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SUMMARY

One prominent symptom of acute toxicity from 2,3,7,8-tetrachio-
rodibenzo-p-dioxin (TCDD) is a loss of adipose tissue and body
weight, a phenomenon known as the wasting syndrome. In the
current study, we examined the effect of TCDD on glucose
transport in mice. A single intraperitoneal dose of TCDD (116
ug/kg) resulted in a ti t decrease in transport activity
in adipose tissue and brains of C57BL/6 mice. Reduction of
transport occurred within 24 hr in both tissues. In adipose tissue
a slight recovery was observed by 30 days, but in the brains of
treated animals glucose transport was significantly decreased
even at the latest time. A comparison of dose-response relation-
ships for several tissues between C57BL/6 (TCDD-responsive)
and DBA/2J (TCDD-nonresponsive) mice showed parallel curves,
with the C57BL/6 animals showing a 10-20-fold greater sensi-
tivity. The estimated EDso values for reduction of transport in
adipose tissue were 50 ug/kg and 800 ng/kg for the C57BL/6
and DBA/2J strains, respectively. Treatment of isolated adipose

tissue in culture with TCDD and two biphenyl congeners pro-
duced a decrease in transport activity that matched the rank
order of aryl hydrocarbon receptor affinity for the compounds.
Immunobilotting for the adnpose-type (type 4) gluoose transponef
(GLUT) showed a 40% decrease in the

adipose tissue from C57BL/6 mice treated with 1 16 ug/kg TCDD
for 40 hr. A similar decrease in the brain-type GLUT1 was
observed in the plasma membrane fraction of brain tissues
isolated from the same animals. Analysis of RNA for the corre-
sponding GLUT4 and GLUT1 genes showed a dramatic decrease
in GLUT4 mRNA as early as 24 hr after treatment. In contrast,
the level of GLUT1 mRNA increased slightly in the brains of
treated mice. We conclude that regulation by TCDD of glucose
transport activity in mice is an aryl hydrocarbon receptor-
dependent process and that the adipose-type GLUT4 appears
to be regulated at the mRNA level, whereas the brain-type
GLUT1 is affected mainly at the protein level.

TCDD belongs to a large family of toxic, lipophilic, environ-
mentally stable chemicals, the chlorinated polyaromatic hydro-
carbons, which includes polychlorinated BPs, dioxins, furans,
and naphthalenes. TCDD is the most potent member of this
family and has been widely used as a model chemical to study
the mechanisms of action of this class of compounds with
biological targets. Exposure to TCDD results in widely varying
biological responses that depend on the species, gender, age,
and genetic background of the individual. These responses
include induction of metabolic enzymes, body weight loss, im-
munosuppression, skin lesions, and changes in cellular growth
and differentiation (reviewed in Ref. 1).

One prominent characteristic of the toxic action of TCDD is
a reduction of adipose tissue mass, which has been observed in
guinea pigs, mice, rabbits, and monkeys (2, 3). The loss of

This work was supported by Research Grants ES05233, ES03575, and ES05707
from the National Institute of Environmental Health Sciences. P.C.C.L. is
supported by National Institute of Environmental Health Sciences Predoctoral
Training Grant ES07059 from the National Institutes of Health.

adipose tissue is accompanied by altered serum lipid profiles,
such as hyperlipidemia and hypertriglyceridemia (4, 5). Studies
of humans exposed to mixtures of polychlorinated aromatic
hydrocarbons including dioxins have indicated associations
between lipid irregularities, such as elevated serum cholesterol
and triglyceride levels, and exposure to these compounds (6).
The precise mechanism for the loss of adipose tissue remains
unknown; however, TCDD appears to interfere with systems
involved in the regulation of nutritional homeostasis. Early
studies demonstrated that TCDD-induced adipose wasting was
not caused by malabsorption of intestinal nutrients or increased
energy expenditure (7). Reduced feed intake has been postu-
lated to be responsible for TCDD-induced mortality (8), but
hypophagia was not observed in mice even at TCDD doses that
caused a decrease in adipose tissue and overall loss in body
weight (9). A number of studies have indicated an overall shift
in the metabolic capability of TCDD-poisoned animals. Metab-
olism of [**C]glucose by TCDD-treated rats was lower than for
controls (10); however, mitochondrial respiration was not

