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ABSTRACT. We examined the effect of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on two transcription
factors, CAAT/enhancer binding protein-alpha (C/EBPa) and beta (C/EBPb), involved in the coordination of
gene expression in adipose and liver. A single dose of TCDD (100 mg/kg) to male C57BL mice resulted in a time-
and dose-dependent decrease in the level of C/EBPa mRNA in adipose tissue and liver, and a reciprocal increase
in C/EBPb mRNA. Gel shift analysis using hepatic nuclear extracts from control and TCDD-treated mice and
an oligonucleotide containing a C/EBP recognition element revealed a time-dependent change in DNA–protein
complexes formed. Bands corresponding to C/EBPa, as determined by supershift analysis, diminished in
TCDD-treated animals over a 7-day time period, whereas two new bands corresponding to C/EBPb, not present
in control extracts, were increased significantly in treated samples. TCDD induced C/EBPb mRNA in wild-type
mouse hepatoma cells, but not in aryl hydrocarbon receptor (AhR) nuclear translocator-deficient hepatoma
cells. Induction in wild-type hepatoma cells was antagonized effectively by a molar excess of a-naphthoflavone.
These results showed that TCDD caused rapid, reciprocal changes in C/EBPa and C/EBPb mRNAs and DNA
binding in the adipose and liver of male C57BL mice and induced C/EBPb in hepatoma cells in an
AhR-dependent manner. C/EBPs play vital roles in the coordination of energy homeostasis, and their alteration
by TCDD may provide insight into the mechanism by which TCDD perturbs energy storage and utilization in
vivo. BIOCHEM PHARMACOL 55;10:1647–1655, 1998. © 1998 Elsevier Science Inc.
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TCDD‡ and related halogenated aromatic hydrocarbons
comprise a class of pollutants that are found ubiquitously in
the environment. In animal studies, TCDD has been shown
to elicit diverse toxicological and biochemical responses
including immune suppression, reproductive and develop-
mental toxicity, carcinogenesis, endocrine modulation, and
enzyme induction (reviewed in [1]). One phenomenon that
is characteristic of acute TCDD exposure is the perturba-
tion of energy storage and utilization (reviewed in [1, 2]).
Both the liver and adipose tissue, which are the primary
sites of carbohydrate and lipid metabolism, respectively,
show impairment of synthesis and storage of metabolic
reserves following exposure to TCDD. In adipose tissue,
glucose transport [3, 4], lipoprotein lipase activity [5], and
fatty acid synthesis [6] are inhibited. Moreover, the levels of

mRNA for several adipose-specific genes including the
insulin-responsive glucose transporter (GLUT4), lipopro-
tein lipase, and FABP (or aP2) are selectively reduced
compared with those of pair-fed control animals [4]. These
changes indicate a coordinated shift from a lipogenic to
lipolytic or antilipogenic mode.

Regulation of energy metabolism in adipose tissue and
liver requires the coordinated expression of genes encoding
lipogenic and gluconeogenic enzymes in response to hor-
monal stimuli. The molecular mechanisms by which these
complex events occur have begun to be elucidated only
recently. One putative regulator of lipogenesis and glucone-
ogenesis is the CAAT/enhancer binding protein (C/
EBPa), a transcription factor containing a basic leucine
zipper motif [7]. A close relationship between C/EBPa and
energy homeostasis has been postulated, based on several
lines of biochemical and genetic evidence [8]. C/EBPa has
been shown to trans-activate several genes, including
stearoyl-CoA desaturase 1, GLUT4, FABP, and acetyl CoA
carboxylase, involved in the uptake and synthesis of met-
abolic fuels [9–11]. Expression of C/EBPa mRNA is highest
in adipose, liver, and intestine, tissues involved in meta-
bolic fuel uptake, synthesis, and storage, and is increased
dramatically just prior to birth [12]. Finally, analysis of mice
that had the c/epba gene deleted has provided compelling
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evidence for a link between C/EBPa and energy metabo-
lism. The c/ebpa knockout mice did not accumulate either
lipid or glycogen and suffered from severe metabolic disor-
ders that led to death by hypoglycemia [13].

C/EBPa is one member of a family of related transcrip-
tion factors. Other members include C/EBPb [14] (also
called NF-IL6 [15], AGP/EBP [16], LAP [17], and IL-6DBP
[18]), and CRP2 [19]; C/EBPd [14]; and C/EBPe [20]
(gadd153, CHOP-10). These proteins can form homo- and
heterodimers resulting in a large number of complexes that
recognize and bind to the same nucleotide sequences to
modulate gene transcription. While it is now believed that
C/EBPa plays a key role in energy metabolism [8, 21],
specific roles for other C/EBP members are not as clearly
defined. It has been proposed that C/EBPb plays an
important role in the transcription of liver-specific genes
and in mediating the coordinated acute phase response to
inflammatory agents, including LPS, TNFa, and interleu-
kins. In response to these inflammatory agents, levels of
C/EBPb and C/EBPd mRNA and protein are induced
dramatically, while the level of C/EBPa is reduced [22, 23].

