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Many  toxicology  studies  have  elucidated  health  effects  associated  with  exposure  to various  chemicals,
but  few  have  identified  the  molecular  targets  that  cause  specific  endpoints  of  toxicity.  Our  understanding
of  the  toxicity  of dioxins,  a group  of  chemicals  capable  of  causing  toxicity  at  environmentally  relevant  lev-
els of  exposure,  is  no  exception.  Dioxins  are  unique  compared  to  most  chemicals  that  we  are exposed  to in
the environment  because  they  activate  a high  affinity  receptor,  aryl  hydrocarbon  receptor  (AhR),  that  was
identified  more  than  three  decades  ago.  In recent  years,  several  lines  of  experimental  evidence  have  pro-
vided clues  for  opening  the  “black  box”  that  contains  the  molecular  mechanisms  of dioxin  action.  These
clues  have  emerged  by  toxicologists  beginning  to  identify  the  molecular  targets  that  link AhR  signaling
to  tissue-specific  toxicity  phenotypes.  Endpoints  of  dioxin  toxicity  for  which  downstream  molecular  tar-
gets have  begun  to  be  elucidated  are  observed  in  developmental  or tissue  regeneration  processes,  and
include  impaired  prostate  development  and  hydronephrosis  in  mouse  fetuses  and  pups,  reduced  mid-

brain  blood  flow  and  jaw  malformation  in  zebrafish  embryos,  and  impaired  fin  regeneration  in  larval
and  adult  zebrafish.  Significant  progress  in identifying  molecular  targets  for dioxin-induced  hepatotoxi-
city  in  adult  mice also  has  occurred.  Misregulation  of AhR  downstream  pathways,  such  as conversion  of
arachidonic  acid  to prostanoids  via  cyclooxygenase-2,  and  altered  Wnt/�-catenin  signaling  downregulat-
ing Sox9,  and  signaling  by  receptors  for  inflammatory  cytokines  have  been  implicated  in  tissue-specific
endpoints  of  dioxin  toxicity.  These  findings  may  not  only  begin  to  clarify  the  molecular  targets  of  dioxin

ew  m
action  but  shed  light  on n

. Introduction

Organisms, including humans have been exposed to thousands
f environmental chemicals and adapt to such exposures or develop
iseases that may  last for a long evolutionary period. The majority
f such chemicals act as xenobiotics to the organisms, and it is rea-
onable to think that animals did not evolve and harbor receptors to
espond to specific xenobiotics. Instead, organisms evolved detox-
fying mechanisms, which have less stringent specificity to various
enobiotics, and the aryl hydrocarbon receptor (AhR) is no excep-
ion. The AhR is activated by various chemicals including a subset
f polychlorinated dibenzo-p-dioxin (PCDD), dibenzofuran (PCDF)
nd biphenyl (PCB) congeners [1].  We  will refer to these congeners

s dioxin-like (DL) or simply as dioxins.

PCDDs and PCDFs consist of 75 and 135 congeners, respec-
ively, but only those with chlorine substitutions at the 2,3,7, and 8
ositions exhibit signs of 2,3,7,8-TCDD (abbreviated as TCDD here-
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olecular  events  associated  with  development  and  disease.
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after) toxicity and are identified as DL-PCDDs and DL-PCDFs [1].
Accordingly, there are 7 DL-PCDD and 10 DL-PCDF congeners. The
non-DL-PCDD and -PCDF congeners are metabolized more rapidly
than the DL-2,3,7,8-congeners or do not bind the AHR. The DL-PCBs
consist of 12 congeners. This includes 4 congeners that have no
ortho chlorine substitutions on the biphenyl ring system. These are
the most potent of the 12 DL-PCBs and 3,3′,4,4′,5-PCB (PCB126) is
nearly as potent in causing toxicity as TCDD. The 8 mono–ortho
chlorine substituted PCBs are very weak DL-PCBs with potencies
1/30,000th that of TCDD [2].

