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Dioxin exposure has been positively associated with human type II diabetes. Because lipophilic diox-
ins accumulate mainly in adipose tissue, this study aimed to determine if dioxins induce metabolic
dysfunction in fat cells. Using 3T3-L1 cells as an in vitro model, we analyzed the effects of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), a model dioxin, on adipogenic differentiation, glucose uptake, and
lipolysis. TCDD inhibited adipogenic differentiation, as determined by using oil droplet formation and
adipogenic marker gene expression, including PPARy (peroxisome proliferator-activated receptor vy),
C/EBPa (CCAAT/enhancer-binding protein a), and Glut4 (glucose transporter type 4). Effects of TCDD
on glucose uptake were evaluated using fully differentiated 3T3-L1 adipocytes, revealing that TCDD sig-
nificantly attenuated insulin-induced glucose uptake dose dependently. Inhibition of aryl hydrocarbon
receptor (AhR) by a-naphthoflavone (a-NF), an AhR inhibitor, did not prevent the inhibitory effect of
TCDD on glucose uptake, suggesting that TCDD attenuates insulin-induced glucose uptake in an AhR-
independent manner. Effects of TCDD on lipolysis were determined using glycerol release assay. We found
that TCDD had no marked effect on isoproterenol-induced glycerol release in fully differentiated 3T3-L1
adipocytes. These results provide in vitro evidence of TCDD’s effects on fat cell metabolism, suggesting
dioxin exposure in development of insulin resistance and type Il diabetes.
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1. Introduction

Dioxins are ubiquitous and highly toxic compounds that are
byproducts of several chemical processes, such as incineration,
combustion, and industrial manufacturing. The presence of dioxins
in environment occurs mainly as a result of anthropogenic sources
[1]. Dioxins are lipophilic, have a half-life between 7 and 9 years,
and tend to accumulate in human bodies along the food chain [2,3].
Because of the unique nature of dioxins, it is important to under-
stand their possible impact on human health.

It has been reported that dioxin exposure results in develop-
mental toxicity, immune effects, endometriosis, cancer, diabetes,
and cardiovascular disease in humans [4,5]. The symptom of a
loss of adipose tissue and body mass, along with elevated serum
lipid profiles, is known as wasting syndrome. A similar change
in lipid profiles has also been found in dioxin-exposed humans
[6,7]. Among dioxins, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
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is the most toxic congener. Studies in laboratory animals - includ-
ing guinea pigs [8,9], mice, rats [10,11], and monkeys [12] -
indicated that TCDD exposure interfered with nutritional home-
ostasis by reducing adipose tissue mass, resulting in altered serum
lipid profiles such as hyperlipidemia and hypertriglyceridemia
[11,12]. TCDD is belongs in the category of persistent organic pol-
lutants, which are lipophilic and easily trapped in adipose tissue.
Adipocytes play a critical role in regulation of food intake, energy
balance, and metabolic homeostasis via production of a number of
endocrine hormones, i.e., adipokines. Animal studies have shown
that mice subjected to a single high dose of TCDD resulted in inhi-
bition of adipocyte differentiation [13,14]. Failure of adipocytes to
adequately sequester excess lipids, resulting in their redistribu-
tion to other organs and tissues, appears to be a key event in the
development of obesity-related metabolic dysfunction.

The present study aims to investigate the effects of TCDD on
differentiation and fat/glucose metabolism of fat cells using a well-
established in vitro adipocyte model: mouse 3T3-L1 cells. In this
study, we have provided in vitro evidence indicating a possible
linkage of TCDD exposure with the inhibition of insulin-induced
glucose uptake in matured 3T3-L1 adipocytes.
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2. Materials and methods
2.1. Chemicals and cells

TCDD (48599) was purchased from Supelco (Bellefonte, PA,
USA). pL-Isoproterenol hydrochloride (I5627), a-naphthoflavone
(a-NF) (N5757), insulin (16634), 3-isobutyl-1-methylxanthine
(IBMX, 15879), dexamethason (D4902), and Oil Red O (00625) were
purchased from Sigma (St. Louis, MO, USA). 3-(4,5-Dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (475989)
was purchased from Calbiochem (La Jolla, CA, USA). Glycerol assay
kits were purchased from Randox (Randox Lab., Co., Antrim, UK).
2-[1-14C]-Deoxy-D-glucose ([14C]2-DOG) (NEC495A050UC) was
purchased from PerkinElmer Life Sciences (Boston, MA, USA).
Mouse 3T3-L1 cells were purchased from the Bioresources Col-
lection and Research Center of the Food Industry Research and
Development Institute (Hsinchu, Taiwan) and were routinely main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% bovine serum in a humidified atmosphere containing 5% CO,
at 37°C. 3T3-L1 cells were established through clonal isolation
from 3T3 cells (Swiss albino), originated from disaggregated mouse
embryos. The cells undergo a pre-adipose to adipose like conver-
sion as they progress from a rapidly dividing to a confluent and
contact inhibited state. The cells are sensitive to lipogenic hor-

