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ABSTRACT. Modulation of cytochrome P4501A1 (CYP1A1) activity is a mechanism whereby indoles present
in cruciferous vegetables could affect the metabolism of xenobiotics. Ascorbigen (ASG) is the predominant
indole formed during the degradation of glucobrassicin, although the mechanism by which ASG modulates
CYP1A1 activity is not known. The major focus of this study was to examine the mechanism of CYP induction
by ASG using a murine hepatoma-derived cell line (Hepa 1c1c7). ASG was shown to induce the activity of
7-ethoxyresorufin O-deethylase, a marker for CYP1A1, in a concentration-responsive manner with a maximum
induction at 700 mM. Maximum ASG induction after 24-hr treatment was 7% of maximal CYP1A1 activity
induced by the well-known potent CYP1A1 inducer, indolo[3,2-b]carbazole (ICZ) (1 mM), and the EC50 values
differed by 2-fold. The CYP1A1 activity increased continuously up to 72 hr, where ASG showed an induction
efficiency in the same range as for the positive control (1 mM ICZ) after 24 hr, whereas the CYP1A1 protein
level, measured by Western blot analysis, was maximally induced after 24 hr. ASG significantly inhibited
CYP1A1 activity in whole cells at concentrations above 1 mM. ASG increased the chloramphenicol acetyl
transferase (CAT) activity via a CAT reporter construct containing a dioxin-responsive element in Hepa 1c1c7
cells, indicating involvement of the aryl hydrocarbon receptor. ASG was shown to be transformed into ICZ, or
a compound with the same chromatographic mobility as ICZ, in the medium. Taken together, the results
indicate that ASG inhibits CYP1A1 activity at low concentrations, but induces the same activity at higher
concentrations. BIOCHEM PHARMACOL 58;7:1145–1153, 1999. © 1999 Elsevier Science Inc.
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A number of studies have demonstrated a decreased risk of
cancer when consuming a diet containing substantial
amounts of fresh fruits and vegetables, especially cruciferous
vegetables of the Brassica genus, e.g. broccoli, cabbage, and
Brussels sprouts [1–3]. The anticarcinogenic activity of
cruciferous vegetables has been related to the content of
the glucosinolates; for example, glucobrassicin is present in
large amounts in broccoli [4]. On disruption of plant tissue,
such as cutting and chewing, different indoles are formed as
a result of the myrosinase (b-thioglucoside glucohydrolase,
EC 3.2.3.1)-catalysed degradation of glucosinolates [5].
When glucobrassicin is degraded by myrosinase in vitro,
I3Ci is the main initial product formed at neutral pH.

Under acidic conditions, condensation products of I3C,
including DIM and ICZ, are formed (Fig. 1) [6, 7]. The
yield of ICZ from the reactions of I3C under acidic
conditions has been estimated to be 0.01% after 48 hr [8].
Glucobrassicin [9] and the degradation products formed
have been shown to induce xenobiotic-metabolising en-
zymes, including the CYP1A1 enzyme, via the Ah receptor
[8, 10]. By far the most potent Ah receptor agonist
identified in the degradation mixture is ICZ [8].

Degradation of glucobrassicin in the presence of AA
leads to the formation of ASG (Fig. 1) [11, 12]. AA is
present in broccoli in amounts as high as 1.23 mg/g fresh
broccoli [13], and it has been shown that ASG is the
predominant indole compound in fresh, cooked, and fer-
mented cabbage [7], about 7–10 times more abundant than
I3C [7, 14]. Considering the abundance of ASG in vege-
tables of the Brassica genus, it seems that the biological
effects of dietary ASG have been somewhat neglected.
Thus far, only a few in vivo studies have investigated the
effect of ASG on xenobiotic-metabolising enzymes [15].
McDanell et al. found that the EROD activity was increased
by 45-fold in the small intestine and approximately 9-fold
in the large intestine of rats fed a diet containing 1600 mg
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ASG/kg diet for 5 days, compared to controls [7]. Sepkovic
et al. reported that ASG induces estradiol C-2 hydroxyla-
tion, primarily a CYP1A1 marker, about 1.5-fold in rats
[16]. Inductions of CYP1A1-related activity have previ-
ously been observed for I3C and DIM in rats, and it has
been suggested that this induction is responsible for altered
carcinogen metabolism, leading to reduced tumour inci-
dence [17]. The activity is most likely caused by oligomeric
compounds formed from I3C and DIM, as I3C and DIM
only weakly bind the Ah receptor and transcriptionally
activate the CYP1A genes. It has also been shown that I3C
and DIM both exhibit antagonist activity for the Ah
receptor [18] and inhibit CYP activity. However, no results
have been published on the mechanism by which ASG
modulates CYP1A1 in cultured cells.

