
Interruption of Estradiol Signal Transduction by
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) Through
Disruption of the Protein Phosphorylation Pathway in

Adipose Tissues from Immature and Mature
Female Rats

Essam Enan,*†‡ Faten El-Sabeawy,† Francisco Moran,† James Overstreet†
and Bill Lasley†

DEPARTMENT OF ENVIRONMENTAL TOXICOLOGY, AND INSTITUTE OF TOXICOLOGY AND ENVIRONMENTAL HEALTH,
UNIVERSITY OF CALIFORNIA, DAVIS, CA, U.S.A.

ABSTRACT. At doses of 10–115 mg/kg, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) decreased body and
adipose tissue weights of mature female rats. Doses below 10 mg TCDD/kg decreased body and adipose tissue
weights of immature, but not mature females. Doses of 2 and 10 mg TCDD/kg decreased adipose tissue epidermal
growth factor receptor (EGFR) binding activity 5 and 7 days later in immature and mature females, respectively.
At these times, there was a decrease in the activities of tyrosine kinase (TK), mitogen-activated protein kinase
(MAP2K), and protein kinase A (PKA). In mature females, estradiol (E2, 15 mg/kg) increased TK and PKA
activities and decreased MAP2K activity. In immature females, E2 decreased TK and PKA activities but not
MAP2K activity. TCDD abolished the stimulatory effect of E2 on TK and PKA in mature females, and in
immature females TCDD potentiated the negative effect of E2 on all three kinases. TCDD decreased binding of
[3H]E2 to cytosolic and nuclear estrogen receptors (ERs) of mature and immature females, and antagonized the
stimulatory effect of E2 on ER binding activity. E2 increased DNA binding activity of the estrogen response
element (ERE) and activator protein-1, and TCDD antagonized this effect. Geldanamycin, an inhibitor of Src
tyrosine kinase, reduced the effects of TCDD on body and adipose tissue weights. Geldanamycin antagonized the
effects of TCDD on EGFR binding activity and TK activity. In cell-free preparations, TCDD antagonized E2

action on TK activity in mature females, as well as E2 action on PKA activity in immature females. We
hypothesize that TCDD antagonizes E2 action in female adipose tissues through disruption of common cytosolic
signal transduction pathways. BIOCHEM PHARMACOL 55;7:1077–1090, 1998. © 1998 Elsevier Science Inc.
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The dioxins are part of a diverse group of chemical
compounds that are commonly referred to as environmen-
tal antiestrogens and endocrine disruptors. The compound
TCDD§ is often studied as a representative chemical for
many dioxin-type compounds. Exposure to TCDD results
in a number of toxic and biologic responses including a
wasting syndrome, reduction of glucose transporting activ-
ity, changes in protein phosphorylation/dephosphorylation
cascades, immunotoxic effects, reproductive toxicity, hepa-
toxicity and porphyria, hypo- and hyperplastic responses,

carcinogenesis, and the induction of enzymes including
specific forms of cytochrome P450 [1–11]. TCDD and
related aryl hydrocarbons have been proposed to act after
initial binding to the AhR protein, which is present in the
target tissues. These compounds first interact with a soluble
form of AhR, which, upon ligand binding, undergoes a
“transformation” process and becomes localized to the
nucleus [1, 12]. There, AhR associates with the nuclear
protein Arnt [13, 14], and the complex binds to dioxin-
response elements (DRE) [15] to activate transcription.
The interaction between TCDD and AhR is similar in
many respects to the mechanism by which steroid hor-
mones initiate their interaction with target cells, and many
of the effects of TCDD resemble those evoked by steroid
hormones. For example, several classes of steroid hormones
and TCDD induce cytochrome P450-dependent monoox-
ygenases and their associated cytochrome P450 isozymes
[15–17], although steroid hormones and TCDD induce
different forms of cytochrome P450. Nevertheless, the
mechanism of toxic action of TCDD is complex and also
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involves modulation of growth factor receptors and com-
ponents of their signal transduction pathways.

Many signal transduction pathways rely upon cellular
protein kinase/phosphatase cascades to achieve activation
and deactivation of trans-acting nuclear proteins in order to
coordinate changes in gene expression [6, 7, 18]. Kinases
play an important role in cell estrogenicity, and toxicants
can block cellular responses to estrogens in many cell types
by interference with protein kinase signaling [9–11]. Estro-
gens alone can stimulate cell growth and transformation.
Growth factors and other molecules that are known to
increase the activity of protein TKs have been shown to act
in synergy with E2 to modulate cell function [19, 20].
Mukku and Stancel [21] reported that treatment of imma-
ture female rats with E2 resulted in a significant increase of
EGFR binding activity, which appeared to be mediated
through a transcriptional mechanism. There is increasing
evidence that peptide growth factors can be mediators of
estrogen action in both normal and neoplastic tissues [22,
23], and in the mouse uterus the ER is required for the
E2-like effects of EGF [24]. In MCF-7 human breast cancer
cells, there is also a requirement for the ER in EGF-induced
proliferation [25], as well as for induction of progesterone
receptor levels by insulin-like growth factor I [20, 26].
These observations suggest that peptide growth factors may
influence the transcriptional activity of the ER or other
factors in the ER-transcriptional complex.

The ER is a phosphoprotein, and its activity is controlled
primarily by its ligand, which releases it from heat-shock
proteins [27] to induce the formation of active homodimers
[28] and the phosphorylation of the receptor at specific
tyrosine and serine residues [29]. ER binding to the ERE at
the trans-activating site of DNA is strongly influenced by
several other hormone receptors and nuclear transcription
factors such as AP-1 [30]. The c-jun and c-fos genes are
functionally linked in that the proteins they encode can
associate to generate AP-1. Recently, we found that E2

significantly increases the DNA binding activity of AP-1 in
human luteinized granulosa cells (hLGCs) and that treat-
ment of hLGCs with TCDD antagonizes this effect [10]. E2

has been shown previously to induce the expression of c-fos
in the adult rat uterus [31, 32]. A direct action of E2 on the
regulation of c-fos transcription is suggested by the finding
that the E2-induced expression of this gene is not prevented
by protein synthesis inhibitors [32, 33]. In other studies,
Safe and coworkers [34] found that E2 produces an increase
of rat uterine c-fos mRNA, and that following treatment of
the animals with TCDD, there is a dose-dependent de-
crease in these levels. Regulation by E2 of c-jun expression
has been studied extensively in MCF-7 human breast
cancer cells and in the organs of immature and adult
animals [35–37]. A transient increase in c-jun transcription
occurs very rapidly after E2 administration and is indepen-
dent of ongoing protein synthesis [36]. c-jun mRNA levels
have been found to be inducible in both epithelial and
stromal myometrial tissue fractions of the adult rat uterus
[36].

