Available online at www.sciencedirect.com

science (@hormeer

Biochemical Pharmacology 67 (2004) 1667-1675

www.elsevier.com/locate/biochempharm

Inhibition of 3T3-L1 adipocyte differentiation by 6-ethoxyzolamide:
repressed peroxisome proliferator-activated receptor Y mRNA and
enhanced CCAAT/enhancer binding protein B mRNA levels

Takenori Takahata, Takayuki Kumano, Keizou Ookawa, Makoto Hayakari,
Tkuko Kakizaki, Shigeki Tsuchida”

Second Department of Biochemistry, Hirosaki University School of Medicine, 5 Zaifu-cho, Hirosaki 036-8562, Japan
Received 6 September 2003; accepted 23 December 2003

Abstract

The effects of 6-ethoxyzolamide (ETZ), a carbonic anhydrase (CA) inhibitor, on differentiation of the mouse preadipocyte cell line
3T3-L1 were examined by quantitative image analysis of intracellular fat storage. For adipocyte differentiation, postconfluent cells were
treated with a ligand of the peroxisome proliferator-activated receptor y (PPARY), troglitazone (TRG), and dexamethasone for 2 days.
Differentiated cells showed weak fat staining at day 4 which increased thereafter, correlating with CAIII expression. ETZ treatment for 10
days at a 200 uM concentration reduced both the percentage of differentiated adipocytes storing fat and the amount of fat stored in
individual cells. These findings were also supported by the results of fluorescence activated cell sorting analysis. Despite their light fat
staining, however, CAIII was not expressed in ETZ-treated cells. Furthermore, ETZ delayed the clonal expansion of cells, an early event
preceding differentiation. Northern blot analysis revealed a high CCAAT/enhancer binding protein (C/EBP) B mRNA level and low
PPARY mRNA in ETZ-treated cells. Thus, increased C/EBP mRNA did not lead to enhanced PPARYy expression in this case. Another CA
inhibitor acetazolamide did not inhibit adipocyte differentiation, although the drug exhibited a similar inhibition pattern for CA activity as
ETZ. These results suggested that inhibitory effects of ETZ on adipocyte differentiation were not due to inhibition of CA activity but

rather due to altered levels of the transcription factors.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Adipocytes play central roles in the synthesis, storage,
and hydrolysis of nutritional energy in the form of triacyl-
glycerols. Abnormal regulation of adipocyte differentiation
and lipogenesis is linked to pathological conditions such as
obesity and diabetes mellitus [1]. Adipocytes are generally
considered to be derived from undetermined mesenchymal
cells [2] and cell culture systems employing preadipose cell
lines such as 3T3-L1 have been extensively used to study
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adipocyte differentiation [3]. Many hormones and growth
factors have been shown to modulate differentiation pro-
cesses in either a positive or negative manner, resulting in
dramatic changes in cell morphology and gene expression
[4]: insulin, glucocorticoids, and growth hormone exert
promotion effects [5,6]. PPARYy, a member of the nuclear
hormone receptor family, has been demonstrated to be one of
key transcription factors to induce adipocyte differentiation
[7,8]. It has also been demonstrated that 15-deoxy-A12’l4-
prostaglandin J, and synthetic antidiabetic compounds,
thiazolidinediones, are direct ligands of the receptor which
induce adipogenesis [8—10]. The expression of PPARy is
known to be stimulated by C/EBPf [7-10].

The CA (EC 4.2.1.1) family comprises at least nine
isoforms [11,12] that catalyze the interconversion of bicar-
bonate (HCO; ") and H" with CO, and H,O. Four of the
isoforms are cytosolic (CAI, CAII, CAIIl and CAVII) and
one is mitochondrial (CAV). Among them, CAIIl has a
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number of unique properties: its CO, hydration action is
only 1% of that of CAII [11], but it exhibits phosphatase
activity [13], and is relatively insensitive to inhibition by
sulfonamide inhibitors, like ACZ and ETZ [14]. CAII,
CAIII and CAV are expressed in adipose tissues and also
in 3T3 adipocytes in a differentiation-dependent fashion
[15,16]. CAIII constitutes about 10% of the total protein in
fat cells and has been considered as a marker for differ-
entiated adipocytes [15]. Analysis employing inhibitors has
suggested that CA may be involved in lipogenesis by
providing bicarbonate, a substrate for lipogenic pyruvate
carboxylase and acetyl-CoA carboxylase [16,17]. However,
such involvement is not supported by the finding that CAIII
and lipogenic enzymes are not coordinately regulated in
obesity [18]. Thus, the functional relationship between CA
and adipocyte differentiation remains to be clarified.