In view of the coordinated inhibition of lipid and
carbohydrate synthesis by TCDD and some similarities
between acute symptoms of TCDD toxicity and acute
response to inflammatory agents, we postulated that some
of the effects of TCDD could be mediated by an alteration
in the activities of C/EBP proteins, particularly in tissues
engaged in energy homeostasis. We previously observed
that TCDD suppresses the levels and activity of C/EBPa
while stabilizing C/EBPb in 3T3-L1 cells during adipocyte
differentiation, and that this suppression of C/EBPa di-
rectly correlates with inhibition of triglyceride accumula-
tion and fat cell differentiation [24]. In the present report,
we demonstrated that exposure of male C57BL mice to
TCDD resulted in a rapid decrease in C/EBPa mRNA
levels in adipose tissue and liver and in reduced DNA
binding by C/EBPa. Additionally, we observed that
C/EBPb is induced by TCDD in these same tissues and
mouse hepatoma cells, and its induction is dependent upon
the presence of functional AhR.

MATERIALS AND METHODS
Animal Care

Male C57BL/6N mice, age 6–8 weeks upon delivery, were
purchased from Simonsen Laboratories and housed in pairs
in a climate-controlled facility with a 12-hr photo period
and allowed free access to standard rodent chow and water.
Animals were acclimated for at least 1 week prior to use.
TCDD (a gift from the Dow Chemical Co., .99.9% purity)
was administered by a single i.p. injection in acetone:corn
oil (1:9), whereas control mice received an equal volume
(7.5 mL/kg) of vehicle alone. Animals were killed by
cervical dislocation, and the epididymal adipose tissue and
liver were dissected and weighed. A 100- to 200-mg section
from the largest lobe of the liver was removed for RNA
isolation; the remainder of the liver was cut into small

pieces in ice-cold PBS. Tissues were snap-frozen in liquid
nitrogen and stored at 280° until used.

Cell Culture

The mouse hepatoma cell lines Hepa 1 (wild type) and
Hepa c4 (ARNT-deficient mutant) were gifts from Dr. O.
Hankinson (University of California, Los Angeles). They
were grown in a-Modified Eagle’s Medium containing 10%
fetal bovine serum and supplemented with penicillin, strep-
tomycin, and fungizone and cultured at 37° under an
atmosphere of 5% CO2. Treatments were made by diluting
TCDD or DMSO vehicle alone (control) into the medium
[0.1% (v/v) final solvent concentration].

RNA Isolation and Northern Blot Analysis

RNA isolation and northern blotting were performed as
described previously [24]. Band intensities were quantified
with an Ambis radioscanning instrument. Full-length
cDNA clones for C/EBPa, -b, and -d were gifts from Dr.
Stephen McKnight (Tularik); a cDNA clone for Cyp1A1
[25] was obtained from the American Type Culture Col-
lection; an oligonucleotide probe for the 18S rRNA [23]
was synthesized at the Protein Structure Laboratory (Uni-
versity of California, Davis).

Preparation and Immunoblot Analysis of Nuclear
Protein Extracts

Nuclei were isolated from tissues by ultracentrifugation
according to the method of Hattori and colleagues [26], and
extracts were prepared as described previously [24]. Protein
concentrations were measured according to the method of
Bradford [27], using bovine serum albumin standards. Im-
munoblotting of samples was performed as previously de-
scribed [24], using a polyclonal anti-C/EBPb antibody from
Santa Cruz Biotechnology.

Electrophoretic Mobility Shift Assay

Mobility shift assays were performed as described previously
[24] with double-stranded oligonucleotide probes contain-
ing sequences for the C/EBP binding site (see Fig. 3A for
sequences) from the C/EBPa [28], GLUT4 [10], or FABP
[9] promoter. Supershift assays were performed by the
addition of polyclonal anti-C/EBPa and/or anti-C/EBPb
antibodies after incubation of protein samples with the
labeled DNA probes. Protein:DNA complexes were re-
solved on a 4% nondenaturing polyacrylamide gel. For
some experiments, a 3–5% acrylamide gradient gel was used
and run for 3.5 hr at 9 V/cm to achieve maximum
resolution between multiple complexes. After being dried,
the gel was exposed to x-ray film in the presence of an
intensifying screen at 280°.
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RESULTS
Suppression of C/EBPa and Induction of C/EBPb
mRNAs by TCDD In Vivo

We examined the steady-state levels of C/EBPa and
C/EBPb mRNA by Northern blotting analysis in the
adipose and liver of C57BL mice after a single dose (100
mg/kg) of TCDD or vehicle alone. Within 24 hr of TCDD
treatment, C/EBPa mRNA was decreased in adipose tissue,
and levels remained lower than in control animals through
day 7 (Fig. 1, A and B). The effect of TCDD on the levels
of C/EBPa mRNA was dose-dependent (Fig. 1C) with an
approximate ED50 of 30 mg/kg (Fig. 1D). In contrast, TCDD
treatment resulted in a 2- to 3-fold induction of C/EBPb
mRNA over the same period, and induction was observed
at all doses tested. Neither C/EBPa nor C/EBPb was
affected at 6 hr (data not shown).

A similar pattern of effect on C/EBPa and C/EBPb

mRNAs by TCDD treatment was observed in liver samples
isolated from the same animals (Fig. 2, A and B). Steady-
state levels of C/EBPa mRNA were decreased by TCDD,
although there was some variability in the level of hepatic
C/EBPa even among control animals. A larger induction of
C/EBPb mRNA (up to eight-fold higher than control) was
observed in the liver than in adipose tissue and occurred
within 6 hr. The time course of C/EBPb stimulation was
similar to the induction of Cyp1A1. Changes in both
C/EBPa and C/EBPb mRNAs were dose dependent (Fig. 2,
C and D).