The DL-PCDDs, -PCDFs, and -PCBs are persistent, and ubiquitous
environmental contaminants. They are found in air, water, soil, and
sediment, and bioaccumulate in various animal species including
humans worldwide. PCDDs and PCDFs are unintentional byprod-
ucts of combustion and various industrial activities. PCB mixtures
were commercial products until banned and were widely used as
heat resistant solvents, lubricants, and in fluorescent light ballasts.

Among the DL-PCDDs, -PCDFs and -PCBs, TCDD is the most potent
in causing toxicity and is the prototype to which biological and
toxicological actions of all other DL-congeners are compared.

Epidemiological and clinical studies have shown that acciden-
tal and occupational exposure to DL-PCDDs, -PCDFs or -PCBs induce

dx.doi.org/10.1016/j.jsbmb.2010.12.005
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:mtohyama@mail.ecc.u-tokyo.ac.jp
dx.doi.org/10.1016/j.jsbmb.2010.12.005
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reclinical signs of abnormal health and various disease conditions.
bout 25 years after accidental exposure, the TCDD-exposed pop-
lation in Seveso, Italy exhibited a skewed sex ratio at birth to girls
3]. Food poisoning by ingesting rice oil contaminated with DL-PCBs
nd PCDFs, known as Yusho and Yu-cheng, occurred in 1968 and
979 in Japan and Taiwan, respectively [4,5]. The exposed popula-
ions had a variety of systemic signs and symptoms. Workers who
ere engaged in manufacturing a TCDD-contaminated herbicide
ere reported to have a higher risk of certain cancers [6].  It has been
ell-established that when laboratory animals are exposed to diox-

ns, they suffer a variety of toxicities, such as metabolic disorders
nd a wasting syndrome that eventually leads to death, repro-
uctive toxicity and endocrine dysfunction, neurodevelopmental
oxicity, immunosuppression, carcinogenicity and teratogenicity
7].

In this review, we provide a general overview of past research on
he toxicology of TCDD with particular reference to the aryl hydro-
arbon receptor (AhR). We  then describe recent studies that have
egun to provide insight into the molecular targets that may  medi-
te tissue-specific endpoints of dioxin toxicity. These endpoints
f toxicity relate mainly to developmental and regenerative pro-
esses that are disrupted by dioxin exposure. By the early 1970s
ccupational and accidental human exposures to TCDD and toxicity
tudies in laboratory animals demonstrated that TCDD was  capa-
le of causing some of the toxic effects described above, but the
iological factors that established the link between dioxin expo-
ure and these adverse effects were not understood. As a result,
he underlying mechanisms of TCDD toxicity remained in a “black
ox”.

The first real clue to elucidating the mechanism was  an attrac-
ive hypothesis for involvement of the AhR in the mid-1970s. A
ew research groups found that certain polycyclic aromatic hydro-
arbons, such as 3-methylcholanthrene, had the ability to induce
ryl hydrocarbon hydroxylase activity, and that this ability segre-
ated in mice as a single gene locus. In 1976, Alan Poland and his
ssociates [8] reported the presence of a protein, AhR, that had
igh affinity for TCDD. Next, it was revealed how TCDD-bound
hR interacts with another transcription factor, the aryl hydro-
arbon receptor nuclear translocator (ARNT), in the nucleus. The
omplex of these proteins was found to bind to the xenobiotic
esponse element (XRE), also called the dioxin responsive element
DRE), in the promoter region of certain genes, such as CYP1A1,
o activate transcription of these genes [9].  These target genes of
hR are related to physiological processes such as cell proliferation
nd drug metabolism, and to the manifestation of toxicities. The
ypothesis that activation of AhR by TCDD leads to the abnormal
ranscription of genes, which in turn causes dioxin-like toxicities,
s generally accepted, as the “genomic pathway” mechanism. Since
he initial discovery of the genomic pathway of dioxin action, it
as been reported that the AhR produces other actions through a
non-genomic pathway” [10] and is capable of cross-talk with other
teroid hormone receptors [11]. These newer mechanisms of dioxin
ction involving the AhR are covered later in this review.