Our working hypothesis is that TCDD shares cytosolic
transduction pathways with E2 and that interference with
these common pathways is an important mechanism for
disruption of E2 action in cells. In the present study, we
investigated the responses of non-reproductive tract cells
from mature and immature female rats to TCDD and E2,
and we studied the interaction between the signal trans-
duction pathways that mediate these responses. In addition,
we addressed if there is a difference in age-specific suscep-
tibility to TCDD and if this age-specific difference is
mediated through signal transduction pathways. We uti-
lized a cell-free system from which the nucleus had been
removed to separate cytosolic and nuclear events. The
results of these experiments demonstrated an interaction
between TCDD and E2 at the level of the cytosolic
signaling pathways, as well as in the nucleus of target cells.

MATERIALS AND METHODS
Chemicals

[g-32P]ATP (3000 and 6000 Ci/mmol) was purchased from
Amersham. [2,4,6,7-3H]E2 (95.3 Ci/mmol 5 2.9 mg/mL)
and 125I-Labeled EGF (murine, sp. act. 176 mCi/mg) were
purchased from NEN. Substrate peptides for TK (RR-
SRC), MAP2K (APRTPGGRR), and PKA (Kemptide)
were purchased from UBI. Double-stranded AP-1 response
element DNA and double-stranded ERE DNA were pur-
chased from Stratagene. TCDD was purchased from CIL
(Woburn, MA.), with purity higher than 99.9%. All other
biochemicals were purchased from Sigma.

Animals

Three- to four-month-old (mature) and three- to four-
week-old (immature) female Sprague–Dawley rats were
purchased from Simenson Laboratories, Inc. Animals were
housed in suspended stainless steel cages and provided with
food and water ad lib. All animals were maintained on a
12-hr light/12-hr dark cycle at constant temperature and
humidity.

Experiments In Vivo

EFFECT OF E2 AND TCDD ON KINASE ACTIVITIES IN FEMALE

ADIPOSE CELLS. Mature and immature female rats were
treated in vivo according to three experimental protocols.
One set of animals was treated with a single i.p. injection of
115 mg of TCDD/kg in a corn oil/acetone vehicle (19:1);
control animals received an equal volume of the vehicle
only. A second set of animals was treated with a single i.p.
injection of 15 mg of E2/kg or with vehicle alone. The third
set of animals was treated with 15 mg of E2/kg 24 hr before
a single dose of 115 mg of TCDD/kg. Five animals were used
for each treatment or control group. Animals were killed 24
hr following the final treatment; their abdominal adipose
tissues were removed rapidly, rinsed in cold normal saline-
PBS, and chilled on ice. The effects of the various treat-
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ments on TK, MAP2K, and PKA activities in the cytosolic
fractions of adipose cells were investigated as described
below.

DOSE–RESPONSE EFFECT OF TCDD ON TK ACTIVITY IN FEMALE

ADIPOSE CELLS. Dose–response studies were performed with
adipose tissues from mature and immature female rats to
determine the threshold concentration of TCDD that
induced changes in kinase activities in animals of different
ages. Experimental and control animals were treated with
TCDD or with vehicle alone as described above. Five
treatment groups of three animals each were used and the
single doses of TCDD were 0.1, 1.0, 2.0, 10.0, and 50.0
mg/kg. Animals were killed 7 days following TCDD injec-
tion because we found that by this time TCDD significantly
decreased 125I-labeled EGF binding to EGFR (see below).
Adipose tissues were recovered, and TK activity in the
cytosolic fractions of adipose cells was measured as de-
scribed below.

TIME– COURSE EFFECT OF TCDD ON TK ACTIVITY IN FEMALE

ADIPOSE CELLS. Time–course studies were performed with
adipose tissues from mature and immature female rats to
determine when the minimum effective doses of TCDD
changed kinase activities in animals of different ages.
Experimental and control animals were treated with TCDD
or with vehicle alone as described above. The minimum
effective dose of TCDD, as determined in the dose–
response study, was used (10.0 mg/kg for mature females and
2.0 mg/kg for immature females). Seven treatment groups of
three animals each were used, and the animals were killed
at 1, 3, 5, 10, 14, 21, and 28 days following single doses of
TCDD. Adipose tissues were recovered, and TK activity in
the cytosolic fractions of adipose cells was measured as
described below.

EFFECT OF TCDD ON FEMALE BODY WEIGHT AND ADIPOSE

TISSUE WEIGHT. To investigate the relationship between
TCDD-induced effects on kinase activities and the wasting
syndrome, groups of immature and mature female rats were
treated with a single i.p. dose of 2 mg of TCDD/kg or with
vehicle alone. Body weight and daily food consumption
were monitored through the 90-day time–course of the
experiment. Ten animals per group were killed at 10 time
points during the experiment, and adipose tissue weight was
measured.

TIME– COURSE EFFECT OF TCDD ON EGFR BINDING ACTIVITY

IN FEMALE ADIPOSE CELLS. Time–course studies were per-
formed with adipose tissues from mature and immature
female rats to determine when TCDD changed EGFR
binding activity in animals of different ages. Experimental
and control animals were treated with 2.0 mg of TCDD/kg
or with vehicle alone as described above. Eight treatment
groups of three animals each were used, and the animals
were killed at 1, 3, 5, 7, 10, 14, 21, and 28 days following
single doses of TCDD. Adipose tissues were recovered, and

EGFR binding activity in the microsomal fractions of
adipose cells was measured as described below.