Reciprocal Changes in Protein:DNA Binding by
C/EBPa and b

We next sought to determine whether TCDD treatment
altered functional DNA-binding activity of C/EBPs by gel

FIG. 1. Effect of TCDD on C/EBPa and
C/EBPb mRNA in adipose tissue. Animals
were dosed with a single injection of TCDD or
acetone vehicle alone. Total RNA was isolated,
electrophoresed, and subjected to Northern blot
analysis as described in Materials and Methods.
(A) Time course of TCDD (100 mg/kg) effect.
Hybridization to the 18S ribosomal band
(rRNA) was used for normalization of loading.
A representative blot of three individual exper-
iments is shown. (B) Quantification of the blots
by densitometry. Values for C/EBP intensity are
divided by the corresponding rRNA value and
expressed as a percent of the control group for
each time point. Each bar represents the aver-
age 6 SD of three animals. (C) Effect of TCDD
dose on levels of C/EBP mRNAs. From left, the
doses were 0 (corn oil control), 10, 30, 100, and
300 mg/kg. Animals were treated for 3 days. (D)
Densitometric analysis of dose–response blots.

FIG. 2. Effect of TCDD on C/EBPa and
C/EBPb mRNA in liver. For experimental de-
tails, see the legend to Fig. 1. (A) Time course
of the effect of TCDD (100 mg/kg). (B) Den-
sitometric analysis of hybridization normalized
to rRNA values. Each bar represents the aver-
age 6 SD of three animals. (C) Effect of TCDD
dose on expression of C/EBP mRNAs. From
left, the doses were 0 (corn oil control), 10, 30,
100, and 300 mg/kg. (D) Densitometric analysis
of the dose–response blot.
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shift analysis. Because C/EBP recognizes and binds to
divergent DNA sequences, we compared protein–DNA
binding using three bona fide recognition sequences (Fig.
3A) from the promoters of glut4 [10], fabp [9], and c/ebpa
[28]. The patterns of DNA–protein complexes formed using
extracts from control livers were similar for all three
oligonucleotide probes (Fig. 3B, lanes 1, 3, and 5). In
addition, EMSA analysis revealed that nuclear extracts
from TCDD-treated mouse livers resulted in the appearance of
more rapidly migrating complexes (Fig. 3B, lanes 2, 4, and 6)
that were not present in control samples. For further experi-
ments, we chose the oligonucleotide from the C/EBPa pro-
moter. Additionally we optimized electrophoresis conditions,
as detailed in Materials and Methods, to achieve better
resolution between the multiple retarded complexes.

To determine the temporal pattern of effect, we isolated
nuclear extracts from liver samples of TCDD or vehicle-

treated mice over a 7-day time course and conducted gel
shift analysis (Fig. 4A). These experiments revealed a
time-dependent shift in the pattern of complex formation.
Specifically, extracts from all of the control animals (lanes
1, 3, and 5) showed a consistent pattern of two retarded
bands (A and A9). In TCDD-treated animals, two addi-
tional bands (B and B9) appeared as early as day 1 and
became increasingly intense over time. In particular, band
B9, which was not visible in any of the control samples, was
increased significantly after 7 days of treatment. The
uppermost band (A) also appeared to decrease in TCDD-
treated samples, whereas band A9 remained relatively
constant over time in both control and treated extracts. A
100-fold excess of unlabeled C/EBP oligonucleotide abol-
ished all of the bands, whereas a 100-fold molar excess of a
nonspecific oligonucleotide had no effect on binding of any
of the complexes, indicating that these bands represented
specific binding to the oligonucleotide.

To identify the specific protein components of each
retarded band, we incubated the protein:DNA mixture
with antiserum against C/EBPa and/or C/EBPb. The results
of these supershift assays (Fig. 4B) showed that in control
extracts both bands (A and A9) were quantitatively shifted
by antiserum against C/EBPa, but not affected by antiserum
against C/EBPb, indicating that these complexes were
composed of C/EBPa. Supershift analysis of TCDD-treated
extracts, which contained bands A9, B, and B9, revealed
that band A9 was shifted by C/EBPa antiserum, as in
control extracts. In contrast, the two lower bands (B and
B9) were mostly shifted by antiserum against C/EBPb. A
complete supershift of these bands occurred only in the
presence of antibodies against both C/EBPa and C/EBPb,
suggesting that some heteromeric complexes may have
co-migrated with the C/EBPb homodimers. Thus, TCDD
treatment resulted in the complete disappearance of a
C/EBPa-containing complex (band A) and the appearance
of two new complexes containing C/EBPb (bands B and
B9), consistent with a shift in the pool of DNA-binding
competent forms of C/EBP proteins in the liver.

To determine if increased levels of C/EBPb:DNA com-
plexes in TCDD-treated liver samples were due to increased
amounts of C/EBPb protein, we performed immunoblotting
with nuclear protein extracts. The blot shown in Fig. 4C
indicates that only a single C/EBPb species corresponding
to a 37-kDa protein was detected with the antibody.
Surprisingly, the steady-state level in the TCDD-treated
sample was lower after 1 day of treatment, but increased
after 7 days. Thus, increased levels of DNA-binding com-
petent forms of C/EBPb did not correlate with higher levels
of the p37 form of C/EBPb at early times after TCDD
treatment.

