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Previous studies have demonstrated transcriptional induction of thioredoxin reductase (TR) by
sulforaphane (SF) purified from broccoli; the mechanism of induction is via an antioxidant response
element (ARE) in the promoter region of the gene. The purpose of the present study was to further
characterize the induction of TR by compounds in broccoli and to determine if SF is the primary
compound responsible for this induction. Aqueous extracts were made from broccoli with low or high
concentrations of selenium (Se) and/or SF and tested in a TR/luciferase reporter gene system in
cultured cells. Phenolic acids commonly found in broccoli (sinapic, caffeic, ferulic, and protocatechuic)
and ascorbic acid were also tested. At SF concentrations of e2 µM, broccoli extracts and purified SF
activated transcription equally well, but 4 µM SF in broccoli extracts resulted in almost twice as much
induction as 4 µM purified SF (P < 0.05). All broccoli extracts significantly increased TR and quinone
reductase activity relative to controls (P < 0.05), but only extracts highest in Se increased glutathione
peroxidase activity (P < 0.05). No phenolic acids tested induced transcription, but ascorbic acid
resulted in modest dose-dependent induction between 0 and 120 µM (P < 0.001). These data suggest
that SF accounts for most of the ARE-activated transcriptional induction of antioxidant genes by
broccoli.
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INTRODUCTION

Oxidative stress may initiate molecular events in the cancer
process, and reduction of oxidative stress may protect against
carcinogenesis (1). Numerous foods contain bioactive com-
pounds with putative antioxidant properties, and a number of
in vitro tests have been developed that assess the ability of a
food extract to reduce an oxidized substrate (2). However, the
problem with many of these tests is a lack of evidence of a
correlation between in vitro reduction of an oxidized substrate
and positive in vivo changes. A variety of enzymes, including
many in the phase II detoxification system, eliminate oxidative
stressors; thus, compounds that up-regulate these enzymes may
be considered antioxidants with in vivo function (3). The
antioxidant responsive element (ARE) is a cis-acting element
in the promoter of numerous phase II and antioxidant genes
that acts to turn on transcription in response to certain chemical
signals (4). Activation of the ARE begins with a bioactive
chemical that interfaces with a redox sensitive tethering protein
(keap1) causing the release of the transcription factor Nrf2,
which translocates to the nucleus and binds to a promoter-

embedded ARE (5). Because many genes up-regulated by the
ARE catalyze the destruction of reactive oxygen species,
activation of an ARE may be a measure of in vivo antioxidant
potential (6).

Mammalian thioredoxin reductase (TR) is a selenium (Se)-
dependent enzyme with in vitro antioxidant ability; Se avail-
ability partially regulates TR production through a translational
mechanism (7). TR reduces a variety of molecules including
lipoic acid, small thiols, lipid hydroperoxides, NK-lysin, vitamin
K3, dehydroascorbic acid, ascorbyl free radical, and the tumor
suppressor d protein p53 (7) and indirectly regenerates oxidized
vitamin E semiquinone through reduced ascorbate (8). We have
previously reported that a TR/luciferase reporter gene construct
is transcriptionally regulated by broccoli-derived sulforaphane
(SF) through an ARE sequence (9). This observation has led to
the hypothesis of the duality of regulation of TR; it responds to
Se availability similar to a classic selenoprotein, but, similar to
many phase II proteins, it also responds to transcriptional
activation through the ARE.

The consumption of cruciferous vegetables such as broccoli
is associated with protection against cancer at several sites
including the prostate (10), bladder (11), and breast (12). The
protective mechanism effect is thought to be activation of phase
II antioxidant and detoxification enzymes, perhaps mediated
through an ARE (13). Mice with a disrupted Nrf2 gene were
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more sensitive to benzopyrene-induced tumors than wild-type
animals, and wild-type mice were partially protected from
carcinogenesis by treatment with oltipraz (a well-characterized
phase II enzyme inducer), whereas Nrf2 knockout mice were
not protected (14). Sulforaphane is the most potent dietary
inducer of phase II enzymes (15). Purified SF induces TR
transcription through an ARE (9), but it is unknown whether
whole extracts of broccoli also induce TR.