Fig. 1. Protocols for cell treatments in this study. The standard procedure of adi-
pogenic differentiation is shown in P1. 3T3-L1 cells were cultured to confluence
(CF). Two days postconfluence (IDO) the cells were incubated in adipogenesis-
inducing medium (AIM) (DMEM containing 1 M dexamethason (Dex), 0.5 mM
IBMX, 1.5 uM insulin (Ins), and 10% FBS) for 3 days (ID3), then in adipogenesis-
maintaining medium (AMM) (DMEM containing 1.5 wM insulin and 10% FBS) for 2
days (ID5), followed by DMEM with 10% FBS for another 6 days (ID11). The medium
was changed every 2-3 days as indicated. To define the effects of TCDD on adi-
pogenic differentiation (P2), the cells were treated with TCDD from ID-1 to ID11.
Two TCDD treatments (P3 and P4) were used for analysis of glucose uptake and
glycerol release. For P3 protocol, the cells were subjected to the standard procedure
of adipogenic differentiation. At ID8, the cells were treated with TCDD for 3 days. At
ID11, the treated cells were used for analysis of glucose uptake or glycerol release.
For P4 protocol, 3T3-L1 cells were subjected to the standard procedure of adipogenic
differentiation. AtID11, the cells were used for analysis of glucose uptake or glycerol
release in the presence of TCDD. Iso, isoproterenol.

Table 1
PCR primers used in this study.

Gene Forward primers (5’ — 3) Reverse primers (5" — 3')
PPARYy TTTTCAAGGGTGCCAGTTTC AATCCTTGGCCCTCTGAGAT
C/EBPa TTACAACAGGCCAGGTTTCC CTCTGGGATGGATCGATTGT
Glut4 GATTCTGCTGCCCTTCTGTC ATTGGACGCTCTCTCTCCAA
B-Actin ACACCCCAGCCATGTACG TGGTGGTGAAGCTGTAGCC

mones (e.g., epinephrine and insulin) and lipolytic hormones (e.g.,
isoproterenol) [15].

2.2. Cytotoxicity assay

To determine the cytotoxic effects of TCDD, undifferentiated
3T3-L1 cells were seeded on 96-well plates at a density of 1 x 10%
cells/well and then were incubated overnight. The cells were
treated with various concentrations of TCDD (0.1, 1, 10, and 30 nM)
for 24 h. After treatments, relative survival rates were determined
using the MTT cytotoxicity assay as previously described in detail
[16].

2.3. Induction of adipogenesis

The procedure for induction of adipogenesis of 3T3-L1 cells was
performed as previously described in detail [17] with minor mod-
ifications. As shown in Fig. 1 (P1), 2 days postconfluence (IDO),
the cells were incubated in adipogenesis-inducing medium (AIM)
(DMEM containing 1M dexamethason, 0.5mM IBMX, 1.5 M
insulin, and 10% FBS) for 3 days (ID3), then in adipogenesis-
maintaining medium (AMM) (DMEM containing 1.5 wM insulin
and 10% FBS) for 2 days (ID5), followed by DMEM with 10% FBS
for another 6 days (ID11). The medium was changed every 2-3
days. At ID11, more than 95% of cells were fully differentiated into
adipocytes.

2.4. Analysis of oil droplet formation during adipogenesis using
Oil Red O staining

Oil Red O solution was prepared by dissolving 0.36% of Oil Red
O in 60% isopropanol and then filtered with a 0.45-pm filter (Mil-
lipore, Molsheim, France). After treatments, cells on 6-well plates
were washed with phosphate-buffered saline (PBS) twice and then
were stained using the Oil Red O solution for 15 min at room tem-
perature. Dye was extracted from cells on culture dishes with 3 ml
of dye extraction solution (4% NP-40 in 60% isopropanol) and was
quantified on a spectrophotometer with absorbance at 520 nm.

