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Abstract

The aryl hydrocarbon receptor (AhR), when activated by exogenous ligands such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
regulates expression of several phase I and phase II enzymes and is also involved in the regulation of cell proliferation. Several studies
suggest that endogenous AhR ligand(s) may exist. One putative endogenous ligand is indirubin, which was recently identified in human
urine and bovine serum. We determined the effect of indirubin in MCF-7 breast cancer cells on induction of the activities of cytochromes
P450 (CYP) 1A1 and 1B1, as measured by estradiol and ethoxyresorufin metabolism, and on induction of the CYP1A1l and CYP1B1
mRNAs. With 4-hr exposure, the effects of indirubin and TCDD at 10 nM on CYP activity were comparable, but the effects of indirubin,
unlike those of TCDD, were transitory. Indirubin-induced ethoxyresorufin-O-deethylase activity was maximal by 6-9 hr post-exposure
and had disappeared by 24 hr, whereas TCDD-induced activities remained elevated for at least 72 hr. The effects of indirubin on CYP
mRNA induction were maximal at 3 hr. Indirubin was metabolized by microsomes containing cDNA-expressed human CYP1A1 or
CYPIBI1. The potency of indirubin was comparable to that of TCDD in a CYP1B1-promoter-driven luciferase assay, when MCF-7 cells
were co-exposed to the AhR ligands together with the CYP inhibitor, ellipticine. Thus, if indirubin is an endogenous AhR ligand, then
AhR-mediated signaling by indirubin is likely to be transient and tightly controlled by the ability of indirubin to induce CYP1A1l and

CYPI1B1, and hence its own metabolism.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The AhR was originally identified and characterized as a
xenobiotic receptor, and it has been extensively studied in
this context. Many of the toxic effects of environmental
contaminants, including polycyclic aromatic hydrocarbons
and polyhalogenated dioxins, furans, and biphenyls, are
mediated by binding to and activation of the AhR. In its
unliganded state, the AhR is found in the cytoplasm in a
complex with two molecules of heat shock protein 90 and
additional cellular chaperones, ARA9 (also known as AIP1
or XAP2) and p23 (reviewed in [1]). Binding of ligand
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results in dissociation of this complex and translocation of
the AhR to the nucleus, where, together with its dimeriza-
tion partner, the AhR nuclear translocator, it binds to DREs
in the 5'-regulatory regions of a number of genes, thereby
enhancing the rates of transcription. These genes, which
are often referred to as the Ah gene battery, encode the
phase I enzymes, CYP1A1l, CYP1A2, and CYPI1BI, as
well as several phase II enzymes that are involved in the
metabolism of xenobiotics and endogenous compounds
[2]. The regulation of the Ah gene battery, however,
appears to represent only a subset of the physiologic roles
of the AhR.

When activated by an exogenous ligand such as TCDD,
the AhR is known to affect cell proliferation and cell-cycle
control in a cell-specific manner [3]. Ligand-activated
AhR was recently shown to interact with the retinoblas-
toma protein, and to delay cell-cycle progression in 5L
hepatoma cells [4] and MCF-7 breast cancer cells [5].
Activation of the AhR by TCDD resulted in suppression of
cellular proliferation of SL hepatoma cells by inducing the
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cell-cycle inhibitor, p275'P! [6]. In MCF-7 cells exposed to
benzo[a]pyrene, BRCA-1 protein expression was reduced,
concomitant with accumulation of p53 and with cell-cycle
arrest [7]. Liganded AhR increased the mRNA levels for
the immediate-early response genes, fos and jun, in mouse
hepatoma cells [8].

A number of studies have reported that AhR-mediated
processes occur in the absence of exogenous AhR ligands.
Elevated AhR expression led to increased rates of prolif-
eration of mouse Hepa 1clc7 hepatoma [9] and human
A549 lung [10] cells. Embryonic fibroblasts derived from
AhR-null mice showed reduced rates of cell proliferation
compared with fibroblasts from controls [11], and primary
hepatocyte cultures from AhR-null mice had elevated
numbers of cells undergoing apoptosis [12]. CYP1Al
was shown to be induced by altered cell culture conditions
such as suspension [13,14] and hydrodynamic shear [15],
and to be induced more than 100-fold during early embry-
ogenesis of the mouse [16]. In HeLa cells cultured without
exposure to exogenous ligands, approximately 16% of the
AhR pool was found to be tightly associated with the
nuclear fraction, suggesting that it is in an activated state
and is involved in transcriptional regulation [17]. These
studies suggest that, in addition to the known xenobiotic
ligands, there may exist an endogenous ligand(s) for the
AhR that mediates autocrine or paracrine functions.

There have been numerous investigations with the goal
of identifying endogenous AhR ligands [18]. Recently,
indirubin and indigo, two high-affinity AhR ligands
[19], were isolated from human urine and fetal bovine
serum and were shown to elicit AhR-mediated responses
[20]. The potency of indirubin exceeded that of TCDD by
about 50-fold in a yeast AhR-dependent reporter assay.
Although indirubin is not known to be a product of
metabolism in any animal species, it is formed sponta-
neously by the dimerization of oxidation products of
indoxyl, a product of hepatic CYP-catalyzed metabolism
of indole [21,22]. In this study, we evaluated the efficacy of
indirubin in MCF-7 breast cancer cells in the AhR-regu-
lated transcription of two extra-hepatic, phase I metabolic
enzymes, CYP1A1 and CYP1B1. We found that indirubin
is a potent inducer of CYP1A1 and CYP1B]1, but is rapidly
metabolized by the enzymes it induces.

2. Materials and methods
2.1. Chemicals

TCDD was purchased from Cambridge Isotope Labora-
tories. Estrogen metabolite standards were from Steraloids.
Type H-2 B-glucuronidase/aryl sulfatase, NADPH, indigo,
3-indoxyl acetate, isatin, a-naphthoflavone, and DMSO
were from Sigma—Aldrich. N,0-Bis(trimethylsilyl)trifluor-
oacetamide was from Pierce. Indirubin was prepared by
condensation of 3-indoxyl acetate and isatin under N, in
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Fig. 1. The structures of indirubin and TCDD.

the presence of sodium carbonate as described [23]. The
structures of indirubin and TCDD are shown in Fig. 1.