In late 1990s, three research groups [12–14] independently pro-
uced AhR-null mice by deleting different exons of the AhR gene.
lthough there seem to be some differences in the physiology of

hese animals, no overt dioxin toxicity could be found. That is, AhR-
ull mice did not show TCDD-inducible toxicities, such as thymic
trophy, immune suppression, wasting syndrome, cleft palate or
ydronephrosis.

AhR conformation analysis revealed that differences in sensitiv-

ty to dioxin toxicities between species and strains can be generally
ttributable to polymorphism of the AhR. Although most of the
mino acid changes in strains of mice occur within the transac-
ivation domain, a point mutation in the ligand binding domain
lters the affinity of AhR for dioxin, and susceptibility to dioxin
y & Molecular Biology 127 (2011) 96– 101 97

toxicities. For example, C57BL/6 and DBA/2 mice are responsive
and less responsive strains, respectively, and have different types
of AhR that are characterized by their one order of magnitude dif-
ference in binding affinity for TCDD [15]. The dioxin dose used
to produce toxic endpoints, such as lethality and abnormal lipid
and carbohydrate metabolism, are one order of magnitude differ-
ent between the two strains [16,17].  Furthermore, a required role
for the AhR in the development of TCDD toxicity was shown by
a study using the humanized AhR knock-in mouse [18]. In this
study, AhR of the C57BL/6 strain mouse was replaced with an AhR of
human origin, and TCDD-induced teratogenic endpoints in fetuses
were compared between wild-type C57BL/6, DBA/2, and human-
ized C57BL/6. As expected, wild-type C57BL/6 mice were most
responsive to TCDD and had the highest incidence of cleft palate
and hydronephrosis compared to the DBA/2 strain. The humanized
AhR knock-in mice on a C57BL/6 genetic background were the least
sensitive to TCDD insult and had almost no indication of cleft palate
and a low incidence of hydronephrosis.

It has been established that dioxin-bound AhR activates certain
genes, such as CYP1A1, and induces various molecular and cel-
lular responses. However, it was  not clear how AhR target genes
could eventually lead to specific endpoints of toxicity, although
one could hypothesize that factors downstream of AhR signaling
mediate toxic phenotypes in a tissue-specific manner. Despite con-
tinued research for more than 40 years, the molecules that link AhR
activation by dioxin to specific endpoints of dioxin toxicity, have
remained elusive.

We summarize below our current knowledge in this area by
focusing on molecular targets that may  mediate specific endpoints
of dioxin developmental and regenerative toxicity. Since stud-
ies that have successfully identified actual target genes that are
involved in causing particular endpoints of toxicity are limited,
additional studies of AhR downstream events that may  lead to
specific endpoints of dioxin toxicity are also included in this review.

2. Developmental and reproductive toxicities

2.1. AhR and Wnt/ˇ-catenin pathway

In utero and lactational exposure to TCDD in rodents is a useful
experimental model to study how TCDD affects the developmental
stage of various organs, such as the prostate, mammary gland, and
brain. Clarification of the molecular mechanism of TCDD action on
prostate development is important for providing overarching infor-
mation on prostate biology and possible clinical implications of
AhR activation on prostate disease [19]. In the rodent, the prostate
develops in utero from the urogenital sinus (UGS), to form three
bilateral prostate lobes (ventral, dorsolateral, and anterior). TCDD
has been shown to stimulate a paracrine signal, derived from AhR-
mediated transcription in UGS mesenchyme (UGM), which inhibits
prostatic bud formation in UGS epithelium (UGE) in the ventral
lobe. Recently, Wnt5A localized in the UGM was shown to be
involved in inhibition by TCDD of ventral prostate bud formation
[20]. The addition of Wnt5A antibody rescued the prostatic bud-
ding from inhibition by TCDD. Thus, it is possible that abnormal
upregulation of Wnt5A signaling occurred as a downstream event
of TCDD-activated AhR signaling in the UGM [19].