Broccoli also contains numerous antioxidant substances that
could potentially induce antioxidant enzymes (16, 17), and
combinations of these may synergistically increase phase II
enzyme expression (18,19). Phenolic acids have antioxidant
(20, 21) and anticarcinogenic activities (22-24), and multiple
phenolic acids are found in broccoli (25). Apart from sweet red
peppers, broccoli also contains the most vitamin C per serving
of commonly consumed vegetables [∼100 mg/serving (26)], and
vitamin C has been extensively studied for its antioxidant
properties (27). Hepatic TR reduces dehyroascorbic acid (DHA)
to the active antioxidant form of ascorbic acid (AA) (8).
Consequently, cells exposed to increased concentrations of AA
may require a concomitant increase in TR expression.

The primary objective of the present study was to characterize
the ability of aqueous extracts of broccoli, as well as substances
in broccoli other than SF, to induce TR. Broccoli accumulates
Se, and Se-enriched broccoli suppresses colon (28) and mam-
mary cancers (29). However, Se fertilization decreases the SF
content (25) of broccoli; thus, Se fertilization makes it possible
to produce broccoli with widely different ratios of SF and Se.
A secondary objective of this study was to use extracts of these
broccoli plants to characterize the differential effects of SF and
Se on activity of TR, quinone reductase (QR), and glutathione
peroxidase (GSH-Px). Finally, this paper provides supporting
evidence that dietary constituents help to regulate TR in a
manner similar to other phase II proteins, providing additional
evidence for multiple controls on TR production and activity.

MATERIALS AND METHODS

Broccoli Extracts. Broccoli plants with different concentrations of
Se and SF were produced as described elsewhere (25). The concentra-
tions of Se and SF were inversely related (Table 1), resulting in three
types of broccoli: broccoli with high SF and low Se, broccoli with
intermediate SF and Se, and broccoli with low SF and high Se. Cell
culture experiments used extracts of the various broccolis; extracts were
generated by hydrolyzing 3 g of freeze-dried broccoli in 60 mL of
deionized water for 24 h at room temperature. Extracts were then
centrifuged at 3000 rpm for 10 min, and the supernatant was passed
through a Büchner funnel using no. 1 Whatman filter paper. The Se
content of extracts was determined by hydride generated atomic
absorption spectroscopy (30) and SF by HPLC (31).

Cell Culture. Enzyme activity studies were conducted in Hepa1c1c7
mouse hepatoma cells (ATTC) seeded at 1× 106 cells/flask in 75 cm2

culture flasks. Cells were grown for 24 h in control medium (R-modified
MEM with 26.2 mM sodium bicarbonate and 10% fetal bovine serum).
Experimental media contained 1.79% broccoli extracts (v/v) resulting
in the following treatments: (1) low-SF broccoli extract, (2) moderate-

SF broccoli extract, and (3) high-SF broccoli extract. Treatments were
left on cells for 24 h, and then cells were trypsinized, centrifuged at
5000 rpm for 5 min, washed with PBS, recentrifuged, and lysed by
sonication.

Reporter gene experiments used human hepatoma HepG2 cells
obtained from ATCC and seeded at 8.0× 105 cells/dish grown for 24
h on 60× 15 mm collagen-coated culture dishes (Corning) in MEM
medium (Sigma) with 2.2 M sodium bicarbonate, 1 mM sodium
pyruvate, and 10% fetal bovine serum. After 24 h, cells were transfected
with pGL3 luciferase reporter constructs (Promega) containing the entire
TR promoter (9) along with pRL-SV40, an expression vector for renilla
luciferase (Promega). Transfections were performed using FuGene6
according to the manufacturer’s instructions (Roche Biochemicals).
Twenty-four hours after transfection, media were changed and experi-
mental treatments added.

Experimental Treatments.The effect of SF on ARE activation was
studied by adding different amounts of high-SF broccoli extract to
control cell culture media, resulting in SF contents of 0.5, 1, 2, and 4
µM. Likewise, low-SF broccoli extracts were used resulting in SF
concentrations of 0.1, 0.2, 0.4, and 0.8µM. Broccoli extracts were
compared to media that used purified SF in concentrations of 0.5, 1.0,
2.0, and 4.0µM. Sulforaphane was HPLC-purified from broccoli seed
according to the method of Matusheski et al. (31). Enzyme activity in
Hepa1c1c7 cells was determined with treatments of 1.79% of the three
extracts, resulting in Se/SF concentrations of 2 nM and 4.3µM, 500
nM and 2.8µM, and 5µM and 0.7µM (concentrations of Se and SF,
respectively); these treatments were compared to control medium with
0 Se and 0 SF.