2.5. Quantification of adipogenic marker gene expression using
qPCR

3T3-L1 cells were pretreated with TCDD (30nM) for 24 h and
then were subjected to the standard procedure of adipogenesis
induction in the presence of TCDD, as shown in Fig. 1 (P2). At IDO,
ID3, ID5, and ID10, total RNA samples were isolated from 3T3-L1
cells using the High Pure RNA Isolation Kits (Roche Diagnostics
GmbH, Mannheim, Germany). DNA-free total RNA (1.0 pg) was
reverse transcribed using MMLV reverse transcriptase (200 units)
(Promega, Madison, WI, USA), RNasin (20 units) (Promega), and
oligo(dT)g (1 g) in a final volume of 20 pl. The sequences of
mouse-specific primer sets for qPCR quantification of three adi-
pogenic marker genes and the (3-actin gene are listed in Table 1.
Quantitative measurement of cDNA using the LightCycler-FastStart
DNA Master SYBR Green I system (Roche Diagnostics GmbH)
was performed with a LightCycler instrument (Roche Diagnostics
GmbH) according to the manufacturer’s instructions. To confirm
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the amplification specificity, the PCR products were subjected to
melting curve analysis. Gene expressions were relatively quantified
by the calibration against standard curves generated with a serial
dilution of the first-strand cDNA mix. For quantification, data were
analyzed with LightCycler analysis software according to the man-
ufacturer’s instructions. All qPCR assays were performed at least
in triplicate. The adipogenic marker genes were normalized with
[B-actin.

2.6. TCDD treatments

Two different TCDD treatments (P3 and P4, shown in Fig. 1) were
used for analysis of glucose uptake assay and glycerol release assay.
Following the P3 protocol, 3T3-L1 cells were subjected to the stan-
dard procedure of adipogenesis induction. At ID8, the cells were
treated with TCDD (0.1, 1,and 10 nM) for 3 days. AtID11, the treated
cells were used for analysis of glucose uptake assay or glycerol
release assay. Following the P4 protocol, 3T3-L1 cells were sub-
jected to the standard procedure of adipogenesis induction. AtID11,
the differentiated cells were used for analysis of glucose uptake
assay or glycerol release assay in the presence of TCDD (0.1, 1, and
10nM).

2.7. Glucose uptake assay

Glucose uptake assay was determined as previously described
[18,19] with modifications. After treatments, cells were washed
twice with 37°C Krebs-Ringer phosphate (KRP) buffer (pH 7.4)
(128 mM NaCl, 4.7 mM KCl, 1.65mM CaCl,, 2.5mM MgSOy,, and
5mM NayHPOQy). Cells were either left untreated or treated with
insulin (100 nM) for 10 min in KRP buffer. Without changing the
buffer, glucose uptake was started by addition of 2-[1-14C]-deoxy-
p-glucose ([14C]2-DOG) (0.1 p.Cijwell) for an additional 10 min at
37°C. Cells were gently washed three times with ice-cold DPBS
and lysed in an 800 pl solution containing 0.5M NaOH and 0.1%
SDS. Sample were assayed for ['4C]2-DOG uptake using a Topcount
NXT Scintillation Counter (Packard Instrument Company, Meriden,
CT, USA). The level of glucose uptake induced by insulin (100 nM)
was set as 100%.

2.8. Glycerol release assay

Lipolysis in differentiated 3T3-L1 adipocytes was analyzed using
glycerol release assay as previously described in detail [20], with
minor modifications. After treatments, glycerol released in culture
medium was measured by a colorimetric method using glycerol
assay kits (Randox Laboratories Ltd., Antrim, UK) following the
manufacturer’s instructions.

2.9. Statistical analysis

All qualitative data are representative of at least three indepen-
dent experiments. Quantitative data are presented as means + SD.
The statistical significance was determined by one-way analysis of
variance (ANOVA) followed by the Scheff post hoc test using the Sta-
tistical Package for the Social Science 13.0 software (SPSS, Chicago,
IL, USA). A value of p <0.05 was considered statistically significant.

