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The AHR,2 a ligand-activated transcription factor, was first
identified indirectly in the 1970s; the mouse and human genes
were cloned in the early 1990s.Molecularmechanisms and bio-
logical consequences of AHR-mediated regulation of mamma-
lian cytochrome P450 enzymes by foreign chemicals (e.g. poly-
cyclic aromatic hydrocarbons and dioxins) have been studied
extensively. Binding of such ligands to AHR leads to transcrip-
tional activation of CYP1A1, CYP1A2, and CYP1B1; in turn,
these enzymes catalyze oxidative detoxication or activation of
most ligands. From the start, AHR endogenous ligands and
functions were postulated; although this was initially contro-
versial, the robust phenotype of Ahr�/� knock-out mice pro-
vided clear evidence of physiological roles (and endogenous
ligands) for AHR. AHR has numerous important endogenous
functions: during conception and embryonic and fetal develop-
ment; in the immune, cardiovascular, neural, and reproductive
systems; and in hepatocytes, skin cells, and adipocytes. These
myriad AHR-mediated processes mirror the vast universe of
action of the eicosanoids, lipid mediators known to undergo
cytochrome P450-dependent oxidation.We propose thatmany
endogenous and exogenous cellular stimuli lead to (i) AHR-de-
pendent CYP1-dependent eicosanoid synthesis and degrada-
tion and (ii) AHR-dependent CYP1-independent (eicosanoid-
dependent and -independent) responses. These two pathways
can be delineated from one another in genetic models: the for-
mer is absent in the recently characterizedCyp1a1/1a2/1b1�/�

triple-knock-out mouse, and the latter is absent in the Ahr�/�

knock-out mouse. Identification of specific eicosanoids whose
synthesis or degradation is carried out by each CYP1 enzyme

should allow for identification of physiological endogenous
AHR ligands. (For “History and Background,” see supplemental
material (Box 1).)

Eicosanoids: Underappreciated Mediators of Everything

Oxygenated fatty acids arewidely employed as signalingmol-
ecules by prokaryotes and eukaryotes (1). Among these, the
eicosanoids are bioactive oxygenated derivatives of �-6 or �-3
essential fatty acids. Although the first identified eicosanoids
were derived from fatty acids with 20 carbon atoms (hence,
“eicosa,” Greek for “twenty”), such as arachidonic acid, eicosa-
pentaenoic acid, and dihomo-�-linolenic acid, related deriva-
tives of 22-carbon atom essential fatty acids (e.g. docosahexae-
noic acid) carry the same moniker.
Eicosanoids are local hormones released by most vertebrate

(and some invertebrate) cells, which act in autocrine or para-
crine fashion and then become rapidly inactivated. Potent in
the nanomolar range, at least 13 categories of eicosanoids have
been classified to date (supplemental Table S2), and if one
includes all possible stereoisomers, the total number of eico-
sanoids now exceeds 150. Supplemental Table S2 lists the
incredibly large number of critical life functions mediated via
eicosanoids, showing some degree of specificity of function
among the 13 categories. In terms of immunity, both initiation
and resolution of inflammatory processes are under the critical
control of eicosanoids (2).
Generally, eicosanoids are not storedwithin cells but are syn-

thesized as needed; one exception is that red blood cells are
reservoirs for cis- and trans-epoxyeicosatrienoic acids that can
quickly be released (3). Stimuli that initiate eicosanoid biosyn-
thesis and release include mechanical trauma, cytokines,
growth factors, xenobiotics, and even other eicosanoids. Such
stimuli trigger the activation of phospholipases at the cell or
nuclear membrane, where fatty acid precursors of eicosanoids
are incorporated as esters into larger molecules (phospholipids
and diacylglycerol), whereupon the phospholipase catalyzes
ester hydrolysis of phospholipid (via phospholipase A2) or dia-
cylglycerol (via diacylglycerol lipase). The rate-limiting step for
eicosanoid formation appears to be this hydrolysis, which frees
eicosanoid precursors.