Phenolic acid (ferulic, sinapic, caffeic, and protocatechuic; Sigma)
activation of reporter constructs used media that was formulated with
increasing concentrations of test chemicals compared to control media
and media containing 2µM SF. Phenolic acids were dissolved in
dimethyl sulfoxide (DMSO), and all media contained 0.1% DMSO.
Vitamin C studies used ascorbic acid (Sigma) dissolved directly in the
basal media. After 24 h of exposure to experimental treatments, cells
were washed with PBS, lysed in 1.8 mL of passive lysis buffer
(Promega) for 15 min at room temperature, transferred to 2 mL tubes,
and then frozen at-80 °C.

Biochemical Analysis.Enzyme Assays.Quinone reductase activity
was determined according to the method of Benson et al. (32), and
specific activity is reported as nanomoles of DPIP reduced per minute
per milligram of protein. Thioredoxin reductase activity was deter-
mined by following the reduction of 5,5-dithiobis[2-nitrobenzoic acid]
(DTNB) at 412 nm in the presence of NADPH (33). Enzymatic TR
activity was determined by subtracting the time-dependent increase in
absorbance at 412 nm in the presence of the TR activity inhibitor
aurothioglucose (20 mM) from total TR activity. One unit of activity
is described as 1 mmol of TNB formed per minute per milligram of
protein. Glutathione peroxidase activity was determined using the
coupled enzyme method of Paglia and Valentine (34) using H2O2

as the substrate and NADPH as the source of reducing equivalents.
Protein concentrations were measured by the Bio-Rad assay (Hercules,
CA) on a SpectraMax 190 plate reader (Molecular Devices, Sunnyvale,
CA).

Luciferase Assay.Cell lysates were analyzed for firefly and renilla
luciferase activities by using the dual-luciferase reporter assay system
(Promega), following the manufacturer’s protocol. Luminescence was
measured on a Turner Designs TD 20/20 luminometer (Sunnyvale, CA).
To normalize data, all values were reported as the ratio of firefly
luminescence (experimental plasmid) to renilla luminescence (pRL-
SV40, noninducible plasmid).

Statistical Analysis. Treatment effects were determined by one-
way ANOVA. When a significant effect (P < 0.05) was found, Tukey’s
Studentized range was used to determine differences between means
(35).

RESULTS

Broccoli Extracts and Enzyme Activities. All broccoli
extracts significantly increased TR and QR activities relative
to controls (P < 0.05; seeFigure 1A,B). Thioredoxin reductase

Table 1. Selenium and SF Concentrations of Broccoli Extractsa

Se content
(mg/kg) extract Se (µM) extract SF (µM) extract name

1000 279 41.3 low SF
100 27 156 moderate SF

0 0.1 240 high SF

a Freeze-dried broccoli differing in Se content (0, 100, or 1000 mg/kg) was
hydrolyzed in deionized water for 24 h at room temperature, centrifuged, and filtered.
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activity was highest in the intermediate Se/SF, whereas QR was
significantly higher in the intermediate and high-SF extract
(Figure 1C), as compared to control and low-SF extract (P <
0.05). Relative to control media, high-SF and intermediate-SF
extract had no effect on GSH-Px activity (P) 0.35; Figure
1C), but the low extracts (which were also the highest in Se)
significantly increased GSH-Px activity (P< 0.05).

Broccoli Extracts and TR Reporter Construct Activity.
Increasing amounts of SF from broccoli or as the pure chemical
caused a dose-dependent increase in construct activity (P < 0.05;
seeFigure 2), but only SF concentrations ofg2 µM signifi-
cantly increased reporter gene activity relative to controls.
Purified SF and SF from broccoli resulted in similar reporter
gene activity for all treatments except 4µM SF, in which SF
from broccoli doubled reporter gene activity relative to purified
SF.