In the present study, to examine the effects of ETZ on
adipocyte differentiation, intracellular fat storage was
quantitatively evaluated. ETZ treatment reduced both
the percentage of differentiated adipocytes storing fat
and the amount of fat stored in individual cells, as well
as delaying their clonal expansion. This treatment also
resulted in decreased PPARYy and increased C/EBPJ
mRNA levels. Another CA inhibitor ACZ, however, did
not inhibit adipocyte differentiation. Inhibitory effects of
ETZ on adipocyte differentiation were not entirely due to
inhibition of CA activity but rather due to altered levels of
the transcription factors.

2. Materials and methods
2.1. Materials

Nitrocellulose membranes were purchased from Schlei-
cher and Schuell Inc. for Western blotting and from Micron
Separation Inc. for Northern blotting; goat anti-rabbit IgG-
horseradish peroxidase conjugate was from Bio-Rad Labora-
tories. Mouse preadipocyte cell line, 3T3-L1 (passage 7),
was provided by the Japanese Collection of Research Bior-
esources. Fetal bovine serum was from JRH Biosciences;
calf serum from HyClone; DMEM from Nissui Pharmaceu-
tical Co., Ltd.; penicillin—streptomycin and trypsin from
Gibco-BRL; ETZ, ACZ, DEX and TPCK-treated trypsin
from Sigma; L-glutamine from ICN Biomedicals Inc. TRG
was kindly provided by Sankyo Co., Ltd. All other chemicals
were of the highest grades commercially available.

2.2. Cell culture and differentiation induction

3T3-L1 cells were cultured to confluence in DMEM
with 10% calf serum and penicillin—streptomycin
(100 units/ml each) under humidified air containing 5%
CO, at 37 °C. For adipocyte differentiation, postconfluent
cells were placed in DMEM, containing 10% fetal bovine
serum, 10 pM of TRG, 1 pM of DEX and 10 pg/ml of

insulin (TRG group) [19]. TRG had been dissolved in
dimethylsulfoxide at 1000-fold the final concentration and
DEX in ethanol. After 48 h, the medium was removed and
10% fetal bovine serum-DMEM, containing 10 pg/ml of
insulin, was added. Cells were further maintained for 8
days, with medium changed every 3 days. To examine the
effects of ETZ or ACZ on adipocyte differentiation, respec-
tive drug dissolved in dimethylsulfoxide was added to the
culture medium at a final concentration of 200 uM on day 0
and this treatment was continued throughout the experi-
mental period (TRG + ETZ or TRG 4 ACZ groups). In
some experiments, cells were treated with ETZ for the first
2 days or from day 3 to day 5 after induction of differ-
entiation by TRG and DEX. As a control group, TRG and
DEX were omitted from the medium but insulin was
added. In the ETZ alone or ACZ alone groups, cells
without differentiation induction were treated with
200 uM ETZ or ACZ for 10 days.

2.3. Fat staining and image analysis of 3T3-L1 cells

3T3-L1 cells cultured in 12-well plates were stained for
fat with Oil red O by the method of Green and Kehinde
[20]. The intensity of fat staining was measured with the
aid of a film scanner (Polascan 35 ultra, Polaroid) inter-
faced with a computer using the NIH Image software 1.61.
Red color was converted to a gray scale and average gray
values for a unit area (40 pm x 40 um, a pixel) were scored
in the range of 0 (white) to 255 (black). In each case a total
of 150,000 pixels were used for quantitative analysis.

2.4. FACS analysis and cell count

For measurement of fat storage in individual cells by
FACS, cultured cells were trypsinized and stained with Nile
Red according to the method of Smyth and Wharton [21].
Aliquots of 10,000 stained cells suspended in phosphate
buffered saline (consisting of 8 mM disodium phosphate,
2 mM monopotassium phosphate, 3 mM KCIl, and 0.14 M
NaCl, pH 7.4) were analyzed by flow cytometry (FACScan,
Becton-Dickinson). Staining intensity was evaluated in the
range of 1-1000. For measurement of DNA content, cells
fixed with 70% ethanol were stained with propidium iodide
and applied to a flow cytometer [22].