ABBREVIATIONS: TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; GLUT, facilitative glucose transporter; Ah, aryl hydrocarbon; HEPES, 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid; SDS, sodium dodecy! sulfate; PCR, polymerase chain reaction; BP, biphenyl; LPL, lipoprotein lipase; FABP,

fatty acid-binding protein; C57, C57BL/6; DBA, DBA/2J.
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changed. Additionally, enzymes involved in the gluconeogenic
pathway have been shown to be inhibited by TCDD (11). Levels
of hormones, such as insulin and thyroid hormone, that regulate
metabolic activity are also affected by TCDD (12), but it is not
clear whether these changes are primary effects or responses
by the animal to reestablish metabolic homeostasis. Because of
the complex changes that occur in TCDD-poisoned animals,
we have attempted to characterize early changes in adipose
tissue function.

One critical point in metabolic regulation is the transport of
glucose into cells. This action determines a number of physio-
logical processes, including insulin secretion, glucose metabo-
lism, and glycogen and fatty acid synthesis. Facilitative glucose
transport into cells is mediated by a family of proteins known
as the GLUTSs. Six distinct genes coding for these protein
isoforms have been cloned and found to be expressed in a
tissue-specific manner (reviewed in Ref. 13). Recently we ob-
served that TCDD decreases glucose uptake in a dose- and
time-dependent manner in the adipose tissue and pancreas of
male guinea pigs treated in vivo (14, 15).

The current investigation has been undertaken to investigate
the biochemical mechanisms by which the GLUT is altered by
TCDD poisoning in mice. The objectives of this study are to
compare the in vivo effect of TCDD on glucose uptake in two
inbred strains of mice, i.e., C57, a “TCDD-sensitive” strain,
and DBA, a “TCDD-nonresponsive” strain, and to correlate
the effect of TCDD on function with changes in GLUT protein
and mRNA levels.

Experimental Procedures

Materials. TCDD (>99.9% purity) was a gift from the Dow Chem-
ical Co. (Midland, MI). The BP congeners were obtained from Analabs
(North Haven, CT). 3-O-Methyl-b-[*H]glucose (7 Ci/mmol) was pur-
chased from Amersham Corp. (Arlington Heights, IL). Common buffer
salts and biochemicals were purchased from Sigma Chemical Co. (St.
Louis, MO). 4,7-Phenanthroline was purchased from Aldrich Chemical
Co. (Milwaukee, WI).

Care and treatment of animals. Male C57 and DBA mice (6-8
weeks old) were purchased from Simonsen Laboratories (Gilroy, CA).
They were housed in pairs in stainless steel cages, with free access to
food and water, and were maintained under constant temperature and
humidity with a 12-hr light cycle. Animals were acclimated for 1 week
before use in experiments; thereafter, they were housed individually.
After treatment, food was provided in special containers covered with
a wire mesh to minimize spillage. In pair-feeding studies, the amount
of food eaten by treated animals was measured 16, 24, 40, and 48 hr
after treatment and every 24 hr thereafter. Mice were given a single
intraperitoneal injection of TCDD dissolved in corn oil/acetone vehicle
(7.5 ml/kg).

Measurement of glucose transport. Glucose transport was as-
sayed as described previously (14), with the following modifications.
We used 0.5 uCi of 3-O-methyl-p-[*H]glucose for each sample, and
nonspecific transport was determined by preincubating samples with
20 uM cytochalasin B at 37° for 30 min.

Western blot analysis. Membranes from adipose tissue and brain
were isolated as described (15), with minor modifications. Briefly,
dissected tissues from C57 mice treated with 116 ug/kg TCDD or with
vehicle alone were homogenized in 4 volumes of buffer containing 20
mM HEPES, pH 7.4, 1 mM EDTA, 25656 mM sucrose, and a mixture of
protease inhibitors (0.1 mM phenylmethylsulfonyl fluoride, 1 uM pep-
statin A, and 2 ug/ml aprotinin). The homogenate was centrifuged at
1000 X g to pellet nuclei and whole cells. For total membrane isolation,
the supernatant was then centrifuged at 200,000 X g for 90 min at 4°,
and the pellet was resuspended in 20 mmM HEPES/1 mM EDTA. For