Disruption of Wnt  signaling by TCDD also has been found to
induce toxicities in zebrafish (Daniorerio). Since the AhR signal
transduction pathway in zebrafish is very similar to that of mam-
mals, with an exception that zebrafish possess three AHRs, AhR1a

AhR1b and AhR2 [21]. Zebrafish have become a useful model to
delineate molecular mechanisms of TCDD toxicity. In zebrafish,
AhR2 only is activated by TCDD to induce CYP1A and CYP1B. In
developing zebrafish larvae, TCDD-induced adverse effects, includ-
ing pericardial edema, slowed peripheral blood flow, craniofacial
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alformation and defects in erythropoiesis, could not be rescued by
uppression of CYP1A and 1B using antisense morpholino oligonu-
leotides [22,23]. Thus, it is not likely that these particular AhR
arget genes, CYP1A and CYP1B are responsible for these endpoints
f TCDD developmental toxicity in zebrafish. In mice there seems
o be contradictory results regarding the involvement of CYP1A1
n specific endpoints of TCDD toxicity. Even though a high dose of
CDD (200 �g/kg) was not lethal in CYP1A1-null mice, these mice
isplayed many other hallmark signs of TCDD toxicity, demonstrat-

ng that induction of CYP1A1 is not required for most endpoints of
ioxin toxicity [24]. On the other hand, TCDD exposure (180 ng/kg
or 35 days) in adult mice produces reactive oxygen species via
YP1A1 that resulted in a continued elevation of blood pressure
25]. Taken together with many other relevant studies, it is con-
luded that the AhR is important for the manifestation of TCDD
oxicity in a variety of vertebrate animals.

To identify the downstream events of AhR2 activation that are
ssential for dioxin toxicity, Tanguay and coworkers [26] employed

he zebrafish caudal fin regeneration model where AhR2 activation
y TCDD blocks regeneration in both adult and larval stages. Using
enomic analysis for zebrafish at these two stages of development,

 common alteration in gene expression was discovered. More
pecifically, R-Spondin1, a secreted protein capable of promoting

ig. 1. Proposed scheme on possible molecular targets for specific endpoints of TCDD tox
henotypes were observed in a tissue- and time-specific manner and certain findings w
xperimental evidence; “broken lines” are hypothesized. Representative abbreviations: P
y & Molecular Biology 127 (2011) 96– 101

Wnt/�-catenin signaling, and Sox9b had the highest and lowest
expression, respectively [27,28].  Repression of R-Spondin1 by its
antisense morpholino oligonucleotide protected against the TCDD-
induced suppression of fin regeneration. When the Wnt  coreceptor
LRP6 was suppressed by its antisense morpholino oligonucleotide,
inhibition of fin regeneration by TCDD also was blocked, demon-
strating that inappropriate upregulation of R-Spondin/LRP6 is
necessary for TCDD to inhibit fin regeneration. To our knowledge,
this discovery is one of few investigations that actually identified
the molecular target for a specific endpoint of TCDD toxicity. An
emerging question is how the upregulated R-Spondin1 that results
in activation of Wnt/LRP6 leads to downregulation of Sox9b and
eventually impairs fin regeneration.

Xiong et al. [29] reported that zebrafish larvae exposed to TCDD
had impairment of lower jaw formation, and that Sox9b was sig-
nificantly downregulated. Such impairment of lower jaw formation
by TCDD was rescued by injection of Sox9b mRNA in the zebrafish
embryo. Furthermore, morpholino knock-down of Sox9b in con-

trol zebrafish embryos caused a lower jaw malformation that was
essentially identical to that caused by TCDD. Understanding how
altered AhR, R-Spondin, Wnt/�-catenin, and Sox9 signaling elic-
its specific endpoints of TCDD toxicity merits further investigation
(Fig. 1, left).

icity. This scheme is drawn based on the results of studies cited in the text. Toxicity
ere based on in vitro results. For the pathways shown, “solid lines” are based on

G, prostaglandin; PGDS, PGD synthase; TX, thromboxane.
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.2. AhR, cyclooxygenase, and prostanoid pathway

