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Altered systemic levels of 6-formylindolo[3,2-b]carbazole (FICZ), an
enigmatic endogenous ligand for the aryl hydrocarbon receptor
(AHR), may explain adverse physiological responses evoked by
small natural and anthropogenic molecules as well as by oxidative
stress and light. We demonstrate here that several different chem-
ical compounds can inhibit the metabolism of FICZ, thereby dis-
rupting the autoregulatory feedback control of cytochrome P4501
systems and other proteins whose expression is regulated by AHR.
FICZ is both the most tightly bound endogenous agonist for the
AHR and an ideal substrate for cytochrome CYP1A1/1A2 and 1B1,
thereby also participating in an autoregulatory loop that keeps its
own steady-state concentration low. At very low concentrations
FICZ influences circadian rhythms, responses to UV light, homeo-
stasis associated with pro- and anti-inflammatory processes, and
genomic stability. Here, we demonstrate that, if its metabolic
clearance is compromised, femtomolar background levels of this
compound in cell-culture medium are sufficient to up-regulate
CYP1A1 mRNA and enzyme activity. The oxidants UVB irradiation
and hydrogen peroxide and the model AHR antagonist 3’-
methoxy-4'-nitroflavone all inhibited induction of CYP1A1 enzyme
activity by FICZ or 2,3,7,8-tetrachlorodibenzo-p-dioxin, thereby
subsequently elevating intracellular levels of FICZ and activating
AHR. Taken together, these findings support an indirect mecha-
nism of AHR activation, indicating that AHR activation by mole-
cules with low affinity actually may reflect inhibition of FICZ
metabolism and raising questions about the reported promiscuity
of the AHR. Accordingly, we propose that prolonged induction of
AHR activity through inhibition of CYP1 disturbs feedback regula-
tion of FICZ levels, with potential detrimental consequences.

he toxicity exerted by a number of anthropogenic substances
involves activation of a cytosolic transcription factor, known

as the “aryl hydrocarbon receptor” (AHR) or the dioxin re-
ceptor. This receptor, which is activated by small molecules and
by light, is one of the 34 known proteins that both contain a Per-
Arnt-Sim domain and regulate responses to environmental
changes (1-4). Both AHR itself and the first family of cyto-
chrome P450 (CYP1) enzymes, whose expression is regulated by
AHR, have been highly conserved during evolution (5, 6). This
observation, together with its presence in most cell types and
during all phases of development, indicate strongly that, in ad-
dition to responses to xenobiotics, the AHR and its endogenous
activators are involved in vital physiological processes. Indeed,
evidence is accumulating that the AHR plays important roles in
xenobiotic-independent control of perinatal growth (7, 8), fer-
tility (9, 10), hepatic and vascular development (11-13), pe-
ripheral and intestinal immunity (14-19), and hematopoiesis (13,
20), as well as in stem cell expansion (21, 22) and cancer (23, 24).
These recent insights into the physiological roles of the AHR
have renewed interest in the identification of endogenous acti-
vators. Although it was postulated more than 30 y ago, on the
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basis of their evolutionary conservation, that the CYP1 proteins
metabolize important endogenous substances (25), only recently
was 6-formylindolo[3,2-b]carbazole (FICZ), a derivative of tryp-
tophan (Trp), shown to be an ideal substrate for CYP1Al, 1A2,
and 1Bl1, exhibiting a catalytic efficiency close to being limited
by diffusion (ref. 3 and references therein). FICZ also is bound
to the AHR with the highest affinity known to date and thereby
demonstrates the characteristics of an endogenous signaling
molecule; i.e., it stimulates an efficient receptor-mediated
pathway for transcriptional activation of metabolic enzymes that,
among other things, catalyze the clearance of FICZ itself,
thereby generating negative feedback regulation of its action (3,
26, 27). The physiological effects of FICZ reported to date in-
clude alterations in circadian rhythms (28), adaptive responses to
UV light (4, 29), induced retrotransposition of long interspersed
nucleotide element-1 (30), and stimulated production of IL-22,
a member of the IL-10 cytokine family that helps regulate in-
flammatory responses associated with many autoimmune dis-
eases (17, 18, 31). In humans, the involvement of FICZ in IL-22
production has been demonstrated both in stimulated blood cells
from the umbilical cord (32) and in intestinal tissue from patients
with inflammatory bowel disease (31).