In the present study, we describe the CYP1A1-modulat-
ing activity of ASG using a murine hepatoma cell line
(Hepa 1c1c7) and compare this activity with that of the
potent CYP inducer, ICZ. Hepa 1c1c7 cells have been used
in the present experiments as this cell line is stable, well
characterised, and has been used for numerous experiments
investigating Ah receptor-mediated induction of CYP1A1
[19].

MATERIALS AND METHODS
Chemicals

I3C was purchased from Aldrich Chemical Co. and recrys-
tallised in toluene before use. ICZ and DIM were synthe-
sised according to the procedure of Robinson [20] and Leete
and Marion [21], respectively. TCDD was obtained from B.
Ames (University of California, Berkeley, CA).
7-Ethoxyresorufin and RF were purchased from Sigma
Chemical Co. and Aldrich Chemical Co., respectively.
[RING,3,5-3H] Chloramphenicol was purchased from Du-
pont New England Nuclear Co. N-Butyryl–coenzyme A
lithium salt was from Sigma. All other organic solvents,
chemicals, and biochemicals used in these studies were of
the highest quality available from commercial sources.

General Methods
1H-NMR spectra were measured at 300 MHz in metha-
nol-d4 on an AC-300 Brucker instrument. Chemical shift
values were recorded relative to tetramethylsilane for all
spectra. UV analysis was carried out on a Beckman UV/VIS
spectrophotometer, model DU 530.

HPLC Analysis

For HPLC analysis, a C-18 bonded-phase column was used
(Ultrasphere-ODS, 4.6 3 250 mm, particle size 5 mm,
Beckman). The detector was either a Shimadzu UV-VIS
spectrophotometer, model SPD-10A set at 280 nm, or a
Perkin Elmer fluorescence spectrophotometer, model LS-4
set for excitation at 335 nm and emission at 415 nm. A
gradient chromatographic and isocratic chromatographic
system described by Aleksandrova et al. [14] and Kwon et al.
[10], respectively, was used. The flow rate for both systems
was 1 mL/min and the volume of injection 10 mL.

Synthesis of ASG

The synthesis was carried out according to the procedure of
Kiss and Neukom [22], with some modifications. Briefly,
600 mg L-AA and 500 mg I3C were added to 125 mL H2O
and left stirred under nitrogen at room temperature for 2 hr.
Light was avoided by wrapping the flask in foil. The
solution was filtered and the aqueous phase neutralised with
NaOH and extracted 3 times with ether. The aqueous
phase was further extracted with ethylacetate and the
extract was dried under reduced pressure (40°). Three
hundred and fifty mg ASG was obtained as a white/pale
yellow powder. The purity of ASG was assessed by HPLC
and shown to be nearly 100%. AA, I3C, DIM, and ICZ
were not detectable in preparations of ASG. The 1H-NMR
spectrum was identical to values reported previously [23]:
1H-NMR (CHD2-OH): d 3.22 (1H, d), 3.40 (1H, d), 3.77
(1H, s), 3.98 (1H, dd), 4.10 (1H, dd), 4.20 (1H, dd), 6.97
(1H, t), 7.06 (1H, t), 7.20 (1H, s), 7.31 (1H, d), and 7.62
(1H, d). Additional parallel signals corresponding to about
10% isomeric ASG forms were observed in the NMR
spectrum. The extinction coefficient for ASG was deter-
mined as 5650 cm21M21 at 280 nm.

