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SUMMARY
Heme metabolism normally involves enzymatic conversion to
biliverdin and subsequently to bilirubin, catalyzed by heme
oxygenase and biliverdin reductase, respectively. We examined
the ability of exogenously added hemin, biliverdin, or bilirubin to
regulate Cyp1a1, an enzyme that may be active in bilirubin
elimination. A substantial dose-dependent increase in Cyp1a1
mRNA occurred after treatment of Hepa 1c1c7 cells with either
of the three compounds. This increase was readily apparent 1
hr after treatment with biliverdin or bilirubin but required $2 hr
with hemin. Treatment of Hepa 1c1c7 cells with these com-
pounds also caused a dose-dependent increase in Cyp1a1-
dependent 7-ethoxyresorufin-O-deethylase (EROD) activity. Of
the three compounds, bilirubin produced the greatest maximal
increase in Cyp1a1 mRNA and EROD (5.5-, 10.5-, and 15-fold
for 100 mM hemin, biliverdin, and bilirubin, respectively) activity.
The RNA polymerase inhibitor actinomycin D completely
blocked Cyp1a1 induction by these compounds, indicating a
requirement for de novo RNA synthesis via transcriptional ac-
tivation. The protein synthesis inhibitor cycloheximide did not
affect Cyp1a1 mRNA induction, indicating a lack of requirement
for labile protein factors. In contrast, EROD induction by hemin,
biliverdin, or bilirubin was completely blocked by cycloheximide

treatment, indicating that the increase in enzyme activity is
dependent on increased Cyp1a1 apoprotein synthesis. Aryl
hydrocarbon receptor (AHR)- and AHR nuclear translocator-
deficient mutant Hepa 1c1c7 cells did not exhibit increased
Cyp1a1 mRNA or EROD activity after treatment with these
compounds, indicating the requirement for a functional AHR for
this response. Consistent with this, hemin, biliverdin, and bili-
rubin were able to induce expression of the dioxin-response
element/luciferase reporter plasmid pGudLuc1.1 after transient
transfection into wild-type Hepa 1c1c7 cells. Gel retardation
assays demonstrated that bilirubin, but not hemin or biliverdin,
was able to transform the AHR to a form capable of specifically
binding to a 32P-labeled oligonucleotide containing a dioxin-
response element sequence. These data indicate that bilirubin
induces Cyp1a1 gene transcription through direct interaction
with the AHR. In contrast, hemin and biliverdin seem to induce
Cyp1a1 indirectly by serving as precursors to the endogenous
formation of bilirubin via normal heme metabolism pathways.
This is the first direct demonstration that the endogenous heme
metabolite bilirubin can directly regulate Cyp1a1 gene expres-
sion and enzymatic activity in an AHR-dependent manner.

P450s are a superfamily of heme-containing monooxygen-
ase enzymes that metabolize a diverse range of compounds of
both endogenous and exogenous origin (1). The level of gene
expression for most of these enzymes is influenced by a
number of endogenous regulatory factors, such as hormones,
as well as by their xenobiotic substrates (2, 3). The Cyp1a1
isoform oxidatively biotransforms various PAHs, such as
benzo[a]pyrene, to more polar and, sometimes, more toxic
metabolites. Chemicals such as benzo[a]pyrene and TCDD

are capable of high level transcriptional activation of the
Cyp1a1 gene by interaction with the AHR (4). On binding
with a PAH ligand, the AHR forms a heterodimer with the
AHRT protein and binds to specific DNA recognition se-
quences known as DREs located upstream of the Cyp1a1
transcription start site (5). Binding to these enhancer se-
quences causes a change in chromatin structure that facili-
tates binding of transcription factors to the Cyp1a1 promoter
(6).

Although substrate metabolism and transcriptional regu-
lation of Cyp1a1 by xenobiotics have been extensively stud-
ied, analogous roles for endogenous compounds have not
been described. Endogenous heme, derived primarily from
the breakdown of cellular hemoproteins, is normally con-
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1 In accordance with standard convention (1), Cyp1a1 is used throughout
this report in reference to the mouse isoform only. The same isoform is referred
to as CYP1A1 in all other species.
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verted to biliverdin by HO, the rate-limiting enzyme of heme
metabolism (7). Biliverdin reductase catalyzes the conversion
of biliverdin to bilirubin, which may then be conjugated by
UDP-GT before biliary excretion (8). A number of studies
have indicated that Cyp1a1 may also contribute to heme
metabolism. Humans with Crigler-Najjar syndrome and the
corresponding Gunn rat animal model experience severe hy-
perbilirubinemia due to a congenital defect in the UDP-GT
gene responsible for bilirubin conjugation (9). Administration
of the CYP1A1 inducer TCDD to Gunn rats has been shown
to lower serum plasma levels of unconjugated bilirubin (10).
A PAH-inducible bilirubin degradation pathway, which is
inhibited by an antibody that recognizes CYP1A1 and
CYP1A2, has been identified in liver microsomes prepared
from rats or chick embryos (11, 12). Consistent with the
possibility that bilirubin may be a substrate for CYP1A1 and
cause substrate-mediated transcriptional regulation of the
CYP1A1 gene, the congenitally jaundiced Gunn rat is hyper-
bilirubinemic and exhibits an increased level of constitutive
CYP1A1 expression (13, 14).

The purpose of this study was to examine and clarify the
relationship(s) of endogenous heme metabolism to Cyp1a1
regulation. We examined the effect of treatment with exoge-
nous hemin, biliverdin, and bilirubin on Cyp1a1 mRNA and
enzyme activity in mouse hepatoma Hepa 1c1c7 cells. The
involvement of the AHR in this process was also investigated
using AHR- and ARNT-deficient mutant Hepa 1c1c7 cells, a
DRE/luciferase reporter gene, and gel retardation assays. We
provide direct evidence for AHR-dependent regulation of
Cyp1a1 gene expression and enzyme activity by bilirubin, an
endogenous metabolite of heme.