plasma membrane isolation, the homogenate was first centrifuged at
15,000 x g for 20 min at 4°. The pellet was then layered over a cushion
of 1.12 M sucrose in HEPES/EDTA buffer and centrifuged at 100,000
X g for 1 hr at 4°. The band containing the plasma membranes was
removed, pelleted by centrifugation, resuspended in HEPES/EDTA
buffer containing 0.25% Triton X-100 and aprotinin, and incubated
overnight at 4°, with rotation. Solubilized proteins were separated by
centrifugation in a microfuge at 15,000 X g for 30 min at 4°. Protein
concentrations were determined by the method of Bradford (16), with
bovine serum albumin standards.

Protein samples were separated by electrophoresis through a dena-
turing 10% SDS-polyacrylamide gel (17). After electrophoresis, samples
were electroblotted onto a nitrocellulose membrane (Bio-Rad, Rich-
mond, CA) in buffer containing 25 mM Tris- HCI, 192 mM glycine, and
20% methanol, pH 7.4 (18). Before immunoreactions, the membranes
were blocked with 5% (w/v) nonfat powdered milk in Tris-buffered
saline/Tween (20 mM Tris, 152 mM NaCl, 0.05% Tween-20). Mem-
branes were then incubated with appropriate dilutions of the primary
antibody in blocking solution. A rabbit polyclonal anti-GLUT1 anti-
serum (East Acres Biological, Southbridge, MA) or a rabbit polyclonal
anti-GLUT4 antiserum (a gift of Dr. M. Daniel Lane, Johns Hopkins
University) was used to probe for the respective forms of the GLUT
protein. A horseradish peroxidase-linked goat anti-rabbit antibody was
used as the secondary antibody, and the enhanced chemiluminescence
system (Amersham) chemiluminescent substrate was used to detect the
primary antibody-antigen complexes. After autoradiography, blots were
scanned with a densitometer.

Northern blot analysis. Total RNA from tissues was isolated by
the single-step acid guanidinium thiocyanate/phenol method of Chom-
czynski and Sacchi (19). The RNA was fractionated according to size
by electrophoresis through a denaturing agarose gel containing 0.66 M
formaldehyde. The RNA samples contained ethidium bromide to allow
visualization and photography after electrophoresis. The RNA samples
were then transferred to a nylon membrane (Schleicher & Schuell,
Keene, NH) by capillary blotting; the RNA was cross-linked to the
membrane using a UV cross-linker (Fisher model FB-UVXL-1000) and
was baked dry at 80°. Membranes were prehybridized for at least 90
min at 65° in a solution containing 1 M NaCl, 100 mM sodium phos-
phate, pH 6.5, 10 mM EDTA, 1% SDS, 200 xg/ml yeast tRNA, and 200
ug/ml denatured salmon sperm DNA. The DNA probes were labeled
using a random priming kit (Pharmacia, Piscataway, NJ) and [**P]-
dCTP (3000 Ci/mmol; Amersham). Approximately 1 X 10° cpm of
probe/ml of hybridizing solution were added and hybridized, with
rotation, for 16 hr at 65° in a hybridization oven. Membranes were
washed twice at room temperature with 1X standard saline citrate (0.15
M NaCl, 15 mM sodium citrate, pH 7.0)/0.1% SDS and twice under
high stringency at 65° with 1X standard saline citrate/0.1% SDS. The
blots were autoradiographed with an intensifying screen and quanti-
tated using a radioscanning apparatus (AMBIS, La Jolla, CA).

Amplification of GLUT genes by PCR. Fragments of the GLUT1
and GLUT4 genes were amplified from brain and adipose cDNA,
respectively, by PCR. A degenerate forward primer [CA(GA)TT-
(CT)GGITA(TC)AACA(TC)IGGIGT) was used in combination with a
specific primer for GLUT1 (TCICCIACGTACATGGIAC) or GLUT4
(AGACATGCTCATGGCTGGACC) in the reactions. The conditions
for the PCR were denaturation at 94° for 5 min, annealing at 55° for 5
min, and extension at 72° for 1 min; the cycle was repeated 35 times
using 1 min for each step, followed by a final elongation period of 10
min at 72°. The identities of the resulting DNAs were confirmed by
sequencing of a portion of the DNA fragment, using the method of
dideoxynucleotide incorporation (20) and the Sequenase kit, version
2.0 (United States Biochemicals, Cleveland, OH).