EFFECT OF TCDD ON ER LEVELS AND DNA BINDING ACTIVITY

OF ERE AND AP-1. Mature and immature female rats were
treated in vivo according to three experimental protocols.
One set of animals was treated with a single i.p. injection of
10 mg of TCDD/kg (for mature animals) and 2 mg of
TCDD/kg (for immature animals) in a corn oil/acetone
vehicle (19:1); control animals received an equal volume of
the vehicle only. A second set of mature and immature
animals were treated with a single i.p. injection of 15 mg of
E2/kg or with vehicle alone. The third set of animals was
treated with 15 mg of E2/kg 24 hr before a single dose of 10
mg of TCDD/kg (for mature animals) and 2 mg of TCDD/kg
(for immature animals). Three animals were used for each
treatment or control group. Animals were killed 24 hr
following the final treatment, and adipose tissues were
recovered. ER levels were measured in cytosolic and nuclear
protein fractions of adipose cells, and the DNA binding
activities of ERE and AP-1 were measured in the nuclear
fractions as described below.

EFFECT OF GELDANAMYCIN TREATMENT ON THE ACTION OF

TCDD. To investigate the role of Src kinase in the actions
of TCDD, groups of 15 mature and 20 immature female rats
were treated with four doses of 1 mg of geldanamycin/kg
body weight. The first dose was administered i.p. at day 21
before a single i.p. dose (day 0) of 115 mg of TCDD/kg. The
other three doses of geldanamycin were given i.p. on days
13, 17, and 110 after TCDD treatment. Two control
groups were used. The first control group received solvent
only, and the second control group received geldanamycin
alone. Body weight and daily food intake were monitored
every other day. Three animals were killed at day 114
because EGFR binding activity was decreased significantly
by TCDD at this time point in both immature and mature
female adipose tissues (see below). Adipose and reproduc-
tive tract tissues were collected and weighed. EGFR binding
activity and TK activity in the cytosolic fraction of adipose
cells were measured as described below.

Cell-Free Studies In Vitro

To determine whether the effects of TCDD on cytosolic
kinase activities were independent of the cell nucleus,
TCDD and/or E2 were added directly to cytosolic fractions
of adipose cells from untreated mature and immature female
rats. Cytosolic fractions (100,000 g supernatant) were
prepared as described below, and kinase activities were
measured in this cell-free system from which the nucleus
had been removed. In one set of experiments, 10 nM of
TCDD was incubated with 20 mg of protein in 80 mL of
each specific kinase buffer described below. In a second set
of experiments, 10 nM of E2 was added to the cell-free
preparations. In the third set of experiments, 10 nM of E2

was added 10 min before the addition of 10 nM of TCDD.
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Incubations were carried out for 10 min at 30° before kinase
activities were assayed as described below. Each experiment
was replicated five times.

Preparation of Cell Fractions

Abdominal adipose tissues were homogenized in 3 vol.
(w/v) of buffer A (10 mM of HEPES, pH 7.9, 1.5 mM of
MgCl2, 10 mM of KCl, and 0.05 mM of DTT). The
homogenates were centrifuged at 7000 g for 10 min at 4° in
a Sorvall SS34 rotor to pellet nuclei. The low-speed (7000
g) supernatant from this step was designated as the post-
nuclear fraction, which was decanted carefully and centri-
fuged for 60 min at 100,000 g (Beckman type 50 rotor). The
cytosol and pellet were obtained; the latter was resuspended
in enough volume of buffer A to give a protein concentra-
tion of 5 mg/mL and was used as the microsomal fraction.
The nuclear extract was prepared as described by Dignam et
al. [38], with some changes. Briefly, the pellet obtained
from the low-speed centrifugation of the homogenate was
resuspended in 3 vol. of buffer A and was centrifuged a
second time for 20 min at 25,000 g. The pellet (crude
nuclei) was resuspended in 500 mL of buffer B, consisting of
20 mM of HEPES, pH 7.9, 25% (v/v) glycerol, 0.42 M of
NaCl2, 1.0 mM of EDTA, 0.5 mM of phenylmethylsulfonyl
fluoride, 0.5 mM of DTT plus 10 mg/mL of the protease
inhibitors leupeptin, aprotinin, and chymostatin. The pro-
tease inhibitors were added to the buffer just before the
extraction of the pellet with a glass/glass homogenizer. The
suspension was stirred gently with a magnetic stirring bar at
4° for 30 min and then centrifuged for 30 min at 25,000 g.
The resulting clear supernatant was used as a nuclear
extract.

Assays of Kinase Activities

Aliquots of 20 mg of cytosolic protein were incubated with
assay buffer specific for each enzyme. The assay buffer for
TK contained 50 mM of HEPES, pH 7.9, 10 mM of MnCl2
and 10 mM of Na3VO4. For PKA, the assay buffer con-
tained 100 mM of cAMP, 20 mM of MgCl2, in 10 mL of 50
mM Tris, pH 7.5. For MAP2K, the assay buffer contained
12.5 mM of MOPS, pH 7.2, 7.5 mM of MgCl2, 0.05 mM of
Na3VO4, 0.5 mM of EGTA, 0.05 mM of NaF, and 2 mM of
DTT. After 10 min, each enzymatic reaction was initiated
by the addition of 5 mL of assay buffer containing 0.5 mCi
[g-32P]ATP (1 mM final concentration) and a 200-mM
concentration of specific substrate peptide for the corre-
sponding enzyme (see above). The reaction was terminated
after 5 min by the addition of 5 mL of 5% trichloroacetic
acid and 1 mg/mL BSA. After 5 min, the samples were
centrifuged at 5000 rpm for 5 min at 4° using an Eppendorf
microcentrifuge. Three aliquots from each sample (20 mL
each) were spotted onto phosphocellulose paper to measure
the radioactivity [3]. Each assay was run in triplicate. The
data are calculated as means 6 SD.