Experimental Procedures
Materials. Hemin IX chloride, bilirubin IX, and biliverdin IX

dihydrochloride were purchased from Sigma Chemical (St. Louis,
MO.). Actinomycin D and cycloheximide were from Fluka (Buchs,
Switzerland). Dioctylamine was from Aldrich Chemical (Milwaukee,
WI). ERF and resorufin were from Molecular Probes (Eugene, OR).
Penicillin, streptomycin, amphotericin B, [a-32P]dCTP (3000 Ci/
mmol), and [g-32P]ATP (7000 Ci/mmol) were from ICN Biomedicals
Canada (Montreal, Quebec, Canada). Prime-a-Gene random primer
DNA labeling kit was from Promega (Madison, WI). Hybond-N nylon
filters were from Amersham Canada (Oakville, Ontario, Canada). All
restriction enzymes were from Pharmacia Canada (Baie d’Urfe, Que-
bec, Canada). Taq DNA polymerase, Superscript II RNase H2 re-
verse transcriptase, fetal calf serum, improved minimal essential
medium, and gentamycin sulfate were from GIBCO BRL Canada
(Burlington, Ontario, Canada). TCDD was a generous gift from Dr.
Tim Zacharewski (University of Western Ontario). Poly(dI/dC) was
obtained from Boehringer-Mannheim Biochemicals (Montreal, Que-
bec, Canada). PCR primers were synthesized and purified through
HPLC by General Synthesis and Diagnostics (Toronto, Ontario, Can-
ada). All other chemicals (reagent grade or better) were purchased
from BDH (Toronto, Ontario, Canada).

Cell culture and treatments. The mouse hepatoma Hepa 1c1c7
cell lines (wild-type, C4, and C12; generously provided by Dr. O.
Hankinson, University of California, Los Angeles) were maintained
in a standard media consisting of improved minimal essential me-
dium supplemented with 10% fetal bovine serum, 20 mM L-glu-
tamine, 50 mg/ml gentamycin sulfate, 100 IU/ml penicillin, 10 mg/ml
streptomycin, and 25 ng/ml amphotericin B. Cells were grown in
75-cm2 tissue culture flasks at 37° in a 4% CO2 humidified environ-
ment.

Hemin, biliverdin, and bilirubin were initially dissolved in a small

volume of 1 mM NaOH and made up to the desired final volume with
sterile PBS, pH 7.4. These solutions were prepared fresh for each
experiment under low light conditions. Actinomycin D was dissolved
in 75% ethanol, cycloheximide was dissolved in sterile distilled wa-
ter, and TCDD was dissolved in dimethylsulfoxide. For all experi-
ments, control groups for each of the treatments were administered
the appropriate solvent. For analysis of mRNA expression levels,
;2 3 107 cells were added to 100-mm tissue culture dishes in 10 ml
of normal culture media. For analysis of EROD levels, ;1 3 105 cells
were added to each well of a 96-well tissue culture plate in 250 ml of
normal culture media. On 60–80% confluence (1–2 days), appropri-
ate stock solutions of the test chemicals were directly added to the
culture media. For experiments involving actinomycin D, cyclohexi-
mide, or tin protoporphyrin, these chemicals were added 1.5 hr
before the addition of the test compounds.

RNA extraction and analysis. After incubation with the test
compounds for specified time periods, the culture media was aspi-
rated, and the cell monolayers were washed twice with ice-cold PBS.
Total cell RNA was isolated by the acid guanidinium thiocyanate-
phenol-chloroform extraction method of Chomczynski and Sacchi
(15). For Northern blots, aliquots of RNA were separated in a dena-
turing (2.2 M formaldehyde) agarose (1.1%) gel and transferred to
Hybond-N nylon filters. The RNA was fixed to the filters by baking
at 80° for 2 hr. Prehybridization of the filters was carried out in a
solution containing 63 SSPE (0.9 M NaCl, 0.06 M NaH3PO4zH3O,
0.006 M Na2EDTA), 50% deionized formamide, 53 Denhardt’s solu-
tion (0.1% polyvinylpyrrolidone, 0.1% Ficoll, 0.1% bovine serum al-
bumin), 0.5% SDS, and 100 mg/ml sheared salmon sperm DNA for 4
hr at 42°. Hybridization with the 32P-labeled cDNA probes was
carried out in the same solution, without Denhardt’s reagent, for
16–24 hr at 42°. The filters were then washed twice at room temper-
ature in 23 SSPE/0.5% SDS for 15 min. This was followed by a
30-min wash in 0.13 SSPE/0.5% SDS at 42° and a final 30-min wash
in 0.13 SSPE/0.5% SDS at 65° for 30 min. The washed filters were
sealed in plastic wrap and exposed to Kodak X-OMAT AR film in the
presence of an intensifier screen at 280°. After exposure, the filters
were stripped by washing in 0.13 SSPE/0.5% SDS at 100° before
subsequent cDNA hybridizations.

The 539-bp cDNA probe for mouse CYP1A1 mRNA was generously
provided by Dr. T. Zacharewski (University of Western Ontario). A
cDNA probe for rat HO-1 mRNA was prepared by reverse transcrip-
tion coupled to PCR amplification using the primers FHO1 59-GAG-
GTGCACATCCGTGCAGAGA-39 (forward) and RHO1 59-GCAGT-
CATGGTCAGTCAACATGG-39 (reverse). Briefly, 1 mg of total RNA
from the liver of a sodium arsenite-treated rat was used as a tem-
plate for first-strand cDNA synthesis using reverse transcriptase
according to the manufacturer’s (BRL) specifications and by using
RHO1 as the primer. Then, 10% of the cDNA products were added to
a standard PCR mixture according to the manufacturer’s instruc-
tions (BRL) using FHO1 and RHO1 as specific primers. PCR ampli-
fication was performed with a Perkin-Elmer Cetus (model 480; Nor-
walk, CT) DNA thermal cycler using the following temperature
profile: initial denaturation for 5 min at 95°; 35 cycles of 45 sec at 95°
(denaturation), 45 sec at 60° (annealing), 1.5 min at 72° (extension),
and a final extension of 6 min at 72°. Subsequently, the 1132-bp
cDNA product, corresponding to nucleotides 67–1196 of the pub-
lished sequence (16), was purified from the PCR reaction by agarose
(1%) gel electrophoresis. An 883-bp EcoRI/HindIII digestion product
corresponding to nucleotides 87–970 of rat HO-1 mRNA was used as
a specific probe for rat HO-1 mRNA. All probes were 32P-labeled by
the random primer method according to the manufacturer’s (Pro-
mega) instructions.