Do AHR-dependent CYP1-dependent Responses Reflect
Eicosanoid Metabolism?

Eicosanoids exert complex control over virtually all life func-
tions (supplemental Table S2). Interestingly, the list of pro-
cesses that exhibit abnormalities when AHR is absent or are
modulated by activation of AHR (supplemental Table S1) is
quite similar to the list of eicosanoid-mediated functions (sup-
plemental Table S2).
Generic Signals and Responses—Any of thousands of differ-

ent exogenous signals affecting a cell can be viewed as a stimu-
lus that is “perceived” by XTFs; these include the AHR, consti-
tutive androstane receptor, hepatocyte nuclear factor, forkhead
box, liver X receptor, peroxisome proliferator-activated recep-
tor, farnesoid X receptor, pregnane X receptor, and related
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families (Fig. 1A), which then regulate various downstream tar-
gets. The concept of xenobiotic-related transporters and XTFs
has been recently reviewed (4). We envision the downstream
events to include CYP1-, CYP2-, CYP3-, and CYP4-mediated

synthesis and degradation of specific eicosanoids (5) as well as
responses that are independent of these enzymes (Fig. 1A).
AHRSignaling andResponses—AlthoughAHRbinds toAHR

response elements in hundreds of genes throughout the
genome, the three CYP1 genes con-
served in all mammals (CYP1A1,
CYP1A2, and CYP1B1) are both
among the most highly induced of
the panel of AHR-activated genes
and central to the oxidative metab-
olism of many AHR ligands. Hence,
we envision that signals received
by AHR lead to downstream
events (Fig. 1, B and C), which
include AHR-dependent CYP1-
dependent synthesis and degrada-
tion of specific eicosanoids and
AHR-dependent CYP1-independ-
ent (eicosanoid-dependent and
-independent) responses.
Cyclooxygenases and ALOXs—

Although considerable emphasis
has been placed on the role of
cyclooxygenase-1 and -2 and the
ALOXs in eicosanoid synthesis and
degradation (Fig. 1C), it has been
experimentally demonstrated that
dozens of members of the CYP1,
CYP2, CYP3, and CYP4 families
also participate in these processes
(Table 1) (5). Everymember of these
four CYP familiesmight be involved
in eicosanoid metabolism, perhaps
with redundancy (5). Pursuant to
the present review about AHR
endogenous functions, the precise
steps catalyzed by CYP1A1,
CYP1A2, and CYP1B1 remain to be
demonstrated. In fact, the large
number, complexity of pathways,
extreme lability, and similarity of
the various eicosanoid chemical
structures and stereoisomers all
contribute to the difficulty of suc-
cessful research in this arena.

Cyp1a1/1a2/1b1�/� Triple-
knock-out Mouse as
a Model System

How might AHR-dependent
CYP1-dependent responses be dis-
sected from AHR-dependent CYP1-
independent responses (Fig. 1)? One
excellentmodel systemis therecently
characterized Cyp1a1/1a2/1b1�/�

triple-knock-out mouse (6). The
other model system is the Ahr�/�

knock-out mouse (reviewed in Refs.
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7–9). Whereas Ahr�/� mice have no functional AHR, and
therefore, all downstream genes regulated by the AHR should
be affected, Cyp1a1/1a2/1b1�/� mice have a functional AHR
but lack all three CYP1 enzymes. Therefore, using these two
mouse lines, one should nowbe able to distinguish (in the intact
mouse) between all AHR-dependent functions versus the sub-
set of AHR-regulated CYP1-dependent functions.
Phenotype of the Cyp1a1/1a2/1b1�/� Mouse—When com-

pared with wild-type mice (with incomplete penetrance), the
Cyp1 triple-knock-out F1 mouse exhibited (i) infertility and
embryo lethality, (ii) a significantly increased risk of certain
birth defects (hydrocephalus, hermaphroditism, and cystic ova-
ries), and (iii) at least 89 genes significantly up-regulated versus
62 genes down-regulated (6). All of these phenotypes probably
reflect deficiencies in cell proliferation and migration, ion
transport, angiogenesis, and/or vascular pO2 sensing, again
most likely eicosanoid-related processes (supplemental Table
S2). Please see supplemental material (Box 2).
Dysregulation of the Inflammatory Response—Finally, an