Effect of Phenolic Acids on TR Reporter Construct ActiVity.
Thioredoxin reductase reporter gene activity was not induced
by any of the phenolic acids at any of the concentrations tested
(Figure 3).

Effect of Vitamin C on TR Reporter Construct ActiVity.
Ascorbic acid at concentrations ofg60 µM resulted in a
modest but significant increase in reporter activity (P< 0.05;
Figure 4).

DISCUSSION

We and others have previously reported that SF up-regulates
TR activity (36,37) and TR transcription via an ARE found in
the promoter region of the gene (9). This paper demonstrates
that unpurified aqueous extracts of broccoli also induce TR
transcription; however, SF appears to be the primary compound
responsible for induction. Se-enriched broccoli is effective for
the suppression of colon and mammary cancers (28, 29), but
Se fertilization also changes its chemical composition and,
specifically, causes a great decrease in SF concentrations (28).
This paper shows that changing the chemical composition of
broccoli by fertilization with Se also changes the ability of
broccoli extracts to induce transcription of TR and activity of
QR and GSH-Px.

Reporter genes are activated only by transcriptional regulators
(e.g., ARE inducers), whereas enzyme activity is the sum of
transcriptional, translational, and post-translational controls.
Sulforaphane activates the ARE, and, as expected, extracts with
the highest concentration of SF but lowest amount of Se caused
the greatest transcriptional induction of TR reporter constructs.
However, total TR activity in Hepa 1c1c7 cells [enzyme activity
was determined in Hepa1c1c7 cells rather than Hep-G2 cells
because QR response to phytochemicals has been extensively
studied in this model (38, 39) and because our initial report of
induction of TR by SF used Hepa1c1c7 cells (36)] was not
maximized by extracts with the highest SF, but rather by extracts
with moderately high concentrations of both SF and Se. This is
explained by the up-regulation of TR transcription by SF and
the simultaneous increase in TR translation by Se; thus, both
compounds work synergistically to increase TR activity.

The differential activation of transcriptional and translational
controls by SF and Se, respectively, was further demonstrated
by their effects on QR and GSH-Px activity. Quinone reductase
and GSH-Px both have antioxidant functions; QR is a phase II
enzyme that catalyzes the reduction of quinones to hydroquino-
nes (40) and eliminates redox cycling by a semiquinone
intermediate. Individuals homozygous for a QR polymorphism
that eliminates QR activity (41) are vulnerable to urothelial
tumors, leukemia, cutaneous basal cell carcinoma, and benzene-
induced hematotoxicity (42). Glutathione peroxidase is a sele-
noprotein that responds rapidly to changes in Se availability
(43) and exhibits in vivo antioxidant activity during times of
acute oxidative stress (44). Quinone reductase is a phase II
protein with an ARE and does not contain Se; as expected, QR
activity was maximized by broccoli extracts that contained the
highest concentrations of SF, but was unaffected by Se.
Alternatively, the selenoprotein GSH-PX has not been reported
to be regulated like a phase II enzyme; GSH-PX activity was
maximized by extracts highest in Se but was unaffected by SF
concentration.

This paper also demonstrates that SF is the primary compo-
nent in broccoli extracts responsible for TR transcriptional
induction (presumably through the ARE). There were no
differences in reporter gene activity between pure SF and
broccoli extracts when treatments ofe2 µM SF were compared,
suggesting that within this range of concentrations other
components of broccoli have little effect on ARE-mediated
transcription. However, incubation of cells with broccoli extracts
that contained 4µM SF resulted in more than twice as much

Figure 1. Effect of equal amounts of water-extracted broccoli (high-SF,
moderate-SF, and low-SF extract; 1.79% volume extract/volume R-MEM)
containing different concentrations of Se and SF on Hepa1c1c7 cell (A)
TR activity, (B) QR activity, and (C) GSH-Px activity. Values are means
(n ) 4) ± SD. Differently labeled columns are significantly different
(P < 0.05).
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reporter activity as 4µM purified SF. This result may represent
a threshold response triggered by supraphysiologic concentra-
tions of multiple bioactive inducers in addition to SF. Other
than SF, cruciferous vegetables contain many other mostly
uncharacterized compounds with the potential to activate genes
(13, 17). Sulforaphane is a member of a general class of
bioactive compounds termed isothiocyanates, and there is limited
evidence that isothiocyanates other than SF also may activate
genes (13). Ye et al. (45) reported that the total isothiocyanate
concentration in human plasma was 2.3µM following ingestion
of 200 µmol of total broccoli sprout isothiocyanate. Conse-
quently, medium containing broccoli extracts with 4µM SF
most likely contained very high concentrations of SF as well
as many other bioactive compounds. Thus, a synergistic
interaction of multiple bioactive inducers provided at supra-
physiologic concentrations may have triggered a TR response
much greater than an equal concentration of SF alone.