EROD assays. EROD assays were performed on intact, living
Hepa cells. An ERF working solution was produced by dilution of
stock (0.4 mM in dimethylsulfoxide) ERF to a final concentration of 2
mM in assay buffer (0.05 M Tris, 0.1 M NaCl, pH 7.8) that had been
prewarmed to 37°. After aspiration of the media containing the test
compounds, the cell monolayers were rinsed with warmed (37°) PBS.
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ERF working solution (75 ml) was then added to each cell well, and
the plates were placed in a shaking incubator at 37°. After 5 min,
initial fluorescence (excitation, 545 nm; emission, 575 nm; Baxter
96-well fluorometer) measurements were recorded from each cell
well, and the plates were replaced in the incubator. After an addi-
tional 10 min, a final set of fluorescence measurements of the cell
wells was performed. The amount of resorufin formed in each well
between the initial and final fluorescence measurements was deter-
mined by comparison with a standard curve of known concentra-
tions. Under these assay conditions, the formation of resorufin with
respect to time was verified to proceed linearly for a minimum of 15
min after the initial fluorescence measurements. The working solu-
tion was then aspirated, the cell wells were rinsed twice with PBS,
and 50 ml of distilled water was added to lyse the cells. After placing
of the cell plates at 280° for 30 min, the cell lysates were allowed to
thaw, and protein levels were determined according to the method of
Lowry et al. (17) using a Molecular Devices Emax microplate reader.

Transient transfection and luciferase assays. Wild-type
Hepa 1c1c7 cells were plated onto six-well multiwell tissue culture
plates at ;50–60% confluence 6 hr before transfection in standard
growth media. Each well of cells was transfected with 1.5 mg of the
b-galactosidase expression plasmid pCH110 (Pharmacia) as a con-
trol for transfection efficiency and 2.5 mg of the DRE-luciferase
reporter plasmid pGudLuc1.1 (provided by Dr. M. Denison, Univer-
sity of California at Davis) using a standard calcium phosphate
coprecipitation technique (18). The medium was aspirated, the cells
were washed twice with PBS, and the medium was replaced 24 hr
after transfection. Then, test compounds were added directly to the
medium (0.1% v/v). The cells were harvested 24 hr later and assayed
for b-galactosidase activity using a 96-well absorbance plate reader
(Molecular Devices Emax) according to standard techniques (18).
Luciferase activity was measured using a 96-well luminometer (Lab-
systems Luminoskan) using standard methods (19). Luciferase val-
ues were corrected for transfection efficiency (b-galactosidase activ-
ity) and are expressed as fold-induction relative to solvent-treated
control cells.

Gel retardation assays. For preparation of guinea pig hepatic
cytosol, freshly excised livers were homogenized in ice-cold HEGD
buffer (25 mM HEPES, 5 mM EDTA, 10% glycerol, pH 7.4) using
three passes with a Teflon-glass homogenizer. The resulting homog-
enate was centrifuged at 9000 3 g for 20 min at 4° followed by
centrifugation of the supernatant at 100 000 3 g for 60 min at 4°. For
preparation of Hepa cytosol, wild-type cells were grown to 90%
confluence in 100-mm tissue culture dishes, washed twice with PBS,
and detached using trypsin (0.5%). Cells were pelleted at 1000 3 g,
resuspended in HEGD buffer, homogenized (Kontes Tenbroek, Vine-
land, NJ), and centrifuged at 100,000 3 g for 60 min at 4°. Aliquots
of Hepa cell and guinea pig liver cytosol (100,000 3 g supernatant)
were flash-frozen in liquid nitrogen and stored at 280° until use.

The following complementary oligonucleotides were synthesized
and used in the gel retardation assays: (i) 2998 to 2973 of the
Cyp1a1 regulatory region (59-gatctctTCTCACGCaActccgag-39 and
59-gatcctcggagTtGCGTGAGAaga-39; henceforth termed DRE) and
(ii) 2998 to 2973 of the Cyp1a1 regulatory region containing a single
nucleotide transversion substitution (underlined) within the core
DRE motif (59-gatctctTCTCGCGCaActccgag-39 and 59-gatcctcggagT-
tGCGCGAGAaga-39; henceforth termed mutant DRE). Oligonucleo-
tides were 32P-labeled at the 59-end using T4 polynucleotide kinase
and [g-32P]ATP using standard methodology (18). After adding NaCl
to a final concentration of 100 mM, the oligonucleotides were an-
nealed by heating to 70° and allowing to cool to room temperature.
The 32P-labeled DRE was then purified by loading onto a 15% non-
denaturing polyacrylamide gel and electrophoresis in 13 TBE buffer
(90 mM Tris, 120 mM boric acid, 4 mM EDTA, pH 8.0). The labeled
DRE was visualized by a 10-sec exposure to Kodak X-OMAT AR film,
excised from the gel, and eluted into 400 ml of TE buffer (10 mM Tris,
1 mM EDTA, pH 8.0) for 16 hr at 37°.

Assessment of AHR transformation and DNA binding was per-

formed essentially as previously described (20). Briefly, cytosol from
Hepa 1c1c7 cells (5 mg/ml) or guinea pig liver (16 mg/ml) was trans-
formed by incubation at 22° for 2 hr with the test compounds dis-
solved in dimethylsulfoxide. Transformed cytosol (5 ml) was then
incubated for 15 min at 22° with HEGD buffer (15 ml) containing KCl
(64 mM final concentration for Hepa cytosol, 96 mM for guinea pig)
and 375 ng of poly(dI/dC). For the competition assays, unlabeled,
annealed DRE was also added to this initial incubation. Labeled,
annealed oligonucleotides (100,000 cpm, 0.5 ng) were then added,
followed by a second incubation for 15 min at 22°. The samples were
loaded onto a 5% nondenaturing polyacrylamide gel and electropho-
resed in 13 TBE. After drying, gels were visualized by exposure to
Kodak X-OMAT AR film in the presence of an intensifier screen at
280°.

HO and biliverdin reductase assays. Wild-type Hepa 1c1c7
cells were grown to 80–90% confluence in 100-mm tissue culture
dishes. After treatment with the test compounds for 6 hr, the cell
monolayers were washed twice with ice-cold PBS, scraped from the
tissue culture dishes with a rubber policeman, and pelleted at
1000 3 g for 1 min at 4°. Cell pellets were resuspended in 100 ml of
hypotonic buffer consisting of 10 mM potassium phosphate buffer, pH
7.4, and 50 mM phenylmethylsulfonyl fluoride. After sitting on ice for
10 min, the cell suspensions were flash-frozen in liquid N2 and
subsequently allowed to thaw on ice. Two such freeze-thawing cycles
resulted in essentially complete cell lysis as assessed by light mi-
croscopy. The lysed cell suspension was then centrifuged at 15,000 3
g for 1 min at 4°. The supernatant from this spin, which contains
both HO and biliverdin reductase activity, was used for all enzyme
assays. Protein concentrations were determined according to the
method of Lowry et al. (17).