FICZ is formed from Trp in aqueous solutions, including cell-
culture media, upon exposure to UV and visible light (3, 4, 33,
34) as well as in human skin cells exposed in vitro to UVB light
(4). Moreover, FICZ is conjugated metabolically with sulfate,
and such conjugates have been detected in human urine (3),
further verifying the presence of the parent compound in vivo. In
addition to its efficient activation of AHR signaling, FICZ
appears to be a potent activator of signaling involving the liver X
receptor or pregnane X receptor pathways (35, 36). On the basis
of such findings, we propose that FICZ should be added to the
list of bioactive signaling substances derived from Trp that now
includes serotonin, melatonin, and the plant growth hormone
indole-3-acetic acid.

Detailed structural information about the ligand-binding do-
main of the AHR is still lacking. This domain generally is thought
to be relatively unspecific (promiscuous), because, in addition to its
classical ligands such as dioxins and similar molecules, this receptor
is activated by a multitude of exogenous and endogenous com-
pounds with diverse chemical structures (ref. 37 and references
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therein). Here, we test the hypothesis that FICZ, an endogenous
ligand that can activate the AHR at extremely low concentrations
and also is metabolized readily to inactive products, is the actual
ligand associated with activation by most of these compounds. For
this purpose, we compiled a list of 125 compounds that up-regulate
expression of target genes of AHR and/or induce CYP1 enzyme
activity in vitro and/or in vivo (Table S1). This list includes endog-
enous substances, clinical drugs, food additives, industrial com-
pounds, pesticides, metals, phytochemicals, and oxidants as well as
compounds used to inhibit or block specific signaling pathways.
Although most of these substances exhibit low or neglible affinity
for binding to the AHR, they all inhibit members of the CYP1
family. Thus, they all might activate the AHR indirectly by pre-
venting the inactivation of FICZ.

To test this hypothesis, we first examined whether UVB, hy-
drogen peroxide (H,0,), and 3’-methoxy-4’-nitroflavone (MNF)
can inhibit the degradation of FICZ and thereby give rise to
prolonged AHR signaling. The two first strong oxidants display
no affinity for the AHR, whereas the flavonoid MNF is regarded
as a potent AHR antagonist that also exhibits some agonist ac-
tivity (38, 39).

Results

FICZ Is a Potent Systemic Activator of the AHR. At low concen-
trations, FICZ causes transient elevation in the expression of the
CYP1ALl gene (3, 40). Here, we found that exposure of confluent
immortalized human keratinocytes (HaCaT) to 5 pM FICZ
significantly enhanced their level of CYP1A1 mRNA within 2 h
(Fig. S1).

To determine whether, despite its efficient metabolic clear-
ance, FICZ can elicit systemic effects in vivo, 10 ng of this
compound was applied to one ear of female C57BL/6J mice;
after this administration pronounced time-dependent induction
of CYP1A1 mRNA levels was observed in all tissues examined
(the ear, adipose tissue, and liver) (Fig. 1). Clearly, FICZ is
distributed systemically and can act at sites distant from the point
of application.

Inhibition of CYP1A1 Slows Intracellular Metabolism of FICZ. Next,
using the ethoxyresorufin deethylase (EROD) activity of prepa-
rations (Supersomes) from the baculovirus-infected insect cell
system containing recombinant human CYP1A1 or of cultured
keratinocytes cotreated with 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) as a measure of CYP1Al activity, we examined the
effects of inhibitors of this activity on the autoregulatory clear-
ance of FICZ. H,O, and MNF were found to inhibit the basic
EROD activity of the recombinant CYP1A1l enzyme (Fig. 24),
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Fig. 1. FICZ is a potent inducer of CYP1A1 gene expression in vivo. The
levels of CYP1A1 mRNA in the ear, adipose tissue (perirenal visceral fat), and
liver of C57BL/6J mice treated with FICZ were determined as a function of
time by quantitative RT-PCR (qQRT-PCR) using the p-actin housekeeping gene
as an internal standard. The levels in treated animals are shown in light gray,
and those in mice receiving vehicle alone are shown in black. The relative
increases presented are the means + SE for three animals. Asterisks indicate
significant differences (*P < 0.05; **P < 0.01; ***P < 0.001) between FICZ-
and vehicle-treated animals.
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and UVB, H,0,, and MNF all inhibited TCDD-induced EROD
activity in a dose-dependent manner both in HaCaT cells (Fig.
2B) and in primary human epidermal keratinocytes (HEKa cells)
(Fig. S2 Middle). The viability of the HaCaT cells was not af-
fected significantly by the cotreatments (the viability ranged from
96-102% of that of untreated cells). Furthermore, in HaCaT
cells coexposed to 5 nM FICZ and any one of these three
inhibitors, the clearance rate of FICZ was reduced significantly
(most potently by MNF at the concentrations used) (Fig. 2C).