Statistical analysis. Data are expressed as means + standard
errors. Pairwise comparisons were made using two-tailed Student’s ¢
test. Two-tailed analysis of variance was used to compare multiple
groups of data. Differences were judged to be significant at p < 0.05.
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Results

The effect of a single dose of 116 ug/kg TCDD on body
weight gain in C57 mice is shown in Fig. 1A. At this dose, the
overall body weight gain did not differ significantly between
the control and treated groups, and only two animals became
moribund by the end of the experiment. However, there were
significant differences in the weights of individual tissues.
Epididymal fat pad weight, in terms of both epididymal fat pad
mass and the ratio of epididymal fat pad to total body weight
(Fig. 1B), decreased in the TCDD-treated groups beginning on
day 7 and remained lower throughout the time course of the
experiment. The liver weights (Fig. 1C) in treated groups in-
creased significantly, compared with the control group, over
the same period. Thymus weight (Fig. 1D) was markedly lower
in the treated group. These data indicate that at this dose,
although body weight did not differ between TCDD-treated
and control groups because of counterbalanced increases and
decreases in different tissues, a significant decrease in adipose
tissue occurred. At higher doses, losses in total body weight
have been reported in this mouse strain (9, 21).

The effect of a single injection of TCDD on glucose transport
over a period of 30 days was assayed in the adipose tissue of
the C57 mice. As shown in Fig. 2a, a significant decrease in
glucose transport by adipose tissue was apparent 24 hr after
the injection and transport remained suppressed for at least 21
days. Nonmoribund survivors showed some recovery in glucose
uptake on day 30. The decrease in glucose transport activity
cannot be attributed to decreased feeding by TCDD-treated
mice, because hypophagia was not observed in these animals
(data not shown).

Next we compared the relative sensitivities of male C57 and
DBA mice by measuring glucose transport in adipose tissue 24
hr after a single dose of TCDD. In both strains, we found dose-
dependent decreases in the rate of glucose transport (Fig. 2b).
In C57 mice we observed a significant decrease in adipose tissue
at a dose of 12 ug/kg, whereas for DBA mice a significant
difference was seen at 116 ug/kg. The estimated EDs, values
for adipose tissue for the two strains were 50 ug/kg and 800
ug/kg for C57 and DBA mice, respectively, giving a 16-fold
difference in sensitivity.

In a previous report (12) we showed that glucose uptake in

‘tissues other than adipose tissue was affected in vivo in guinea

pigs; therefore, we also measured the in vivo effect of TCDD in
several other tissues of C57 mice over this time course (Fig. 3).
An early decrease in the liver transport activity was observed,
followed by recovery to control values. This pattern of effects
differed from our previous observations in guinea pigs, in which
a transient increase in glucose uptake was found in the liver
(14). The significance of these species differences with respect
to toxicity is not yet known. One surprising finding is that in
the brain glucose transport remained depressed throughout the
term of the study.

Fig. 1. Changes in body weight gain and tissue weights of control and
TCDD-treated C57 mice. C57 mice received a single injection of 116 ug/
kg TCDD in com oil/acetone or vehicle alone. Mice were weighed every
4-5 days, and the amount of chow eaten was measured every other
day. The values represent the mean + standard error (seven animals),
except in the 30-day-treated group (five animals; two moribund animals
were removed from the group). Open bars represent control group;
hatched bars represent TCDD-treated. *, significant difference from the
control group (p < 0.05).
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Fig. 2. Effect of TCDD on adipose tissue glucose transport. a, Time
course of the effect of TCDD on glucose transport in C57 mouse adipose
tissue. CS7nicemtmatedwlﬂwadoseof116pg/kgTCDDandkMed

Experimental Procedures, using 0.5 n.Ci of 3-O-methyi-0-{*H]glucose and
13.3 mm p-glucose in each sample. Nonspecific transport

by tissue samples with 20 um cytochalasin B for 30 min.
Each point represents the average of five animals, except on day 30,
when only three treated animals were used. Tissues from two moribund
animals in the 30-day group were not sampled. b, Dose-response curve.
C57 and DBA mice were dosed with the TCDD concentrations shown,
in com oil/acetone, whereas controls received vehicle alone. The animals
were killed 24 hr after treatment and their adipose tissues were dis-
sected. Each point represents the mean + standard error of three animals
dmmm.'.wmmmmgmp(p
< 0.05).