For determination of biliverdin reductase activity, incubations
contained 1.25 mg/ml lysate, 25 mM biliverdin, and 1 mM NADPH in
0.1 M potassium phosphate buffer, pH 7.4. For the HO assays, incu-
bations contained 5 mg/ml lysate, 25 mM hemin, and 1 mM NADPH in
0.1 M potassium phosphate buffer, pH 7.4. Samples were incubated
for 15 min (biliverdin reductase) or 60 min (HO) at 37°. For the HO
samples, additional NADPH was added after 20 and 40 min. Reac-
tions were stopped by the addition of two volumes of CHCl3. After
vigorous mixing, the samples were centrifuged at 10,000 3 g for 5
min, and the lower CHCl3 phase was removed to a fresh tube. The
CHCl3 was evaporated under a gentle stream of N2, and the resulting
residue was subsequently dissolved in 100 ml of methanol.

Bilirubin content of the extracted samples was analyzed by re-
verse-phase HPLC based on the method of McDonagh et al. (21).
Briefly, the HPLC system consisted of a Waters (Milford, MA) HPLC
pump and injector connected to an Ultrasphere-IP column (5 mM,
C-18, 25 3 0.46 cm; Beckman-Altex, Palo Alto, CA). The mobile
phase consisted of 0.1 M dioctylamine in methanol/water (96:4 v/v) at
a flow rate of 1 ml/min. A Waters tunable absorbance detector was
used for continuous monitoring at 460 nm. The retention time for
bilirubin was 6.8 min. Quantification of bilirubin was achieved
through comparison with known quantities of bilirubin dissolved in
a 1 mg/ml bovine serum albumin solution and extracted identically
as the unknown samples. The limit of detection for this system was
50 pmol.

Statistics. Data were analyzed by analysis of variance followed by
the Bonferroni/Dunn test for multiple comparisons using StatView
4.01 software (Abacus Concepts, Berkeley, CA).

Results
Increase of Cyp1a1 after heme compound treatment.

The effect of hemin, biliverdin, or bilirubin on steady state
Cyp1a1 mRNA levels as assessed by Northern blots is shown
in Fig. 1. All of the compounds caused a dose-dependent
increase in Cyp1a1 mRNA levels 3 hr after treatment com-
pared with solvent-treated control Hepa 1c1c7 cells. Biliru-
bin was clearly the most potent and effective, with discern-
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ible effects evident at a concentration of 1 mM. At a
concentration of 100 mM, bilirubin produced the greatest in-
crease, followed by biliverdin and hemin, respectively. As
expected, 1 nM TCDD caused a substantial increase in
Cyp1a1 mRNA after 3 hr; however, at this time point the
effect was not as great as that with 100 mM bilirubin. Also
shown in Fig. 1 is the effect of the tested compounds on the
steady state levels of inducible HO-1 isoform mRNA. Only
hemin increased HO-1 mRNA levels in a dose-dependent
manner. For reference purposes, the blots were stripped and
rehybridized with a cDNA probe for GAPDH mRNA as a
loading control for all of the Northern blots presented in this
study.

Fig. 2 shows the time course for Cyp1a1 mRNA increases 0,
1, 2, 4, 8, or 12 hr after treatment with 100 mM hemin,
biliverdin, or bilirubin. The onset of Cyp1a1 increase was
rapid for all compounds and was readily apparent by 1 hr for
biliverdin and bilirubin. However, the increase in response to
100 mM hemin was somewhat delayed, with an increase in
Cyp1a1 mRNA levels being clearly achieved only after 2 hr.
By 24 hr, the Cyp1a1 mRNA levels were clearly diminished
relative to the maximum for each compound but remained
elevated relative to that seen at 0 hr in each case.

To assess the functional implications of exposure to hemin,

biliverdin, or bilirubin, Cyp1a1-dependent EROD activity
was also measured in Hepa 1c1c7 cells (Fig. 3). Each of the
compounds produced a dose-dependent increase in EROD
activity 24 hr after treatment compared with solvent-exposed
control cells. Significant increases of EROD activity were
measured at 30 and 100 mM for hemin (2.0- and 5.5-fold,
respectively) and at 10, 30, and 100 mM for biliverdin (3.0-,
6.5-, and 10.5-fold) and bilirubin (3.0-, 8.0-, and 15.0-fold).
Furthermore, biliverdin and bilirubin increased EROD activ-
ity significantly more than hemin at 10, 30, and 100 mM,
whereas bilirubin produced a significantly greater increase
than hemin or biliverdin at 100 mM. The positive control and
reference compound TCDD (1 nM) produced a ;41-fold in-
crease in EROD activity (Fig. 3, inset).

Fig. 1. Dose-dependent increase in Cyp1a1 mRNA in wild-type Hepa
1c1c7 cells 3 hr after treatment with hemin, biliverdin, or bilirubin as
assessed by Northern blot analysis. Total RNA (10 mg) was separated
on a 1.1% formaldehyde denaturing gel, transferred to nylon mem-
branes, and hybridized with a 32P-labeled cDNA probe specific for
mouse Cyp1a1 mRNA as described in Experimental procedures. The
blots were subsequently stripped and rehybridized with a cDNA probe
for HO-1, as well as for GAPDH, which was used as a loading control.
Transcript sizes for Cyp1a1, HO-1, and GAPDH mRNA were ;2.9,
;1.8, and ;1.3 kb, respectively. Total RNA isolated from cells 3 hr after
treatment with 1 nM TCDD was used as a positive control for Cyp1a1
induction.

Fig. 2. Time-dependent increase in Cyp1a1 mRNA in wild-type Hepa
1c1c7 cells 0, 1, 2, 4, 8, or 24 hr after treatment with 100 mM hemin,
biliverdin, or bilirubin as assessed by Northern blot analysis. Total RNA
(10 mg) was separated on a 1.1% formaldehyde denaturing gel, trans-
ferred to nylon membranes, and hybridized with a 32P-labeled cDNA
probe specific for mouse Cyp1a1 mRNA as described in Experimental
procedures. The blots were subsequently stripped and rehybridized
with a cDNA probe for GAPDH, which was used as a loading control.
Transcript sizes for Cyp1a1 and GAPDH mRNA were ;2.9 and ;1.3
kb, respectively.