Cell Culture Growth

The murine hepatoma cell line (Hepa 1c1c7 cells) and the
Hepa cells stably transfected with the DRE reporter pM-
CAT 5.9 (M8 cells) were grown as monolayers at 37° in
95% air and 5% CO2 in Dulbecco’s modified Eagle’s
medium supplemented with 10% foetal bovine serum, 3.7
g/L sodium bicarbonate, and 3.0 g/L glucose. pMCAT 5.9 is
a plasmid constructed by ligation of the 2820 to 2974
enhancer sequence from the mouse promoter in the pM-
CAT 5 plasmid [24] and was provided by Dr. J. P.
Whitlock, Jr. (Stanford University, Palo Alto, CA).

FIG. 1. Degradation products formed from glucobrassicin.
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EROD Activity

Hepa 1c1c7 cells were grown in 58-mm diameter plates.
ASG and ICZ, dissolved in either DMSO or PBS, were
added to the cells (9–14 p 104 cells/cm2) and incubated for
various lengths of time. Control cell cultures were incu-
bated with DMSO or PBS. As positive controls, cell
cultures were incubated with 1 mM ICZ in DMSO. At the
end of the incubation, cells were washed in PBS, harvested
by trypsination, and resuspended in PBS. Two hundred mL
cell suspension was used for cell counting. To 1.5 mL cell
suspension, 0.5 mL 2.5 mM 7-ethoxyresorufin was added,
and the EROD activity was determined by measurement of
the linear production of the fluorescent RF at 37° on a
Perkin Elmer 650-105 spectrofluorometer with 510 nm
excitation, 585 nm emission, and a slit width of 20 nm. The
amount of RF formed was determined by comparison
with a standard curve (0 – 6.3 nM RF in PBS). The
specific activity was calculated based on the actual
number of cells.

Microsome Preparation and Inhibition of
EROD Activity

Confluent Hepa 1c1c7 cells, treated for 24 hr with 1 mM
ICZ, were washed twice in ice-cold PBS and harvested by
use of a rubber policeman in PBS. The cells were sedi-
mented and the pellet resuspended in phosphate buffer (50
mM NaPO4, pH 7.4, 0.1 mM EDTA, 10% glycerol). The
suspension was sonicated twice for 10 sec while kept on ice
and the lysate centrifuged for 15 min at 10,000 g and 4°.
The supernatant was further centrifuged for 1 hr at 100,000
g and 4° and the microsomal pellet resuspended in storage
buffer (0.154 M KCl, 10 mM Tris–HCl, pH 7.4, 1 mM
EDTA, 20% glycerol). Microsomal protein concentration
was determined by a Lowry assay using BSA as protein
standard. The EROD inhibition assay was measured as an
end point assay. Five hundred microliters of reaction
mixtures consisting of 1.2 mg/mL BSA and 50 mg micro-
somes were prepared, dissolved in 0.1 M Tris–HCl buffer,
pH 7.8, and incubated in a shaking waterbath at 37° with
increasing concentrations of ASG (5–200 mM) for 10 min,
following determination of the EROD activity. To the
blank sample 1.25 mL MeOH was added, while 1 mM
substrate solution (500 mM 7-ethoxyresorufin, dissolved in
MeOH:H2O, 1:1) and 0.5 mM NADPH were added to all
samples, which were further incubated for 10 min. The
reaction was stopped by addition of 1.25 mL ice-cold
MeOH, and the samples were cooled at 220° for 30 min
and centrifuged at 1800 g for 20 min. To one mL aliquots
of the supernatants was added 10 mL 1 N NaOH and
fluorescence was measured (Perkin-Elmer LS50B Lumines-
cence Spectrometer) at excitation 530 and emission 585
nm. The standard curve was made using RF concentrations
in the range 0–750 nM RF.

Western Blotting

The level of CYP1A1 protein in ASG-treated cells was
determined using Western blotting and the enhanced
chemiluminescence system (Amersham International plc).
Following treatment, the cells were harvested in reporter
lysis 5X buffer (Promega) and the lysates were resolved
electrophoretically on a 12% constant SDS-PAGE gel
using a Protean II system (Bio-Rad). The proteins were
transferred to Hybond-P membrane (Amersham Interna-
tional plc) using a semi-dry blotting system [25]. Rabbit–
anti-rat CYP1A1 from XenoTech LLC was used as primary
antibody. The incubation and detection of the signals was
performed as described by the manufacturer.