Dose-response curves for liver, spleen, and thymus (Fig. 4)
in the two strains were parallel, but the DBA curves were
shifted to the right, compared with those of the C57 strain,
indicating a relatively lower sensitivity to TCDD. The differ-
ences in EDs, values among these tissues between the two
strains varied from 8- to 25-fold. These differences in sensitivity
fall within the range reported by other investigators (9, 22) for
a number of toxic endpoints in the same strains of mice. This
magnitude of interstrain difference in the EDj, values for
inhibition of glucose uptake by TCDD is consistent with an Ah
receptor-mediated effect, because the difference in ligand bind-
ing affinity of the Ah receptor from these strains is approxi-
mately 10-fold (23).

To further test this hypothesis, we used an adipose tissue
culture model to investigate the relative potencies of BP con-
geners and a putative Ah receptor antagonist in glucose trans-
port. After a 3-hr incubation in culture with each specified
agent, adipose tissue was assayed for glucose transport. In
culture, TCDD showed an inhibitory effect at a dose as low as
1 nM (Table 1). When the tissue was incubated with 4,7-
phenanthroline (a putative receptor antagonist) (24) by itself,
there was no difference in transport, compared with the control
group; however, a 30-min preincubation with 4,7-phenanthro-
line followed by a 2.5-hr incubation with a high dose (10 nM)
of TCDD blocked, although not completely, the suppressive
effect of TCDD on glucose transport. A structure-activity com-
parison of two BP congeners (coplanar 3,3’,4,4’-BP and non-
coplanar 2,2’,5,5’-BP) and TCDD showed that the rank order
of potency for glucose uptake suppression followed the rank
order of potency for ligand binding of these congeners by the
Ah receptor (25). The 3,3’,4,4’-BP suppressed glucose transport
at a 100-fold higher dose than required for TCDD. Based on
these data, we conclude that the effect of TCDD on glucose
transport in adipose tissue and other tissues is dependent upon
binding to the Ah receptor.

Because GLUTSs are subject to several levels of in vivo
regulation by hormones and other growth factors, we attempted
to determine whether the effect of TCDD on transport activity
was caused by a change in GLUT numbers. We examined the
level of specific immunoreactive GLUT proteins in membrane
fractions from two tissues, adipose and brain. We chose these
tissues for examination because both tissues showed a consist-
ent decrease in transport activity after in vivo exposure and the
GLUT genes and their corresponding gene products have been
well characterized in these two tissues. Plasma membranes
isolated from the brains of C57 mice treated with 116 ug/kg
TCDD for 40 hr showed a smaller amount of 45-kDa protein
immunoreactive with an anti-GLUT1 antibody (Fig. 5A). Al-
though we found variations in the amounts of transporter
between different preparations of membranes, we consistently
observed that TCDD treatment caused a decrease in the
amount of immunoreactive protein, compared with the corre-
sponding control, within a given preparation. Densitometric
scans of the blots showed a 35% decrease in the intensity of
the band corresponding to GLUT1.

Total membranes isolated from the adipose tissue of the
same mice also showed a marked decrease in GLUT4, the
insulin-regulatable form of the protein (Fig. 5B). Densitometric
scanning revealed that the band from the TCDD-treated sam-
ple was 40% less intense than that from the corresponding
control sample. GLUT4 exists in two cellular compartments
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within adipocytes, the plasma membrane and low density mi-
crosomes (13). Because we did not separate these two mem-
brane fractions, our experiment does not allow determination
of which pool of transporters is affected by TCDD. However,
we previously found that the number of transporters is de-
creased in the plasma membranes of guinea pig adipocytes, as
measured by cytochalasin B binding assays (15).