Fig. 3. Dose-dependent increase in Cyp1a1-dependent EROD activity
in wild-type Hepa 1c1c7 cells 24 hr after treatment with hemin, biliver-
din, or bilirubin. EROD activity was measured in intact, living cells using
a 96-well plate fluorescence assay as described in Experimental Pro-
cedures. Inset, cells treated with 1 nM TCDD were used as a positive
control for Cyp1a1 induction. Values are mean 6 standard deviation of
12 independent experiments performed in duplicate. a, Significantly
different from 0 mM (p , 0.01). b, Significantly different from hemin (p ,
0.01). c, Significantly different from hemin and biliverdin (p , 0.01).
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Effect of RNA and protein synthesis inhibitors. To
determine whether the increase in Cyp1a1 in response to
hemin, biliverdin, or bilirubin exposure was a result of de
novo RNA synthesis or a post-transcriptional effect, Hepa
1c1c7 cells were cotreated with the RNA polymerase inhibi-
tor actinomycin D. Treatment with 1 mg/ml actinomycin D 2
hr before exposure to 100 mM hemin, biliverdin, or bilirubin
completely abolished any increase in Cyp1a1 mRNA (Fig.
4A). As expected, actinomycin D also inhibited induction by 1
nM TCDD, a finding consistent with an increase in Cyp1a1
gene transcription by this compound. Actinomycin D also

completely blocked the increase in Cyp1a1-dependent EROD
activity in response to 100 mM hemin, biliverdin, or bilirubin
(Fig. 4B) or 1 nM TCDD (Fig. 4B, inset). Actinomycin D also
significantly decreased basal EROD levels in solvent-treated
Hepa 1c1c7 cells.

We also determined whether increased Cyp1a1 mRNA lev-
els due to hemin, biliverdin, or bilirubin exposure were de-
pendent on the action or actions of a highly labile or de novo
synthesized protein or proteins by treating Hepa 1c1c7 cells
with the protein synthesis inhibitor cycloheximide. A 2-hr
pretreatment with 1 mg/ml cycloheximide had no discernible
effect on the increase in Cyp1a1 mRNA in response to hemin,
biliverdin, or bilirubin (Fig. 5A). This treatment, however,
did increase Cyp1a1 mRNA levels in vehicle-treated and 0.1
nM TCDD-treated cells. With respect to EROD activity, cy-
cloheximide completely abolished the increases normally
seen in response to hemin, biliverdin, or bilirubin treatment
(Fig. 5B). Furthermore, EROD activity was depressed to
values much lower than those observed for vehicle-treated
control cells, indicating a requirement for protein synthesis
for increased EROD activity, as well as maintenance of basal
levels. Similar effects were observed for TCDD-treated Hepa
1c1c7 cells (Fig. 5B, inset).

AHR-dependent induction of Cyp1a1. The availability
of mutant Hepa 1c1c7 cell lines that lack an AHR-dependent
Cyp1a1 induction mechanism (22) permits testing for the
involvement of this signal transduction pathway in the ac-
tions of a compound. Fig. 6 shows the lack of Cyp1a1 mRNA
increase in ARNT-deficient Hepa 1c1c7 C4 (C4) and AHR-
deficient Hepa 1c1c7 C12 (C12) cells 3 hr after treatment
with 100 mM hemin, biliverdin, or bilirubin or the positive
control compound, 1 nM TCDD. Consistent with these data,
no EROD activity was detected after treatment of C4 or C12
cells with these compounds, solvent (Fig. 7), or 1 nM TCDD
(Fig. 7, inset). In contrast, significant increases of Cyp1a1
mRNA and EROD activity were found on treatment of wild-
type Hepa 1c1c7 cells with each of the test compounds.

To obtain further evidence for involvement of an AHR-
dependent mechanism, wild-type Hepa 1c1c7 cells were tran-
siently transfected with the DRE-luciferase reporter con-
struct plasmid pGudLuc1.1 (23). This construct contains a
sequence of the Cyp1a1 gene (21301 to 2819) that encom-
passes four copies of the DRE enhancer sequence located
upstream of a structural gene coding for the enzyme lucif-
erase. Thus, AHR-dependent inducible expression is con-
ferred on the luciferase gene by the presence of the DRE
enhancer sequences. The advantage of this bioassay is that
luciferase induction can occur only through the AHR; there-
fore, other mechanisms, such as mRNA stability (24), that
might influence EROD activity are excluded. The treatment
of transiently transfected cells with hemin, biliverdin, or
bilirubin significantly increased luciferase activity in a dose-
dependent manner compared with solvent-treated control
cells (Fig. 8). Specifically, induction by 10 or 100 mM biliver-
din (3.0- and 11.5-fold, respectively) or bilirubin (4.0- and
16.5-fold) was significantly greater than that observed for
equimolar hemin (1.5- and 2.5-fold). Furthermore, 100 mM

bilirubin increased luciferase activity significantly more than
observed for equimolar biliverdin or hemin. As expected,
treatment with 1 nM TCDD produced the greatest induction
(52-fold) of all tested compounds (Fig. 8, inset). With respect
to 10 and 100 mM biliverdin and bilirubin, the magnitude of

Fig. 4. A, Inhibition of Cyp1a1 mRNA increase in wild-type Hepa
1c1c7 cells by actinomycin D. Cells were treated with 0 (C) or 1 (A)
mg/ml actinomycin D 2 hr before exposure to 100 mM hemin, biliverdin,
or bilirubin for a subsequent 3-hr time period. Total RNA (10 mg) was
separated on a 1.1% formaldehyde denaturing gel, transferred to nylon
membranes, and hybridized with a 32P-labeled cDNA probe specific for
mouse Cyp1a1 mRNA as described in Experimental Procedures. The
blots were subsequently stripped and rehybridized with a cDNA probe
for GAPDH, which was used as a loading control. Transcript sizes for
Cyp1a1 and GAPDH mRNA were ;2.9 and ;1.3 kb, respectively. Total
RNA isolated from cells 3 hr after treatment with 1 nM TCDD was used
as a positive control for Cyp1a1 induction. B, Inhibition of Cyp1a1-
dependent EROD activity increase in wild-type Hepa 1c1c7 cells by
actinomycin D. EROD activity was measured in intact, living cells 24 hr
after exposure to 100 mM hemin, biliverdin, or bilirubin, and cotreatment
with 0 or 1 mg/ml actinomycin D as described in Experimental Proce-
dures. Inset, cells treated with 1 nM TCDD were used as a positive
control for Cyp1a1 induction. Values are mean 6 standard deviation of
six independent experiments performed in duplicate. a, Significantly
different from treatment with 0 mg/ml actinomycin D (p , 0.01).
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increase in luciferase activity was similar to that measured
for EROD activity; however, the magnitude of luciferase in-
duction (2.5-fold) for 100 mM hemin was approximately half of
that seen for EROD induction (5.5-fold).