Exposure to TCDD in utero or via lactation induces hydronephro-
is in rodent fetuses and pups in an AhR-dependent manner [30].
t has also been reported that congenital obstructive nephropathy
s the most frequent cause of renal failure in infants and children
31]. According to clinical studies, fetal hydronephrosis is found
n approximately 1 in 100 births, with at least 20% being clini-
ally significant [32]. Hydronephrosis is defined as a dilation of the
enal pelvis and calyces proximal to the point of ureter obstruction
33]. Most of the obstruction has been found in the narrow junction
etween the renal pelvis and the ureter. In some cases, abnormal
eristaltic movement of the ureter is also known to cause functional
ydronephrosis.

Compiling data from in vivo and in vitro studies, a working
ypothesis for the mechanism of TCDD-induced hydronephro-
is was formulated (Fig. 1). The background information which
ed to this hypothesis is as follows. First, mice lacking the Na+

nd K+ transporters, NKCC2 and ROMK, are thought to be a dis-
ase model for Bartter’s syndrome and develop polyuria and
evere hydronephrosis [34–36].  Second, PGE2 and its receptors
re involved in the regulation of NKCC2 and ROMK expression
n vitro [37] and in PGE2 receptor-null mouse studies [38]. Third,
yclooxygenase-2 (COX-2), an inducible rate-limiting enzyme for
he production of prostanoids including PGE2, is induced by TCDD
n hepatocytes in vitro [39]. Fourth, expression of COX-2 is induced
y multiple mechanisms including upregulation of inflammatory
ytokines [40] and by the Src pathway [41].

In this mouse model, pups were exposed to TCDD via lacta-
ion from postnatal day (PND) 1, and nearly all pups developed
ydronephrosis by weaning. Although COX-2 was  induced in cul-
ured cells [39], this study was probably the first to show that
CDD administration induced COX-2 mRNA and protein in vivo
42]. Recent studies on the human COX-2 promoter demonstrated
hat it has binding sites for transcription factors, and that CREB and
P-1 proteins, C/EBP protein, and NF-�B can presumably bind to

hese sites and activate COX-2 expression [43]. Thus, COX-2 can be
nduced by multiple mechanisms.

Another possible mechanism for COX-2 induction by TCDD
nvolves a non-genomic pathway that is not accompanied by AhR
ranslocation to the nucleus [44]. According to this hypothesis,
OX-2 is induced by arachidonic acid release via the elevation
f cytosolic phospholipase A2 (cPLA2) activity. When the COX-2
elective inhibitor, indomethacin N-octyl amide, was  administered
o pups from PND 1 to weaning, the altered expression of COX-

 activity, Na+ and K+ transporter genes, and inflammatory genes
as reversed, and eventually, the onset of hydronephrosis was

ompletely prevented [42]. The required role for increased COX-
 activity in TCDD-induced hydronephrosis was further confirmed
y lithium treatment, which increases COX-2 activity to elicit
ydronephrosis when administered to control mouse neonates

rom PND1 to weaning [45]. Thus, COX-2 is a necessary factor for
nducing hydronephrosis in the developing rodent kidney.

Teraoka and associates also found that COX-2 is a target
olecule of mesencephalic circulation failure caused by TCDD in

ebrafish embryos [46]. TCDD reduced blood flow in the mes-
ncephalic vein, and this circulation failure was  prevented by
reatment with two selective COX-2 inhibitors, NS-398 and SC-
36. Also the mesencephalic circulation failure caused by TCDD
as rescued by knocking down COX-2 activity. This TCDD-induced

nhibitory effect on regional brain blood flow in zebrafish lar-

ae was also blocked by selective antagonists of the thromboxane
eceptor (TP). Furthermore, exposure of zebrafish embryos to a TP
gonist reduced mesencephalic vein blood flow that was blocked
y a TP antagonist. Suppression of thromboxane (TX) A synthase

 activity by antisense morpholino oligonucleotides protected
y & Molecular Biology 127 (2011) 96– 101 99

zebrafish embryos from TCDD-induced mesencephalic circulation
failure. It is concluded that the COX-2, TXA synthase, and TP axis
plays a pivotal role in the reduced circulation in the developing
midbrain of TCDD-exposed zebrafish larvae.