Inhibition of CYP1A1 Enhances FICZ-Dependent Transcription of the
CYP1A1 Gene and Related Enzyme Activity. All the treatments
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Fig. 2. Inhibitors of CYP1A1 attenuate degradation of FICZ. (A) Inhibition
of basal EROD activity in human recombinant CYP1A1 (Supersomes) by H,O,.
and MNF. Activity is expressed relative to the control (DMSO). Error bars
indicate SE. Asterisks denote significant differences (***P < 0.001) from the
control. (B) Inhibition of EROD activity (pmol resorufin/mg protein) induced
by 5 nM TCDD (star) in HaCaT cells by 5 mJ/cm? (light gray square), 10 mJ/cm?
(medium gray square), or 20 mJ/cm? (dark gray square) UVB, by 0.2 mM (light
gray circle) or 2 mM (medium gray circle) H,O,, or by 0.05 pM (light gray
diamond), 0.5 uM (medium gray diamond) or 2.5 pM (dark gray diamond)
MNF at the time points indicated. Statistically significant inhibition (P < 0.05
to P < 0.001) was obtained in the cells exposed to UVB at all time points
except for 5 mJ/cm?, which was significant only at 6 h and later; for the cells
exposed to 0.2 mM H,0; at 1.5 h and 3 h and to 2 mM at all time points; and
for the cells exposed to MNF at all exposure levels and all time points. (C)
HaCaT cells were exposed for 0-6 h to 5 nM (black triangle) FICZ alone or in
combination with 10 mJ/cm? (medium gray square) or 20 mJ/cm? (dark gray
square) UVB, 0.2 mM (light gray circle) H,0,, or 0.05 uM (light gray diamond)
or 2.5 pM (dark gray diamond) MNF. The cells were harvested at the time
points indicated, and their FICZ content was determined by HPLC. Error bars
indicate SE. Asterisks indicate significant differences (*P < 0.05; ***P <
0.001) in coexposed cells vs. cells exposed only to FICZ.
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Fig. 3. Inhibitors of CYP1A1 initially delay and subsequently potentiate
FICZ-dependent induction of CYP1A1 mRNA and enzyme activity. HaCaT
cells were exposed to 5 nM FICZ (black triangle) alone or in combination with
5 mJ/cm? (light gray square), 10 mJ/cm? (medium gray square), or 20 mJ/cm?
(dark gray square) UVB, 0.2 mM (light gray circle) or 2 mM (medium gray
circle) H,0,, or 0.05 pM (light gray diamond), 0.5 pM (medium gray diamond,
or 2.5 uM (dark gray diamond) MNF for different periods of time. (A) De-
termination of CYP1A1 mRNA relative to that of the housekeeping gene p-2-
microglobulin. Exposure to 10 mJ/cm? UVB or 0.5 uM MNF caused statistically
significant inhibition of FICZ-induced CYP1A1 gene expression at 1.5 h (P <
0.05) and significant induction at 6-12 h (UVB) and 6-24 h (MNF). Error bars
indicate SE (n = 2). Asterisks denote significantly higher induction (*P < 0.05)
in coexposed cells compared with cells exposed to FICZ alone. (B) De-
termination of EROD activity (pmol resorufin/mg protein). The inhibition of
FICZ-induced EROD activity was statistically significant at 1.5 h and 3 h in cells
exposed to UVB, H,0,, or MNF as detailed in Fig. S3. Significantly increased
EROD induction was caused by UVB at 3-12 h, by H,0, at 24 h, and by 0.05-
0.5 pM MNF at 6-24 h. However, 2.5 uM MNF increased FICZ-induced EROD
activity only at 48 h. Error bars indicate SE. Asterisks indicate significantly
higher induction (*P < 0.05; **P < 0.01; ***P < 0.001) in coexposed cells vs.
cells exposed to FICZ alone. ns, nonsignificant.