Ligand-dependent transformation of the AHR is required
for AHR-mediated transcriptional activation. We performed
gel retardation assays to determine whether hemin, biliver-
din, or bilirubin was capable of inducing the in vitro forma-
tion of AHR/ARNT heterodimers that are capable of specific
binding to 32P-labeled double-stranded oligonucleotides con-
taining a normal DRE sequence. After incubation of these

test compounds with Hepa 1c1c7 cell cytosol in vitro, only
bilirubin induced the formation of a heterodimer/32P-DRE
complex that comigrated with that induced by TCDD (Fig.
9A). To obtain evidence that the apparent absence of Hepa
AHR transformation by hemin and bilirubin was not due to a
lack of sensitivity, gel retardation assays were also per-
formed with guinea pig hepatic cytosol, a preparation that
provided a greater magnitude of response in our experi-
ments. Similar to Hepa cells, only bilirubin caused the for-
mation of a heterodimer/32P-DRE complex that comigrated
with that induced by TCDD (Fig. 9B). Formation of this

Fig. 5. A, Effect of cycloheximide on Cyp1a1 mRNA increase in wild-
type Hepa 1c1c7 cells as assessed by Northern blot analysis. Cells
were treated with 0 (C) or 1 mg/ml cycloheximide (X) 2 hr before
exposure to 100 mM hemin, biliverdin, or bilirubin for a subsequent 3-hr
time period. Total RNA (10 mg) was separated on a 1.1% formaldehyde
denaturing gel, transferred to nylon membranes, and hybridized with a
32P-labeled cDNA probe specific for mouse Cyp1a1 mRNA as de-
scribed in Experimental Procedures. The blots were subsequently
stripped and rehybridized with a cDNA probe for GAPDH, which was
used as a loading control. Transcript sizes for Cyp1a1 and GAPDH
mRNA were ;2.9 and ;1.3 kb, respectively. Total RNA isolated from
cells 3 hr after treatment with 1 nM TCDD was used as a positive control
for Cyp1a1 induction. B, Inhibition of Cyp1a1-dependent EROD activity
increase in wild-type Hepa 1c1c7 cells by cycloheximide. EROD activity
was measured in intact, living cells 24 hr after exposure to 100 mM

hemin, biliverdin, or bilirubin and cotreatment with 0 or 1 mg/ml cyclo-
heximide as described in Experimental Procedures. Inset, cells treated
with 1 nM TCDD were used as a positive control for Cyp1a1 induction.
Values are mean 6 standard deviation of 6 independent experiments
performed in duplicate. a, Significantly different from treatment with 0
mg/ml actinomycin D (p , 0.01).

Fig. 6. Lack of Cyp1a1 mRNA increase in mutant Hepa 1c1c7 cells as
assessed by Northern blot analysis. Wild type (WT), ARNT-deficient
(C4), or AHR-deficient (C12) Hepa 1c1c7 cells were exposed to 100 mM

hemin, biliverdin, or bilirubin for a 3-hr time period. Total RNA (10 mg)
was separated on a 1.1% formaldehyde denaturing gel, transferred to
nylon membranes, and hybridized with a 32P-labeled cDNA probe
specific for mouse Cyp1a1 mRNA as described in Experimental Pro-
cedures. The blots were subsequently stripped and rehybridized with a
cDNA probe for GAPDH, which was used as a loading control. Tran-
script sizes for Cyp1a1 and GAPDH mRNA were ;2.9 and ;1.3 kb,
respectively. Total RNA isolated from cells 3 hr after treatment with 1 nM

TCDD was used as a positive control for Cyp1a1 induction.

Fig. 7. Lack of increase in Cyp1a1-dependent EROD activity in mutant
Hepa 1c1c7 cells 24 hr after treatment with hemin, biliverdin, or biliru-
bin. EROD activity was measured in intact, living wild-type (WT), ARNT-
deficient (C4), or AHR-deficient (C12) cells using a 96-well plate fluo-
rescence assay as described in Experimental Procedures. Cells treated
with 1 nM TCDD were used as a positive control for Cyp1a1 induction.
Values are mean 6 standard deviation of six independent experiments
performed in duplicate. a, Significantly different from 0 mM (p , 0.01).
ND, not detected.
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complex was dose dependent, occurred in the same concen-
tration range as observed for Cyp1a1 mRNA induction by
bilirubin, and was maximal at a concentration of 100 mM

bilirubin. The specificity of this interaction was verified by
the ability of an excess of unlabeled DRE oligonucleotide to
compete away the bilirubin-induced binding of the trans-
formed AHR to a 32P-labeled DRE in a concentration-depen-
dent manner (Fig. 10). The sequence specificity of this inter-
action was further investigated in experiments with a
mutant DRE oligonucleotide containing a single nucleotide
transversion within the core of the DRE consensus sequence
(GCGTG to GCGCG). Mutations in this core sequence dra-
matically decrease AHR binding (25, 26). The addition of an
excess of this unlabeled mutant oligonucleotide failed to com-
pete away the signal representing the protein/DNA complex
at concentrations identical to that used for unlabeled wild-
type DRE.

Heme metabolism by Hepa 1c1c7 cells. To determine
whether Hepa 1c1c7 cells are capable of heme metabolism,
cell lysates were incubated, in the presence of NADPH, with
hemin or biliverdin as a substrate. As shown in Table 1, Hepa
cells exhibited a constitutive level of HO activity that was
induced ;4-fold 6 hr after treatment of the cells with 100 mM

hemin. This was consistent with the increase in HO-1 mRNA
observed after hemin treatment (Fig. 1). Hepa cells also
expressed constitutive biliverdin reductase activity that was
unaffected by hemin treatment (Table 1); however, the rate of
biliverdin metabolism in Hepa cell lysates was much greater
than that for basal or induced HO activity, indicating that

Fig. 8. Dose-dependent increase in DRE/luciferase reporter construct
(pGudLuc1.1) activity in wild-type Hepa 1c1c7 cells 24 hr after treat-
ment with hemin, biliverdin, or bilirubin. Wild-type Hepa 1c1c7 cells
were transiently transfected with pGudLuc1.1 and pCH110 as de-
scribed in Experimental Procedures. Inset, cells treated with 1 nM TCDD
were used as a positive control for luciferase induction. Fold-induction
represents the luciferase activity, corrected for transfection efficiency
(b-galactosidase activity from pCH110), relative to that measured in
vehicle (0 mM)-treated cells. Values are mean 6 standard deviation of
six independent experiments performed in duplicate. a, Significantly
different from 0 mM (p , 0.01). b, Significantly different from hemin (p ,
0.01). c, Significantly different from hemin and biliverdin (p , 0.01).