exaggerated response to zymosan-induced peritonitis, along
with significant down-regulation of hepatic expression of the
Socs2 (suppression of cytokine signaling-2) gene, was seen in
Cyp1a1/1a2/1b1�/� mice (6). Both endogenous and exoge-
nousAHR ligands are known to up-regulate SOCS2 expression.
2,3,7,8-Tetrachlorodibenzo-p-dioxin has been shown to
up-regulate SOCS2 expression in lymphocytes in an AHR-de-
pendent fashion (10). Inhibition of dendritic cell production of
pro-inflammatory cytokines by the pro-resolution lipoxin eico-
sanoids is dependent on AHR-driven up-regulation of SOCS2
expression (11). Activation of AHR by both native and aspirin-
induced lipoxins triggers SOCS expression; this then leads to
ubiquitinylation and proteasomal degradation of TRAF (tumor
necrosis factor-� receptor-associated factor)-6 and TRAF-2,
key adaptor molecules that couple interleukin-1/Toll-like and
tumor necrosis factor receptor family members to intracellular
signaling cascades (12). The decreased SOCS2 expression
observed in the triple knock-out is consistent with a potential
mechanism for the exaggerated zymosan-induced inflamma-
tory response as well as the possibility that one or more of the
AHR-regulated CYP1 enzymes participate in generation of
endogenous eicosanoid ligands for AHR.
The Ahr�/� knock-out mouse shows a PDV and other AV

shunt problems (13), along with immune dysregulation (14)
and increased susceptibility to infection (15). The latter two
traits were found in Cyp1a1/1a2/1b1�/� mice (6). Unless the
Cyp1 triple knock-out is subsequently found also to include
PDV and AV shunts, these findings suggest that one or more of

the CYP1 enzymes participate in immune dysregulation and
enhanced susceptibility to infection, whereas an AHR-depend-
ent CYP1-independent process is responsible for increased risk
of the PDV and AV shunts.

What Are the “True” Endogenous Ligands for AHR?

Various classes of endogenous compounds shown to induce
CYP1 and/or activate AHR include (a) tryptophanmetabolites,
other indole-containing molecules, and phenylethylamines
(16); (b) tetrapyrroles such as bilirubin and biliverdin; (c) sterols
such as 7-ketocholesterol and the horse steroid equilenin; (d)
fatty acid metabolites, including at least six different prostag-
landins (17) and lipoxin A4; and (e) the ubiquitous secondmes-
senger cAMP (reviewed in Refs. 9 and 18). The dose of such
putative inducers in the intact animal, the concentrations
needed in cell cultures, and the dissociation constant of binding
(Kd) for the majority of these candidates are, however, usually
not as low as onewould expect for physiologically relevantAHR
ligands.We believe that there is likely to be cell- and tissue-type
specificity and redundancy for endogenous AHR ligands. It
should now be possible to identify CYP1-mediated AHR
ligands by comparingmetabolite profiles from an assortment of
tissues of the wild-type mouse with those of various combina-
tions of the Cyp1 knock-out lines that are now available.
Other Evidence of Endogenous Functions of AHR—In

untreatedmice, the highest AHR level in any cell type is seen in
the oocyte (19), and incredibly high levels of CYP1A1 mRNA
are found in the oocyte after fertilization (20). Interestingly,
retinoic acid-induced differentiation in cultured cells and
hepatic regeneration in the intact mouse are both associated
with up-regulation of CYP1A1 in the absence of an exogenous
inducer (21). Physical fluid shear stress in the animal (9, 18) and
UVB radiation (290–320 nm) (22), as well as changing of
growthmedium in cultured cells, also up-regulate CYP1 and/or
activate AHR (reviewed in Ref. 9). Needless to say, division of
the oocyte to the two-cell stage, further cell divisions, cell dif-
ferentiation and proliferation, mechanical trauma and fluid
shear stress, and UV radiation all involve eicosanoids (supple-
mental Table S2).
Eicosanoid Action in the GI Tract—In studies of Arnt�/�

conditional knock-outmice inwhichCre recombinase is driven
by a villin promoter, the result is complete ablation of ARNT in
GI epithelial enterocytes; curiously, CYP1A1 mRNA and
enzyme activity are markedly elevated in virtually all tissues of
this mouse, other than the enterocyte (23). CYP1A1 induction
is greater with indole-3-carbinol added to the diet (23). These
observations fit well with the theme of AHR, CYP1, and eico-

FIGURE 1. A, relationship among XTFs; CYP1-, CYP2-, CYP3-, and CYP4-mediated eicosanoid metabolism; and CYP-mediated responses independent of
eicosanoid metabolism. CAR (NR1I3), constitutive androstane receptor; LXR (NR1H), liver X receptor; PPAR (NR1C), peroxisome proliferator-activated
receptor; HNF (NR2A), hepatocyte nuclear factor; FOX, forkhead box; FXR (NR1H4), farnesoid X receptor; PXR (NR1I2), pregnane X receptor. B, relationship
among specifically the AHR, CYP1-mediated eicosanoid metabolism, and AHR-mediated CYP1-independent responses. There are several CYP genes
outside the CYP1 family that are regulated, at least in part, by AHR. There are AHR-dependent CYP1-independent eicosanoid-dependent pathways
because of CYP2-, CYP3-, or CYP4-mediated metabolism of eicosanoids. C, subset of the diagram in B in which we illustrate CYP1-mediated versus
ALOX-mediated metabolism of the 11 �-6 fatty acid-derived and the four �-3 fatty acid-derived categories of eicosanoids. Dihomo-�-linolenic acid
is usually considered as an additional separate series of eicosanoids; it is a C20:3 fatty acid (precursor to prostaglandins of the “1 series” such as
prostaglandin E1) that is increased in ungulates (e.g. very high in sheep testicle) yet exists only in trace amounts in humans. In addition to six
arachidonate lipoxygenase genes, ALOX5, ALOX12, ALOX12B, ALOX15, ALOX15B, and ALOXE3, which are orthologous between the human and mouse
genomes, the mouse genome has a seventh gene, Alox12a. EETs, epoxyeicosatrienoic acids; HETEs, hydroxyeicosatetraenoic acids; DHETEs, dihydroxyei-
cosatetraenoic acids; HPETEs, hydroperoxyepoxyeicosatrienoic acids.
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sanoids. The process of food absorption and digestion involves
continuous low-grade inflammation (and resolution of inflam-
mation) in the GI tract. The phytochemical indole-3-carbinol
also causes eicosanoid release. Removal of ARNT from the
enterocyte blocks AHR function and therefore CYP1 expres-
sion in that cell type; we hypothesize that, as a result, eico-
sanoids normally synthesized or degraded by the enterocyte
CYP1 enzymes are released throughout the rest of the animal
and that these eicosanoids are AHR ligands that then cause
CYP1A1 up-regulation in virtually every cell type except
ARNT-deficient enterocytes.

What Happens Downstream of Eicosanoids?

Beyond the scope of this review, eicosanoid synthesis and
degradation are not the end of the story. Specific receptors for
prostaglandins (24–26) and for other eicosanoids (27–29) are
being characterized, many of which are G-protein-coupled
receptors, but the field is still in its infancy; perhaps other here-
tofore unknown reception systems also exist (Fig. 1C). Our
understanding about the release of�-6 and�-3 fatty acids from
phospholipids and diacylglycerol and about the synthesis and
degradation of specific eicosanoids by certain ALOX and CYP
enzymes may well lead to the design of new drug targets. Sim-
ilarly, a better understanding of eicosanoid receptors and their
targets should also result in more knowledge and possible new
drug targets in treating various humandisorders, including spe-
cific types of cancer.
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