2.2. Culture of MCF-7 cells

Stock cultures of the MCF-7 cells were maintained at
37° in a humidified atmosphere with 5% CO, and DFjs
medium, consisting of DMEM supplemented with 5% (v/
v) fetal bovine serum (Hyclone Laboratories), 10 mM non-
essential amino acids, 2 mM r-glutamine, 10 pg/L insulin,
100 units/mL penicillin, and 100 pg/mL streptomycin. For
experimental protocols the medium used was DCs, which
differed from DFs medium in that it contained 5% bovine
calf serum (Cosmic calf serum; Hyclone Laboratories)
rather than fetal bovine serum, and in that phenol red
was omitted.

2.3. Effects of indirubin on E, metabolism catalyzed by
CYPIAI and CYPIBI

The effects of indirubin on the metabolism of the most
potent, naturally occurring estrogen, E,, were determined
by methods previously described [24,25]. Briefly, con-
fluent cultures of cells in 6-well plates were exposed to the
solvent vehicle, DMSO, at 0.1% (v/v), or to 10 nM TCDD,
or to 0.1-10 nM indirubin in fresh DCs medium, either
concurrently with 1 pM E, for 6-hr exposure, or without
E, for 24 hr, followed by replacement of the medium with
medium containing 1 uM E, for 6 hr. Medium was sub-
sequently treated with B-glucuronidase/aryl sulfatase to
hydrolyze conjugates of the estrogen metabolites, and was
subjected to solid-phase extraction with methylene chlor-
ide elution; extracts were evaporated to dryness under Nj.
Trimethylsilyl derivatives of the E, metabolites were
prepared by reaction with N,O-bis(trimethylsilyl)trifluor-
oacetamide in pyridine for 30 min at 60°, and were ana-
lyzed by gas chromatography-mass spectrometry with
stable-isotope dilution. Total protein content was deter-
mined by use of the bicinchoninic acid assay kit from
Pierce.

2.4. Quantitation of CYPIAI, CYPIBI, and
36B4 mRNAs by real-time PCR

Confluent MCF-7 cultures were exposed to 0.1% DMSO
(v/v) or 10 nM indirubin in DCs for 1-12 hr. Due to the
transient AhR activation that results from provision of
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fresh medium to cell cultures [26], exposure of MCF-7
cells to TCDD and indirubin was performed with condi-
tioned medium by removal of half of the medium from the
wells, combination of it with twice the desired final levels
of DMSO or indirubin, and addition of the medium back to
the wells. After exposure for varying times, total RNA was
isolated, and it was primed with oligo-dT and reverse-
transcribed with Superscript II reverse-transcriptase fol-
lowed by treatment with RNaseH (Invitrogen) as described
previously [27]. Portions of the CYPIA1 and CYPI1BI1
cDNAs were amplified by PCR by use of the primers
previously published [27], and CYP1A1l and CYP1BI1
mRNA levels were normalized to the mRNA levels of
the housekeeping gene, 3684, which encodes acidic ribo-
somal phosphoprotein PO [28]. For amplification of a 277-
bp fragment of the 36B4 cDNA (GenBank accession
number M17885; nucleotides 305-581), the primers were:
5'-GAAACTGCTGCCTCATATCC-3' (forward) and 5'-
TCCCACTTTGTCTCCAGTC-3’ (reverse). All amplified
cDNAs spanned at least two exons, and their sequences
were confirmed by nucleotide sequencing with a Perkin-
Elmer Biosystems ABI PRISM 377XL automated DNA
sequencer. Real-time PCR was carried out with FastStart
DNA Master SYBR Green I system from Roche Molecular
Biochemicals using 3 mM MgCl,, 0.5 uM of each primer,
and cDNA from 50 ng reverse-transcribed RNA. The
cycling conditions were: initial denaturation at 95° for
10 min, followed by 45 cycles of denaturation at 95° for
15 s, annealing at 65° for 5 s, extension at 72° for a period
(in s), equal to the number of base pairs of amplified
product divided by 25, and a hold for 5s at 83° for
CYP1A1 and 36B4 target cDNAs, or at 81° for CYP1B1
target cDNA, before fluorescence data acquisition. Com-
plementary DNA was quantified by comparison of the
number of cycles required for amplification of unknowns
with those required for amplification of a series of cDNA
standards of known concentration. These standards were
prepared by amplification of the target cDNAs, purification
by agarose gel electrophoresis, and recovery of them by use
of the QIAquick gel extraction kit (Qiagen). The concen-
trations of the purified cDNA standards were determined
by agarose gel electrophoresis and densitometry relative to
low mass ladder standards (Invitrogen). The standards
were stored at —80° in 5 mM Tris buffer, pH 8, containing
50 pg/mL glycogen.

2.5. Assay of EROD activity

EROD assays were performed by a modification of the
96-well plate procedure of Donato et al. [29]. Confluent
cultures were treated for varying time periods with 0.1%
(v/v) DMSO, indirubin, or TCDD in 200 pL DCs medium
prior to the EROD assay. For these treatments, half of the
medium was removed from the wells, compounds were
mixed with the conditioned medium at twice the desired
final concentration, and the medium was then returned to

the wells. EROD activity was assayed by replacement of
the medium with the substrate, 2.2 uM ethoxyresorufin,
and 10 pM dicumarol in fresh DCs medium (100 pL/well).
After 30 min at 37°, 75 pL of the medium was transferred
to a white, opaque 96-well plate (Bioworld Lab Essentials).
Ethanol (200 pL/well) was added to stop the reaction, and
the plate was centrifuged at 1500 g for 10 min. Blanks were
prepared by exposure of untreated cells to 10 uM o-
naphthoflavone, a CYP1A1 inhibitor, for 30 min prior to
and during the EROD assay. Fluorescence was measured in
a Fusion Universal Microplate Analyzer (Packard) using
535-nm excitation and 590-nm emission filters. Resorufin
production was linear for 60 min, and the fluorescence of
the reaction was compared with a standard curve for
resorufin prepared in DCs medium and ethanol, a curve
which was linear to 40 pmol of resorufin.