For cell count, cells in 12-well plates were trypsinized
and suspended with 1 ml of phosphate buffered saline as
described above, containing 5 mM EDTA, 2% bovine
serum albumin and 25 mM glucose, and counted with
improved Neubauer hematocytometer by triplicate assay.

2.5. Northern blot analysis

Total RNA was extracted from 3T3-L1 cells using an
RNeasy mini kit (Qiagen), and samples (12 pg) were
electrophoresed through denaturing formaldehyde—agar-
ose gels. Equal loading was checked by observing the



T. Takahata et al./Biochemical Pharmacology 67 (2004) 1667—1675 1669

amounts of 18S and 28S ribosomal RNA stained with
ethidium bromide. Then RNAs were transferred to nitro-
cellulose membranes and hybridized with specific cDNA
probes labeled with [*?P]-dCTP [22]. Results of autora-
diography were quantified with an image scanner inter-
faced with a computer and the values expressed relative to
the ribosomal RNA level. C/EBPB cDNA [23] was kindly
provided by Dr. M. Imagawa (Graduate School of Phar-
maceutical Sciences, Nagoya City University, Nagoya,
Japan) and PPARY cDNA [24] was a generous gift from
Dr. M. Sakai (Hokkaido University School of Medicine,
Department of Biochemistry, Sapporo, Japan).

2.6. Western blot analysis

SDS-PAGE was carried out with 12.5% acrylamide gels
by the method of Laemmli [25]. Western blotting was
performed using an anti-rat CAIII antibody by the method
of Towbin et al. [26]. The antibody was raised in a rabbit by
immunizing with purified rat CAIII as described below.

2.7. Enzyme assays

CO, hydratase activity of CA was assayed by a colori-
metric method as described by Wilbur and Anderson [27]
with slight modifications. The color change of bromothymol
blue, a pH indicator, was monitored at 615 nm with a spectro-
photometer (Beckman DU-640). The assay mixture con-
sisted of 1.4 ml of 22 mM sodium barbiturate buffer, pH
8.15, containing 0.0025% (w/v) of bromothymol blue, 0.5 ml
of CO,-saturated cold water, and 0.1 ml of enzyme solution.
CO, hydratase activity was calculated by the method of
Maren et al. [28]. Phosphatase activity of CAIII was assayed
according to the method of Koester et al. [29]. Protein
amounts were measured by the method of Bradford [30].

2.8. Purification of CAIIl from rat adipose tissue

Retroperitoneal adipose tissues were excised from Spra-
gue-Dawley rats (body weight about 300 g) after ether
anesthesia and decapitation and aliquots (80 g) were homo-
genized on ice with 4 vol. of 20 mM Tris—HCI, pH 7.4, and
centrifuged at 105,000 x g for 60 min. For purification of
CAIII, supernatants were applied to DEAE-cellulose and
subsequently a Sephadex G-75 column, essentially accord-
ing to the method of Armstrong et al. [31]. The final
preparation with a specific activity value of 4.6 x 103
units/mg protein exhibited only a 29-kDa band on SDS-
PAGE. Protein was stained with Coomassie brilliant blue
R-250. This preparation also showed a significant phos-
phatase activity.

2.9. Amino acid sequencing

An aliquot (8 nmol) of the purified CAIII dissolved in
20 mM Tris—-HCI, pH 8.0, was incubated with 160 pmol of

TPCK-treated trypsin at 35 °C overnight. The digest was
fractionated by reverse-phase high performance liquid
chromatography on a TSK-gel ODS-80TS column
(4.6 mm x 250 mm, Tosoh) with a gradient of 3.2-80%
acetonitrile in aqueous 0.1% trifluoroacetic acid. Major
peaks resolved were applied to a protein sequencer
(Applied Biosystems, model 492) and amino acid sequen-
cing was carried out as reported previously [32]. The
peptide sequence was identical to that reported for CAIII
[11].

3. Results
3.1. Effects of ETZ on fat storage in 3T3-LI cells
For differentiation induction, postconfluent 3T3-L1 cells

were treated with TRG and DEX for 2 days and maintained
in the presence of insulin for further 8 days (TRG group).

Fig. 1. Effects of ETZ treatment on morphological change in 3T3-L1 cells
induced by TRG. (a) Micrograph of 3T3-L1 cells of the TRG group on day
10, (b) 3T3-L1 cells of the TRG + ETZ group, and (c) cells of the control
group. Original magnification: 200x.
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Fig. 2. Time course of fat storage in 3T3-L1 cells. (a) Fat staining with Oil
red O of 3T3-L1 cells of the TRG group on days 4, 7 and 10, (b) 3T3-L1
cells of the TRG + ETZ group, and (c) cells of the control group.