CAT Assay

Near confluent (9–14 p 104 cells/cm2) M8 cells, Hepa
1c1c7 cells stably transfected with a CAT reporter gene,
were treated for 19 hr with various concentrations of ASG
(dissolved in DMSO) in the media ranging from 1 to 700
mM. The final concentration of DMSO in the media was
0.1% (v/v). Cells treated with DMSO or 1 mM ICZ were
included as controls. CAT activity was measured in cell
extracts by the two-phase extraction assay described by
Seed and Sheen [26]. Briefly, cells were harvested and
incubated for 5 min at room temperature in 5.0 mL buffer
(20 mM Tris–HCl, pH 7.5, 2 mM MgCl2). The buffer was
aspirated and replaced by 100 mL of the buffer containing
0.1% Triton X-100. After 5-min incubation at room tem-
perature, the lysate was centrifuged for 2 min to collect the
supernatant. Assays were performed by incubating superna-
tants at 65° for 10 min. Fifty mL substrate was added to a
final concentration of 100 mM Tris–HCl, pH 8.0, 100 mM
[3H]chloramphenicol (0.2 mCi), and 250 mM N-butyryl–
coenzyme A. The mixture was incubated at 37° for 30 min
and the reactions stopped by addition of 200 mL of
2,6,10,14-tetramethylpentadecane/xylene (2:1). After cen-
trifugation, the organic phase was transferred to scintilla-
tion vials and counted.

Detection of ICZ Formed from ASG

Media from ASG kinetics experiments at 24 and 72 hr were
extracted three times with ethylacetate and the organic
phases evaporated to dryness. Samples were redissolved in 1
or 5 mL acetonitrile and analysed by HPLC. In parallel, the
transformation of ASG in cell-free medium or PBS was
estimated after various times of incubation at 37° or room
temperature. Media were extracted and analysed as de-
scribed above, whereas the PBS samples were analysed by
HPLC without prior extraction. Authentic ICZ was used as
a reference for determination of retention time and spiking
of samples. To quantitate ICZ levels, authentic ICZ was
added at various concentrations (10 nM–100 nM) to
control cells preincubated for 24 or 72 hr before extraction.

Modulation of CYP1A1 Activity by Ascorbigen 1147



RESULTS
Concentration-Dependent Induction of CYP1A1
Enzymatic Activity

The concentration–response effect of EROD activity in-
duced by ASG and ICZ is shown in Fig. 2. The maximum
induction response after 24 hr was achieved at 700 mM
ASG, and the inducing efficiency of ASG was 7% of the
EROD activity induced by the positive control, 1 mM ICZ.
The EC50 values differed by nearly 2000-fold (Fig. 2, A and
B). ASG is likely to modulate CYP1A1 activity in a
manner similar to what has been reported for the other
indoles derived from glucobrassicin. For example, ICZ binds
to the Ah receptor and transcriptionally modulates
CYP1A1 activity. To examine the effects of ASG on the
Ah receptor, Hepa 1c1c7 cells transfected with a CAT
reporter gene were treated with doses of ASG up to 700 mM

(Fig. 3). Cells treated with 0.1% DMSO or 1 mM ICZ were
included as controls. The CAT assay shows a concentra-
tion-responsive, ASG-induced CAT activity. Surprisingly,
the activity of 700 mM ASG was approximately 40% of the
CAT activity induced by 1 mM ICZ. A significant CAT
activity was already observed at 10 mM ASG, i.e. approx-
imately 25% of the highest observed activity at 700 mM
ASG. Transcription of Cyp1a1 requires a binding of the
activated Ah receptor to DRE, which is located in the
regulatory region of the Cyp1a1 gene. Induction of CAT
activity by ASG in the present experiment therefore
indicates that the Ah receptor is involved in the ASG
induction of Cyp1a1.