3. Results
3.1. TCDD causes no marked cytotoxic effect on 3T3-L1 cells

To determine the cytotoxic effect of TCDD, undifferentiated
3T3-L1 preadipocytes were left untreated or treated with differ-

ent concentrations of TCDD (0.1, 1, 10, or 30 nM) for 24 h. After
treatments, cell viability was measured using MTT assay. As shown

Fig. 2. TCDD had no marked cytotoxic effects on 3T3-L1 cells. Undifferentiated 3T3-
L1 cells were treated with different concentrations of TCDD (0.1, 1, 10, and 30 nM) for
24 h. After treatments, cytotoxicity was analyzed using MTT assay. Cell viability was
normalized with that of untreated control (C, DMSO solvent control) and is shown
as percentages of relative cell viability. Data are presented as means +SD (n=3).

in Fig. 2, treatments with TCDD <30nM caused no marked cyto-
toxicity to the undifferentiated 3T3-L1 preadipocytes, indicating
that undifferentiated adipocytes were relatively resistant to TCDD
treatments.

3.2. TCDD inhibits the adipogenic differentiation

To examine the effect of TCDD on adipogenic differentiation,
3T3-L1 cells were induced to adipogenesis in the presence of differ-
ent concentration of TCDD (0.1, 1, 10, or 30 nM) according to the P2
protocol shown in Fig. 1. At ID11, the levels of oil droplet formation
in 3T3-L1 adipocytes were evaluated using the Oil Red O staining.
As shown in Fig. 3, treatments with 0.1, 1, 10, and 30nM TCDD
resulted in decreases in oil droplet formation by 18% (p<0.001),
14% (p<0.001), 20% (p<0.001), and 22% (p<0.001), respectively.

Fig. 3. TCDD inhibits adipogenic differentiation. To define the effects of TCDD on
adipogenic differentiation, 3T3-L1 cells were left untreated (C, DMSO solvent con-
trol) or treated with TCDD (0.1, 1, 10, and 30 nM) from ID-1 to ID11 following the P2
protocol shown in Fig. 1. After treatments, (A) images of Oil Red O-stained adipocytes
on plates were taken. (B) Levels of adipogenesis were determined by quantification
of Oil Red O staining. Data are presented as means+SD (n=3). ""p<0.001 versus
the untreated control (C).
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Fig.4. Adipogenic marker gene expression was determined using qPCR. 3T3-L1 cells
were left untreated (DMSO, solvent control) or treated with TCDD (30 nM) following
the P2 protocol shown in Fig. 1. At IDO, ID3, ID5, and ID10, total RNA samples were
isolated from 3T3-L1 At day 0, 3, 5 and 10 post-induction, total RNA samples were
collected and expression of adipogenic marker genes PPARYy, C/EBPa, and Glut4, was
quantified using qPCR. The adipogenic marker genes were normalized with (3-actin.
Data are presented as means +SD (n=3).

Using microscopy, we found that the decreased levels of Oil Red
O staining by the TCDD treatments were due to the reduced per-
centage of fully differentiated adipocytes. Meanwhile, 30 nM TCDD
caused no marked cytotoxic effect on the cells.

Moreover, we examined the effects of TCDD on expression
of three adipogenic marker genes - i.e., PPARy (peroxisome
proliferator-activated receptor <), C/EBPa (CCAAT/enhancer-
binding protein a), and Glut4 (glucose transporter type 4) — in
3T3-L1 cells during adipogenic differentiation using qPCR. The cells
were induced to adipogenesis in the presence of 30 nM TCDD and
then mRNA samples were collected at IDO (right before the hor-
monal induction), ID3 (after the hormonal induction for 3 days), ID5

(after the insulin treatment for 2 days), and ID10 (one day before
full adipogenic differentiation) (P2 protocol, Fig. 1). As shown
in Fig. 4, data from untreated controls (DMSO solvent controls)
revealed the time-course changes of those three marker genes dur-
ing adipogenic differentiation of 3T3-L1 cells. At the ID3, the TCDD
treatment caused inhibition of gene expression of PPARY, C/EBPa,
and Glut4 by 44%,43%, and 63%, respectively. AtID5, the TCDD treat-
ment caused inhibition of gene expression of PPARy and Glut4 by
15% and 40%, respectively. At the ID10, the TCDD treatment caused
no marked effect on expression of those three marker genes. These
results indicate that TCDD inhibits those adipogenic marker gene
expressions at the early stage in adipogenic differentiation of 3T3-
L1 cells.