125I-labeled EGF and [3H]E2 Binding Assays

An aliquot of 200 mg of microsomal protein was used for
the 125I-labeled EGF binding assay, and 200 mg of cytosolic
or nuclear protein was used for the [3H]E2 binding assay.
The protein was mixed with 1 mL binding assay buffer
(Dulbecco’s Modified Eagle’s Medium: PBS, pH 7.4, 1:1,
containing 1% BSA). The buffer contained either 100,000
cpm 125I-labeled EGF (0.25 ng) or [3H]E2 (0.20 ng). After
50 and 30 min respectively at 37°, the samples were
centrifuged at maximum speed in an Eppendorf centrifuge,
and the surfaces of the pellets were rinsed carefully one time
with ice-cold PBS, then lysed in 1% SDS, and transferred
into 4 mL of liquid scintillation fluid. The nonspecific
binding was measured using 25 ng of unlabeled EGF with
125I-labeled EGF or 20 ng of unlabeled E2 with [3H]E2. The
data were calculated as the difference between the values in
the presence and absence of unlabeled ligand. Each assay
was run in quadruplicate.

Gel-Retardation (Mobility Shift) Assay (EMSA)

To prepare the samples for gel-retardation assay, a 5-mL
aliquot of 5 mg of isolated nuclear protein and ATP (final
concentration 1 mM) was added along with 5 mL of
incubation buffer (50 mM of Tris, pH 7.5, 500 mM of
NaCl, 5 mM of DTT, 5 mM of EDTA, 20% glycerol, and
0.4 mg/mL of sonicated salmon sperm DNA) with or
without 2 mg of the competitor oligonucleotide, unlabeled
AP-1 response element or ERE DNA. The samples were
preincubated at 4° for 15 min before the addition of 50,000
cpm of the 32P-labeled ERE or AP-1 response element
oligonucleotide and incubated at room temperature for 20
min. Two microliters of 0.1% bromophenol blue in 70%
glycerol was added to each sample, which was analyzed on
6% polyacrylamide gels (29:1 acrylamide:bis) in 0.25x TBE
(Tris/borate/EDTA) buffer.

RESULTS
Experiments In Vivo

EFFECT OF E2 AND TCDD ON KINASE ACTIVITIES IN FEMALE

ADIPOSE CELLS. At high dose (115 mg/kg), TCDD decreased
the activity of TK, PKA, and MAP2K in adipose tissues of
mature female rats 24 hr after treatment (Fig. 1A). This
negative effect of TCDD on cytosolic phosphorylation
contrasts with the positive effects of TCDD on these
pathways, as reported frequently in studies of cells from
male rodents [3, 4]. E2 stimulated the activity of TK and
PKA in adipose cells from mature females (Fig. 1A), which
contrasted with the negative effects of TCDD on the
activity of these kinases. When administered 24 hr after E2,
TCDD antagonized the stimulatory action of E2 on TK and
PKA activities (Fig. 1A). E2 alone decreased the activity of
MAP2K; this effect was antagonized by TCDD (Fig. 1A).
In immature female rats, TCDD induced similar changes in
TK, MAP2K, and PKA activities 24 hr after treatment,
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while E2 significantly inhibited TK and PKA activities but
had no effect on MAP2K (Fig. 1B).

DOSE–RESPONSE EFFECT OF TCDD ON TK ACTIVITY IN FEMALE

ADIPOSE CELLS. The data shown in Fig. 2 demonstrate that
TCDD decreased the activities of TK, MAP2K, and PKA
in a dose-dependent manner. A significant decrease in TK,
MAP2K, and PKA activities was observed in mature
females at a dose of 10 mg of TCDD/kg (Fig. 2A) and in
immature females at a dose of 2 mg/kg (Fig. 2B).

TIME–COURSE EFFECT OF TCDD ON TK ACTIVITY IN FEMALE

ADIPOSE CELLS. When the minimum effective doses of TCDD
were used to study the time–course of TCDD effects on TK
activity, a significant decrease in TK activity was demon-
strated in mature females 5 days after TCDD treatment, and
the maximum decrease in TK activity was observed 14 days
after treatment (Fig. 3A). In immature females, a significant
decrease in TK activity was first detected 3 days after treat-
ment, but by 5 days the decline had ended and TK activity
reached a plateau by 10 days, which remained significantly
lower than control values (Fig. 3B).

EFFECT OF TCDD ON FEMALE BODY WEIGHT AND ADIPOSE

TISSUE WEIGHT. A significant decrease in the body weight
and adipose tissue weight of immature female rats was

FIG. 1. In vivo effect of E2 and TCDD on kinase activities of
(A) mature and (B) immature female rats. The animals were
treated with E2 (15 mg/kg) for 24 hr before a single i.p. dose of
115 mg of TCDD/kg. Abdominal adipose tissue was removed,
and 100,000 g cytosol was prepared and used to measure TK,
MAP2K, and PKA activities. Absolute values for the mature
controls (dpm 32P/1 nmol substrate peptide/5 mg of protein 6
SD) are: TK, 2550 6 180; MAP2K, 1590 6 110; PKA,
1970 6 160. Absolute values for the immature controls (dpm
32P/1 nmol substrate peptide/5 mg of protein 6 SD) are: TK,
3470 6 240; MAP2K, 2010 6 160; PKA, 2490 6 190. Data
are the means 6 SD of five independent experiments. Signifi-
cantly different from control values at *P < 0.05 and **P <
0.01, respectively (Cochran t-test).

FIG. 2. In vivo dose–response study of the effect of TCDD on
cytosolic TK, PKA, and MAP2K activities in adipose tissues
from (A) mature and (B) immature female rats. Absolute values
for TK, MAP2K, and PKA were similar to the values in Fig. 1.
Data are the means 6 SD of three independent experiments.
*P < 0.05 and **P < 0.01 (Cochran t-test).
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observed 14 days following treatment with high doses of
TCDD (10–115 mg/kg) (data not shown). At lower doses
(less than 10 mg/kg), TCDD did not induce wasting in
mature females. However, a decrease in the body and
adipose tissue weight was observed in immature females 21
days after treatment (Fig. 4). No changes in daily food
intake were recorded during the experiment, except for the
first 48 hr after TCDD treatment of immature females.

Geldanamycin treatment provided partial protection
against the TCDD-induced decrease in body weight, adi-
pose tissue weight, and ovary weight in immature and
mature females (Table 1). On the other hand, geldanamy-
cin treatment did not antagonize the decrease in uterine
weight that resulted from TCDD treatment. The TCDD-
induced mortality at the 115 mg/kg dose was lower in
geldanamycin-treated immature female rats (20 vs 60%
mortality with TCDD alone). In mature females, no mor-
tality was observed in geldanamycin-treated animals.