We recently characterized phenolic acids in broccoli and
reported that Se fertilization affects the relative abundance of
various specific phenolic acids (46). The structures of many
phenolic acids and their metabolites are similar to those of
chemicals known to induce the ARE; thus, it is hypothesized
that phenolic acids might also induce the ARE, but none of the
phenolic acids tested had any effect on TR reporter activity.
This is somewhat surprising because curcuminoids (which can
be derived from phenolic acids) have been noted to be especially
potent inducers of the ARE (47), although the same authors
also noted that the most effective ARE-inducing phenolic
compounds contain ortho-hydroxyl groups not found in com-
pounds tested in the current study. It also is possible that phase
I activation may be needed to convert phenolic acids to
compounds more likely to bind to the ARE.

Ascorbic acid concentrations used in this study represent the
range found in human plasma; concentrations below 11µM are
considered to be deficient, whereas people consuming the
recommended daily allowance of vitamin C have concentrations
between 35 and 45µM. Intakes of 100 mg or more result in
plasma AA concentrations of 60µM (48), and such intakes have

Figure 2. Effect of equal amounts of water-extracted broccoli extract containing different concentrations SF or purified SF added to basal media on TR
reporter construct activity. Numbers in parentheses on the X-axis are the percentages of the medium that is broccoli extract. Values not in parentheses
are the SF (µM) concentrations of the media. Data are the mean ratio of firefly luminescence to renilla luminescence. Values are means ± SD, n ) 3.
Differently lettered columns are significantly different (P < 0.05). Contrasts were used to test for linear trend of concentration within each type of extract
or purified SF. (Inset) Comparison of different micromolar concentrations of only purified SF ([) and high-SF broccoli extracts (0).

Figure 3. Effect of phenolic acids (protocatechuic, caffeic, sinapic, and
ferulic acid) commonly found in broccoli, 2 µM SF treated cells, and
untreated cells on TR reporter activity. Data are the mean ratio of firefly
luminescence to renilla luminescence. Values are means ± SD, n ) 3.
Columns marked with an asterisk are significantly different from control
(P < 0.05).

Figure 4. Effect of increasing concentrations of ascorbic acid on TR
reporter activity. Values are means ± SD, n ) 3. Columns marked with
an asterisk are significantly different from control (P < 0.05).
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been hypothesized to decrease cancer risk (49). In the current
study, 60µM AA significantly induced TR reporter activity,
although compared to SF, induction was relatively modest. It
is unclear whether the mechanism for increased TR expression
by AA is mediated through the ARE or by other unknown
sequences in the TR promoter.

This study provides additional evidence for the duality of
regulation of TR. Relative to low-Se media, TR activity was,
as expected for a selenoprotein, increased by extracts with higher
concentrations of Se. However, similar to other phase II proteins,
activity also was increased by extracts low in Se but high in
SF. The duality of regulation of TR may relate to a duality of
function; oxidative stress may induce the phase II antioxidant
functions of TR through an ARE-mediated mechanism, whereas
the other functions of TR may be regulated by completely
different mechanisms.

There is a wealth of evidence suggesting increased broccoli
consumption can protect against cancer (13). There is also strong
evidence that suggests Se-enriched broccoli protects against
colon and breast cancers (28). However, it appears these unique
modes of chemoprevention by broccoli are mutually exclusive.
Sulforaphane seems to be the greatest single contributor to phase
II enzyme activation (15), yet enriching broccoli with Se
depresses SF concentrations by as much as 80% (25). This has
implications for the development of “functional foods”; if a plant
is altered in a way to maximize a single bioactive component,
there may be other unintended changes that reduce the overall
health benefits of the food.
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