On microscopic examination, most cells exhibited a round
shape and many bright fat droplets in the cytoplasm on day
10 (Fig. 1a). Cells in the control group were spindle-shaped
and had no visible fat droplets (Fig. 1¢). In the TRG + ETZ
group, some cells exhibited round shape and fat droplets,
while others retained the spindle-shape without fat
(Fig. 1b). Thus, ETZ partly inhibited morphological
changes of 3T3-L1 cells induced by TRG and DEX.
ETZ treatment alone did not affect the cell shape (data
not shown).

Oilred O staining was performed to evaluate intracellular
fat storage during the process of adipocyte differentiation. A
weak positive result was obtained on day 4 and strong
positivity thereafter for the TRG group (Fig. 2a). Staining
intensities of the TRG + ETZ group were less than those for
the TRG group on days 7 and 10 (Fig. 2b), with more
heterogeneity. Cells of the control group were very faintly
stained on days 7 and 10, with their staining intensities being
much lower than those for TRG + ETZ group (Fig. 2¢). Fat
staining results were quantitatively evaluated from intensity
data per unit area, 40 pum x 40 pm, the value being close to
the area of a single differentiated adipocyte with a diameter
of 3040 um. Staining intensity in the TRG group was
135 £ 10 on day 4, and increased to 180 £ 40 on day 10
(Fig. 3), apparently due to increased fat stores in individual
cells. The values of the control group were hardly changed,
at 122—-130 on day 4 to day 10. Addition of ETZ at a final
200 puM concentration reduced the staining intensity, dis-
tributed in the range of 130-180, with a peak at 140 on day
10. The percentages of pixels that exceeded 142, the highest
staining intensity value of the control group, were 22.4 and
74.9% on days 7 and 10, respectively, for the TRG + ETZ

20

TRG 4.2%
TRG+ETZ 0.2%

TRG 99.2%
TRG+ETZ 22.4%

Pixels x10-3

TRG 99.0%
TRG+ETZ 74.9%

140
Staining intensity

Fig. 3. Quantitative analysis of fat staining. Oil red O staining of 3T3-L1
cells, shown in Fig. 2, was scanned with a film scanner interfaced with a
computer using NIH Image software 1.61. The red color of stained fat was
converted to a gray scale and staining intensity was expressed as the
average for a unit area (40 um x 40 um, a pixel), scored in the range of 0
(white) to 255 (black), only the 100-240 being depicted. A total of 150,000
pixels were evaluated for quantitative analysis. The ordinate is the number
of pixels. Individual panels denote results obtained on days 4, 7 and 10 for
3T3-L1 cells of the TRG group (O), TRG + ETZ group (@) and control
group (A\). The percent values of pixels for the TRG and TRG + ETZ
groups that exceeded 142, the highest staining intensity value of the
control, are also shown in the figure.

group, in contrast to values more than 99% for the TRG
group. The results suggested that ETZ decreased the number
of cells storing fat on day 7 and also the amounts of fat in
individual cells on day 10. Addition of ACZ, another CA
inhibitor, even at a final 200 uM concentration, however, did
not affect increased fat stores due to TRG on days 7 and 10
(Fig. 4).

For precise measurement of fat storage in individual
cells, 10,000 cells stained for fat were analyzed by flow
cytometry. The staining intensities for the TRG group on
day 10 were distributed in the range of 1-1000, with a
small peak at 10 and a major peak at 100 (Fig. 5a),
indicating variation in the amount of fat in individual cells.
Cells of the TRG + ETZ group were distributed in the
range of 4-40, with a peak at 10, but none at 100 (Fig. 5b),
indicating suppression of fat storage. Cells of the control
group exhibited a peak at 4 (Fig. 5c). At a concentration of
20 uM, ETZ did not influence fat staining in response to
TRG (Fig. 5d).
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Fig. 4. The effect of ACZ on fat staining of 3T3-L1 cells treated with
TRG. Quantitative analysis of fat staining was performed as described in
Fig. 3. The upper panel denotes results obtained on day 10 for 3T3-L1 cells
of the TRG group (O) and control group (A). The lower panel does those
of the TRG + ACZ group (@) and the ACZ alone group ([]). The percent
values of pixels for the TRG and TRG + ACZ groups that exceed 142 are
also shown in the figure.