To determine whether the decreases in protein were coinci-
dent with decreases in the levels of mRNA, we probed samples
of total RNA isolated from brain or adipose tissue with DNA
sequences complementary to the GLUT1 (Fig. 6A) and GLUT4
(Fig. 6B) genes, respectively. GLUT1 is found in many tissues,
including endothelial cells lining the blood-brain barrier, but is
present at only very low levels in adipose tissue (13), whereas
GLUT4 is located exclusively in insulin-responsive tissues such
as adipose tissue and not in brain (13). This tissue specificity
is demonstrated in Fig. 5C. The GLUT1 probe hybridized
strongly to a mRNA in the brain sample. We did not detect
any GLUT1 in adipose tissue, possibly because it is expressed
at very low levels; in rats, it has been estimated that <10% of
total transporter protein is GLUT1 (26). The GLUT4 probe
detected mRNA only in the adipose tissue sample. A time
course experiment after a single dose of TCDD (116 ug/kg) in
C57 mice adipose tissue showed that the decrease in GLUT4

mRNA occurred within 24 hr and persisted for at least 7 days.
The maximal difference in GLUT4 mRNA levels between
control and treated samples occurred between 24 and 72 hr, in
accordance with transport activity. In brain there was not a
correlation between mRNA levels and either transport activity
or membrane GLUT1 levels. GLUT1 mRNA showed no differ-
ence between control and treated samples at 24 hr, when the
data were normalized to S-actin levels, and then increased
slightly in TCDD-treated animals at 72 hr and 1 week, even
though transport activity was decreased at those time points.
TCDD was found to significantly decrease the mass of epi-
didymal adipose tissue; therefore, we were interested in deter-
mining whether the expression of fat-specific genes, besides
GLUT4, was affected at early time points. The data in Fig. 6D
indicate that TCDD caused a decrease in the levels of LPL
mRNA in a manner similar to that seen for GLUT4. The
message for FABP was also decreased, but this became apparent
at a much later time (7 days). This reduction of cellular mMRNA
appeared to be specific for genes involved in differentiated
adipocyte function. There was not an overall suppression of
mRNA levels or destabilization of message, as in the case of
fasted animals (27). In our study, non-fat-specific messages,
such as 8-actin, were unaffected by TCDD. Additionally, TCDD
induced the expression of the CYP1A1 gene (data not shown).
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TABLE 1

Effects of TCOD and BP congeners on glucose transport in C57
mouse adipose tissue

Adipose tissue from untreated mice was dissected and treated in culture (in situ)
with TCDD or other dioxin congeners, at the specified doses, for 3 hr. After this
incubation, tissues were rinsed, and glucose
Fig. 2. The effect of the receptor
wwmnaommmoommmm
for an additional 3 hr. The data represent a total of six replicates/sample, from two
separate experiments.

Sample Gilucose transport
of

Pac SOt o Mo o o
Control 3.57 £ 0.18 100+ 5
TCDD (0.1 nm) 3.56 + 0.20 9+5
TCDD (1 nm) 2.44 + 0.40° 68 + 11
TCDD (10 nm) 2.11 £ 0.35* 59+9
TCDD (10 nm) + 4,7-phe- 3.05 +£ 0.54 85+ 15

nanthroline (1 um)

4,7-phenanthroline (1 um) 3.16 £ 0.74 89+ 20
3,3',4,4'-BP (1 um) 2.16 + 0.36* 61+ 10
3,3',4,4'-BP (10 nm) 3.48 £ 0.95 97 + 26
2,2',5,5'-BP (1 um) 3.92 + 0.59 109 + 16
2,2',5,5'-BP (10 nm) 431 £ 0.14° 121+ 4

* Statistically different from control group, using Student's t test (p < 0.05).

Discussion

In this study we examined the effects of TCDD in C57 mice,
with respect to changes in glucose transport activity and GLUT
protein and mRNA levels. GLUTs in adipose tissue were af-
fected more severely than were those in brain but, surprisingly,
transport function in the brain remained suppressed even at
the latest time points. The levels of GLUT1 protein decreased
in concordance with transport activity in the brain. Within the
brain, GLUT1 is found almost exclusively in endothelial cells
that comprise the blood-brain barrier (28). Although glucose
flux across the blood-brain barrier is not considered to be rate-
limiting for glucose utilization in the brain, the loss of trans-
porters has been associated with several disease states, includ-
ing type I diabetes (29). It is surprising that levels of GLUT1
mRNA did not change in the same direction as the membrane
protein and activity levels in the brain. However, this type of
discordance between protein and mRNA levels has been noted
in diabetic rats (30). It is not yet known whether the neuronal
form of the GLUT (GLUTS3) is affected by TCDD.