Comparison of the Effects of TCDD on C/EBPa and
C/EBPb to Acute Phase Mediators

The effects of TCDD on C/EBPa and C/EBPb mRNA
levels and DNA binding activity were similar to the

FIG. 3. Detection of C/EBP protein–DNA complexes by mobil-
ity shift assay. (A) Synthetic oligonucleotides used in the
current study. The underlined bases correspond to the putative
C/EBP binding sites contained within the 5*-regulatory se-
quences (capital letters) from the FABP [9], GLUT4 [10], and
C/EBPa [28] genes. (B) Comparison of C/EBP binding to three
oligonucleotides shown in part A. EMSA analysis was per-
formed using hepatic nuclear extracts isolated 3 days after
dosing the animals with 100 mg/kg of TCDD (lanes 2, 4, and 6)
or acetone vehicle alone (lanes 1, 3, and 5) and 32P-labeled
FABP (lanes 1 and 2), C/EBP (lanes 3 and 4) or GLUT4 (lanes
5 and 6) oligonucleotides. The three upper arrowheads indicate
specific C/EBP-containing complexes, while the lower arrow-
head denotes the position of the free probe.
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reciprocal regulation of these factors by inflammatory
cytokines during the acute phase response [22]. Some of the
acute toxicity of TCDD has been attributed to activation of
inflammatory mediators; therefore, we compared the effects
of TCDD to bacterial LPS on the induction of hepatic
C/EBP-related genes: C/EBPa, C/EBPb, C/EBPd, and
C/EBPe (Fig. 5). In agreement with previous findings [22,
23], we found that LPS suppressed C/EBPa and induced a
large stimulation of C/EBPb, C/EBPd, and C/EBPe. While
TCDD affected the steady-state levels of C/EBPa and
C/EBPb mRNA by 6 hr, it had no detectable effect on
either C/EBPd or C/EBPe at this time point (Fig. 5) or later
times (data not shown).

Requirement of Functional AhR for Induction
of C/EBPb

To determine if the induction of C/EBPb mRNA was
mediated by the AhR, we compared the effect of TCDD in
two mouse hepatoma cell lines [Hepa 1 (wild type) and
ARNT-deficient hepatoma cells (c4 mutant)], which have
been shown previously to be defective in specific TCDD-
inducible DNA binding and gene activation by the AhR
[2]. Induction of C/EBPb in the wild-type cell line was
concentration dependent (Fig. 6A) with an estimated EC50

of 0.1 nM (Fig. 6B). Induction occurred within 1 hr of
treatment and reached a maximum induction by 6 hr (Fig.
6C). We detected C/EBPb mRNA in both control and
TCDD-treated ARNT-deficient cells; however, we did not
observe TCDD-inducible expression of C/EBPb mRNA in
the mutant cell line (Fig. 6D, lanes 1 and 2). Induction in
wild-type cells could be antagonized by pretreating them
with 1 mM of a-naphthoflavone 1 hr prior to TCDD

FIG. 4. TCDD-inducible changes in C/EBP binding in nuclear
extracts. (A) Time course of effect. Nuclear extracts were
prepared as described in Materials and Methods from the livers
of vehicle-treated control or TCDD (100 mg/kg)-treated mice
on the indicated days. Mobility shift assay was performed using
a 32P-labeled oligonucleotide from the C/EBPa promoter (see
Fig. 3A) and 8 mg of protein. Electrophoresis through a 2–4%
gradient nondenaturing acrylamide gel and autoradiography was
performed as described. Lanes 9 and 10 show the effect of
adding a 100-fold molar excess of either unlabeled competitor
oligonucleotide (C) or a nonspecific oligonucleotide (N), respec-
tively. These results are representative of two independent
experiments. (B) Identification of retarded bands by supershift
analysis. After incubation of nuclear extracts with 32P-labeled
probes, antibodies (1 mL) specific to C/EBPa, C/EBPb, both
antibodies (a, b, or 2 mL of nonimmune rabbit serum (N)
containing the same amount of protein (1 mg) were added to the
mixture and incubated for an additional 20 min. Electrophoresis
was conducted as described in part A. Assignments of specific
complexes based on this experiment are indicated on the side.
(C) Immunoblot for steady-state levels of 37 kDa C/EBPb
protein in nuclear extracts from control and TCDD-treated
animals. (Lane 1) control day 1, (lane 2) TCDD-treated day 1,
(lane 3) control day 10, and (lane 4) TCDD-treated day 10.
Densitometric readings were 102.2 6 1.1, 48.2 6 2.1, 174.4 6
4.9, and 316 6 9.8 (all in arbitrary units).

FIG. 5. Comparison of TCDD- and LPS-induced changes on
C/EBP mRNAs. Northern blot analysis of RNA isolated from
the liver of mice treated with corn oil:acetone vehicle, 100
mg/kg of TCDD, or 100 mg of bacterial LPS. Total RNA was
isolated after 6 hr of treatment and analyzed by Northern
blotting as described in Materials and Methods.
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addition (Fig. 6D, lanes 9 and 10). These data indicate that
induction of C/EBPb required the presence of functional
AhR complexes. To test whether this effect was a direct
effect that did not require protein synthesis, we pretreated
Hepa 1 cells with cycloheximide prior to the addition of
TCDD; however, in both control and TCDD-treated sam-
ples, a superinduction of C/EBPb mRNA was observed
(Fig. 6D, lanes 5 and 6). We were unable to ascertain the
AhR dependence of the suppression of C/EBPa by TCDD
using this system because C/EBPa mRNA was not detected
in either cell line (data not shown), in agreement with
previous findings that its expression is limited to well-
differentiated hepatocytes [29].