Fig. 9. Formation of DRE-binding complexes from (A) Hepa 1c1c7 cell
or (B) guinea pig hepatic cytosol after in vitro transformation with
bilirubin. Untreated (Control) or hemin-, biliverdin-, or bilirubin-treated
cytosol was mixed with a 32P-labeled DRE oligonucleotide, and the
formation of protein/DNA complexes was analyzed by gel retardation
as described in Experimental Procedures. Cytosol treated in vitro with
40 nM TCDD was used as a positive control for AHR transformation.
Numbers, concentration (mM) of test compound. Arrows, positions of
the ligand-inducible protein/DNA complexes.

Fig. 10. DNA sequence specificity for the binding of transformed bili-
rubin/AHR DRE-binding complexes. After 2-hr treatment with 100 mM

bilirubin, transformed hepatic cytosol was incubated an additional 15
min with 5-, 15-, or 50-fold excess of unlabeled wild-type or mutant
DRE oligonucleotide. Then, the samples were mixed with a 32P-labeled
wild-type DRE oligonucleotide, and the formation of protein/DNA com-
plexes was analyzed by gel retardation as described in Experimental
Procedures. Arrow, position of the ligand-inducible protein/DNA com-
plex.
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the latter represents the rate-limiting step in heme metabo-
lism to bilirubin.

Discussion
In this study, we have shown that hemin and the endoge-

nous heme metabolites biliverdin and bilirubin can modulate
the expression of Cyp1a1 in Hepa 1c1c7 cells. Previous stud-
ies have indicated that endogenous heme may play a role in
regulating transcription of a number of P450 genes. For
example, it has been reported that induction of CYP1A1/1A2
and CYP2B1/2B2 mRNAs by 3-methylcholanthrene and phe-
nobarbital, respectively, is inhibited by the simultaneous
administration of heme biosynthesis blockers such as cobalt
chloride (27–29). This inhibition was subsequently overcome
by supplementation with low levels of exogenous hemin (27,
28). However, in these studies, heme was indicated to be a
positive factor for induction of P450 gene transcription by
prototypical inducers, not an inducer itself. In this sense, our
data are not consistent with these previous studies in that we
have demonstrated that hemin can increase Cyp1a1 mRNA
and EROD activity in the absence of other inducers. How-
ever, this difference might be reconciled, in part, by assigning
an indirect or a precursor role for hemin in Cyp1a1 induction.

The normal route for endogenous heme degradation con-
sists of an initial NADPH- and P450 reductase-dependent
oxidation of heme to biliverdin by microsomal HO (7). Sub-
sequently, biliverdin is converted to bilirubin by the NADPH-
dependent cytosolic enzyme biliverdin reductase (8). Our
data clearly show that this metabolic pathway is active in
Hepa 1c1c7 cells and is induced by treatment with hemin.
For several reasons, our data suggest that bilirubin, pro-
duced by endogenous metabolism of hemin and biliverdin, is
the ultimate inducer of Cyp1a1 mRNA and EROD activity.
First, bilirubin was a more potent and effective inducer of
Cyp1a1 mRNA and EROD activity in Hepa 1c1c7 cells than
hemin or biliverdin. The lower efficacy of hemin and, to a
lesser extent, biliverdin is consistent with their precursor
roles in the biochemical pathway for bilirubin biosynthesis,
as well of the relative rates of metabolism observed in Hepa
1c1c7 cell lysates. However, it is important to note that our
data do not take into account the relative rate or extent of
uptake of these compounds into the cells, a parameter that
was not measured as part of this study. Second, the relative
lag time for the onset of Cyp1a1 mRNA induction after treat-
ment is greater for hemin than for biliverdin or bilirubin,
which is consistent with a temporal requirement for the
conversion of hemin to biliverdin by HO, the rate-limiting
enzyme of heme degradation in Hepa 1c1c7 cells. The induc-

tion of HO-1 mRNA by hemin, but not biliverdin or bilirubin,
is of potential relevance in this regard. Third, although ex-
periments with the mutant cell lines indicated an AHR-
dependent mechanism for Cyp1a1 induction by all of the
compounds, only bilirubin caused ligand-dependent conver-
sion of the AHR to its DNA binding form. The gel retardation
assays showed that biliverdin and hemin lack this activity.
Taken together, these data suggest that bilirubin, derived
from the enzymatic degradation of hemin or biliverdin, is the
ultimate inducer of Cyp1a1 mRNA and EROD activity.

The results of the gel retardation assay are direct and
convincing evidence for an AHR mechanism for Cyp1a1 in-
duction by bilirubin. Moreover, a number of our other results
and comparisons with TCDD support this conclusion. Specif-
ically, the lack of an increase in Cyp1a1 mRNA and EROD
activity by bilirubin or TCDD in the ARNT-defective (C4) and
AHR-defective (C12) mutant Hepa 1c1c7 cells provides addi-
tional proof that an intact AHR signal transduction mecha-
nism is required. Induction of the DRE-luciferase reporter
construct pGudLuc1.1 by bilirubin and TCDD in transiently
transfected Hepa 1c1c7 cells also strongly implies AHR-de-
pendent transcriptional activation. Inhibition of the Cyp1a1
mRNA increase in cells treated with the RNA synthesis
inhibitor actinomycin D demonstrates a requirement for de
novo mRNA synthesis, consistent with increased gene tran-
scription mediated by the ligand-bound AHR complex. Fi-
nally, the inability of the protein synthesis inhibitor cyclo-
heximide to abrogate increases of Cyp1a1 mRNA in response
to bilirubin or TCDD indicates a lack of requirement for other
highly labile transcription factors or de novo synthesis of
another protein factor or factors required for induction. Sur-
prisingly, cycloheximide did not seem to potentiate the in-
crease in Cyp1a1 mRNA in response to bilirubin as has been
reported for TCDD (30). Inhibition of bilirubin induction of
EROD activity by cycloheximide indicates that de novo
Cyp1a1 apoprotein synthesis is required. Taken together,
these data suggest that bilirubin induces Cyp1a1 gene tran-
scription in an AHR-dependent fashion, in a manner highly
similar but not identical to that for TCDD.