In contrast to previous studies (8), we did not observe hypo-
phagia in any treatment group. Therefore, in our study de-
creased feeding was not the cause of the loss of GLUT4 mRNA
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Fig. 5. Comparison of the effect of TCDD on GLUT1 protein levels in
brain and GLUT4 protein levels in adipose tissue of C57 mice. A, Plasma
membranes were isolated from the brains of control (C) or TCDD-treated
(116 ug/kg, 40 hr) (T) mice. Protein samples (15 ug/iane) were electro-
phoresed, biotted onto nitrocelluose membranes, and subjected to im-
nunoblotﬁngushgapolydonalanﬁ-ewﬂmﬁsemnmnarymﬁbody
as described in Experimental Procedures. Each pair of control and
treated sampies represents a separate membrane preparation experi-
ment. Numbers to the right, molecular weight standard proteins. B,
Immunobiots of the total membrane fraction of adipose tissue isolated
from mice treated as described for A are shown. A polycional anti-GLUT4
antibody was used to detect the adipose-type GLUT. Each lane repre-
sents pooled adipose tissue from three mice. C, Densitometric analysis
of the immunobiots is shown. The mean values and ranges of three
separate experiments for adipose tissue and two experiments for brain
are shown.

in adipose tissue. Moreover, pair-fed control animals showed
expression of GLUT4 mRNA nearly equal to that of controls
fed ad libitum, whereas treated animals had virtually undetect-
able levels of the message (data not shown). The timing of the
loss of GLUT4 mRNA agrees well with the functional assay
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Fig. 6. Northem biot analysis of GLUT mRNA in control and TCDD-
treated C57 mice. A, Time course of effect of TCDD treatment on GLUT1
mRNA levels in the brain. Mice were treated with 116 xg/kg TCDD in
acetone/com oil (T) or with vehicle alone (C) and were killed at the
specified times. Twelveuiaogrm\softotalRNAmelecﬂoptmmd
and blotted onto nylon membranes as described in
duesBlotswerehybndzedto”PWcDNApmbesforGLUﬂmd
p-actin, which was used to normalize . The amount
ofradioacﬁvﬂywasmmﬁtatedbymdoﬁnaghgmm(AMBlS)m
is depicted in the histographs. The units are (GLUT1 cpm/g-actin cpm)
x 10. B, Time course of effect of TCDD treatment on GLUT4 mRNA
levels in adipose tissue isolated from the same mice as described in A.
A ®P-abeled cDNA probe for murine GLUT4 or S-actin was used. The
quantitation of biots by radioimaging in two independent experiments is
shown in the histograph. The units are (GLUT4 cpm/g-actin cpm) x 10.
C, Demonstration of the specificity of the GLUT1 and GLUT4 cDNA
probes. The blot was hybridized with the GLUT1, GLUT4,
and g-actin probes. D, Blots of adipose tissue RNA from the time course
experiment (Fig. 6B), probed sequentially with cDNAs for LPL, FABP,
and g-actin. :

data; however, our data show a difference in the quantitative
decreases in protein and mRNA levels of GLUT4. A potential
explanation may be the significantly longer half-life (>40 hr)
of the GLUT4 protein (31), compared with the half-life (6-12
hr) of the mRNA (32). Even complete blockage of transcription
may not result in a corresponding decrease in protein content
until much later. This discrepancy is consistent with prior
observations that diabetogenic agents and fasting also exert
greater effects on mRNA levels than on membrane protein
levels in rat adipose tissue (30).

