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Abstract

Indirubin and indigo, which are thought to be natural ligands for aryl hydrocarbon receptor (AhR), showed marked AhR ligand
activities in a reporter gene assay using recombinant yeast. Their activities were comparable with or more potent than that of 2,3,7,8-
tetrachloredibenzo-p-dioxin. When indirubin and indigo were administered to mice, ethoxyresorufin-O-dealkylase and methoxy-
resorufin-O-dealkylase activities in the liver were increased, but subsequently decreased within 2 days. Indirubin was more potent
than indigo. Levels of cytochrome P450 1A 1/2 proteins and mRINAs in the liver of mice dosed with indirubin were also enhanced.
These enhancing effects of indirubin and indigo were not observed in 4AR knock-out mice, Ethoxyresorufin-O-dealkylase and
methoxyresorufin-O-dealkylase activities in rat hepatocytes and Hep(G2 cells were enhanced by the addition of indirubin or indigo,
but less potently than by 2,3,7,8-tetrachlorodibenzo-p-dioxin. Indigocarmine, a sulfate derivative of indigo, which is used as food
additive, did not show these inducing effects on drug-metabolizing enzymes. Qur results suggest that indirubin and indigo act as

inducers for cytochrome P450 1A1/2 mediated by AhR in mammals in vivo.

© 2004 Elsevier Inc. All rights reserved.
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Indigo, which is produced by fermentation of plant
material from Isatis tinctoria, Indigofera tinctoria, and
Polygonum tinctorium, has been used as dye for cloth used
in denims, blue jeans, and other fabrics [1]. The chromo-
phore consists of a single C=Clinkage substituted by two
donor groups (NH) and two acceptor groups (CO), which
are linked by hydrogen-bonding. Indigo-producing

* Abbreviations: AbR, aryl hydrovarbon receptor; EROB, ethoxy-
resorufin-O-dealkylase; MROD, methoxyresorufin-O-dealkylase; P450,
cytochrome P450; PROD, pentoxyresorufin-O-dealkylase; 3-MC, 3-
methylcholanthrene; TCDD, 2,3,7,8-tetrachloro-p-dioxin; HPL.C, high-
performance liquid chromatography.

* Corresponding author. Fax: +81-82-257-5329,

E-mail address: skitamu@hiroshima-u.ac.jp (8. Kitamura).

0006-291X/8 - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/).bbre.2004.04.066

plants have also been used in traditional Chinese medicine
[2]- Indirubin is a pink-colored by-product of indigo
synthesis, and contaminates indigo dye. It was also
identified as an anti-leukemia active ingredient {3,4] and
shown to be an inhibitor of cyclin-dependent kinases [3].
Gillam et al. [6,7] proposed that indirubin and indigo are
formed endogenously in the human body. They demon-
strated that human cytochrome P450s (P450s) catalyze
the formation from indole of indoxyl and isatin, which
could then undergo dimerization to form indigo and in-
dirubin (Fig, 1). Recently, Adachi et al. [8] proposed that
indirubin and indigo are endogenous ligands of aryl hy-
drocarbon receptor (AhR), using a recombinant yeast
assay. The ligands were extracted from acid-treated



572 X Sugthara et al. | Biochemical and Biophysical Research Communications 318 (2004} 571-578

Fig. 1. Postulated scheme for the formation of indigo and indirubin in
the body.

human urine and fetal bovine serum, and their levels in the
body were shown to be high enough to activate AhR, i.e.,
0.2 and 0.07 nM, respectively.

AhR is a ligand-binding transcription factor which
was isolated as a 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) receptor. Binding of TCDD to cytosolic AhR
is considered to be the initial event leading to the
manifestation of the biological and toxicological re-
sponses elicited by TCDD [9]. AhR exists as cytoplasmic
aggregates bound to heat-shock protein 90. Upon
TCDD binding, AhR dissociates from heat-shock pro-
tein 90 and the lisand—receptor complex translocates to
the nucleus. Then, the activated AhR dimerizes with the
AhR nuclear translocator protein, and this complex
recognizes and binds to the xenobiotic response element
sequence upstreamn of the target genes to activate their
transcription. Several xenobiotic-metabolizing enzymes,
such as UDP-glucuronosyltransferase, specific forms of
P450, NAD(P)H-quinone oxidoreductase, and aldehyde
dehydrogenase-3, have the XRE sequence in the 5'-up-
stream region of their genes, and they exhibit AhR-
mediated induction of gene expression by TCDD.
Recently, it has been reported that AhR-null mice
(42R~/7) do not exhibit TCDD-induced liver toxicity or
teratogenicity, such as cleft palate and enlarged renal
pelvis [10,11]. AhR is thus one of the key molecules
mediating the toxicity of dioxins. AhR-mediated sig-
naling is known to be required for xenobiotic ligands
such as TCDD, 3-methylcholanthrene (3-MC), and
B-naphthoflavone [12,13], but AhR remains an orphan
receptor, because its physiological ligand and its func-
tion are not known. The AhR ligand activity of indigo
was similar to that of TCDD, while indirubin was 50
times more potent [8). Thus, these compounds are likely
to have an important physiological role, and may have
the potential to decrease the AhR-mediated toxicity of
dioxins in vivo. In this study, we examined the inducing
effects of indirubin and indigo on the P450 system in
mice in vivo and in rat hepatocytes and HepG2 cells.