described above inhibited the early increases in CYP1A1l gene
transcription and/or related enzyme activity elicited by exposure to
FICZ (Fig. 3 and Fig. S3). However, upon prolonged exposure
these cotreatments influenced FICZ-dependent CYP1Al in-
duction to different extents. UVB caused a prolonged elevation in
the levels of CYP1A1 mRNA (Fig. 34) and EROD activity (Fig.
3B and Fig. S2 Top), with maximal responses almost threefold
higher than seen with FICZ alone. H,O, exerted no effects on
CYP1A1 mRNA levels in HaCaT cells (Fig. 34) and marginally
but significantly enhanced the FICZ-dependent EROD activity in
HaCaT cells and HEKa cells (Fig. 3B and Fig. S2 Top). Cotreat-
ment with MNF potentiated FICZ-dependent CYP1A1 gene ex-
pression (Fig. 34), initially causing a longer period of EROD in-
hibition that was followed by the most pronounced and sustained
induction of EROD in both HaCaT and HEKa cells (Fig. 3B and
Fig. S2 Top). These observations with UVB and MNF clearly
demonstrate that inhibition of CYP1A1 can potentiate subsequent
FICZ-dependent stimulation of CYP1Al transcription and re-
lated synthesis of a functional protein.

Activation of the AHR by UVB, H,0,, and MNF Is Caused by the
Presence of Trace Amounts of FICZ. CYP1Al-catalyzed enzyme
activity also was induced in HaCaT cells exposed to UVB, H,0,,
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Fig. 4. Induction of CYP1A1 activity in HaCaT cells by UVB, H,0,, and MNF.
These cells were exposed to 5 mJ/cm? (light gray square), 10 mJ/cm? (medium
gray square), or 20 mJ/cm? (dark gray square) UVB, to 0.2 mM (light gray
circle) or 2 mM (dark gray circle) H,0,; to 0.05 uM (light gray diamond), 0.5 pM
(medium gray diamond), or 2.5 uM (dark gray diamond) MNF, or to DMSO
alone (crossed circle), and their EROD activity (pmol resorufin/mg protein)
was measured at the time points indicated. Error bars indicate SE. Asterisks
denote significant differences (*P < 0.05; **P < 0.01; ***P < 0.001) from the
DMSO-treated cells. ns, nonsignificant.

or MNF alone (Fig. 4) but not when these same cells were stably
transfected with shRNA sequences for AHR silencing, con-
firming that in all three cases this induction was AHR dependent
(Figs. S4C and S5 A-C). The known formation of FICZ from
Trp (3, 4, 33, 34) suggested to us that, if its metabolic degrada-
tion is suppressed, background levels of FICZ in cell-culture
media (even in media that had been protected from light) might
be sufficient to activate such AHR-dependent responses. Indeed,
liquid chromatography (LC)-MS analysis of DMEM revealed the
presence of FICZ, even when the medium had been protected
from light. Comparison of the peak area with the area of a cor-
responding peak in medium spiked with authentic FICZ revealed
that the concentration of FICZ in commercial DMEM was ~0.1
pM (Fig. 54). This calculation was confirmed by HPLC analysis
of several light-protected bottles of DMEM, in which the FICZ
concentrations ranged from 0.1-0.2 pM.

When cells were exposed to UVB, H,O,, or MNF in this
commercial medium containing low background levels of FICZ,
up-regulation of CYP1Al gene expression was significantly
higher in all three cases (again, most strongly with MNF) than in
cells cultured in DMEM prepared with Trp that had been
recrystallized and therefor was uncontaminated by compounds
such as FICZ (Fig. 5B). Moreover, UVB, which has been found
previously to stimulate the formation of FICZ and to induce
CYP1A1 in human keratinocytes, had no such effects in the pure
medium. The lack of effect of UVB in the present case probably
can be explained by the Trp levels being too low, because in
earlier studies UVB activated CYP1Al expression only in cells
loaded with high levels of Trp (2, 4), and because FICZ is pro-
duced upon exposure of HaCaT cells loaded with Trp to UVB (4).