Mobilization of fat from adipose tissue, leading to decreased
adipose tissue weight, has been previously observed in mice by
several other investigators (9, 21). The decreased levels of
GLUT4 and LPL mRNA are the first examples of decreased
gene expression in adipose tissue after TCDD toxicity. The
relatively quick response of these two genes further documents
that adipose tissue is a primary target of the toxic effects of
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TCDD. Transport of glucose into fat cells is critical for fatty
acid synthesis, because glycerol-3-phosphate is derived mainly
from glucose metabolism in adipose tissue. Therefore, we pos-
tulate a model to explain changes in adipose tissue function at
early time points, as follows. The earliest biochemical effects
we have observed in adipose tissue after TCDD exposure are
decreases in LPL (33) and GLUT4 activities. The suppression
of these activities may impair the ability of adipocytes to
synthesize and store triglycerides from available fatty acids in
the serum. As the level of fatty acids decreases in the adipocytes,
genes for other fat-specific proteins, such as FABP, may also
be down-regulated in response. These actions, combined with
the overall shift in metabolism from carbohydrates to fats (34,
35), may lead to significant loss of tissue mass in fat pads.

It was recently reported that hepatic phosphoenol pyruvate
carboxykinase mRNA is decreased after 4 days in rats treated
with a dose of 125 ug/kg TCDD (36). Taken together with our
results, these data suggest that there is a second class of genes
related to energy metabolism, whose expression is decreased by
TCDD poisoning and which stand in opposition to the xeno-
biotic-metabolizing “Ah battery” of genes whose expression is
induced by TCDD directly through interactions of the Ah
receptor with dioxin-responsive enhancer elements (37). How
these energy-metabolizing genes are regulated by TCDD re-
mains to be determined.

The mechanism by which TCDD reduces GLUT4 mRNA
levels in adipose tissue appears, like many other documented
effects of TCDD, to depend on the Ah receptor. Our data
showing the 8-25-fold difference in sensitivity between the C57
and DBA strains, together with the structure-activity data, are
consisent with a mechanism of action that is dependent upon
TCDD binding to the Ah receptor. The C57 and DBA mice are
different at multiple loci other than the Ah locus (22), but a
recent study (21) of the effects of TCDD on organ weights and
lipid parameters in congenic C57 mice differing only at the Ak
locus found good agreement between the results from the
congenic mice and results from earlier C57 and DBA interstrain
comparisons (9).

Although our data suggest that TCDD affects expression of
the GLUT¢ gene, we cannot conclude that this effect is directly
at the level of DNA. TCDD may indirectly affect GLUT by
changing the level or activity of an endogenous regulator of the
GLUT gene, such as insulin. This possibility is not likely in
the case of isolated cultures of adipose tissue, which retain
sensitivity to TCDD (Table 1 and Ref. 14). Moreover, in
previous studies of rats hypoinsulinemia was not seen until 7
days after treatment (12), whereas the decrease in GLUT4 was
quite apparent by 24 hr in this study. Finally, chronic hyper-
glycemia, which would be expected as a result of hypoinsulin-
emia, has not been reported in mice; rather, a decrease (9) or
no change (21) in serum glucose levels has been observed. Other
hormones and modulators of glucose transport, such as growth
factors and cytokines, may warrant further investigation.

Another potential explanation is that TCDD may also affect
the regulation of these proteins, particularly GLUT1, by post-
transcriptional modification. The GLUTs have been shown to
be phosphorylated by both cAMP-dependent and Ca®*-depend-
ent protein kinases in vitro, but direct phosphorylation has not
been correlated with changes in transporting activity (38).
Transporting activity in isolated adipoctyes has been shown to
increase in the presence of okadaic acid, a phosphatase inhibitor

(39), suggesting that phosphorylation may indirectly affect
transporter regulation through other regulatory proteins. For
example, the signal transduction pathway of insulin to the
GLUT involves phosphorylation, but specific kinases and their
substrates in this chain of events have yet to be fully elucidated.
It has been reported that phoshorylation of specific proteins in
adipose tissue is altered by TCDD (40), but whether these
phosphoproteins are involved in glucose transport or fat me-
tabolism remains to be determined.

Aside from diabetogenic agents such as streptozotocin, few
exogenous chemicals have been reported to decrease the level
of GLUT proteins or gene expression. Thus, the ability of
TCDD to impair the function and regulation of this system
may provide a biochemical probe for elucidating the mechanism
of TCDD-induced perturbations in metabolic homeostasis. Fur-
ther investigations into this mechanism may also yield clues
for understanding the development of diabetic-like symptoms
after TCDD exposure.
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