gous, HBEC was HAP1/HAP1 homozygous, and A549 was
HAP2/HAP2 homozygous.

Discussion

In this investigation, we experimentally tested the hypothesis
that commonly studied, naturally occurring mixtures and
corresponding index component compounds persistently induce
phase II metabolism enzymes in normal, immortalized, and
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FIGURE 3 Modulation of GSTP1
and NQO1 protein expression by the
chemopreventive agents in NHBE
cells. (A-C) Cells were treated with
0.1% water or 0.1% DMSO vehicle
and 2.0 umol/L EGCG, SFN, PEITC, or
BITC,and 2.0 ng/L GTE or BSE for24 h
(A), 48 h (B), and 6 d (C), respectively.
D, E: Densitometry analysis of relative
GSTP1 (D) and NQO1 (E) protein
expression. Values are expressed as
fold of the untreated control at that
time and are means = SEM, n = 3.
Different from the untreated control at
that time, *P < 0.05, ** P< 0.01. O,
untreated control.

o

C GSTP1R

malignant human bronchial cells. This initial exploration is
unique in that it explores chemoprevention-induced expression
modulation in primary lung cells at diet-achievable levels. It is
apparent that phase II induction occurs on a lung cell line-
specific basis and is not uniform across putative phase II active
mixtures and index compounds.

We acknowledge that results in whole organisms may diverge
from those in the cultured cells in part because of liver or other
organ metabolism of ingested phytochemicals mixtures and
agents, and therefore results in the cultured cells could be
misleading if taken in isolation. Nonetheless, this study has
potentially important implications for screening or evaluating
chemopreventive agents for the lung, given that antioxidant
phase II enzymes play a pivotal role in quenching phase
I-bioactivated carcinogens, along with inhaled or endogenously
generated oxidants. The machinery for this metabolism resides
in both lung epithelial tissue and these lung epithelial cells in
culture, as previously reported (8,39).

Several plant-derived mixtures/compounds had previously
been identified as inducer of phase II enzymes in other cellular
contexts. Among them, SFN has received much attention over
the past decade, when it was found to be the most potent
naturally occurring inducer of phase Il enzymes in both animals
and humans (6,44,45). In our current study, SFN had a
significant inductive effect on NQO1 mRNA expression at the
lower concentrations of 0.5 and 1.0 umol/L. NQO1 protein
expression in NHBE cells was induced up to 12-fold by SFN as
well as less potent induction by PEITC, BITC, GTE, and ITC.
There was a modest effect in HBEC cells and none in A549 cells.
There are many possible reasons why responses could have
differed from primary normal, to target gene immortalized, to
overtly malignant lung cells. We speculate that the redox
regulatory features of both immortalized (stable CDK and
hTERT overexpressing) HBEC cells and malignant cells are
somehow different from the native, nonimmortalized cells. The
mechanisms driving these differences warrant further investiga-
tion but remain well beyond the scope of this study.

Time- and dose-dependent responses by SFN have been
reported, but the induction levels, activities, and/or the type of
phase II enzyme varied with the cell lines, in a study of 7
established malignant mammalian cell lines (46). Our current
expression results in lung cells are in part consistent with
previous reports. Yoxall et al. (47) showed that SFN at a typical
dietary dose stimulated NQO1 in a dose-dependent fashion but
failed to influence GST, epoxide hydrolase, and uridine diphos-
phate-glucuronosyl transferase activities in rat livers exposed to
SFN in their drinking water for 10 d, equivalent daily doses of 3
and 12 mg/kg. McWalter et al. (48) also showed that treatment
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with SFN at 5 umol/L induced NQO1 catalytic activity 4.5- and
5.2-fold in mouse hepatoma Hepa-1c1c7 and rat liver-derived
RL-34 cells, respectively. By contrast, GST activity did not
increase to the same extent in either cell line. Western blotting
showed that a 10-fold increase of NQO1 protein can be readily
achieved by the broccoli seed extracts at an estimated concen-
tration of 0.6 umol/L total ITC and § umol/L SFN. Recently,
Riedl et al. (49) reported that oral SFN increased phase II
enzyme expression in human nasal lavage cells ranged from
101% for GSTP1 to 199% for NQO1 at the highest dose of 200
g broccoli sprout prepared as broccoli sprout homogenate.
These results suggested that GST was notably less sensitive than
NQOT1 to induction by ITC, including SFN.