DISCUSSION

The role of C/EBPa in the regulation of genes involved in
nutritional homeostasis has been documented using both
biochemical and genetic analysis [8, 21]. Recent analyses of
two independently derived c/ebpa-knockout mouse strains
revealed significant impairments in the ability to synthesize
and store metabolic fuels [13, 30]. Specifically, these mice
showed abnormally small depots of adipose tissue, sup-
pressed fatty acid synthesis and glycogen storage, and
delayed expression of genes involved in gluconeogenesis.

Intriguingly, many of the symptoms exhibited by c/ebpa-
deficient mice are similar to the symptoms observed in
TCDD-treated animals. Expression of several adipogenic
genes are selectively decreased in the adipose tissue of
TCDD-treated mice [4]. Moreover, there was a gradual
depletion of fat stores with a decreased ability to synthesize
fatty acid [6]. In the liver, not only was fat synthesis
decreased by TCDD, but gluconeogenesis was significantly
lower than in control animals [27, 31]. It is an attractive
hypothesis that a decrease in C/EBPa could mediate some
of the metabolic alterations in these two tissues. In the
current study, we report a rapid decrease in the level of
C/EBPa and a reciprocal increase in C/EBPb in the adipose
and liver of mice exposed to TCDD.

The current results demonstrated a rapid change in levels
of C/EBP mRNA in response to TCDD treatment in vivo.
Induction of C/EBPb mRNA is dependent upon functional
AhR complexes, as determined by the ability to block the
induction with a-napthoflavone in Hepa 1 cells and by a
lack of induction in ARNT-deficient Hepa cells. The
absence of response of C/EBPb mRNA to TCDD in
ARNT-deficient cells, however, could mean either that the
process of AhR-ARNT dimerization and probably a com-
plete gene transactivation function of the AhR is necessary
to express this effect of TCDD, or that these ARNT-

FIG. 6. Induction of C/EBPb by TCDD in mouse hepatoma cells. (A) Effect of TCDD concentration on the induction of C/EBPb in
Hepa 1 (wild type) cells. Cells were treated with TCDD [from left the concentrations are 0 (DMSO control), 0.001, 0.01, 0.1, 1, and
10 nM of TCDD], and total RNA was isolated after 16 hr and subjected to Northern blot analysis. (B) Concentration–response curve.
Amount of C/EBP probe hybridized to the membrane was quantitated by densitometry and normalized to the amount of rRNA
hybridized to the same blot. Values are representative of two experiments. (C) Time course of induction by TCDD. Cells were treated
as in part A, and their RNA was isolated at the indicated time points. A representative blot of two independent experiments is shown.
The induction of C/EBPb after normalization to rRNA was 180, 350, and 230% of control for 1, 6, and 24 hr., respectively. (D) AhR
dependence of the induction of C/EBPb. ARNT-defective mutant (M) (lanes 1 and 2) or wild-type hepatoma (Hepa 1) cells (lanes 3
through 10) were treated for 16 hr with or without TCDD (10 nM). Lanes 3 and 4 represent Hepa 1 cells treated with solvent only
or TCDD, respectively. In lanes 5 and 6, cycloheximide was added 1 hr prior to TCDD, and the cells were harvested after 3 hr of total
incubation. In lanes 7–10, cells were exposed for 6 hr to DMSO (lanes 7 and 9) or 10 nM of TCDD (lanes 8 and 10) and in the absence
(lanes 7 and 8) or presence (lanes 9 and 10) of 1 mM of a-naphthoflavone. After hybridization to C/EBPb, the blot were stripped and
rehybridized with a cDNA probe for mouse cytochrome P4501A1 (Cyp1A1). ND 5 not determined.
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deficient cells have some functional alteration from normal
cells that prevents them from responding to TCDD. We
have observed previously that two similar preadipocyte cell
lines, 3T3-L1 and 3T3-F442A from mouse fibroblast cells,
responded to TCDD in a very different manner despite
their similar response capabilities in terms of CYP1A1
induction: i.e. in the former cell line, C/EBP mRNA and
the entire process of adipogenesis were not responsive to
TCDD, but those of the latter were quite responsive to the
same treatment of TCDD (Liu PCC, Phillips MA, and
Matsumura F, unpublished data). Thus, it appears to be
prudent to withhold judgement until we accumulate more
data on the characteristics of the ARNT-deficient Hepa 1
cells. Surprisingly, the increased levels of mRNA in liver
samples from treated animals did not correlate with in-
creased levels of the p37 kDa form of the protein on day 1,
but correlated well at a later time point. Whether smaller
translational products from the C/EBP mRNA, such as p21
(LIP), were produced and not detected by the specific
antibody used in these experiments is not known.