2.6. Microsomal incubations and measurement of
indirubin by HPLC

The incubation of indirubin with Sf9 insect cell micro-
somes containing human CYPIAl or CYPIB1 co-
expressed with human OR (Gentest) was performed in
250 pL of 0.1 M sodium phosphate buffer, pH 7.4, contain-
ing 10 pM indirubin, 5 mM MgCl,, and 3 pmol CYP1A1
or CYPIBI1, or control microsomes. Reaction mixtures
were pre-incubated at 37° for 5 min and were initiated by
the addition of 1.4 mM NADPH. After 30 min, reactions
were extracted twice with 3-mL portions of ethyl acetate.
Indigo (25 nmol) was added as the internal standard, and
the combined organic phases were evaporated under N,
until the samples were reduced in volume to about 500 pL.
Indirubin and indigo were analyzed by reverse-phase
HPLC using a modification of the procedure of Maugard
et al. [30]. Resolution of indirubin and indigo was achieved
on a Vydac C;g column (4.6 mm i.d. X 250 mm, 5 pm
particle size) using a Waters 625LC system with 717+
autosampler and 996 photodiode array detector. The flow
rate was 1 mL/min using a gradient made of solvent A
(H,0/0.2% trifluoroacetic acid) and solvent B (CH3OH/
0.2% trifluoroacetic acid) as follows: from 0 to 10 min,
change from 85% A/15% B to 15% A/85% B; from 10 to
20 min, hold at 15% A/85% B; from 20 to 25 min, change
to 85% A/15% B; and from 25 to 30 min, hold at 85% A/
15% B. Indirubin and indigo were detected by their
absorbance at 552 nm and were further identified by their
spectra [30].

2.7. Assay of CYPIBI promoter activity in MCF-7 cells
transiently transfected with a luciferase construct

A CYPIB1 promoter firefly luciferase construct,
p1B1Fluc [25], containing the region of the CYPI1BI
promoter corresponding to nucleotides —1141 to +5
[31] cloned into the pGL3 Basic vector (Promega), was
used in transient transfection experiments with MCF-7
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cells grown in 24-well plates. Briefly, 180 ng of p1B1Fluc,
20 ng of the pPRL-CMV Renilla luciferase control vector
(Promega), and 300 ng of carrier pBluescript SK vector
(Stratagene) were transiently transfected into MCF-7
cells at 90% confluence using 2 pL LipofectAMINE
2000 (Invitrogen) in 100 pL DMEM per well as described
[25]. After 12 hr, the medium was replaced with 250 pL of
conditioned DCs medium containing either DMSO vehi-
cle only or increasing concentrations of indirubin or
TCDD, with or without 100 nM ellipticine, a type II
CYP inhibitor [32]. This conditioned DCs medium
was prepared by exposure of untreated MCF-7 cells in
T-75 flasks to DC5 medium for 3 days. After treatment for
12 hr, the cultures were assayed for luciferase activity by
use of the Dual-Luciferase Reporter 1000 Assay System
(Promega).

2.8. Statistical analysis

All determinations that were made in triplicate or quad-
ruplicate are reported as the mean + SEM. Determinations
made in duplicate are reported as the mean =+ range.
Treatment groups were subjected to one-way ANOVA
and Bonferroni’s test for multiple comparisons; signifi-
cance was established at the level of P < 0.05. For deter-
mination of Ecsg values, dose—response data were fitted to
the four-parameter sigmoidal function by use of SigmaPlot
(SSPS).

3. Results

3.1. Effects of indirubin on estrogen metabolism in
MCF-7 Cells

The effects of exposure to indirubin or TCDD on for-
mation of 2- and 4-MeOE,, which reflect CYP1A1l and
CYPIBI1 activity, respectively [33,34], are shown in
Fig. 2A. After exposure for 24 hr to 0.1% (v/v) DMSO,
10 nM TCDD, or varying concentrations of indirubin, the
cells were assayed for MeOE, formation by replacement of
the medium with medium containing 1 pM E, for 6 hr.
Exposure to TCDD caused 22.8- and 9.0-fold increases in
the rates of 2-MeOE, and 4-MeOE, formation, respec-
tively, relative to rates for the DMSO control. No elevated
rates of E, metabolism were elicited by indirubin under
these conditions. Given the possibility that induction of
CYP1Al and CYPIBI1 by indirubin may be transient,
MCEF-7 cells were exposed to 0.1% (v/v) DMSO, 10 nM
TCDD, or 0.1-10 nM levels of indirubin, concurrently
with 1 pM E,, during the 6-hr assay for 2- and 4-MeOE,
formation. As seen in Fig. 2B, under these conditions,
10 nM indirubin caused a 2.8-fold increase in the rate of 2-
MeOE, formation relative to the rate in the DMSO control;
this indirubin-induced rate was not significantly different
from the TCDD-induced rate. The rates of 4-MeOE,
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Fig. 2. Effects of exposure to TCDD or indirubin on 2- and 4-MeOE,
formation in MCF-7 cells. In part (A), cultures were exposed to the solvent
vehicle (0.1% DMSO), 10nM TCDD, or 10 nM indirubin for 24 hr.
Medium was then replaced with medium containing 1 pM E, for assay of
2-MeOE, and 4-MeOE, formation for 6 hr as described in Section 2. In
part (B), cultures were exposed for 6 hr to the solvent vehicle (0.1%
DMSO), 10 nM TCDD, or 0.1-10 nM indirubin, concurrently with 1 uM
E,, for assay of 2-MeOE, and 4-MeOE, formation. Rates of formation of
2-MeOE, (filled bars) and 4-MeOE, (gray bars) are shown as the
mean = SEM of determinations from three cultures of cells. An asterisk
(*) indicates significantly different from DMSO control (P < 0.001).

formation induced by indirubin or TCDD were not
significantly different from the rate of the DMSO control.