3.2. Effects of ETZ on clonal expansion

Many studies on preadipose cell lines, including 3T3-
L1, revealed that growth-arrested cells undergo at least one
round of DNA replication and cell doubling before sub-
sequent differentiation [33,34]. The effect of ETZ treat-
ment on DNA replication induced by TRG and DEX was
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Fig. 5. Estimation of fat stores in individual 3T3-L1 cells by fluorescence
activated cell sorter. 3T3-L1 cells of the TRG (a), TRG + ETZ (b), and
control (c) groups at day 10 were trypsinized, stained with Nile Red for fat,
and analyzed by flow cytometry. Staining intensity was evaluated in the
range of 1-1000, expressed in logarithmic scale. In the TRG + ETZ group,
ETZ was used at a 200 pM concentration. In (d), ETZ was used at a 20 pM
concentration in the presence of TRG and DEX.

Cell number x 105/ well

Days

Fig. 6. Changes of cell number during 3T3-L1 differentiation. 3T3-L1
cells in the TRG (O), TRG+ ETZ (@) and control (/) groups were
cultured on 12-well plates for indicated days. After trypsinization, cell
number was counted with an improved Neubauer hematocytometer. Data
were obtained from three independent experiments and triplicate assay was
performed in each experiment. Bars indicate standard deviation. *:
P < 0.05 vs. value on day 0; f: P < 0.05 vs. value on day 2. P value
was calculated by Student’s #-test.

studied by cell number and flow cytometry. Cell number of
the TRG group was doubled on day 2 and was not sig-
nificantly increased thereafter (Fig. 6). On the other hand,
that of the TRG + ETZ group was gradually increased and
doubled on day 6. FACS analysis revealed that cells in S
phase comprised 8.6% before differentiation and increased
to 53.2% at 12h in the TRG group (Table 1). ETZ
treatment delayed the increase of S phase cells at 24—
48 h (TRG + ETZ group).

3.3. Effects of ETZ on CAIIl expression

The effects of ETZ treatment on CAIIl expression
during adipocyte differentiation were examined by Wes-
tern blotting (Fig. 7). A CAIII band was not detected before
differentiation but was present on day 4 and increased
thereafter in the TRG group. The degree of CAIII expres-
sion was proportional to the fat staining and the time
courses of increase also coincided. However, ETZ treat-
ment completely repressed CAIII expression even on day
10, despite the light fat staining observed. Less but sig-
nificant CAIII band was detected on day 10 in the control
group, although fat staining was almost negative.

The contribution of CAIII to total CA activity of adi-
pocytes was evaluated by the addition of ETZ or ACZ, CA
activity being assayed by employing CO, as a substrate. As
compared with purified CAIII, the supernatant of differ-
entiated 3T3-L1 cells was more sensitive to ETZ, but
inhibition patterns were almost parallel for the two enzyme
preparations (Fig. 8a). The ETZ concentration giving a
50% inhibition of purified CAIIl was 1 uM, close to the
values reported by other investigators [14,16]. Ata 0.3 nM
ETZ concentration, about 30% of the CA activity was lost
in the supernatant while purified CAIIl was hardly
affected. ACZ exhibited similar inhibition patterns for both
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Effects of ETZ on clonal expansion of 3T3-L1

Group Stage of cell cycle Cell percentage
Time after addition of differentiation inducers
Oh 12h 24h 48 h
TRG Gl 71.0 334 57.2 69.8
S 8.6 532 15.7 10.9
G2/M 20.4 13.4 27.1 19.3
TRG + ETZ Gl 67.1 36.1 46.4
S 10.6 41.1 31.6
G2/M 22.3 22.8 22.0

3T3-L1 cells of the TRG and TRG + ETZ groups were harvested at 0, 12, 24 and 48 h after addition of differentiation inducers. DNA was stained with
propidium iodide and applied to a flow cytometer for DNA replication analysis. The data shown are from one experiment and are similar to results obtained in

two other experiments.

enzyme preparations and almost completely inhibited their
activity at a 300 uM concentration (Fig. 8b). These results
suggest that CAIII accounts for about 70% of the total CA
activity of supernatant. This estimate was in line with the
finding of a similar extent of inhibition by anti-CAIII
antibody (data not shown).