A number of other aspects of our data are also worth
noting. First, the level of Cyp1a1 mRNA increase 3 hr after
treatment with 100 mM bilirubin was higher than that ob-
served for 1 nM TCDD. In contrast, induction of EROD and
luciferase activities 24 hr after treatment with 100 mM bili-
rubin was usually only ;25% of that observed for 1 nM

TCDD. Initial dose-response experiments were carried out to
verify that induction of EROD and luciferase reporter gene
activity was maximal when Hepa 1c1c7 cells were treated
with 1 nM TCDD (data not shown). It is possible that the
discrepancy of TCDD-induced Cyp1a1 mRNA and EROD ac-
tivity, when compared with 100 mM bilirubin, resulted from a
relative lack of endogenous metabolism of TCDD. Thus, al-
though initial levels of Cyp1a1 mRNA are greater with bili-
rubin, TCDD most likely caused a more sustained induction.
The possibility of post-transcriptional effects on Cyp1a1
mRNA and/or protein by TCDD also cannot be definitively
ruled out. Second, it is surprising that bilirubin produced
such a large magnitude of Cyp1a1 mRNA increase yet did not
seem to be nearly as effective as TCDD at transforming the
AHR to its DNA binding form. One possible explanation is
that additional factors and/or signaling pathways contribute
to Cyp1a1 induction by bilirubin, although the lack of

TABLE 1
HO and biliverdin reductase activity of Hepa 1c1c7 cells
Cell lysates prepared from control or hemin-treated cells (100 mM for 6 hr) were
incubated with 2 mM hemin or biliverdin in the presence of 1 mM NADPH for
determination of HO or biliverdin reductase activity, respectively. Bilirubin forma-
tion was quantified by HPLC as described in Experimental Procedures. Values are
mean 6 standard deviation of three (HO) or four (biliverdin reductase) individual
experiments.

Cell treatment
Specific activity pmol/min/mg

HO Biliverdin reductase

Control 2.5 6 0.7 68.1 6 8.4
Hemin (6 hr) 10.2 6 1.0a 63.6 6 7.2

a Significantly different from control (p , 0.01).
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Cyp1a1 induction in the mutant Hepa 1c1c7 cell lines argues
against this. Furthermore, the similar magnitude of DRE/
luciferase reporter gene and EROD induction by 30 or 100 mM

bilirubin also suggests that other factors are not involved.
Further studies may help to explain this behavior. Finally,
the magnitude of induction of luciferase reporter gene activ-
ity (2.5-fold) by 100 mM hemin was clearly lower than that
observed for EROD activity (5.5-fold). This suggests that
hemin itself may have specific transcriptional or post-tran-
scriptional effects on Cyp1a1 independent of its conversion to
the AHR ligand bilirubin. Possibilities that have been previ-
ously suggested include positive regulation of induced tran-
scription elongation (27) and/or post-translational augmen-
tation of P450 enzyme activity by an increase in free heme
available for incorporation into P450 apoprotein (31).

The normal route for bilirubin excretion involves conjuga-
tion to bilirubin monoglucuronides and diglucuronides that
are subsequently excreted in the bile (8). In humans with
Crigler-Najjar syndrome and in the congenitally jaundiced
Gunn rat, bilirubin conjugation is absent due to a mutation
in the bilirubin UDP-GT gene (9). This results in a an accu-
mulation of unconjugated bilirubin in the plasma. Bilirubin
has been reported to have beneficial antioxidant effects (32);
however, it is clear that severe neurotoxicity (kernicterus)
can result from elevated bilirubin levels (8). Although
UDP-GT mutants exhibit pronounced hyperbilirubinemia,
the plasma levels of unconjugated bilirubin remain relatively
constant, indicating a balance between formation and elimi-
nation. This indicates that alternate forms of bilirubin dis-
posal exist and become important in the absence of conjuga-
tion. Administration of the CYP1A1 inducer TCDD to Gunn
rats significantly decreases unconjugated bilirubin levels in
the plasma (10), whereas phenobarbital, an inducer of differ-
ent P450 isoforms, does not (33). A PAH-inducible bilirubin
oxidase activity has been identified in hepatic microsomes
prepared from Gunn rats or chick embryos (11, 12). This
reaction requires NADPH and O2 and is inhibited by an
antibody that recognizes both CYP1A1 and CYP1A2 (12).
Taken together, these data suggest a role for CYP1A1 and/or
CYP1A2 as an alternate route for bilirubin degradation. Reg-
ulation of P450 genes, especially CYP1A1, by their sub-
strates is very common (3). Thus, if bilirubin is in fact a
substrate for CYP1A1, it is not surprising that elevated lev-
els of CYP1A1 mRNA and protein have been detected in the
liver of Gunn rats (13, 14). Furthermore, pathobiological
conditions, such as orthotopic liver transplantation (34) and
acute sodium arsenite exposure (35), that increase plasma
bilirubin levels have also been associated with an isozyme-
selective increase in CYP1A1 expression in lung and kidney.

Plasma bilirubin concentrations in normal humans range
from 5 to 20 mM (8). A portion of this bilirubin exists as
water-soluble conjugates, but the majority is highly bound
with serum albumin. Therefore, under normal physiological
conditions, it is unlikely that bilirubin influences CYP1A1
expression to any significant degree. However, in the Gunn
rat and in humans with Crigler-Najjar syndrome, in whom
bilirubin conjugation and elimination are impaired, plasma
levels of bilirubin can reach 50–350 mM and 300–800 mM,
respectively (8). Bilirubin concentrations at this level clearly
have the potential to substantially affect expression of
CYP1A1 and possibly other AHR-regulated genes, as demon-
strated by our experiments. It is important to note that our

experiments were performed using immortalized cell lines,
and as such, extrapolation to the in vivo situation must be
done with caution. However, the faithful reproduction of
hepatic basal and inducible Cyp1a1 expression by Hepa
1c1c7 cells in combination with the demonstration of biliru-
bin-inducible AHR transformation using cytosol prepared
from guinea pig hepatic tissue suggests that these data may
be relevant to regulation of Cyp1a1 by bilirubin in vivo.

The data presented here are consistent with previous stud-
ies that have demonstrated functional associations between
Cyp1a1 and bilirubin disposal, as well as bilirubin and
Cyp1a1 regulation. Furthermore, our data are the first to
clearly demonstrate that bilirubin, an endogenous metabolite
of heme, can directly regulate Cyp1a1 gene expression and
enzymatic activity in an AHR-dependent manner. Also of
importance is the demonstration that changes in levels of
heme catabolites and, potentially, heme precursors may have
significant effects on Cyp1a1 expression. DRE enhancer se-
quences and AHR-dependent gene regulation have been
identified for other P450 genes, such as CYP1A2 (36) and
CYP1B1 (37). In addition, a number of other enzymes, in-
cluding some glutathione-S-transferase and glucuronyl
transferase isoforms, as well as NADPH:quinone oxidoreduc-
tase, that are involved in chemical detoxication also exhibit
AHR-dependent induction mechanisms (38–40). Thus, it is
possible, and indeed likely, that heme metabolism is linked to
the regulation of some of these genes.
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