3.2. Effects of indirubin on expression of the CYPIAI
and CYPIBI mRNAs

The effects of exposure to 10 nM indirubin or vehicle for
1-12 hr on the levels of CYP1Al, CYPIB1 mRNAs
normalized to those of 36B4 are shown in Fig. 3. The
highest levels of the CYP mRNAs were observed at 3 hr
post exposure, with 9.6- and 3.2-fold induction of the
CYP1A1 and CYP1B1 mRNAs, respectively, over the levels
in the DMSO control. CYP1A1 and CYPIB1 mRNAs
returned to basal levels by 12hr. Initially, levels of
the 36B4, CYP1Al and CYP1B1 mRNAs were 59.5+
1.87 amol/pg, 1.1+ 0.03 amol/pg and 7.0 £ 0.23 amol/ug
total RNA, respectively.
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Fig. 3. Time course of the effects of indirubin on CYP1Al and CYP1BI1
mRNA levels. MCF-7 cultures were exposed to 10 nM indirubin (Q) or
0.1% (v/v) DMSO (@) over a 12-hr period. At the indicated times, total
RNA was isolated and reverse-transcribed, and the cDNA was amplified by
real-time PCR for quantitative analysis as described in Section 2. The
levels of CYP1Al and CYP1B1 mRNA are expressed relative to 36B4
mRNA levels; they represent the mean = SEM of determinations from
three cultures of cells for indirubin values, or the mean +range of
determinations from two cultures of cells for DMSO values.

3.3. Effects of indirubin on EROD activity

Since the effect of indirubin on CYP induction, as
assayed by E, metabolism, was greater for CYP1A1 than
for CYP1B1, and since the 6-hr time period required for
this assay was not ideal for measuring the transient effects
of indirubin, we modified the EROD assay [29], which
measures predominantly CYP1A1 enzyme activity [35], in
order to determine the effects of indirubin on CYP induc-
tion. Confluent MCF-7 cultures were exposed to 0.1% (v/v)
DMSO, 10 nM indirubin, or 10 nM TCDD for various time
periods up to 24 hr, and were then assayed for EROD
activity. As seen in Fig. 4, at 3 hr post-exposure, induction
of EROD activity by indirubin and by TCDD was similar:
3.8- and 4.1-fold over the initial level, respectively. Induc-
tion of EROD activity by TCDD, which is not appreciably
metabolized in the cultures, persisted and was maximal
at 20-24 hr after exposure. This induction by TCDD
was about 20-fold higher than the initial EROD activity.
However, EROD induction by indirubin was maximal
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Fig. 4. Time course of the effects of indirubin and TCDD on CYP activity.
MCEF-7 cultures were exposed to 10 nM TCDD (W), 10 nM indirubin (O),
or 0.1% (v/v) DMSO (@) over a 24-hr period. At the indicated times,
cultures were assayed for EROD activity as described in Section 2. Values
are expressed as pmol resorufin formation per well and represent the
mean £ SEM of determinations from four cultures of cells.

between 6 and 9 hr post-exposure, reaching 6.3-fold over
the initial level. The activity declined thereafter, returning
to a near-basal level by 24 hr.

To examine the concentration—response for induction of
EROD activity by indirubin, we exposed confluent MCF-7
cells to varying concentrations of indirubin and TCDD for
4 hr. The results, shown in Fig. 5, indicate that induction of
EROD activity was maximal at 10 nM indirubin or 10 nM
TCDD. The Ecsq values for stimulation of EROD activity
were 1.26 nM and 0.32nM for indirubin and TCDD,
respectively.
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Fig. 5. Concentration-response curves for the effects of indirubin and
TCDD on CYP activity as measured by EROD activity. MCF-7 cultures
were exposed to 0.1% DMSO, or to the indicated concentrations of
indirubin (@) or TCDD (Q). After 4 hr, cultures were assayed for EROD
activity as described in Section 2. Values are expressed as pmol resorufin
formation per well and represent the mean = SEM of determinations from
four cultures of cells.
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Fig. 6. Metabolism of indirubin by CYP1Al and CYP1BI1. Microsomes
containing cDNA-expressed CYP1A1 or CYPIBI and control microsomes
were incubated with 10 uM indirubin at 37° for 30 min, either with (gray
bars) or without (filled bars) NADPH, extracted with ethyl acetate, and
analyzed for indirubin levels by HPLC as described in Section 2. Indirubin
levels represent the mean = SEM of determinations from three enzyme
reactions. Symbols indicate significantly different from enzyme reactions
without NADPH (*P < 0.001, TP < 0.05).

3.4. Metabolism of indirubin by cDNA-expressed
CYPIAI and CYPIBI

Since indirubin induces CYP1A1 and CYP1B1, but only
transiently, we investigated whether these enzymes are
responsible for the metabolism of indirubin. Indirubin
(10 uM) was incubated with Sf9 microsomes containing
either human CYP1Al or CYP1BI, or with control Sf9
microsomes (Gentest), to determine whether an NADPH-
dependent decrease in indirubin concentration, indicative
of P450-catalyzed metabolism, could be detected upon
analysis by HPLC. After a 30-min incubation, we observed
a 68% loss of indirubin in microsomal incubations with
expressed human CYP1Al, and a 30% loss with incuba-
tions with expressed human CYPIBI1, as compared to
control reactions without NADPH (Fig. 6). Indirubin con-
centrations were not diminished in the control Sf9 micro-
somal reactions with NADPH present.

We considered the possibility that the observed loss of
indirubin in these microsomal reactions was due to meta-
bolism catalyzed by human OR, which was co-expressed
with both CYP1A1 and CYP1BI1. At OR levels equivalent
to those present in the CYP1A1 enzyme reaction shown in
Fig. 6, we incubated 10 uM indirubin either with insect
control microsomes, with or without added hOR (Gentest)
or with microsomes exogenously expressing rat P450 OR
(Gentest). No reduction in indirubin concentration was
observed in these incubations with only OR and NADPH
(data not shown).