Concentration-Dependent Inhibition of EROD Activity

The greater efficacy exhibited by ASG for CAT induction
compared to EROD induction, relative to ICZ, may arise
from a strong inhibition of EROD activity by ASG. The
inhibitory effect of ASG on microsomal EROD activity is
shown in Fig. 4A. The result shows that ASG is an effective
inhibitor of EROD activity above 50 mM in the ICZ-
induced murine hepatoma microsomal system, as the activ-
ity declined with increasing ASG concentrations to 20% at
the highest concentration of ASG analysed (200 mM).
These results are in accordance with an experiment where
Hepa 1c1c7 cells were co-treated with 1 nM TCDD, a
highly potent inducer of EROD activity, and ASG at
various concentrations for 24 hr, which gave a concentra-
tion-dependent decrease in EROD activity. The TCDD-
induced EROD activity was significantly inhibited at con-
centrations above 1 mM ASG (Fig. 4B), thereby demon-
strating the overall effect (induction and inhibition) of
ASG on CYP1A1 activity. In conclusion, the results show

FIG. 2. Effect of ASG and ICZ on EROD activity in Hepa
1c1c7 cells. Cells were treated with increasing concentrations of
ASG (1–1000 mM), panel A, or ICZ (0.05–5 mM), panel B, for
24 hr. The cells were then harvested for analysis of enzyme
activity. Activity induced by solvent (DMSO) was subtracted
for each concentration point. A positive control (1 mM ICZ)
was included in the ASG experiment (panel A), i.e. 3.0 RF
pmol/min/106 cells. Bars indicate mean values of three (panel A)
or two (panel B) measurements 6 SD (panel A) or range (panel
B). The ASG induction experiment (panel A) was conducted
twice with similar results.

FIG. 3. Effect of ASG on DRE-driven CAT reporter gene
activity in Hepa 1c1c7 cells. CAT reporter-transfected Hepa
1c1c7 cells (M8 cells) were treated for 19 hr with inducer at the
indicated range of concentrations. Activity induced by solvent
(DMSO) was subtracted for each concentration point. The
CAT activity for the positive control (1 mM ICZ) was 67 p 103

dpm. Bars indicate mean values of two measurements 6 range.
The experiment was conducted twice with similar results.
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that beside activation of the Ah receptor, ASG also
inhibits CYP1A1 activity.

Kinetics of Induction of EROD Activity by ASG

To investigate the kinetics of EROD induction by ASG,
Hepa 1c1c7 cells were treated with 700 mM ASG for up to
84 hr, and the EROD activity was determined at different
time points. The results (Fig. 5) indicate that the activity
increases for up to 72-hr incubation with ASG dissolved in
DMSO. The EROD activity after 72 hr was about 4-fold
higher than that observed after 24-hr incubation. Since the
solvent, DMSO, produces a weak CYP1A1 induction peak
with a maximum at 8–12 hr (data not shown), we also

analysed EROD activity kinetics in Hepa 1c1c7 cells
exposed to ASG dissolved in PBS (Fig. 5). ASG (700 mM)
induced EROD activity to a plateau (2.5 RF pmol/min/106

cells) after only 8 hr, which was the same activity obtained
after 72 hr when using ASG dissolved in DMSO. This
experiment shows that the kinetics for induction by ASG
are different when DMSO and PBS are used as solvents.

Kinetics of Induction of CYP1A1 Protein Level by ASG

Hepa 1c1c7 cells were treated with 700 mM ASG, dissolved
in DMSO, for up to 96 hr, and the CYP1A1 protein level
was determined by Western blot analysis at different time
points. The results (Fig. 6) show that the CYP1A1 level
was maximally induced after 24 hr, with declining levels up
to 96 hr. At 96 hr, the CYP1A1 protein level was reduced
to 25% of the level at 24-hr ASG treatment, as determined
by densitometric scanning. Comparison of the kinetics of
EROD activity when ASG was dissolved in DMSO with
the kinetics of the CYP1A1 protein level suggests that the
time-dependent increase in EROD activity is caused by
disappearance of the ASG from the medium, i.e. the
inhibitory effect of ASG is reduced over time.

FIG. 4. Inhibitory effect of ASG on CYP1A1 enzymatic activity
in microsomes and in whole cells. (A) Fifty mg ICZ-induced
microsomes of Hepa 1c1c7 cells were treated with increasing
concentrations of ASG 10 min before and throughout the
determination of EROD activity. Bars indicate mean values of
three measurements 6 SD. The experiment was conducted
twice with similar results. (B) Hepa 1c1c7 cells were treated
with various concentrations of ASG alone (F) or co-treated
with 1 nM TCDD and various concentrations of ASG (�) for
24 hr followed by determination of EROD activity. EROD
activity caused by DMSO was subtracted from each concentra-
tion point. Bars indicate mean values of two measurements 6
range.