TIME– COURSE EFFECT OF TCDD ON EGFR BINDING ACTIVITY

IN FEMALE ADIPOSE CELLS. TCDD increased EGFR binding
activity in adipose tissue from immature and mature females
within 24 hr of a single treatment (Fig. 5). However, EGFR
binding activity then decreased in both immature and
mature females, reaching significantly lower levels by 5 and
7 days following TCDD treatment, respectively (Fig. 5).
The decrease in EGFR binding activity (Fig. 6A) and in TK
activity (Fig. 6B) in adipose cells of TCDD-treated animals
was partially antagonized by prior treatment with geldana-
mycin.

EFFECT OF TCDD ON ER LEVELS AND DNA BINDING ACTIVITY

OF ERE AND AP-1. TCDD significantly reduced the ER level
in the cytosolic and nuclear fractions of adipose tissue from
mature female rats and in the nuclear fraction of immature
female rats, while E2 significantly increased ER levels in

FIG. 3. Time–course effect of TCDD on cytosolic TK activity
in (A) mature (10 mg of TCDD/kg) and (B) immature (2 mg of
TCDD/kg) female rat adipose tissues. Values are means 6 SD,
N 5 3. *P < 0.05 and **P < 0.01 (Cochran t-test).

FIG. 4. Effect of 2 mg of TCDD/kg on the (A) body weight and (B) adipose tissue weight of mature and immature female rats. Values
are means 6 SD, N 5 10. *P < 0.05 and **P < 0.01 (Cochran t-test).
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both fractions (Fig. 7). In rats co-treated with E2 plus
TCDD, TCDD significantly inhibited the estrogen-induced
E2-ER binding in adipose tissue of mature and immature
female rats. E2 treatment significantly increased the ERE
binding activity of adipose tissue from mature and imma-
ture females, and TCDD decreased this activity only in
mature female rats when injected 24 hr after E2 (Fig. 8).
Similarly, TCDD decreased the DNA binding activity of
AP-1 and antagonized the increase in AP-1 binding activ-
ity that was induced by E2 (Fig. 9A). Interestingly, when 25

ng double-stranded ERE DNA was added to the AP-1 DNA
binding assay, there was competitive binding of AP-1 as
judged by the inhibition in AP-1 DNA binding activity in
the presence of unlabeled double-stranded ERE DNA (Fig.
9B).

Cell Free Studies In Vitro

In the absence of the nucleus, TCDD still decreased TK
activity in cytosolic preparations of adipose tissue from
mature and immature female rats, but the negative effects
on MAP2K activity that were observed in adipose tissue
preparations from animals treated with TCDD in vivo (Fig.
1) were no longer apparent (Fig. 10). The negative effect of
TCDD on PKA activity that was observed in adipose tissues
from mature and immature rats that were treated in vivo
(Fig. 1) was observed only in cell-free preparations obtained
from immature animals (Fig. 10). In adipose tissue prepa-
rations from mature females, E2 stimulated TK activity in
the absence of the nucleus, and this effect was antagonized
by TCDD (Fig. 10), as in the in vivo experiments (Fig. 1).
In contrast to the results of the in vivo experiments, E2 also
stimulated MAP2K activity in the cell-free system, and
there was no antagonism of this E2 action by TCDD (Fig.
10). As in the in vivo experiments, E2 stimulated PKA
activity, but the ability of TCDD to block this positive
action was lost when the nucleus was absent (Fig. 10). In
cell-free preparations from immature females, TCDD did
not antagonize the stimulatory effect of E2 on TK and
MAP2K activities. However, the significant increase in
PKA activity that was induced by E2 was abolished by
TCDD (Fig. 10).

DISCUSSION

Our previous observations have suggested that there are
gender-specific differences in the mechanism of TCDD
toxicity in adipose tissues, and that these differences may be
mediated, in part, by sex steroid hormones [9]. As a

FIG. 5. Time–course effect of 2 mg of TCDD/kg on 125I-labeled
EGF binding to microsomal EGFR of adipose tissue from mature
and immature female rats. Absolute values for the mature and
immature controls were 155 6 14 and 110 6 9 fmol/200 mg of
protein, respectively. Data are the means 6 SD of specific
binding of samples from three animals for each time point.
Values were significantly different from control at: *P < 0.05
and **P < 0.01 (Cochran t-test).

TABLE 1. Effects of TCDD and the Src-kinase inhibitor geldanamycin on immature and mature female rats

Weight (g)

Whole body
Adipose
tissue Ovary Uterus

Immature
Control 90 6 4 1.6 6 0.11 0.103 6 0.001 0.153 6 0.010
TCDD (115 mg/kg) 61 6 2* 0.8 6 0.12* 0.040 6 0.002* 0.081 6 0.001*
Geldanamycin‡ plus
TCDD

78 6 5† 1.3 6 0.10† 0.077 6 0.001† 0.084 6 0.002*

Mature
Control 300 6 10 2.95 6 0.61 0.163 6 0.010 0.254 6 0.013
TCDD (115 mg/kg) 271 6 5† 2.00 6 0.14† 0.071 6 0.004* 0.192 6 0.002*
Geldanamycin plus
TCDD

284 6 6 2.5 6 0.31 0.101 6 0.009† 0.210 6 0.004*

Data are the means 6 SD of five animals/group. All animals were killed 14 days after TCDD treatment.
*†Significantly different from control values at: P # 0.01 or †P # 0.05, respectively (Cochran t-test).
‡There were no effects on body weight or organ weights in mature and immature female rats treated with only geldanamycin (data not shown).
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continuation of these studies, we investigated the effects of
E2 and TCDD on adipose cells from immature female rats
that had not been exposed to the adult levels of endogenous
E2 experienced by mature females. A series of experiments
was performed to study the interactions of E2 and TCDD on
signal transduction pathways. First, a high dose of TCDD
(115 mg of TCDD/kg) was used to assure that any lack of
TCDD action on signal transduction pathways was due to

the interaction between TCDD and E2 and not to an
inadequate dose of TCDD. Then a dose–response study was
carried out to determine the lowest dose of TCDD required
to induce significant changes in the activity of protein
kinases and to address if there is a difference in age-specific
susceptibility to TCDD. From these experiments, we found
that 2 and 10 mg of TCDD/kg were the lowest doses that
induced significant effects on kinases in immature and
mature rats, respectively. In the following experiments, a
dose of 2 mg of TCDD/kg was used in mature rats to
demonstrate that the TCDD dose that did not induce
changes in the kinases cascade also did not decrease body
weight gain and adipose tissue weight. At this dose, TCDD