C/EBP proteins share a common leucine zipper domain,
which facilitates the formation of homo- and heterodimeric
DNA-binding complexes [14–19]. Using gel shift analysis,
we found a time-dependent transition in the pattern of
C/EBP complexes bound to an oligonucleotide containing a
native C/EBP recognition element. In particular, TCDD
treatment resulted in the disappearance of the uppermost
band (Fig. 4, band A) corresponding to C/EBPa ho-
modimers. A concomitant appearance of two new bands
(bands B and B9), which corresponded to C/EBPb ho-
modimers and C/EBPa/b heterodimers, was observed in the
TCDD-treated samples. Thus, the consequence of TCDD
treatment was an overall shift in the distribution of DNA-
binding competent forms of C/EBP from only C/EBPa in
control animals to a significant increase in C/EBPb-con-
taining complexes in treated animals. Overall, the levels of
C/EBPb protein did not increase substantially in spite of
increased DNA binding by C/EBPb. One possibility is that
post-translational modifications to existing C/EBPb pro-
teins resulted in activation of DNA binding. Phosphoryla-
tion by cAMP-dependent protein kinase or protein kinase
C has been shown to activate the p37 form of C/EBPb [32,
33]. Since C/EBPa and C/EBPb differ in their putative
transactivation domains, it is likely that these complexes
mediate different biological responses. Thus, these experi-
ments reveal two potential levels of regulation of C/EBPb
by TCDD. First, TCDD induces the mRNA of C/EBPb in
an AhR-dependent manner. Second, increased DNA-bind-
ing competent forms of C/EBPb accumulate in TCDD-
treated animal livers as a result of post-translational mod-
ification that is independent of new protein synthesis.

The functional significance of decreased C/EBPa and
increased C/EBPb in response to TCDD remains to be
determined; however, this pattern of change is similar to
the known response of these genes to physical tissue injury,
such as partial hepatectomy [34], and exposure to mediators
of injury, such as inflammatory cytokines [22]. In both

cases, induction of C/EBPb is coupled to decreased expres-
sion of C/EBPa. Analysis of C/EBP recognition sites in the
gene promoters of several acute phase proteins such as
a1-acid glycoprotein revealed that LPS-induced inflamma-
tion correlates to a replacement of C/EBPa by C/EBPb [35].
Differential control of gene expression by C/EBPs could not
be fully accounted for by simple replacement of one C/EBP
type for another but was also influenced by interactions
with proximal cis-acting elements and their corresponding
DNA binding proteins. A shift in the C/EBPa to C/EBPb
ratio may also indicate an overall change in cellular state.
Expression of C/EBPa is generally limited to well-differen-
tiated cells [12, 36]. Reduced levels of C/EBPa relative to
C/EBPb is associated with dedifferentiation of adipocytes
by TNFa [37] and dedifferentiation of primary hepatocytes
in culture under conditions favoring cell proliferation [29].
These data suggest that the ratio of C/EBPa to C/EBPb
may be one important factor in regulating cellular programs
of proliferation and differentiation, but specific responses in
gene expression may also depend on promoter-specific
sequences and interactions between C/EBP proteins and
other transcription factors.

As there are similarities between acute TCDD effects
and exposure to TNFa, one possible mechanism for the
alterations in C/EBPs by TCDD is that they occur subse-
quent to TNFa activation. TNFa hypersensitivity has been
observed in mice dosed with TCDD and then challenged
with LPS [38] or sheep red blood cells [39]. In one study,
cotreatment of mice with anti-TNFa antibodies or dexa-
methasone protected them from the acute effects of TCDD
[40]. These data indicate that inflammatory cytokines may
modulate some symptoms of TCDD’s acute toxicity and
hyperinflammation, although a direct activation of cyto-
kines by TCDD has not been reported [39]. Our data, on
the other hand, showed that LPS and TCDD had different
effects on the expression of C/EBPs (Fig. 5). Specifically,
C/EBPd, which showed the strongest response to TNFa in
mouse liver [22], was only minimally induced by TCDD in
vivo and in Hepa 1 cells (Fig. 5 and data not shown).
Alternatively, TCDD may alter C/EBPb activity through
its effects on signal transduction pathways involved in the
endogenous regulation of this factor. A likely candidate is
cyclic AMP (cAMP), which has been shown to induce the
expression of C/EBPb in adipocytes [14, 41]. In view of our
previous report that TCDD could rapidly enhance cAMP-
dependent protein phosphorylation in adipose tissue in vivo
[42], we propose that TCDD may indirectly increase ex-
pression of C/EBPb by altering cAMP levels, at least in
adipocytes. Moreover, this model would be consistent with
activation of C/EBPb DNA binding by phosphorylation via
cAMP-dependent kinases. Increased levels of C/EBPb
could contribute to TCDD-induced hypersensitivity to
antigens because C/EBPb itself has been shown to regulate
the expression of several cytokines [43, 44].

The alterations by TCDD of C/EBPa and C/EBPb may
provide a molecular basis for understanding some of the
effects of TCDD on intermediary metabolism. We propose
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that rapid changes in C/EBPa and C/EBPb after exposure
to TCDD may be an important trigger for the coordinated
shift in metabolic homeostasis and an early indicator of
changes in overall cellular programs in these tissues. We are
working to clarify the mechanism by which TCDD regu-
lates these transcription factors. Understanding the regula-
tion and interactions of such nuclear factors by TCDD will
provide insight into the ability of these chemicals to cause
complex changes in cellular programs of growth and main-
tenance.

This work was supported by research grants ES05233, ES03575, and
ES05707 and predoctoral training grant ES07059 to P. C. C. L. We
gratefully acknowledge the gift of plasmids for C/EBPa, C/EBPb, and
C/EBPd from Dr. Steven McKnight and of hepatoma cells from Dr.
Oliver Hankinson.

References

1. Poland A and Knutson JC, Tetrachlorodibenzo-p-dioxin and
related halogenated aromatic hydrocarbons: Examination of
the mechanism of toxicity. Annu Rev Pharmacol 22: 517–554,
1982.

2. Hankinson O, The aryl hydrocarbon receptor complex. Annu
Rev Pharmacol 35: 307–340, 1995.

3. Enan E, Liu PCC and Matsumura F, 2,3,7,8-Tetrachlorod-
ibenzo-p-dioxin causes reduction of glucose transporting ac-
tivities in the plasma membranes of adipose tissue and
pancreas from the guinea pig. J Biol Chem 267: 19785–19791,
1992.