FIG. 5. Kinetics of EROD induction by ASG dissolved in
DMSO or PBS in Hepa 1c1c7 cells. The cells were treated with
700 mM ASG dissolved in either DMSO (■) or PBS (F) and
harvested at designated time points for analysis of enzyme
activity. Activity induced by solvent (DMSO or PBS) was
subtracted for each concentration point. Bars indicate mean
values of two measurements 6 range. The experiments were
conducted twice with similar results.

FIG. 6. Kinetics of CYP1A1 protein level induced by ASG.
Hepa 1c1c7 cells were treated with 700 mM ASG, dissolved in
DMSO, for 24, 48, 72, and 96 hr, and Western blot analysis was
carried out on harvested cells using anti-CYP1A1 antibodies.
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EROD Induction by Degradation Products Formed from
ASG during Incubation

To explain why a substance such as ASG, which only binds
the Ah receptor weakly, may induce CYP1A1 activity, we
suggest that ASG is transformed to an active inducer.
Experiments to investigate this notion further were under-
taken by determining the induction potential of preincu-
bated ASG-containing medium (Fig. 7). Hepa 1c1c7 cells
were preincubated with 700 mM ASG or DMSO for 48 hr
followed by a media change as described below. EROD
activity was analysed at different time points up to 36 hr
after the media change. Cells were treated in three different
ways. Cells in group 1 were exposed to ASG for 48 hr and
then to an ASG-free medium. Two groups of cells were
exposed to DMSO for 48 hr and then shifted to the 48-hr
preincubated ASG-containing medium (group 2) or to a
medium with fresh (700 mM) ASG (group 3). Figure 7
shows that EROD activity in cells preincubated with ASG
decreased after exposure at 48 hr to the preincubated
ASG-free medium (group 1). Twenty-four hours after
replacement, the activity had decreased to 12% of that
before replacement. In cells preincubated with solvent for
48 hr, the EROD activity 12 hr after the media exchange
was virtually doubled when the 48-hr preincubated ASG
medium (group 2) rather than the fresh ASG-containing
medium was used (group 3). Cells exposed to preincubated
ASG did show kinetics of EROD induction similar to those
observed for CYP1A1 protein (Fig. 6). This experiment
shows that preincubated ASG medium is a more effective
inducer than fresh ASG, indicating transformation of ASG
into a more active inducer. However, this experiment
cannot exclude the possibility that the induction of EROD
is in part caused by a simultaneous disappearance of ASG
and thereby less inhibition of EROD activity.

HPLC Analysis of Degradation Products Formed from
ASG

To test whether ASG was transformed into the potent
EROD inducer, ICZ, in the cell media during incubation,
24- and 72-hr media from experiments where cells were
exposed to ASG were analysed. The medium extracts were
analysed by HPLC using fluorescence detection, since this
method allows detection of many polycyclic aromatic
compounds including ICZ. A peak with the same retention
time as ICZ was observed and the identity of the peak was
confirmed by spiking with authentic ICZ. The identity of
this peak was not confirmed further. ICZ, or a substance
with the same mobility, was detected in the medium after
24 hr, and the level was further increased about 5-fold at 72
hr. The level of ICZ or ICZ-like substance present in the
ASG medium for 72 hr was estimated to be lower than 10
nM in comparison with controls (Fig. 8, A–C). In cell-free
medium incubated with ASG for 2, 6, and 15 hr, ICZ was
already detected after 2 hr (Fig. 8D) and found throughout
the experiment.

FIG. 7. Kinetics of EROD activity induced by degradation
products of ASG. Cells were preincubated with 700 mM ASG
(group 1, F) or 0.1% DMSO (group 2, �, and group 3, ■) for
48 hr and EROD activity measured. At 48 hr, the media from
group 1 and group 2 were swapped and further incubated for 36
hr. Group 3 was further incubated with fresh 700 mM ASG.
EROD activity was measured at the designated time points. Bars
indicate mean values of two measurements 6 range.