3. AhR and non-genomic pathway

Matsumura and associates proposed that TCDD-induced toxi-
city via a non-genomic pathway [47]. They performed an in vitro
study using MCF10A cells to identify TCDD-induced inflammatory
markers, such as vascular endothelial growth factor, and plas-
minogen activator inhibitor-2 mRNAs which resulted in four major
findings. First, TCDD effectively induced these inflammation mark-
ers via calcium ions, cPLA2 activation, and Src kinase activation.
Such findings were confirmed by the use of specific inhibitors for
Src kinase and cPLA2, as well as calcium-signaling blockers. Second,
TCDD activated Src kinases within 30 min, which was  transferred
from the cytoplasm to the plasma membrane. This TCDD-inducible
Src activation was  suppressed by a competitive inhibitor for cPLA2,
suggesting that suppression of c-Src activation is an event down-
stream of cPLA2 signaling. In addition, knockdown or inhibition
of cPLA2 abolished the ability of TCDD to induce COX-2, suggest-
ing that COX-2 induction is located downstream of cPLA2 signaling.
Third, activation of cPLA2 and Src genes occurred within 15–30 min
after TCDD addition to the culture medium, a time when induc-
tion of CYP1A1 could not be detected. Also in the above study on
TCDD-induced hydronephrosis [42], lactational exposure to TCDD
induced various inflammatory cytokines and chemokines in pups.
Monocyte chemoattractant protein-1 was elevated as early as PND
3 and tumor necrosis factor-� (TNF-�)  and IL-1� were upregu-
lated as early as PND 5. Thus, the more rapid COX-2 induction
by TCDD may  be triggered by arachidonic acid signaling; not by
inflammatory signaling. Fourth, knockdown of ARNT showed that
TCDD-induced upregulation of the above mentioned inflammatory
markers does not require ARNT, whereas the presence of ARNT is
required for the induction of CYP1A1 mRNA.

TCDD exposure causes cardiovascular abnormalities in zebrafish
embryos [48] and recently it has been shown that medaka embryos
exposed to TCDD have inflammation and the altered prostanoid
signaling, including dose-dependent upregulation of COX-2, which
results in pericardial edema [49]. In the medaka model, arachidonic
acid treatment also induced pericardial edema, but did not upreg-
ulate CYP1A1, indicating that pericardial edema can be induced
by TCDD, independent of AhR/ARNT interaction with the XRE. The
medaka results also support the presence of a non-genomic action
of TCDD for inducing cellular responses which may play a role in
certain cardiovascular endpoints of dioxin toxicity.

4. AhR and its interaction with steroid hormone receptors
and other proteins

AhR binds heat shock protein 90, AIP (AhR-interacting pro-
tein also known as XAP2 and ARA9), and p23 in the cytoplasm.
Upon binding TCDD, the ligand activated-AhR translocates into the
nucleus, and heterodimerizes with ARNT. The liganded AhR/ARNT
complex then binds to the XRE in the promoter region of AhR tar-
get genes and activates transcription of some genes cooperatively
with transactivating factors, such as SP1 and p-TEFb. Mice having
an AhR that cannot bind the XRE do not develop signs of TCDD toxi-
city, such as hepatomegaly, thymic involution and cleft palate [50],