4. Liu PCC and Matsumura F, Differential effects of 2,3,7,8-
tetrachlorodibenzo-p-dioxin on the “adipose-type” and
“brain-type” glucose transporters in mice. Mol Pharmacol 47:
65–73, 1995.

5. Brewster DW and Matsumura F, Reduction of adipose tissue
lipoprotein lipase activity as a result of in vivo administration
of 2,3,7,8-tetrachlorodibenzo-p-dioxin to the guinea pig. Bio-
chem Pharmacol 37: 2247–2253, 1988.

6. Lakshman MR, Chirtel SJ, Chambers LL and Coutlakis PJ,
Effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin on lipid synthe-
sis and lipogenic enzymes in the rat. J Pharmacol Exp Ther
248: 62–66, 1989.

7. Landschulz WH, Johnson PF, Adashi EY, Graves BJ and
McKnight SL, Isolation of a recombinant copy of the gene
encoding C/EBP. Genes Dev 2: 786–800, 1988.

8. McKnight SL, Lane MD and Gluecksohn-Waelsch S, Is
CCAAT/enhancer-binding protein a central regulator of
energy metabolism? Genes Dev 3: 2021–2024, 1989.

9. Christy RJ, Yang VW, Natambi JM, Geiman DE, Landschultz
WH, Friedman AD, Nakabeppu Y, Kelly TJ and Lane MD,
Differentiation-induced gene expression in 3T3-L1 preadipo-
cytes: CCAAT/enhancer binding protein interacts with and
activates the promoters of two adipocyte-specific genes. Genes
Dev 3: 1323–1335, 1989.

10. Kaestner KH, Christy RJ and Lane MD, Mouse insulin-
responsive glucose transporter gene: Characterization of the
gene and trans-activation by the CCAAT/enhancer binding
protein. Proc Natl Acad Sci USA 87: 251–255, 1990.

11. Tae HJ, Luo X and Kim KH, Roles of CCAAT/enhancer-
binding protein and its binding site on repression and dere-
pression of acetyl-CoA carboxylase gene. J Biol Chem 269:
10475–10484, 1994.

12. Birkenmeier EH, Gwynn B, Howard S, Jerry J, Gordon JI,
Landschulz WH and McKnight SL, Tissue-specific expres-

sion, developmental regulation, and genetic mapping of the
gene encoding CCAAT/enhancer binding protein. Genes Dev
3: 1146–1156, 1989.

13. Wang N-D, Finegold MJ, Bradley A, Ou CN, Abdelsayed SV,
Wilde MD, Taylor LR, Wilson DR and Darlington GJ,
Impaired energy homeostasis in C/EBPa knockout mice.
Science 269: 1108–1112, 1995.

14. Cao X, Umek RM and McKnight SL, Regulated expression of
three C/EBP isoforms during adipose conversion of 3T3-L1
cells. Genes Dev 5: 1538–1552, 1991.

15. Akira S, Isshiki H, Sugita T, Tanabe O, Kinoshita S, Nishio
Y, Nakajima T, Hirano T and Kishimoto T, A nuclear factor
for IL-6 expression (NF-IL6) is a member of a C/EBP family.
EMBO J 9: 1897–1906, 1990.

16. Chang CJ, Chen TT, Lei HY, Chen DS and Lee SC,
Molecular cloning of a transcription factor, AGP/EBP, that
belongs to members of the C/EBP family. Mol Cell Biol 10:
6642–6653, 1990.

17. Descombes P, Chojkier M, Lichtsteiner S, Falvey E and
Schibler U, LAP, a novel member of the C/EBP gene family,
encodes a liver-enriched transcriptional activator protein.
Genes Dev 4: 1541–1551, 1990.

18. Poli V, Mancini FP and Cortese R, IL-6DBP, a nuclear
protein involved in interleukin-6 signal transduction, defines
a new family of leucine zipper proteins related to C/EBP. Cell
63: 643–653, 1990.

19. Williams SC, Cantwell CA and Johnson PF, A family of
C/EBP-related proteins capable of forming covalently linked
leucine zipper dimers in vitro. Genes Dev 5: 1553–1567, 1991.

20. Ron D and Habener JF, CHOP, a novel developmentally
regulated nuclear protein that dimerizes with transcription
factors C/EBP and LAP and functions as a dominant-negative
inhibitor of gene transcription. Genes Dev 6: 439–453, 1992.

21. Darlington GJ, Wang N and Hanson RW, C/EBP alpha: A
critical regulator of genes governing integrative metabolic
processes. Curr Opin Genet Dev 5: 565–570, 1995.

22. Alam T, An MR and Papaconstantinou J, Differential expres-
sion of three C/EBP isoforms in multiple tissues during the
acute phase response. J Biol Chem 267: 5021–5024, 1992.

23. Sylvester SL, ap Rhys CMJ, Luethy-Martindale JD and
Holbrook NJ, Induction of GADD153, a CCAAT/enhancer-
binding protein (C/EBP)-related gene, during the acute phase
response in rats. Evidence for the involvement of C/EBPs in
regulating its expression. J Biol Chem 269: 20119–20125,
1994.