These findings clearly demonstrate that the agonistic behavior
of certain agents can depend on the presence of an AHR acti-
vator derived from Trp in the medium. To determine how much
FICZ would be required to explain the results obtained with
MNF in the commercial medium, different amounts of FICZ
were added to DMEM prepared with recrystallized Trp. We
found that 50 nM MNF, which was inactive in the FICZ-free
medium, elicited the same response as seen in the commercial
medium when the pure medium was supplemented with 0.1 pM
FICZ (Fig. 5C). These results indicate beyond doubt that
CYP1A1 induction in this system is caused by FICZ rather than
by MNF itself.

Activation of AHR by Various Inhibitors of CYP1A. The observa-
tions that UVB, H,0O,, and MNF require background levels of
FICZ to elicit their responses in our system led us to test the
abilities of eight other compounds to elevate EROD activity in
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Fig. 5. Activation of AHR in HaCaT cells by UVB, H,0,, and MNF requires
the presence of Trp derivatives in the culture medium. (A) The levels of FICZ
in commercial DMEM, as determined by solid-phase extraction and HPLC
using in-line concentration and ultra performance liquid chromatography/
quadrupole time-of-flight high-resolution MS. (Upper) The mass chromato-
gram [m/z 283.087, mass window: 0.05 Thomson (Th)] for the extract of
untreated medium (average mass error: 4.9 mTh). (Lower) An FICZ-spiked
sample (average mass error: 5.4 mTh). The shaded areas in each trace in-
dicate the FICZ peak. (B) HaCaT cells grown at high density in commercial
DMEM or in DMEM prepared with recrystallized Trp (shown by symbols
containing an x) were exposed to 20 mJ/cm? UVB (dark gray square), to 2
mM H,0, (dark gray circle), or to 0.05 uM MNF (light gray diamond), and
their levels of CYP1A1 mRNA relative that of the housekeeping gene p-2-
microglobulin were determined by qRT-PCR at the time points indicated.
Error bars indicate SE. Asterisks denote significant differences (**P < 0.01;
**%P < 0.001) between values from cells grown in the two media. (C) HaCaT
cells were exposed to MNF alone or in combination with different concen-
trations of FICZ in commercial DMEM (Com) or in DMEM prepared with
recrystallized Trp (Pure). After 48 h their EROD activity (pmol resorufin/mg
protein) was measured. Error bars indicate SD. Significantly different (P <
0.001) from the untreated control in the same medium. *Significantly dif-
ferent (P < 0.01 to P < 0.001) from the same treatment in pure DMEM.

commercial and pure medium. Trioxalen, ketoconazole, ellipti-
cine, genistein, diosmin, a-naphthoflavone (aNF), cycloheximide,

4482 | www.pnas.org/cgi/doi/10.1073/pnas.1118467109

Table 1. CYP1A activity of HaCaT cells exposed to inhibitors of
CYP1A in commercial DMEM (Com) or in DMEM prepared with
purified tryptophan (Pure)

% inhibition” Induction®
Compound
(concentration) Com Com Pure
TCDD (1 nM) 24.1 + 1.48™ 245 + 2.03
Trioxalen (1 pM) 33.0 + 9.1* 1.48 + 0.18** 0.05 + 0.03

69.7 + 1.7*** 1.31 + 0.22*** 0.27 + 0.05
433 + 3.4*%** 901 + 1.03*** 3.88 + 0.32
Genistein (10 pM) 14.2 + 53™  1.10 + 0.07*** 0.02 + 0.04
Diosmin (10 pM) 40.8 + 3.3** 0.79 + 0.06*** 0.18 + 0.04
a-Naphtoflavone (0.25 uM) 62.2 + 2.9*** 1.46 + 0.14*** 0.08 + 0.03
Cycloheximide (18 uM) 65.8 + 1.9%** 3.45 + 0.33*** (.27 + 0.04
a-Tocopherol (50 pM) 149 + 6.2™  0.54 + 0.03*** 0.13 + 0.02
DMSO (0.1%, vol/vol) 0.25 + 0.04*** 0.05 + 0.02
EtOH (0.1%, vol/vol) 0.33 + 0.04** 0.16 + 0.03

Ketoconazole (10 pM)
Ellipticine (0.05 pM)

TPercent inhibition of TCDD-induced EROD activity following 6 h of exposure
in the absence of any other addition; means + SE of triplicate measurements.
Significance of inhibition compared with TCDD is depicted with asterisks (ns,
non significant; *P < 0.05; **P < 0.01; ***P < 0.001).