3.5. Effect of indirubin on CYP1BI promoter activity

Since CYP1A1l and, to a lesser extent, CYPIBI1
metabolize indirubin and may have reduced the effective
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Fig. 7. Concentration—response curves for the effects of indirubin and
TCDD, with or without ellipticine, on CYPIBI promoter activity, as
measured in a dual luciferase reporter assay. MCF-7 cultures were
transiently transfected with pl1B1Fluc and pRL-CMV as described in
Section 2. Twelve hours later they were exposed to DMSO or to the
indicated concentrations of indirubin either without (@) or with (Q)
100 nM ellipticine, or to the indicated concentrations of TCDD either
without (W) or with (57) ellipticine. After 12 hr, cultures were assayed for
luciferase activities as described in Section 2, and light units from firefly
luciferase activity were normalized to those from Renilla luciferase
activity. Values represent the mean == SEM of determinations from three
cultures of cells.

concentration of indirubin in Ecsy determinations by the
EROD assay, we examined the effect of ellipticine, a type
IT P450 inhibitor [32], on Ecsg determinations in MCF-7
cells transiently transfected with a CYPIB1 promoter
luciferase construct, pIB1Fluc. After transfection, MCF-
7 cells were exposed to DMSO or to increasing concen-
trations of indirubin or TCDD, with or without ellipticine,
for 12 hr, followed by assay for luciferase activity (Fig. 7).
Levels of luciferase activity in the absence of an exogenous
AhR ligand increased over 4-fold in response to treatment
with ellipticine. The Ecsq values for stimulation of lucifer-
ase activity by indirubin, with and without ellipticine, were
0.16 and 2.73 nM, respectively. The Ecsy values for sti-
mulation of luciferase activity by TCDD, with and without
ellipticine, were 0.18 and 0.38 nM, respectively. MCF-7
cells were also transfected with a truncated luciferase
construct, p1B1trFluc [25], in which the region containing
five characterized DREs [31] was deleted from the
CYP1B1 promoter. When cells transfected with p1B 1trFluc
were exposed to indirubin with or without ellipticine, no
induction of luciferase activity was observed (data not
shown), indicating that indirubin-induced transcriptional
effects are AhR-mediated, and that ellipticine does not
produce luminescence.

4. Discussion
Numerous studies, notably those employing cells

derived from AhR-null mice [11,12], indicate roles of
the AhR in cell-cycle control and in the regulation of cell
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proliferation. Processes involving the AhR observed in the
absence of exogenous ligands have led to the hypothesis that
an endogenous ligand(s) of the AhR exists, and considerable
effort has been dedicated to the identification of such ligands
that may mediate such processes [18]. Some of the endo-
genous compounds identified to date that have binding
affinity for the AhR include bilirubin [36]; lumichrome, a
metabolite of riboflavin [37]; the arachidonic acid metabo-
lite, lipoxin A4 [38]; and the tryptophan metabolites, tryp-
tamine and indole acetic acid [39,40]. Although these
compounds are endogenous, they are relatively weak AhR
agonists, and may not be present in the cell at sufficient
concentrations to produce significant activation of the AhR.
The tryptophan photoproduct, 6-formylindolo[3,2-b]carba-
zole, induces CYP1AL1 at picomolar concentrations [41,42],
but it may not be endogenous to the cell. Recently, a novel
ligand for the AhR, 2-(1'H-indole-3'-carbonyl)-thiazole-4-
carboxylic acid methyl ester, was isolated from porcine
lIung [43]. This compound, which was a potent AhR agonist
in a DRE-driven reporter gene assay, could be synthesized
in vivo by a condensation reaction of tryptophan with
cysteine.

The results reported here suggest that indirubin induces
its own metabolism in MCF-7 breast cancer cells through
induction of CYP1A1 and CYP1B1. Evidence for negative
feedback regulation of CYPIAI gene transcription
mediated by the activity of CYP1A1 has been reported
in other studies. Elevated basal CYP1Al mRNA levels
were observed in murine cell lines that lacked functional
CYP1AT1 protein [42,44]. Introduction of murine cyplal or
human CYP1A2 cDNA expression plasmids restored
repression of cyplal or NAD(P)H:menadione oxidoreduc-
tase, another member of the AhR gene battery [44]. Like-
wise, treatment of mouse hepatoma wild-type cells with
the P450 inhibitor, ellipticine [32], resulted in elevated
CYP1A1 mRNA expression [42] and elevated AhR-depen-
dent reporter gene activity [45]. These studies suggest that
cells lacking CYP1A1 activity accumulate an endogenous
ligand of the AhR that is also a CYP1AL1 substrate. Our
results, which show the induction of CYP1A1 by indirubin,
and the subsequent metabolism of this compound by
CYP1Al, indicate that indirubin, in this respect, resembles
an endogenous ligand of the AhR.

We found, as did Chang and Puga [45] by use of a similar
assay, that treatment with ellipticine, without the addition
of an inducer, increased basal activity in a CYPI1BI
promoter-driven luciferase assay (Fig. 7), suggesting that
inhibition of CYP1A1 allowed accumulation of an endo-
genous ligand, as ellipticine is not an AhR agonist [46]. In
this same assay, the Ecsy values for TCDD and indirubin
were measured, both with and without ellipticine. When
CYP1A1 was inhibited with 100 nM ellipticine, the appar-
ent ECso value for indirubin was reduced by 17-fold, to a
level comparable to that for TCDD. The apparent ECsq
value for TCDD, which is not readily metabolized by
CYP1A1, was only reduced 2-fold with ellipticine treat-

ment. In the EROD assay, in which inhibition of CYP1Al
activity is not feasible, the Ecsy value determined with
indirubin treatment was 4-fold higher than that determined
with TCDD treatment, indicating that an accurate ECsq
value for indirubin cannot be obtained under conditions
where the concentration of indirubin is effectively reduced
by CYP1A1 metabolism.

In MCF-7 cells, we found that induced CYP1A1l and
CYPI1B1 mRNA levels peaked at 3-hr exposure to indir-
ubin and were absent by 12 hr. As measured by the EROD
assay, induced CYP activity peaked at 6-8 hr and was
nearly absent by 24 hr. This time course for CYP1Al
induction by indirubin is remarkably similar to those
observed for bilirubin [36], lipoxin A4 [38], and 6-for-
mylindolo[3,2-b]carbazole [42], other putative endogen-
ous ligands of the AhR. Cell culture conditions that are
hypothesized to induce an endogenous ligand, such as
hydrodynamic shear, which induces EROD activity [15],
or cell suspension, which induces cyplal mRNA [14], also
follow this time course of induction. In mouse hepatocytes,
cyplal mRNA was induced by medium change alone,
peaking at approximately 6-9 hr and undetectable by
24 hr [47]. Photo-oxidized or autoclaved tryptophan, a
component of the medium, induced CYPIA1l by an
AhR-dependent mechanism [26], whereas induction of
CYP1A1 by serum was found to occur by an AhR-inde-
pendent pathway [48]. We likewise observed that fresh
medium containing only the treatment vehicle, DMSO,
increased EROD activities, and that these increases were
due to a component of DMEM and followed a time course
similar to that for indirubin-treated cells (data not shown).
In order to avoid the confounding effects of media on CYP
induction, we adopted a procedure similar to that of Kress
and Greenlee [49] in our time courses and ECsy determina-
tions, by adding treatments directly to medium that had
been exposed to cells for at least 2 days.