3.3. TCDD attenuates the insulin-induced glucose uptake in an
AhR-independent manner

Insulin-induced glucose uptake by adipose tissue plays a crit-
ical role in the maintenance of whole-body glucose homeostasis.
The involvement of TCDD in interfering with glucose uptake
by adipocytes may lead to insulin resistance and disruption of
glucose homeostasis. Using isotope-labeled glucose, [14C]2-DOG,
the effects of TCDD on glucose uptake by differentiated 3T3-L1
adipocytes were determined. First, the system was validated by
an approximately 4-5-fold increase in glucose uptake induced by
100 nM of insulin (Fig. 5). Two different treatment protocols (P3 and
P4, Fig. 1) were used in this study. In P3 protocol, the cells were pre-
treated with TCDD (0.1, 1, or 10 nM) for 3 days (form ID8 to ID11),
which was followed by glucose uptake assay induced by insulin
(100 nM) in the absence of TCDD. Our results showed that the TCDD
treatments caused no marked effect on the insulin-induced glucose
uptake (Fig. 5A). In P4 protocol, without pre-treated with TCDD, the
cells were treated with insulin (100 nM) in the presence of TCDD at
ID11. Our results showed that treatments with 0.1, 1, and 10 nM
TCDD inhibited the insulin-induced glucose uptake by 12%, 31%
(p<0.05), and 44% (p <0.001), respectively (Fig. 5B). These results
indicate that direct TCDD treatments attenuate the insulin-induced
glucose uptake by adipocytes, suggesting a potential diabetogenic
role of TCDD.

TCDD causes multiple systemic and cellular effects mainly via
activation of AhR [21]. An AhR inhibitor «-NF was used to deter-
mine if TCDD attenuated the insulin-induced glucose uptake via
activation of AhR. As shown in Fig. 5C, treatment with a-NF <10 nM
was not able to recover the inhibitory effect of TCDD on insulin-
induced glucose uptake. Meanwhile, it was noted that cytotoxicity
induced by 10 wM «-NF resulted in a further inhibition of insulin-
induced glucose uptake by 71% (p <0.01). Our results indicate that
TCDD attenuates the insulin-induced glucose uptake in an AhR-
independent manner.

3.4. TCDD causes no marked effect on the isoproterenol-induced
glycerol release

Adenylyl cyclase/cAMP-dependent pathway is one of the major
mechanisms by which lipolysis is activated in adipocytes [22]. Acti-
vation of 3-adrenoceptors by catecholamines leads to an increased
intracellular cAMP production by adenylyl cyclase, which is fol-
lowed by the activation of protein kinase A and hormone-sensitive
lipase, the major enzyme involved in lipolysis [23]. To determine
the effect of TCDD on lipolysis, we conducted a quantitative in
vitro measurement of glycerol released from differentiated 3T3-L1
adipocytes into culture medium using the glycerol release assay.
First, the system was validated by an approximately 2-fold increase
inglycerol release induced by 1 wM of isoproterenol, a 3-adrenergic
agonist (Fig. 6). Again, two different treatment protocols (P3 and
P4, Fig. 1) were used in this study. Our results show that nei-
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Fig. 5. TCDD inhibits the insulin-induced glucose uptake in an AhR-independent
manner. Two TCDD treatments (P3 and P4) were used for analysis of glucose uptake
by 3T3-L1 cells. (A) For P3 protocol, the cells were subjected to the standard pro-
cedure of adipogenic differentiation. At ID8, the cells were left untreated (C, DMSO
solvent control) or treated with TCDD (0.1, 1, and 10nM) for 3 days. At ID11, the
treated cells were used for analysis of glucose uptake. (B) For P4 protocol, the cells
were subjected to the standard procedure of adipogenic differentiation. At ID11, the
cells were used for analysis of glucose uptake in the presence of TCDD (0.1, 1, and
10nM). The level of glucose uptake induced by insulin (100 nM) was set as 100%.
Data are presented as means + SD (n=7). "p<0.05 and ""p <0.001 versus treatments
with insulin alone. (C) The cells were treated following the P4 protocol, except that
before subjected to the TCDD (10 nM) and insulin (100 nM) treatment the cells were
pretreated with a-NF (0.1, 1,10 wM) for 4 h. Data are presented as means + SD (n = 3).
"p<0.05 and "p<0.01 versus treatments with insulin alone.

ther pretreatments (P3) nor co-treatments (P4) with TCDD cause
any significant effect on the isoproterenol-induced glycerol release
from fully differentiated 3T3-L1 adipocytes (Fig. 6).