*Mean EROD activity (pmol resorufin/mg protein) + SE following 12 h of
exposure. Differences in EROD induction for respective treatment in the
commercial compared with the pure media were tested. ns, non significant;
*P < 0.05; **P < 0.01; ***P < 0.001. EROD induction at several time points is
shown in Fig. S6.

and o-tocopherol inhibited TCDD-induced EROD activity to
varying extents (Table 1). All the eight tested compounds evoked
significantly higher cellular EROD activities in cells exposed in
commercial medium than in cells in pure medium (Table 1 and
Fig. S6). The observation that ellipticine induced EROD activity
in the pure medium (although to a lesser degree than in the
commercial medium) raises the possibility that this compound
may act both as an AHR agonist and as an inhibitor of CYP1AL.
TCDD produced the same EROD induction in both media.
Cycloheximide and H,O, (at the highest concentration) reduced
cell viability slightly (Table S2). All other treatments did not
affect cell viability, and no differences in viability were observed
between treatments performed in commercial or pure media.

Discussion

The findings documented here corroborate and extend our
previous observations and the observations published by others
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Fig. 6. Schematic illustration of indirect activation of the AHR by the en-
dogenous ligand FICZ when the catalytic function of CYP1A1 is reduced or
inhibited.
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that very low concentrations of FICZ can activate the AHR di-
rectly, both in vitro and in vivo (3, 4, 28, 40, 41). We demonstrate
activation of the AHR at the site of application and at remote
sites if FICZ is applied topically on the ear (Fig. 1). These
observations suggest that FICZ can be transported to remote
sites and thereby work as a chemical messenger. They also sug-
gest participation of specific binding proteins or lipoproteins that
protect against degradation of FICZ during circulation. Tran-
sient up-regulation of CYP1Al transcription was observed in
adipose and liver tissues; more sustained expression was seen in
the ear. The prolonged expression at the site of application
probably is the result of inhibited clearance of FICZ, because at
higher concentrations this compound itself is an inhibitor of
CYP1 enzymes (3, 40). Furthermore, the present investigation
offers a relatively straightforward explanation for the reported
ability of numerous structurally diverse chemicals to activate the
AHR; such reports have been used to argue that the AHR binds
ligands promiscuously (37). Our results also may explain why the
addition of fresh Trp-containing medium to cell cultures (42),
oxidative stress [e.g., by hyperoxia (43)], and hydrodynamic shear
that gives rise to oxidized LDL (44, 45), as well as why the ad-
dition of various complex mixtures, such as extracts of paper and
ink, can activate the AHR (46, 47).

On the basis of our present observations with UVB, H,0O,, and
MNF and the previously demonstrated activation of AHR by
aNF, a potent inhibitor of CYP1A1 (3), we propose an indirect
mechanism of AHR activation involving the endogenous ligand
FICZ (illustrated in Fig. 6). Such an indirect mechanism also is
supported by the observation that a range of CYP1Al-inhibiting
compounds, most of which also have been shown to activate the
AHR (Table S1), enhanced EROD activity to a greater extent in
commercial than in pure medium (Table 1). MNF and oNF are
used commonly as AHR antagonists in mechanistic studies, be-
cause these substances effectively inhibit TCDD-mediated up-
regulation of CYP1Al transcription and enzyme activity. Here,
MNF and oNF efficiently inhibited the metabolism of FICZ,
thereby activating AHR signaling in medium containing back-
ground levels of this ligand. Interestingly, in the presence of el-
evated levels of FICZ, MNF up-regulated CYP1A1 to an extent
similar to that seen with the high-affinity, metabolically inert
ligand TCDD (compare Figs. 2B and 3B). Accordingly, potent
inhibitors of CYP1A1 should be used as AHR antagonists only
with extreme caution.