Materials and methods

Chemicals and animals. Indigo and 3-MC were purchased from
Sigma Chemical (Si. Louis, MO). Indigocarmine and 5,7,5,7-tetra-
bromoindigo were purchased from Tokyo Chemical Industry {Tokyo,
Japan). Indirubin was synthesized as described by Hoessel et al. [5).

Male C57BL/6]Jcl mice (56 weeks old) from CLEA Japan
(Tokyo, Japan) and male S1c:SD rats (67 weeks old) from Japan SLC
(Shizuoka, Japan) were housed in cages at 22 °C with a2 12-h light/dark
cycle, with free access to tap water and a standard pellet diet. The
generation of AAR-deficient mice (42R~/-) and checking of genotypes
of mice were done as previously reported [11]. ARR™/~ mice were
maintained in the Research Facilities for Laboratory Animal Science,
Hiroshima University.

Treatment of animals. Male mice were given indirubin or indigo
(1-50mg/kg body weight} dissolved in Panacete 810 (a mixture of
medium-chain triglycerides, Nippon Oils and Fats, Tokyo, Japan) at
5mlkg by gavage for three days. These mice were killed one day after
the last dose. Vehicle control mice were given the same volume of
Panacete 810. Male Ahr~/~ mice (56 weeks old) were treated with
indirubin (50 mg/kg body weight) in the same manner as Ahrt/+ (wild:
C57BL/6JIc]) mice.

Preparation of liver microsomes. One day after the last dose, the livers
were excised from exsanguinated male mice and immediately perfused
with 1,15% KCl. The livers were homogenized in four volumes of the
KCl solution using a Potter-Elvehjem homogenizer. The microsomal
fraction was obtained from the homogenate by successive centrifuga-
tion at 9000g for 20min and at 105,000g for 60 min. The fraction was
washed by resuspension in the KCI solution and resedimentation. The
pellets of microsomes were resuspended in the solution to make 1 ml
equivalent to I g liver. Protein contents in the liver microsomal prepa-~
rations were determined by the method of Lowry et al. [14].

Enzyme assays of liver microsomes. Ethoxyresorufin-O-dealkylase
{EROD), methoxyresorufin-O-dealkylase (MROD), and pentoxyreso-
rufin-O-dealkylase (PROD) activities in liver microsomes were assayed
by a fluorophotometric method [15). The amount of resorufin was
determined using about 0.1-0,5mg protein of liver microsomes. Res-
orufin formation was linear with time for the 20-min duralion of
incubation.

Hepatocyte preparation and incubation. Rat hepatocytes were iso-
lated from male rats by collagenase perfusion as described previously
[16]. Hepatocytes (2 x 106 cellsfml) were suspended in Williams’ E
medium supplemented with 7% fetal calf serum in collagen 1 coated
dishes. After 7h of incubation at 37°C under an atmosphere of 5%
C0,/95% air, the cells wete harvested and the medium was changed.
After an additional 17h of incubation, the enzyme inducers were
added to cell suspensions. Dimethyl sulfoxide was used as the solvent
of these inducers. After treatment of hepatocytes with the enzyme in-
ducers for 24 h, EROD activities in hepatocytes were assayed by micro-
ERQD analysis. The medivm was removed, 8 pM ethoxyresorufin was
added, and the amount of resorufic was measured after 1h. Cell via-
bility after isolation, estimated by means of the trypan blue exchusion
test, was always greater than 90%.

Assays of EROD and MROD activities in HepG2 cells. Human liver
cancer cell-line HepG?2 cells were grown to confluence at 37 °C under
5% €O, in MEM (Sigma Chemical) containing penicillin and strep-
tomycin with 5% fetal bovine serum (Life Technologies, Rockville,
MD). The cells were seeded in 24-well plates at 2.5 x 10* cells/well and
chemicals were added the next day. One hour after addition of the
enzyme inducers, the EROD and MROD activities were assayed.

Immunoblot analysis of eyp lal/2. The levels of cyp 1al/2 proteins
were determined by immunoblot analysis of microsomal protein from
mouse liver. Mouse microsomal proteins (5g) were separated on
SDS-polyacrylamide gel electrophoresis (16% gel) and transferred to
polyvinylidene fluoride membranes (Bio-Rad, Hercules, CA) by
ekectroblotting. Membranes were then incubated with 5% skimmed