FIG. 8. HPLC analysis of extracts of media incubated with
ASG. (A) Control medium to which ICZ (retention time 10.2
min) at the concentration 10 nM was added. (B) Medium from
kinetic experiment at 24 hr with ASG dissolved in DMSO. (C)
Medium from kinetic experiment at 72 hr with ASG dissolved in
DMSO. (D) Cell-free medium incubated for 2 hr with ASG
dissolved in DMSO. Following incubation, all media samples
were extracted and redissolved in either 5 mL (samples A and C)
or 1 mL (samples B and D) acetonitrile. HPLC conditions were
as described in Materials and Methods.
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In an attempt to account for the earlier EROD induction
observed after exposure to ASG dissolved in PBS compared
with DMSO, ASG dissolved in PBS was analysed by
HPLC. No ICZ (retention time 11.9 min) was detected in
the ASG–PBS solution either at room temperature or at
37° up to 24 hr. However, another fluorescent compound
with a retention time of 2.5 min was found (Fig. 9). The
fluorescent compound with a retention time of 2.5 min
could also be formed in the ASG-containing medium, but
detection of the compound was interfered with by the
medium-specific signal with the same retention time. The
fluorescent compound formed in PBS was not further
characterised. In conclusion, ASG is transformed to ICZ
(or a substance with an identical retention time) in the
medium, but not in PBS buffer. However, the fluorescent
compound found when ASG was incubated in PBS may be
an EROD inducer or may be further transformed into ICZ.

DISCUSSION

It has been shown that broccoli contains high levels of the
glucosinolate glucobrassicin and that this compound be-
comes degraded into I3C after the vegetable is processed.
Under acidic conditions, as in the stomach, I3C will
associate with the AA present in the vegetable to form
ASG [27]. Numerous experiments have shown that I3C
induces CYP1A1 activity following ingestion. As ASG is
more prominent in cruciferous extracts, the inductive effect
of ASG is of great interest. The purpose of this study was to
investigate the mechanism of the in vitro modulation of
CYP1A1 activity by ASG. ASG induced CYP1A1 activity
in a concentration-dependent manner in the mouse hepa-
toma cell line, Hepa 1c1c7, with a maximum induction at
700 mM ASG. This concentration is about 700-fold higher
than the maximum inducing concentration for ICZ found
here (0.5–1 mM) and reported by Chen et al. [19]. The
efficiency of ASG induction of CYP1A1 activity after 24 hr
was 7% of the positive control (1 mM ICZ), whereas the

level of ASG induced CAT activity corresponded to 40%
of the ICZ-induced CAT activity. Moreover, the EC50 for
induction of CAT activity was about one-half of the EC50

for induction of EROD, i.e. 120 mM and 210 mM, respec-
tively. The promoter region of the CAT gene contains only
one copy of mouse DRE whereas three DRE copies are
found in the endogenous Cyp1a1 promoter region, but
these differences do not explain the observed differences in
results obtained in the EROD and CAT assays. The likely
explanation for these discrepancies could be that beside
induction of EROD activity, ASG also exhibits an inhibi-
tory effect on EROD activity. This assumption was con-
firmed in the present study, as ASG was shown to inhibit
murine hepatoma microsomal EROD activity and TCDD-
induced EROD activity in whole cells in a concentration-
responsive manner. These profiles of responses Hepa 1c1c7
cells by ASG resemble those previously reported by Chen et
al. [18] for I3C and DIM in T47D human breast cancer
cells. These authors showed that both I3C and DIM are
relatively weak Ah receptor agonists compared to ICZ and
TCDD, since no induction of CYP1A1-dependent EROD
activity was observed at concentrations as high as 125 and
31 mM, respectively [18], whereas I3C and DIM signifi-
cantly inhibited TCDD-induced EROD activity in whole
cells at concentrations of 31 and 1 mM, respectively.
Furthermore, both I3C and DIM exhibited partial Ah
receptor antagonist activity and significantly inhibited
EROD activity in microsomes from TCDD-treated T47D
cells at concentrations of 10 and 1 mM, respectively. In our
experiments, the increase in EROD activity was shown to
be caused by an induction of CYP1A1 protein by ASG, and
the protein level was maximal after 24-hr exposure to ASG.
Recently, Ciolino et al. [28] reported that another dietary
constituent, curcumin, also has a dual property in being
able to induce CYP1A1 in MCF-7 cells while also being an
inhibitor of CYP1A1 activity.