The E, metabolism assay, which can distinguish
between the activities of CYP1A1 and CYP1B1, showed
that indirubin treatment caused a 2.8-fold induction of
CYP1AL activity (Fig. 2B) over the activity of the DMSO
control. CYPIBI1 activity was increased only 1.5-fold
over that of the DMSO control by indirubin treatment.
This induction, although not statistically significant, was
the same as that observed for TCDD treatment. One factor
that may be responsible for the lower induction levels for
2- and 4-MeOE, formation compared with those for
induction of EROD activity and CYP1A1 and CYP1B1
mRNA is that the values for 2- and 4-MeOE, formation
represent average rates of formation over the initial 6-hr
period of indirubin exposure, not the peak value. In
addition, elevated levels of CYP1A1l and CYP1B1 may
have been present in the DMSO controls under conditions
in which treatments were added in fresh medium. Sub-
sequent experiments indicated that addition of fresh
medium to cultures caused small, transitory increases
in EROD activity and the levels of the CYP1Al and
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CYP1B1 mRNAs (data not shown). The increases in
CYPI1AL1 and CYPIB1 due to medium change may have
resulted in higher control levels of 2- and 4-MeOE,
formation, and thus lower levels of induction over control
by indirubin.

Consistent with the E, metabolism results, the CYP1A1
mRNA level at 3 hr (Fig. 3) was increased over the level in
the DMSO control to a greater extent than was the CYP1B1
mRNA level (9.6-fold compared with 3.2-fold, respec-
tively). Also, the catalytic activity of CYPIB1 in metabo-
lizing indirubin, as seen in Fig. 6, was lower than that of
CYP1A1l. CYP1Al and CYP1BI have distinct but over-
lapping substrate specificities and can produce, as with E,,
different metabolites. Several hydroxy metabolites of the
tryptophan photoproduct, 6-formylindolo[3,2-b]carbazole,
produced in rat liver microsomal preparations have
recently been identified [50]. Although it is tempting to
speculate that CYP1A1l and CYPI1B1 activities produce
hydroxy metabolites of indirubin, the characterization of
the possible metabolites awaits further study.

Our results agree with those of Adachi er al. [20], who
found that indirubin is a very potent AhR ligand which is
active at nanomolar concentrations. Indirubin may thus
have the capacity to regulate cellular proliferation by
interaction with the retinoblastoma protein, causing cell-
cycle arrest [4,5] or by induction of the cell-cycle inhibitor,
p275P! [6]. Aside from its potential role as a ligand of the
AhR, indirubin was shown to be the active ingredient of a
Chinese antileukemia medicine [51] and to inhibit prolif-
eration of several cell lines, including MCF-7, at micro-
molar concentrations [51,52]. It is worth noting that several
derivatives of indirubin were shown to directly inhibit the
cell-cycle regulators, cyclin dependent kinases and glyco-
gen synthase kinase-3f, at 5-100 nM concentrations
[51,53]. It is possible that the products of phase I and
phase II metabolism of indirubin, which have not yet been
identified, may contribute to its pharmacological and anti-
proliferative properties.

The preponderance of data suggests that the most likely
candidates for high-affinity endogenous ligands of the
AhR are, like indirubin, derivatives of indole [20,41-43],
and that the ligands are metabolized by the enzymes that
they induce. An argument against indirubin being an
endogenous ligand of the AhR is that, even though the
compound has been identified in mammalian urine and
serum, its source has not been identified, and may in fact
be dietary. The only characterized biochemical pathways
leading to indirubin formation have been exclusively
found in plants. However, it is known that products of
indole metabolism catalyzed by mammalian CYPs will
condense non-enzymatically to form indigo and indiru-
bin. Since only nanomolar levels of indirubin are neces-
sary to activate the AhR, and since its metabolism may be
rapid, it is possible that biochemical pathways and the
enzymes involved leading to indirubin formation in ani-
mals have yet to be identified.

Acknowledgments

This research was supported by U.S. Public Health
Service Grant CA81243. The authors gratefully acknowl-
edge the use of the Wadsworth Center’s Tissue Culture
Facility and Biochemistry and Molecular Genetics Core
Facilities.

References

[1] Gu YZ, Hogenesch JB, Bradfield CA. The PAS superfamily: sensors
of environmental and developmental signals. Annu Rev Pharmacol
Toxicol 2000;40:519-61.

Nebert DW, Roe AL, Dieter MZ, Solis WA, Yang Y, Dalton TP. Role of

the aromatic hydrocarbon receptor and [Ah] gene battery in the

oxidative stress response, cell cycle control, and apoptosis. Biochem

Pharmacol 2000;59:65-85.

Puga A, Marlowe J, Barnes S, Chang C, Maier A, Tan Z, Kerzee JK,

Chang X, Strobeck M, Knudsen ES. Role of the aryl hydrocarbon

receptor in cell cycle regulation. Toxicology 2002;181/182:171-7.

[4] Ge NL, Elferink CJ. A direct interaction between the aryl hydrocarbon

receptor and retinoblastoma protein-linking dioxin signaling to the
cell cycle. J Biol Chem 1998;273:22708-13.

[S5] Puga A, Barnes SJ, Dalton TP, Chang CY, Knudsne ES, Maier MA.

Aromatic hydrocarbon receptor interaction with the retinoblastoma

protein potentiates repression of E2F-dependent transcription and cell

cycle arrest. J Biol Chem 2000;275:2943-50.

Kolluri SK, Weiss C, Koff A, Géttlicher M. p27%'! induction and

inhibition of proliferation by intracellular Ah receptor in developing

thymus and hepatoma cells. Genes Dev 1999;13:1742-53.