Why one ARE-containing regulatory apparatus (NQO1) in
NHBE cells could drive responsiveness to an exogenous agent,
but not another ARE-containing gene apparatus (GSTP1), is not
clear. Competing transcription factors and motifs, or epigenetic
mechanisms (methylation, histone modification, microRNA
binding) could be at play. Parenthetically, we have previously
shown subtle differences in upstream methylation in the GSTP1
promoter between NHBE and A549, concordant with the
differing respective basal expression levels (50). Also, while not
tested directly against other NHBE cell haplotypes, the GSTP1
response to the phytochemicals in NHBE from a donor
heterozygous for Haplotype 3 did not suggest a major impact
of GSTP1 promoter haplotype on in vitro responses to
phytopreventive agents, which were modest overall. The ob-
served inhibition of SFN and BITC for GSTP1 mRNA expres-
sion in NHBE cells was partially supported by our previous
findings (39).

GSTP1 and NQO1 expression in A549 cells were constitu-
tively high but not induced by the agents under all conditions.
The reason for the nonresponsiveness of GSTP1 and NQO1 in
A549 cells is unclear but could reflect constitutively high redox
cycling, which is known to occur in malignant cells. Given that
upregulation of phase Il metabolism in malignant cells is known
to confer resistance to several chemotherapeutic agents (e.g.
platinum-based therapy) (51,52), this nonresponsiveness of
GSTP1 would not appear to be, on the surface, detrimental
for phase Il-directed chemopreventive agent safety in this
setting. That is, high-risk patients already harboring undetected
malignant cells who might inadvertently be placed on chemo-
prevention agents prior to recognition and surgery/chemother-
apy treatment for a clinical adenocarcinoma, we speculate,
would presumably not suffer an iatrogenic chemopreventive
agent-induced resistance to platinum-based or other chemother-
apy by virtue of phase II pathway induction. Of course, this
possibility would warrant direct human testing.



Although the GTE had some modest inductive effect uniquely
on NQOT1 expression, the component single compound tea
component EGCG notably failed to induce mRNA expression of
NQOI. For the Brassica mixture BSE components, where the
overall mixture had some inductive effect, components PEITC
and BITC may actually decrease the mRNA levels of GSTP1 and
NQO1, although they may appear to elevate the protein level of
NQO1 in NHBE uniquely. This discordance between single
agent vs. complex mixture exposure effects is a common theme
running through the phytopreventive literature (53,54). For
example, Netsch et al. (53) showed that GTE, but not EGCG,
significantly induced cytochrome P450 1A2 mRNA expression
in LS-180 cells. Yan et al. (54), looking at tumor incidence and
multiplicity, recently reported that aerosolized polyphenon E,
containing 65% EGCG, 25% other catechins, and ~0.5%
caffeine, decreased lung tumor load by ~59%, but aerosolized
EGCG, both at the same and at a higher dose, failed to inhibit
lung carcinogenesis in A/J mice treated with benzo(a)pyrene. It
is possible that EGCG could still be an active compound, but for
antitumor activity, it may require another component that is
present in green tea or the polyphenon E formulation used, and,
as such, none of the other components in the polyphenon E
mixture may be biologically active without EGCG or vice versa.
This speculation warrants further evaluation.

Overall, both GTE and BSE may be inducers of phase II
metabolism, particularly NQO1, but they seem to be of relatively
low potency in normal human lung cells. While the studies
provide evidence for mild-to-moderate NQO1-based phase II
induction by specific, commonly studied plant-derived agents
uniquely in normal human lung cells (e.g. SFN), in the majority of
conditions, these effects occur largely at doses above those easily
achievable in conventional or modestly supplemented ad libidum
diets. More potent inducers might offer more promise for
augmentation of this phase Il enzyme pathway in the prevention
of lung cancer. Toward this discovery, high-throughput screening
of a plant-derived library has commenced in our laboratory.
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