The CAT experiment clearly indicates that ASG treat-
ment activates the Ah receptor, which is a well-known

FIG. 9. HPLC analysis of PBS incubated with ASG. (A) Standard ICZ (5 nM). (B) 700 mM ASG incubated in PBS for 15 min at
37°. (C) 700 mM ASG incubated in PBS for 3 hr at 37°. HPLC conditions were as described in Materials and Methods.
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mechanism for induction of CYP1A1 protein and activity.
Gillner et al. [29] previously demonstrated that the Ah
receptor binding affinity of ASG, measured as IC50 values of
the inhibition of specific [3H]TCDD binding in rat liver
cytosol, was more than 400 times lower than the corre-
sponding value for ICZ and in the same range as for I3C.
Since ASG has a very low affinity for the Ah receptor, it is
likely that ASG is transformed into a more potent ligand
and CYP1A1 inducer. ICZ, or a compound with an iden-
tical retention time, was detected in the ASG media at 24
and 72 hr. The possibility that other inducers are formed
from ASG cannot be excluded. We therefore suggest that
the induction of CYP1A1 protein by ASG is caused by
transformation to the potent inducer ICZ and/or other
potent products. Furthermore, it cannot be excluded from
the present experiments that ASG may interact with other
regulatory factors as well.

Preobrazhenskaya et al. [30] have previously shown that
ASG incubated with gastric juice for 5 hr at 37° give rise to
a very complex mixture containing ICZ, and that the
concentration of ICZ in gastric juice was approximately 20
times higher after incubation under these conditions with
ASG than after incubation with I3C. Our experiments
indicate that ICZ may also be formed from ASG under
physiological conditions at neutral pH. In contrast, ASG
dissolved in PBS caused an EROD induction with the same
efficiency at 8 hr as found for the positive control at 24 hr.
This induction pattern corresponds to the ICZ-induced
EROD activity shown by Chen et al. [19]. One can
therefore speculate that ASG is transformed to ICZ in the
aqueous buffer before addition to the medium. However,
ICZ was not detected using HPLC in the ASG–PBS
solution when incubated at 37° for up to 24 hr, whereas
another fluorescent, more polar compound was detected.
The identity of this compound has not been established but
the ASG oligomers do not exhibit fluorescence, and the
unidentified compound is likely to be a polycyclic polar
product. The early response in EROD activity observed
when using PBS as ASG solvent is therefore not caused by
the presence of ICZ in the initial PBS solution. Further-
more, the low level of ICZ detected in the media cannot by
itself account for the entire CYP1A1 induction observed.
Degradation of ASG is likely to result in the release of AA,
and the effect of AA on induction of CYP enzymes is not
well characterised. It cannot be excluded that AA in vitro
may enhance the inducing potential of ASG/ICZ. The
observed EROD kinetic is a combination of a fast induction
by ICZ or an ICZ-like compound, ASG, and other poten-
tial inducers formed from ASG and a slow disappearance of
the inhibitor ASG from the medium over time. The
half-life of ICZ is about 10 min [19], and the effect
presented here is likely caused by a continuous formation of
ICZ from an excess amount of ASG. Induction of CAT is
observed above 10 mM ASG, but because of a significant
ASG-mediated inhibition in whole cells above 1 mM, a
significant induction of EROD is only observed above 50
mM ASG.

In conclusion, our results show that exposure to ASG
induces CYP1A1 expression in Hepa 1c1c7 cells. ASG
treatment induces Ah receptor-driven CAT activity and
therefore presumably induces CYP1A1 via activation of the
Ah receptor. According to the literature, ASG acts as a
weak Ah receptor agonist compared to ICZ or an ICZ-like
substance, but the induction may in part be explained by
the transformation of ASG to the more potent inducer ICZ.
In addition to inducing EROD activity, ASG also inhibits
this activity. As ASG is the main transformation product
from glucobrassicin in the presence of AA, the observation
that ICZ, or an ICZ-like substance, may also be formed at
neutral pH is of great interest.
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