In most reports on the AHR-activating capacity of natural and
synthetic molecules, activation has been assessed by determining
CYP1A1 mRNA levels (originating either from endogenous or
reporter gene expression), EROD activity, or binding of AHR to
labeled synthetic response elements in DNA. Many of the AHR
activators listed in Table S1 undoubtedly induce EROD activity
in the liver or lung tissue of rodents, both in vitro and in vivo.
The specificity of AHR involvement in CYP1A1 induction is
supported routinely by the demonstration that no such up-reg-
ulation is observed with reporter constructs carrying mutations in
the AHR response elements, after inactivation of AHR by
siRNA, and/or in the presence of antagonists considered to be
specific for AHR, such as aNF and MNF. Such controls indeed
confirm that the AHR is required for the responses obtained but
do not rule out the possibility that FICZ in the cultured cells or
the culture medium is involved. Even when the commercial
DMEM we used was protected from light, it still contained 0.1-
0.2 pM FICZ, an amount that was sufficient to explain the ag-
onistic effect of MNF (Figs. 4 and 5). Furthermore, it can be
assumed that background levels of FICZ are present in all Trp-
containing media.

It has been demonstrated repeatedly that expression of the
CYP1A1 gene is autoregulated by the action of its product pro-
tein and that this feedback mechanism is essential for the
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appropriate timing, duration, and magnitude of normal cellular
functions regulated by AHR (ref. 26 and references therein).
Activation of AHR is commonly inhibited by agents and con-
ditions that cause cellular stress, such as hypoxia and oxidative
stress, as well as by infectious and inflammatory stimuli. In ad-
dition, repression of transcription is well known to be associated
with epigenetic events (ref. 48 and references therein). Although
we have yet to unravel the precise mechanisms underlying tran-
scriptional regulation of the CYP1A1 gene, the inhibition by the
oxidants UVB, H,0,, and MNF observed here in cells cotreated
with FICZ or TCDD is likely to involve chromatin remodeling via
epigenetic regulatory processes. In rats and mice expression of
CYP1A1 exhibits diurnal rhythmicity (49, 50), and it is tempting to
speculate that inhibition of CYP1A1l could be of physiological
significance by providing periods with elevated intracellular levels
of FICZ that promote AHR-dependent and/or -independent
adaptive responses to oxidative stress or inflammatory stimuli.

To elucidate in greater detail the impact of agents that interfere
with the degradation of FICZ, the consequences of modulating
systemic levels of this ligand on intrinsic biological functions must
be examined. This highly bioactive compound may influence
multiple targets via binding to several nuclear receptors and
possibly by affecting the stability of the genome (reviewed in ref.
51). In light of the vast number and variety of agents that inhibit
the CYP1 enzymes (only some of which are listed in Table S1),
this proposal may imply the existence of a unique mechanism of
toxicity. Recent studies suggest that the effects of FICZ on vari-
ous cells of the immune system, both as a stimulus and suppressor
of growth (17, 18, 32), may exert a profound impact on human
health. Indeed, FICZ and the AHR may play fundamental roles
in modulating the immune response. In this connection, TCDD
was shown recently to polarize CD4* T cells specifically to pro-
duce IL-22, resulting in a long-lasting effect on the human
adaptive immune system (52). Available evidence also supports
a central role for AHR signaling in connection with systemic in-
flammatory disorders whose pathogenesis is not yet fully un-
derstood, such as rheumatoid arthritis, multiple sclerosis, and
inflammatory bowel disease (17-19, 31, 53).

Materials and Methods

Detailed descriptions of the cells, media, reagents, recombinant enzymes, UV
irradiation protocols, animal treatments, reverse transcription and real-time
PCR, EROD assay, determination of cell viability, recrystallization of Trp, and
analyses by HPLC and LC-MS are provided in S/ Materials and Methods.

Cell Culturing. In differentiated HaCaT cells grown to high confluence and
expressing involucrin and transglutaminase 1 at high levels (Fig. S4 A and B),
expression of the AHR is much greater than in low-density cultures (Fig. S4C).
Accordingly, cells in this state were treated with various agents either alone
or in combination with FICZ or TCDD. These treatments were initiated by
exposure to fresh medium containing the compound(s) of interest or by ir-
radiation with UVB.

Statistical Analysis. All measurements were performed with replicates (n = 3-6,
unless otherwise indicated). Dose- and time-course studies of EROD activity,
CYP1A1 expression, and clearance of FICZ were performed at least in two in-
dependent experiments. The tests of the overall null hypotheses were per-
formed using one-way ANOVA tests with Dunnett’s post test for comparing
three or more groups or by multiple unpaired, two-tailed t tests with Bonferroni
correction, adjusting for the number of tests for comparisons of two groups. If
the overall null hypothesis was rejected, then continued comparisons were
performed by comparing individual P values with the uncorrected a = 0.05.
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