FIG. 6. Effect of geldanamycin on TK activity and EGFR
binding activity in TCDD-treated and untreated mature and
immature female rats. Four doses of 1 mg of geldanamycin/kg
were given to female rats according to the treatment protocol, as
described in Materials and Methods. All animals were killed 14
days after TCDD treatment. Adipose tissue was removed and
rinsed in ice-cold PBS. Microsomal and cytosolic fractions were
prepared and used to measure (A) microsomal EGFR binding
using 125I-labeled EGF and (B) cytosolic TK activity using
RR-SRC (substrate peptide to tyrosine kinase), [g-32P]ATP
and the phosphocellulose paper method, as described in Materi-
als and Methods. Data are the means 6 SD of three animals.
These assays were repeated three times. Values were signifi-
cantly different from control at: *P < 0.05 and **P < 0.01
(Cochran t-test).

FIG. 7. Cytosolic and nuclear ER level in adipose tissue of
mature and immature female rats. A single i.p. dose of 2 mg of
TCDD/kg (for immature) and 10 mg of TCDD/kg (for mature)
or 15 mg of E2/kg was administered to animals. In a co-treatment
experiment, TCDD was given 24 hr after E2 (15 mg/kg)
injection. Control animals received the same volume of vehicle
only. All animals were killed 24 hr after the final treatment.
Data are the means 6 SD of [3H]E2 specific binding of three
animals for each treatment. ER levels in adipose tissues from
(A) mature animals and (B) immature animals are shown.
Values were significantly different from control at: *P < 0.05
and **P < 0.01 (Cochran t-test).
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decreased body weight gain and adipose tissue weight in
immature rats.

Our data demonstrated that TCDD inhibits several basal
and E2-induced responses in adipose tissues from both
immature and mature female rats, and the data suggest that
susceptibility to TCDD-induced toxicity in females is
modified during the course of sexual development. These
findings underscore the potential importance of E2–TCDD
interactions in the expression of TCDD-induced toxicity.
Treatment of mature females with 2 mg of TCDD/kg did
not decrease body weight or TK activity in adipose cells,
but the same dose decreased both body weight and TK
activity in adipose tissues of immature females. The results
of experiments with geldanamycin support the idea that the
TCDD-induced wasting syndrome is mediated through the
kinases signaling cascade. Pretreatment with this Src kinase
inhibitor blocked the TCDD-induced effects on body
weight (Table 1) and inhibited the TCDD-induced down-
regulation of EGFR binding activity (Fig. 6). Geldanamy-
cin has been shown to block the mitotic signal by specifi-
cally inhibiting pp60src [39], and we have shown recently
that c-Src kinase is a component of the cytosolic AhR
complex [6, 8]. In the current study, however, geldanamy-
cin did not block the TCDD-induced decrease in uterine
and ovarian weights, suggesting that the effect of TCDD on
reproductive tract cells is, in part, Src independent. On the

other hand, previous studies have also employed various
tyrosine kinase inhibitors (genistein and herbimycin A) to
block the proliferation of breast cancer cells [40–42].
Together, these data might explain some of the tissue
specificity to TCDD exposure.

The present data show that the responsiveness of the
EGFR/kinase cascade is modulated by female maturation
and that some kinase activities are inhibited by TCDD in
the presence of the nucleus. It has been reported that the
initial activation of EGFR by its ligands requires the

FIG. 8. ERE DNA binding activity in adipose tissue from
immature and mature female rats. A single i.p. dose of 2 mg of
TCDD/kg (for immature) and 10 mg of TCDD/kg (for mature)
or 15 mg of E2/kg was administered to animals. In a co-treatment
experiment, TCDD was given 24 hr after E2 (15 mg/kg)
injection. Control animals received the same volume of vehicle
only. All animals were killed 24 hr after the final treatment.
Nuclear protein (5 mg) was incubated with 100,000 cpm
32P-labeled double-stranded ERE DNA, and the complex was
analyzed using EMSA, as described in Materials and Methods. In
a competitive assay with 100-fold excess of ERE, no binding was
detected (data not shown). The quantitative radio-scanning
values of three gels for ERE DNA binding were as follows: (A)
Mature females, control (1500 6 170 cpm), E2 (3200 6 350
cpm), TCDD (800 6 50 cpm), and TCDD plus E2 (1100 6
100 cpm). (B) Immature females, control (1320 6 110 cpm),
E2 (3000 6 140 cpm), TCDD (1440 6 170 cpm), and TCDD
plus E2 (2350 6 200 cpm).

FIG. 9. AP-1 DNA binding activity in adipose tissue from
mature female rats. A single i.p. dose of 10 mg of TCDD/kg or
15 mg of E2/kg was administered to animals. In a co-treatment
experiment, TCDD (10 mg/kg) was given 24 hr after E2 (15
mg/kg) injection. Control animals received the same volume of
vehicle only. All animals were killed 24 hr after the final
treatment. In panel A, 5 mg of nuclear protein was incubated
with 100,000 cpm 32P-labeled double-stranded AP-1 DNA, and
the complex was analyzed using EMSA as described in Materials
and Methods. In panel B, the DNA binding activity of AP-1 was
performed exactly as described in panel A, except that 25 ng of
unlabeled ERE was incubated with the nuclear protein 20 min
prior to the addition of 32P-labeled double-stranded AP-1 DNA.
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activation of its own protein TK [43]. Down-regulation in
EGFR occurs as a subsequent step following receptor
activation. Therefore, we have focused on TK activity as a
way to study the onset of TCDD-triggered changes in signal
transduction pathways.