4. Discussion

In this study we evaluated the molecular mechanism underly-
ing the TCDD-induced metabolism dysfunction in fat cells using a
well-established in vitro model, mouse 3T3-L1 cells. The adipogenic
program in preadipocytes cell lines consists of several sequential

Fig. 6. TCDD causes no marked effect on the isoproterenol-induced glycerol release.
Two TCDD treatments (P3 and P4) were used for analysis of glycerol release from
3T3-L1 cells. (A) For P3 protocol, the cells were subjected to the standard procedure
of adipogenic differentiation. At ID8, the cells were left untreated (C, DMSO solvent
control) or treated with TCDD (0.1, 1, and 10 nM) for 3 days. AtID11, the treated cells
were used for analysis of glycerol release. (B) For P4 protocol, the cells were subjected
to the standard procedure of adipogenic differentiation. At ID11, the cells were used
for analysis of glycerol release in the presence of TCDD (0.1, 1, and 10 nM). The
level of glycerol release induced by isoproterenol (1 wM) was set as 100%. Data are
presented as means+SD (n=7). “'p<0.001 versus treatments with isoproterenol
alone.

steps, i.e., determination of a preadipocyte fate, growth arrest at
confluence, clonal expansion, growth arrest, and terminal differen-
tiation [24]. The transcriptional control of adipogenesis involves
the activation of several families of transcription factors, which
are temporally expressed in different steps during adipogenesis
[24]. Previous studies in 3T3-L1 cells [25] and C3H/10T1/2 cells [26]
indicated that TCDD treatments prior to hormonal induction of adi-
pogenesis were critical for the effective inhibition of adipogenesis.
Therefore, it would be critical to select the timing of TCDD treat-
ments regarding the temporal expression of those genes potentially
targeted by TCDD. Protocols for cell treatments in this study are
shown in Fig. 1. To define the effects of TCDD on adipogenic dif-
ferentiation, we treated the cells with non-toxic concentrations of
TCDD (0.1, 1, 10, and 30nM) (Fig. 2) 1 day before the induction of
differentiation (ID-1) through day 11 of differentiation (ID11). Our
mRNA samples for qPCR analysis of time-course changes in gene
expression were collected from cells in four critical steps in adi-
pogenic differentiation: IDO (right before the hormonal induction),
ID3 (after the hormonal induction for 3 days), ID5 (after the insulin
treatment for 2 days), and ID10 (one day before full adipogenic
differentiation).

Our results clearly demonstrated that the TCDD treatments
significantly attenuated adipogenic differentiation of 3T3-L1 cells
using oil droplet formation (Fig. 3). Moreover, results from qPCR
revealed that the TCDD treatment caused marked decreases in
gene expression of PPARYy, C/EBPa, and Glut4 after the hormonal
induction for 3 days (ID3) and that this inhibition was getting
weaker (for PPARYy) or not observed (for C/EBPa) when the hor-
monal induction was replaced with the insulin treatment (ID5)
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(Fig. 4). It is well known that TCDD-induced cellular responses are
mainly mediated through activation of AhR [21]. Upon full adi-
pogenic differentiation, transcription levels of AhR in 3T3-L1 cells
are reduced markedly [27,28]. Effects of TCDD on inhibition of
adipogenic differentiation involve decreased expression of PPARYy,
a key player in adipogenesis [26], and have been demonstrated
to be AhR-dependent [14,25]. Previous studies have shown that
PPARy and C/EBPa cross-regulate each other to maintain their gene
expression and also regulate expression of other adipogenic marker
genes - including aP2, Glut4, and LPL - during adipogenic differ-
entiation [29,30]. On the basis of these findings, we hypothesize
that TCDD inhibits expression of PPARy and/or C/EBPa as well as
their downstream adipogenic differentiation via AhR. Meanwhile,
decreasing expression of AhR during adipogenic differentiation
makes the cells insensitive to TCDD treatments. It was also noted
that, in the presence of insulin (ID3 and ID5), the TCDD treatment
caused a marked decrease in Glut4 expression and this inhibi-
tion was not detected when insulin was removed from the culture
medium (ID10) (Fig. 4C), suggesting the possible involvement of
TCDD in interfering with insulin-mediated signals. Because of the
critical role of Glut4 in regulation of the insulin-induced signals in
adipocytes, TCDD-perturbed adipogenic differentiation during sen-
sitive periods, such as fetal or early childhood development, may
contribute to the later development of hyperglycemia or glucose
intolerance.