Jeffy BD, Chen EJ, Gudas JM, Romagnolo DF. Disruption of cell cycle

kinetics by benzo[a]pyrene: inverse expression patterns of BRCA-1 and

p53 in MCF-7 cells arrested in S and G2. Neoplasia 2000;2:460-70.

[8] Hoffer A, Chang C-Y, Puga A. Dioxin induces transcription of fos and

jun genes by Ah receptor-dependent and -independent pathways.

Toxicol Appl Pharmacol 1996;141:238—47.

Ma Q, Whitlock Jr JP. The aromatic hydrocarbon receptor modulates

the Hepa lclc7 cell cycle and differentiated state independently of

dioxin. Mol Cell Biol 1996;16:2144-50.

[10] Shimba S, Komiyama K, Moro I, Tezuka M. Overexpression of the

aryl hydrocarbon receptor (AhR) accelerates the cell proliferation of

A549 cells. J Biochem 2002;132:795-802.

Elizondo G, Fernandez-Salguero P, Sheikh MS, Kim GY, Fornace AJ,

Lee KS, Gonzalez FJ. Altered cell cycle control at the G(2)/M phases

in aryl hydrocarbon receptor-null embryo fibroblast. Mol Pharmacol

2000;57:1056-63.

[12] Zaher H, Fernandez-Salguero PM, Letterio J, Sheikh MS, Fornace AJ,
Roberts AB, Gonzalez FJ. The involvement of aryl hydrocarbon
receptor in the activation of transforming growth factor-f8 and apop-
tosis. Mol Pharmacol 1998;54:313-21.

[13] Sadek CM, Allen-Hoffmann BL. Cytochrome P450IAl is rapidly
induced in normal human keratinocytes in the absence of xenobiotics.
J Biol Chem 1994;269:16067-74.

[14] Monk SA, Denison MS, Rice RH. Transient expression of CYP1A1 in
rat epithelial cells cultured in suspension. Arch Biochem Biophys
2001;393:154-62.

[15] Mufti NA, Bleckwenn NA, Babish JG, Shuler ML. Possible involve-
ment of the Ah receptor in the induction of cytochrome P-450IA1
under conditions of hydrodynamic shear in microcarrier-attached
hepatoma cell lines. Biochem Biophys Res Commun 1995;208:
144-52.

[16] Dey A, Nebert DW. Markedly increased constitutive CYPIA1 mRNA
levels in the fertilized ovum of the mouse. Biochem Biophys Res
Commun 1998;251:657-61.

[2

—

3

—

[6

=

[7

—

[9

—

(11



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

B.C. Spink et al./Biochemical Pharmacology 66 (2003) 2313-2321

Singh SS, Hord NG, Perdew GH. Characterization of the activated
form of the aryl hydrocarbon receptor in the nucleus of HeLa cells in
the absence of exogenous ligand. Arch Biochem Biophys 1996;
329:47-55.

Denison MS, Nagy SR. Activation of the aryl hydrocarbon receptor by
structurally diverse exogenous and endogenous chemicals. Annu Rev
Pharmacol Toxicol 2003;43:309-34.

Rannug U, Bramstedt H, Nilsson U. The presence of genotoxic and
bioactive components in indigo dyed fabrics—a possible health risk?
Mutat Res 1992;282:219-25.

Adachi J, Mori Y, Matsui S, Takigami H, Fujino J, Kitagawa H, Miller
III CA, Kato T, Saeki K, Matsuda T. Indirubin and indigo are potent
aryl hydrocarbon receptor ligands present in human urine. J Biol Chem
2001;276:31475-8.

Gillam EMJ, Notley LM, Cai H, De Voss JJ, Guengerich FP. Oxidation
of indole by cytochrome P450 enzymes. Biochemistry 2000;39:
13817-24.

Sapira JD, Somani S, Shapiro AP, Scheib ET, Reihl W. Some
observations concerning mammalian indoxyl metabolism and its
relationship to the formation of urinary indigo pigments. Metabolism
1971;20:474-86.

Russell GA, Kaupp G. Oxidation of carbanions IV. Oxidation
of indoxyl to indigo in basic solution. ] Am Chem Soc 1961;91:
3851-9.

Spink DC, Lincoln DW, Dickerman HW, Gierthy JF. 2,3,7,8-Tetra-
chloro-dibenzo-p-dioxin causes an extensive alteration of 17f-estra-
diol metabolism in MCF-7 breast tumor cells. Proc Natl Acad Sci USA
1990;87:6917-21.

Spink BC, Pang S, Pentecost BT, Spink DC. Induction of cytochrome
P450 1B1 in MDA-MB-231 human breast cancer cells by non-ortho-
substituted polychlorinated biphenyls. Toxicol In Vitro 2002;16:
695-704.

Feng Q, Kumagai T, Nakamura Y, Uchida K, Osawa T. Induction of
cytochrome P4501A1 by autoclavable culture medium change in
HepG2 cells. Xenobiotica 2002;32:1033-43.

Spink BC, Fasco MJ, Gierthy JF, Spink DC. 12-O-etradecanolylphor-
bol-13-acetate upregulates the Ah receptor and differentially alters
CYPI1BI1 and CYP1A1 expression in MCF-7 breast cancer cells. J Cell
Biochem 1998;70:289-96.

Laborda J. 36B4 cDNA used as an estradiol-independent mRNA
control is the cDNA for human acidic ribosomal phosphoprotein
PO. Nucleic Acids Res 1991;19:3998.

Donato MT, Gomez-Lechon MJ, Castell JV. A microassay for mea-
suring cytochrome P450IA1 and P450IIB1 activities in intact human
and rat hepatocytes cultured on 96-well plates. Anal Biochem 1993;
213:29-33.

Maugard T, Enaud E, Choisy P, Legoy MD. Identification of an indigo
precursor from leaves of Isatis tinctoria (Woad). Phytochemistry
2001;58:897-904.

Tang YM, Wo Y-YP, Stewart J, Hawkins AL, Griffin CA, Sutter TR,
Greenlee WF. Isolation and characterization of the human cytochrome
P450 CYP1BI1 gene. J Biol Chem 1996;271:28324-30.

Lesca P, Rafidinarivo E, Lecointe P, Mansuy D. A class of strong
inhibitors of microsomal monooxygenases: the ellipticines. Chem
Biol Interact 1979;24:189-98.