demonstrating an imperative role for the XRE in the development
of these endpoints of TCDD toxicity. The majority of TCDD-induced
hepatotoxicity also is not observed in mice lacking AIP, showing
that AIP plays an essential role in causing this endpoint of toxic-
ity [51]. AIP-null mice have unique characteristics, such as having
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0% less AhR expression and differential expression among AhR-
ependent CYP genes such as upregulated expression of CYP1A1
nd 1A2 and downregulated expression of CYP1B1. This underlines
he importance of the interaction of AhR and AIP for the expres-
ion of certain AhR target genes [51]. The same research group
reviously reported that a triple-knockout mouse model that lacks
eceptors for TNF-� and TNF-�, respectively, and a receptor for
L1-� and IL1-� had significant attenuation of TCDD-induced liver
nflammation and hepatocellular damage [52]. The involvement of
IP and IL-1-like cytokines, and their interactions with AhR path-
ay in eliciting TCDD-induced inflammatory effects in the liver is

n emerging area of AhR biology.
Ohtake and associates [53] reported that the ligand-bound-

hR/ARNT complex has the ability to activate estrogen receptor
arget genes, such as c-fos and VEGF by hijacking estrogen receptors
nd recruiting both estrogen receptors and p300, a coactivator, to
he estrogen response element in the promoter region of estrogen
eceptor target genes. Importantly, TCDD has uterotropic effects in
variectomized mice. Similarly, the ligand-bound AhR/ARNT com-
lex can activate the androgen receptor. These results suggest that
CDD exposure is capable of modulating certain steroid hormone
ctions which might be involved in TCDD toxicity.

In contrast to the induction of gene expression, the TCDD-
ound AhR/ARNT complex was reported to suppress, albeit not
ntirely, gene expression of c-fos in a human mammary gland
umor cell line, MCF-7, in an XRE-dependent manner. Since an
strogen responsive GC-rich site containing an SP-1 binding ele-
ent in the promoter region of c-fos overlaps XRE in the same

egion, binding of the ligand-bound AhR-ARNT complex to the
RE was suggested to quench estrogen-dependent activation of
strogen receptor target genes [54]. More recently Ohtake and asso-
iates [55] showed that the ligand-bound AhR/ARNT complex acts
s a constituent of E3 ubiquitin ligase to stimulate degradation of
strogen and androgen receptors, suppressing sex steroid hormone
ignaling. Thus, significant cross-talk occurs between AhR signaling
nd estrogen and androgen receptor signaling. This cross-talk has
he potential to modulate cellular responses and biological end-
oints induced not only by DL-PCDDs, DL-PCDFs and DL-PCBs but
lso by estrogens, androgens and other chemicals that modulate
ctivity of these signaling pathways.

. Future research directions

The molecular mechanism of dioxin toxicity involving
hR/ARNT signaling is based on a strong foundation of experimen-

al evidence of AhR/ARNT-dependent genomic alterations. The
on-genomic mechanism based on in vitro experimental evidence

s new, has less firm scientific support but is emerging as another
lausible model of TCDD action that may  occur in vivo. Although

t is known that most endpoints of dioxin toxicity are induced via
ctivation of AhR/ARNT signaling, the genomic pathway; more
ecent evidence is accumulating to show that other transcription
actors cross-talk with AhR/ARNT signaling and may  play a role in
he modulation of various endpoints of toxicity caused by TCDD.

Recently, we found that TCDD treatment of adult mice resulted
n downregulation of miR-101a, followed by elevation of it is target
ene, COX-2, in the liver, leading to inflammatory liver injury [56].
etermining whether downregulation of miR-101a by TCDD occurs
s an early event, before the onset of hydronephrosis in the rodent
etus and mesencephalic circulation failure in the zebrafish embryo,
arrants further investigation.
In summary, determining the physiological and pathological
ignificance of the various factors mentioned above in causing spe-
ific endpoints of dioxin toxicity will deepen our understanding of
he human health risk posed by exposure to dioxins in the envi-
onment. After four decades of investigating the biology of AhR

[

[

y & Molecular Biology 127 (2011) 96– 101

signaling and identifying endpoints of dioxin toxicity, we have now
reached the stage of “molecular target toxicology”. That is, identify-
ing molecular targets of TCDD action that trigger specific endpoints
of toxicity. Based on the recent progress we  have made towards this
goal, as highlighted in this review, our knowledge of AhR biology
and dioxin toxicology is sure to increase significantly in the future.
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