Indeed, association of TCDD exposure and increased incidences
of type II diabetes [31-36] and insulin resistance [37] has been
demonstrated in epidemiological studies. Animal studies also have
revealed that TCDD exposure inhibits insulin-induced glucose
uptake [38] as well as impairs the second phase of glucose-
stimulated secretion of insulin from islets [39] in mice via the
AhR-dependent signals. Previous in vitro studies showed that
TCDD significantly reduced the basal [40] as well as the insulin-
induced glucose uptake [41] by differentiated 3T3-L1 adipocytes.
Furthermore, in the present study, we demonstrated that TCDD,
as in combined treatments with insulin, significantly inhibits
the insulin-induced glucose uptake by fully differentiated 3T3-L1
adipocytes in a dose-dependent manner (Fig. 5B). However, this
inhibitory effect was not observed in those TCDD-pretreated cells
(Fig. 5A). In general, these studies support the idea that insulin
resistance and glucose intolerance resulted from the TCDD-induced
adipocyte dysfunction may play a critical role in the develop-
ment of type Il diabetes. Because transcription levels of AhR in
3T3-L1 cells are reduced markedly upon full adipogenic differen-
tiation [27,28], it is of importance to determine if AhR plays any
role in the TCDD-induced inhibition of glucose uptake shown in
Fig. 5B. By using an AhR inhibitor a-NF, we found that TCDD inhib-
ited the insulin-induced glucose uptake by 3T3-L1 adipocytes in
an AhR-independent pathway (Fig. 5C). Because TCDD is readily
accumulated in adipose tissue, these studies provide a possi-
ble physiological mechanism for epidemiological studies that link
dioxin to type Il diabetes.

Studies in humans [6,7] and various animals [8,9,11,12] have
revealed the association between TCDD exposure and the lipid
irregularity. Lipolysis is a key factor in the adverse metabolic con-
sequences observed in subjects with higher levels of visceral fat
accumulation [42]. However, it was difficult to demonstrate the
TCDD-induced lipolysis in vitro using mature 3T3-L1 adipocytes,
possibly due to their limited AhR expression. An optimum cell
culture condition using 3T3-L1 adipocytes for studying the action
of TCDD on lipolysis has recently been proposed, in which the
optimum condition was found to require 7-day differentiated
adipocytes being subjected to DMEM medium containing TCDD
(but without insulin) for 5 days incubation with two medium
changes on incubation days 2 and 4 [41]. The study showed that
incubation of the cells with TCDD (10 nM) for 5 days resulted in sig-

nificant signs of lipolytic changes, i.e., decreases of several marker
genes, including PPARYy, C/EBPa, LPL, Glut4, and IRS-1 [41]. In the
present study, we determined to further ask, in addition to the
“lipolysis-like phenomenon”, if “real lipolysis” could be detected
in the adipocytes subjected to TCDD treatments. Using glycerol
release assay for measuring cellular breakdown of triacylglyc-
eride, our results indicated that TCDD causes no marked effect on
the isoproterenol-induced glycerol release in differentiated 3T3-L1
adipocytes (Fig. 6). However, it was noted that TCDD treatments
during adipogenic differentiation induced an increased production
of TNFa [43] as well as a decreased expression of LPL [41,43]. Our
experiment protocols could not exclude the possibility that, as com-
bined with those autocrine inflammatory cytokines such as TNFq,
TCDD may promote lipolysis in adipocytes.

5. Conclusions

Using 3T3-L1 cells, we have demonstrated that TCDD (1) inhibits
adipogenic differentiation, (2) attenuates the insulin-induced glu-
cose uptake in an AhR-independent manner, and (3) causes no
marked effect on the isoproterenol-induced lipolysis. These results
provide in vitro evidence for the TCDD effects on fat cell metabolism,
suggesting the possible involvement of dioxin exposure in the
development of insulin resistance or type Il diabetes. Because 3T3-
L1 cells, originally established from mouse embryos, are not used
to address the differences between fat cells from different tissues
or organs, further studies are needed to determine whether the
insulin resistance and type Il diabetes associated with TCDD reflects
ageneral effect on adipocytes or a specific effect on visceral fat cells.
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