24. Liu PCC, Phillips MA and Matsumura F, Alteration by
2,3,7,8-tetrachlorodibenzo-p-dioxin of CCAAT/enhancer
binding protein correlates with suppression of adipocyte
differentiation in 3T3-L1 cells. Mol Pharmacol 49: 989–997,
1996.

25. Kimura S, Gonzales FJ and Nebert DW, The murine Ah
locus: Comparison of the complete cytochrome P1-450 and
P3-450 cDNA nucleotide and amino acid sequences. J Biol
Chem 259: 10705–10713, 1984.

26. Hattori M, Tugores A, Veloz L, Karin M and Brenner DA, A
simplified method for the preparation of transcriptionally
active liver nuclear extracts. DNA Cell Biol 9: 777–781, 1990.

27. Bradford M, A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal Biochem 72: 248–254, 1976.

28. Christy RJ, Kaestner KH, Geiman DE and Lane MD,
CCAAT/enhancer binding protein gene promoter: Binding
of nuclear factors during differentiation of 3T3-L1 preadipo-
cytes. Proc Natl Acad Sci USA 88: 2593–2597, 1991.

29. Rana B, Mischoulon D, Xie Y, Bucher NL and Farmer SR,
Cell-extracellular matrix interactions can regulate the switch
between growth and differentiation in rat hepatocytes: Recip-
rocal expression of C/EBP alpha and immediate-early growth

1654 P. C. C. Liu et al.



response transcription factors. Mol Cell Biol 14: 5858–5869,
1994.

30. Flodby P, Barlow C, Kylefjord H, Ährlund-Richter L and
Xanthopoulos KG, Increased hepatic cell proliferation and
lung abnormalities in mice deficient in CCAAT/enhancer
binding protein a. J Biol Chem 271: 24753–24760, 1996.

31. Weber LWD, Lebofsky M, Griem H and Rozman K, Key
enzymes of gluconeogenesis are dose-dependently reduced in
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-treated rats.
Arch Toxicol 65: 119–123, 1991.

32. Trautwein C, van der Geer P, Karin M, Hunter T and
Chojkier M, Protein kinase A and C site-specific phosphory-
lations of LAP (NF-IL6) modulate its binding activity to
DNA recognition elements. J Clin Invest 93: 2554–2561,
1994.

33. Trautwein C, Caelles C, van der Geer P, Hunter T, Karin M
and Chojkier M, Transactivation by NF-IL6/LAP is enhanced
by its phosphorylation of its activation domain. Nature 364:
544–547, 1993.

34. Greenbaum LE, Cressman DE, Haber BA and Taub R,
Coexistence of C/EBPa, b, growth-induced proteins and
DNA synthesis in hepatocytes during liver regeneration.
Implications for maintenance of the differentiated state dur-
ing liver growth. J Clin Invest 96: 1351–1365, 1995.

35. Alam T, An MR, Mifflin RC, Hsieh C-C, Ge X and
Papaconstantinou J, trans-Activation of the a1 acid glycop-
rotein gene acute phase responsive element by multiple
isoforms of C/EBP and glucocorticoid receptor. J Biol Chem
268: 15681–15688, 1993.

36. Umek RM, Friedman AD and McKnight SL, CCAAT-
enhancer binding protein: A component of a differentiation
switch. Science 251: 288–292, 1991.

37. Ron D, Brasier AR, McGehee RE Jr and Habener JF, Tumor

necrosis factor-induced reversal of adipocytic phenotype of
3T3-L1 cells is preceded by a loss of nuclear CCAAT/
enhancer binding protein (C/EBP). J Clin Invest 89: 223–233,
1992.

38. Clark GC, Taylor MJ, Tritscher AM and Lucier GW, Tumor
necrosis factor involvement in 2,3,7,8-tetrachlorodibenzo-p-
dioxin-mediated endotoxin hypersensitivity in C57BL/6J
mice congenic at the Ah locus. Toxicol Appl Pharmacol 111:
422–431, 1991.

39. Moos AB, Baechler-Steppan L and Kerkvliet NI, Acute
inflammatory response to sheep red blood cells in mice treated
with 2,3,7,8-tetrachlorodibenzo-p-dioxin: The role of proin-
flammatorycytokines, IL-1 and TNF. Toxicol Appl Pharmacol
127: 331–335, 1994.

40. Taylor MJ, Lucier GW, Mahler JF, Thompson M, Lockhart
AC and Clark GC, Inhibition of acute TCDD toxicity by
treatment with anti-tumor necrosis factor antibody or dexa-
methasone. Toxicol Appl Pharmacol 117: 126–132, 1992.

41. Yeh WC, Cao Z, Classon M and McKnight SL, Cascade
regulation of terminal adipocyte differentiation by three
members of the C/EBP family of leucine zipper proteins.
Genes Dev 9: 168–181, 1995.

42. Enan E and Matsumura F, 2,3,7,8-Tetrachlorodibenzo-p-
dioxin-induced alterations in protein phosphorylation in
guinea pig adipose tissue. J Biochem Toxicol 8: 88–99, 1993.

43. Pope RM, Leutz A and Ness SA, C/EBPb regulation of the
tumor necrosis factor a gene. J Clin Invest 94: 1449–1495,
1994.

44. Godambe SA, Chaplin DD, Takova T and Bellone CJ,
Upstream NFIL-6-like site located within a DNase I hyper-
sensitivity region mediates LPS-induced transcription of the
murine interleukin-1b gene. J Immunol 153: 143–152, 1994.

Reciprocal Effects of TCDD on C/EBPa and C/EBPb 1655