Spink DC, Spink BC, Cao JQ, DePasquale JA, Pentecost BT, Fasco
MJ, Li Y, Sutter TR. Differential expression of CYP1A1l and CYP1B1
in human breast epithelial cells and breast cancer cells. Carcinogenesis
1998;19:291-8.

Pang S, Cao JQ, Katz BH, Hayes CL, Sutter TR, Spink DC. Inductive
and inhibitory effects of non-ortho-substituted polychlorinated biphe-
nyls on estrogen metabolism and human cytchromes P450 1A1 and
1B1. Biochem Pharmacol 1999;58:29-38.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53

—_

2321

Doostdar H, Burke MD, Mayer RT. Bioflavonoids: selective substrates
and inhibitors for cytochrome P450 CYP1A1 and CYP1B1. Toxicol-
ogy 2000;144:31-8.

Sinal CJ, Bend JR. Aryl hydrocarbon receptor-dependent induction of
Cyplal by bilirubin in mouse hepatoma hepa Iclc7 cells. Mol
Pharmacol 1997;52:590-9.

Kurl RN, Ville CA. A metabolite of riboflavin binds to the 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) receptor. Pharmacology 1985;
30:241-4.

Schaldach CM, Riby J, Bjeldanes F. Lipoxin A,: a new class of ligand
for the Ah receptor. Biochemistry 1999;38:7594-600.
Heath-Pagliuso S, Rogers WIJ, Tullis K, Seidel SD, Cenijn PH,
Brouwer A, Denison MS. Activation of the Ah receptor by tryptophan
and tryptophan metabolites. Biochemistry 1998;37:11508-15.
Miller III CA. Expression of the human aryl hydrocarbon receptor
complex in yeast. J Biol Chem 1997;272:32824-9.

Wei Y-D, Helleberg H, Rannug U, Rannug A. Rapid and transient
induction of CYP1A1 gene expression in human cells by the trypto-
phan photoproduct 6-formylindolo[3,2-b]carbozole. Chem Biol Inter-
act 1998;110:39-55.

Wei Y-D, Bergander L, Rannug U, Rannug A. Regulation of CYP1A1
transcription via the metabolism of the tryptophan-derived 6-formy-
lindolo[3,2-b]carbozole. Arch Biochem Biophys 2000;383:99-107.
Song J, Clagett-Dame M, Peterson RE, Hahn ME, Westler WM,
Sicinski RR, DeLuca HF. A ligand for the aryl hydrocarbon receptor
isolated from lung. Proc Natl Acad Sci USA 2002;99:14694-9.
Ray Chaudhuri B, Nebert DW, Puga A. The murine Cypla-1 gene
negatively regulates its own transcription and that of other members of
the aromatic hydrocarbon-responsive [Ah] gene battery. Mol Endo-
crinol 1990;4:1773-81.

Chang CY, Puga A. Constitutive activation of the aromatic hydro-
carbon receptor. Mol Cell Biol 1998;18:525-35.

Gasiewicz TA, Kende AS, Rucci G, Whitney B, Willey JJ. Analysis of
structural requirements for Ah receptor antagonist activity-ellipticines
flavones and related compounds. Biochem Pharmacol 1996;52:
1787-803.

Nemoto N, Sakurai J. Increase of CYP1IA1 mRNA and AHH activity
by inhibitors of either protein or RNA synthesis in mouse hepatocytes
in primary culture. Carcinogenesis 1991;12:2115-21.

Guigal N, Seree E, Bourgarel-Rey V, Barra Y. Induction of CYP1A1
by serum independent of AhR pathway. Biochem Biophys Res Com-
mun 2000;267:572-6.

Kress S, Greenlee WF. Cell-specific regulation of human CYP1A1 and
CYPI1BI1. Cancer Res 1997;57:1264-9.

Bergander L, Wahlstrom N, Alsberg T, Bergman J, Rannug A, Rannug
U. Characterization of in vitro metabolites of the aryl hydrocarbon
receptor ligand 6-formylindolo[3,2-b]carbazole by liquid chromato-
graphy—mass spectrometry and NMR. Drug Metab Dispos 2003;31:
233-41.

Hoessel R, Leclerc S, Endicott JA, Nobel MEM, Lawrie A, Tunnah P,
Leost M, Damiens E, Marie D, Marko D, Niederberger E, Tang W,
Eisenbrand G, Meijer L. Indirubin, the active constituent of a Chinese
antileukaemia medicine, inhibits cyclin-dependent kinases. Nature
Cell Biol 1999;1:60-7.

Marko D, Schitzle S, Friedel A, Genzlinger A, Zankl H, Meijer L,
Eisenbrand G. Inhibition of cyclin-dependent kinase 1 (CDK1) by
indirubin derivatives in human tumour cells. Br J Cancer 2001;84:
283-9.

Leclerc S, Garnier M, Hoessel R, Marko D, Bibb JA, Snyder GL,
Greengard P, Biernat J, Wu Y-Z, Mandelkow E-M, Eisenbrand G,
Meijer L. Indirubins inhibit glycogen synthase kinase-3f and CDK5/
P25, two protein kinases involved in abnormal tau phosphorylation in
Alzheimer’s disease. J Biol Chem 2001;276:251-60.



	Transient induction of cytochromes P450 1A1 and 1B1 in MCF-7 human breast cancer cells by indirubin
	Introduction
	Materials and methods
	Chemicals
	Culture of MCF-7 cells
	Effects of indirubin on E2 metabolism catalyzed by CYP1A1 and CYP1B1
	Quantitation of CYP1A1, CYP1B1, and 36B4 mRNAs by real-time PCR
	Assay of EROD activity
	Microsomal incubations and measurement of indirubin by HPLC
	Assay of CYP1B1 promoter activity in MCF-7 cells transiently transfected with a luciferase construct
	Statistical analysis

	Results
	Effects of indirubin on estrogen metabolism in MCF-7 Cells
	Effects of indirubin on expression of the CYP1A1 and CYP1B1 mRNAs
	Effects of indirubin on EROD activity
	Metabolism of indirubin by cDNA-expressed CYP1A1 and CYP1B1
	Effect of indirubin on CYP1B1 promoter activity

	Discussion
	Acknowledgements
	References