In agreement with the differences observed between
males and females, there was evidence for a different effect
on the kinases signaling cascade when adipose cells of
immature females were exposed to TCDD in comparison
with the response of cells from adult females. While TCDD
consistently decreased the activities of all three kinases in
both mature and immature animals, only in mature animals
did TCDD antagonize the actions of E2 on TK and PKA
activities. These data demonstrate that the interactions
between E2 and TCDD are different in immature and
mature animals and suggest that it is the exposure to mature
levels of E2 that determines the subsequent cellular re-
sponses of adipose tissue to E2 and TCDD, as well as the
interactions between them.

The cell-free system provides additional information
regarding the mechanism by which the maturation of
females changes the actions of TCDD. The effect of TCDD
on TK activity was the same in both immature and mature
females, regardless of the presence or absence of the
nucleus. In all cases, TK activity was inhibited by TCDD
treatment. In contrast, the effect of E2 treatment on TK
activity was different in immature and mature females, with
TK activity being inhibited in the immature animal and
stimulated in the mature animal. In the absence of the
nucleus, this difference was no longer apparent, and TK
activity was stimulated under cell-free conditions in both
immature and mature females. In addition, the combina-
tion of E2 and TCDD treatments, which resulted in a
negative effect on TK activity in cells of immature animals
(Fig. 1), also resulted in a positive effect when the nucleus
was absent (Fig. 10). In the presence of the nucleus, TCDD
potentiated the inhibitory action of E2 on TK in immature
rat adipose tissue (Fig. 1), an effect that disappeared in the
absence of the nucleus (Fig. 10). In mature rats, the absence
of nucleus did not change the effect of E2–TCDD interac-
tion on TK activity. These data suggest that maturation of
the female leads to a change in the response pattern of TK
(or factors upstream of TK) to estrogen but not to TCDD.
In addition, these data demonstrate that the cytosolic
factors that respond to estrogen also interact with nuclear
elements, since removal of the nucleus resulted in addi-
tional changes in response patterns. For example, the effect
of TCDD on MAP2K involves interactions with the

FIG. 10. Effect of E2 and TCDD on kinase activities in the
cytosolic fraction of adipose cells from untreated mature and
immature female rats. TCDD (10 nM) and E2 (10 nM) were
incubated with 20 mg of protein and 10 mL of specific kinase
buffer in a total volume of 80 mL for 10 min at 30° before kinase
assay. In the co-treatment experiment, E2 was added 10 min
before TCDD. (A) Absolute values for TK activity in mature
and immature rats were 980 6 70 and 1110 6 90 dpm 32P/1
nmol substrate peptide/5 mg of protein, respectively; (B) absolute

values for MAP2K activity in mature and immature rats were
660 6 30 and 480 6 20 dpm 32P/1 nmol substrate peptide/5 mg
of protein, respectively; (C) absolute values for PKA activity in
mature and immature rats were 720 6 60 and 690 6 60 dpm
32P/1 nmol substrate peptide/5 mg of protein, respectively. Data
are the means 6 SD of five independent experiments. Values
were significantly different from control at *P < 0.05 and
**P < 0.01 (Cochran t-test).
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nucleus, since an opposite response of MAP2K activity to
TCDD was observed in the cell-free system compared with
the response of the intact cell. Although PKA responded
differently to E2 following maturation of the animal, the
effect of TCDD on this kinase in intact cells was always
inhibitory. In cell-free preparations, the effect of TCDD on
PKA activity again suggested involvement of interactions
with the nucleus. The response patterns of PKA are
inconsistent with those of TK and MAP2K and suggest that
both E2 and TCDD may act on PKA through mechanisms
that are independent of the TK/MAP2K cascade. These
observations suggest that interactions between TCDD and
E2 at several loci in the cytoplasm are determined or
modified by previous exposure to sex steroids. Taken
together, these data demonstrate that after female animals
reach maturity, the response of nonreproductive tract cells
to TCDD is changed and that the capacity of TCDD for
disruption of E2 action is increased.

We hypothesize that some xenobiotics are specific in
utilizing pathways that are regulated by sex steroids. According
to this model, the TK/MAP2K pathway, which is used by
TCDD to transduce its toxic signal, is regulated by E2 and/or
androgen. The time–course of the cytosolic responses to E2

and TCDD provides strong evidence that some of the inter-
actions between these two molecules are independent of the
nucleus and involve the triggering of cytosolic phosphoryla-
tion pathways. The concept of nuclear independent action is
further supported by the consistent antagonism between E2

and TCDD in regulating TK activity in whole cells and
cell-free preparations. The studies of immature and mature rats
treated with E2 indicate that these mechanisms are age-
specific and are probably E2-dependent in the adult animal.
Thus, the primary interaction and antagonism between E2 and
TCDD appear to involve TK, EGFR, and MAP2K through an
upstream mechanism(s), and this model is consistent with the
attenuation of the adverse affects of TCDD by geldanamycin,
which blocks the Src-mediated phosphorylation cascade re-
sulting from interaction between TCDD and AhR.

When the TK/MAP2K pathway has been modulated by
previous exposure to E2, both the ER and the nucleus must
interact to transduce signals initiated either by ER-ligands
or by AhR-ligands. Such ligands may activate steroid
hormone receptors through an alteration in the protein
phosphorylation state of the receptor protein itself. Steroid
hormones have been shown to exist within cells as phos-
phoproteins [44], and binding of ligand has been shown to
increase the overall phosphorylation state of several of
these receptors [45, 46]. Since potential target sites for a
variety of protein kinases are present on the ER [47], it is
possible that a change in the phosphorylation state of the
ER may alter its ability to activate gene transcription [27].
The recent finding by Kato et al. [48] is consistent with this
concept and underscores the importance of MAPK family
members and related signaling proteins such as Grb2, Ras,
and PI3K in the activation of the ER. The present data also
show that TCDD changed the activity of protein kinases in
immature and mature females and that the prior treatment

with E2 induced age-specific effects of TCDD on the
activity of TK, MAP2K, and PKA. This E2–TCDD inter-
action suggests the possibility of ER-AhR overlapping
through EGFR and signal transduction pathways.

Among the known transcription enhancer factors, the
ER is paradoxical in that its activity is controlled primarily
by its ligand, which causes its release from heat-shock
proteins [28] to induce the formation of active homodimers
[29] and the phosphorylation of the receptor at specific
tyrosine and serine residues [30]. Upon ligand binding, the
affinity of nuclear ER for a particular ERE is thought to
increase and allow the receptor protein to serve as an
enhancer or activator of gene transcription [49]. In addi-
tion, ER binding to ERE at the trans-activating site of DNA
is strongly influenced by several other hormone receptors
and nuclear transcription factors such as AP-1. The latter
mechanisms, sometimes referred to as “cross-talk,” recently
have received particular attention, as they reveal an en-
tirely new way to explain many aspects of regulatory
cross-coordination between different signal transduction
pathways [50–52]. Consistent with this mechanism, our
data showed that EREs interacted with AP-1 and de-
creased its DNA binding activity, as judged by EMSA
(Fig. 9B).

The present data illustrate that TCDD acts as an anti-
estrogen, since it significantly reduced the ER level in the
cytosol and nucleus, while E2 significantly increased ER
levels in both fractions (Fig. 7). These data can be ex-
plained by the DNA binding activity of ERE, since E2

significantly increased ERE binding activity and TCDD
decreased this activity (Fig. 8). These results are consistent
with a previous report by Safe and co-workers [53], who
found that TCDD significantly decreases hepatic and uter-
ine ER levels in female rats, while E2 increases hepatic and
uterine ER. A combination of TCDD and E2 resulted in
uterine and hepatic ER levels that were similar or lower
than those observed after treatment with only TCDD
[53].

Following initial reports that TCDD inhibited the devel-
opment of spontaneous mammary and uterine tumors in
rats [54], numerous studies have confirmed that TCDD
inhibits a wide range of E2-induced responses in rodents
and in MCF-7 cells [55–57]. This effect was also observed in
wild-type Ah-responsive Hepa 1c1c7 cells but not in the
Ah-nonresponsive mutants [58]. Mechanistic studies have
shown that the TCDD-mediated down-regulation of the
nuclear ER in wild-type mouse Hepa 1c1c7 cells is inhib-
ited by cycloheximide and actinomycin D and that the
structure-dependent potencies of TCDD and related com-
pounds are comparable to their competitive binding affin-
ities for the AhR [58, 59]. It has been suggested that
TCDD-mediated anti-estrogenicity could be due to either
CYPIA1, increased metabolism of E2 [60, 61] or induction
of gene products other than CYPIA1, which modulate
estrogen-induced responses [59, 62]. Our present results
suggest that the antiestrogenic responses of TCDD in
female adipose tissue are due to the down-regulation in
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DNA binding activity of AP-1 and to AP-1–ERE cross-
talk. This possibility is supported by the following observa-
tions: (1) treatment of female rats with TCDD results in a
dose-dependent decrease in constitutive uterine c-fos
mRNA [34], (2) the E2-induced stimulation of c-fos mRNA
is antagonized by TCDD [34], (3) an ERE that binds the ER
and the AP-1 transcription factor has been identified
upstream of the human c-fos gene [30], and (4) our present
data that double-stranded ERE antagonized the DNA
binding activity of AP-1 (Fig. 9B).

The results of the current study demonstrate that TCDD
consistently opposed or antagonized the action of E2 on the
activities of TK, MAP2K, and PKA in adipose cells. Since
MAP2K is essential for transducing mitogenic signals from
growth factors through EGFR and for the nuclear expres-
sion of E2 action through its classical transcription pathway,
the present data suggest a previously unrecognized mecha-
nism by which estrogens support normal cell function in a
wide range of cell types. If the continued presence and
action of E2 are important for this central (kinases) path-
way to function, then the blocking of E2 action by xeno-
biotics at the level of TK and downstream MAP2K could
lead to abnormal cell function. While specific changes in
the intracellular signal transduction cascades, which take
place during female maturation, are not revealed by these
studies, the enhanced response of these kinases to acute
estrogen exposure would be expected as a result of E2

induction of its own receptor and response mechanisms.
Our data provide evidence for the involvement of growth

factors and the kinases cascade in the TCDD-induced wasting
syndrome. However, the observation that geldanamycin pro-
vided only partial protection against TCDD-induced wasting,
decreased TK activity, and decreased EGFR binding activity
suggests that other signal transduction components, in addi-
tion to Src kinase, may be involved in the mechanism of
TCDD-induced toxicity in females. The involvement of other
kinases, such as PKC, in TCDD toxicity is the subject of
current investigations in our laboratory.

In conclusion, our data demonstrated that TCDD-in-
duced phosphorylation, most likely through the TK/
MAPKs and PKA pathways, interferes with E2 action, and
these observations provide strong evidence that TCDD and
other toxicants may share cytosolic/nuclear transduction
pathways with sex steroids. In this way, some toxicants can
be modulated by sex steroids and may, in turn, mimic or
antagonize the physiologic effects of sex hormones. The
recent report that transduction of the ER-ligand signal
requires phosphorylation of Ser118 through the Ras-MAP
kinase cascade [48] underscores the significance of our data
for understanding the mechanism of TCDD-induced tox-
icity to hormone-sensitive cells. According to our model,
TCDD could disrupt the action of ER–ligand complexes at
the cytosolic/nuclear level by preventing activation of the
complex prior to interaction with its response element in
the nucleus. Toxicants, such as TCDD, may block trans-
duction from specific membrane receptor signals such as
those of luteinizing hormone (LH) and follicle stimulating

hormone (FSH) by alteration of the PKA pathway. Simi-
larly, steroid hormone and growth factor signaling pathways
could be altered by disruption of the TK/MAPKs pathway.
Our hypothesis, if correct, predicts differences in the
biological effects of specific classes of environmental estro-
gens and antiestrogens and explains long-term effects of
xenobiotics through changes in mitotic signal transduction
pathways via the kinase/phosphatase cascade and changes
in the differentiation of developing cells. More importantly,
our model predicts that xenobiotics such as TCDD may
have permanent effects on endocrine and growth factor
signal transduction pathways that may be more deleterious
than their actions as immediate hormone disruptors.
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