3.4. Effects of ETZ on C/EBPf and PPARYy expression

Since two transcription factors, C/EBPf and PPARY, are
known to be induced during adipocyte differentiation
[34,35], effects of ETZ on their expression were examined
by Northern blotting. This analysis revealed PPARYy
mRNA level to be marginal on day 2 but markedly

Days after differentiation

0 4 7 10
— e S
(a)
(b)
S ——

©

Fig. 7. Western blot analysis of CAIII expression in 3T3-L1 cells. SDS—
PAGE was carried out with 12.5% acrylamide gels and supernatant
samples (100 pg protein each) obtained from 3T3-L1 cells of the TRG (a),
TRG + ETZ (b), and control (c) groups on days 0, 4, 7 and 10, applied to
the individual lanes. Western blotting was performed using anti-rat CAIII
antibody.

increased on day 4, attaining a peak by day 6 (six- to
eight-fold of the value at day 0), in cells differentiated by
TRG and DEX (Fig. 9A). A significant amount of C/EBP
mRNA was detected before differentiation and subsequent
increase was not prominent (less than two-fold). Treatment
with ETZ at a final 200 uM concentration, however,
resulted in decreased PPARy mRNA and enhanced
C/EBPB mRNA levels (three- to four-fold). The latter
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Fig. 8. Inhibition of activities of purified CAIII and adipocyte supernatant
CA by ETZ (a) and ACZ (b). An 1.4 ml aliquot of 22 mM sodium
barbiturate buffer, pH 8.15, containing 0.0025% bromothymol blue and
0.3 nM-0.3 mM ETZ or 0.3 nM-0.3 mM ACZ was mixed with 0.5 ml of
CO,-saturated water and 0.1 ml (7000 units/ml) of purified CAIII solution
(O) or adipocyte supernatant (@). Supernatant was prepared from 3T3-L1
cells of the TRG group cultured for 10 days. After incubation at 10 °C for
2 min, the CA activity was assayed. Purification of CAIII from rat adipose
tissue was carried out as described in Section 2.
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Fig. 9. C/EBPP and PPARY mRNA levels in 3T3-L1 cells. (A) Individual
RNA samples (12 pg each) extracted from 3T3-L1 cells of the TRG and
TRG + ETZ groups at the indicated time points were electrophoresed
through agarose gels and transferred to nitrocellulose membranes. In the
TRG + ETZ group, ETZ was used at a 200 uM concentration. (B)
Individual RNA samples from 3T3-L1 cells of the control (lane 1), TRG
(lane 2), 200 uM ETZ alone (lane 3) and TRG + ETZ (lane 4) groups on
day 10, were similarly treated and transferred to membranes. These
membranes were hybridized with C/EBP3 ¢cDNA (a) and PPARY cDNA
(b) labeled with 32P. (c) 28S and 18S ribosomal RNA were stained with
ethidium bromide.

was evident on day 2, before the alteration of PPARYy
mRNA. Difference in PPARy mRNA level between the
TRG group and the TRG + ETZ group was apparent on
days 4 and 7. When ETZ was added at 20 uM, no appreci-
able effects on PPARy or C/EBPP mRNA levels were
evident (data not shown). In the ETZ alone group, C/EBP
mRNA level was increased but PPARY mRNA was not, as
compared with that in the control group (Fig. 9B).

4. Discussion

In the present study, ETZ partly inhibited morphological
changes of 3T3-L1 cells induced by TRG and DEX (Fig. 1),
depressing not only the amount of fat stored in individual
adipocytes but also the percentage of differentiated cells
(Figs. 2, 3 and 5). ETZ also exerted an inhibitory effect on
fat storage when methylisobutylxanthine [36], instead of
TRG, was used to induce differentiation (data not shown).
Since CA is thought to be involved in lipogenesis, such
inhibition of fat storage by ETZ has been considered to be
due to inhibition of its activity [16,17]. The dominant CA
isoform in the supernatant of differentiated 3T3-L1 cells
has been identified as CAIII, known to be less sensitive to

CA inhibitors than other CA isoforms [37]. In in vitro
experiment, 1 uM ETZ inhibited 70 and 50% of CA activ-
ities of adipocyte supernatant and purified CAIII, respec-
tively (Fig. 8a). However, ETZ at a concentration of
200 uM completely repressed CAIIIl expression, and its
treatment for the first 2 days delayed the clonal expansion of
3T3-L1 cells (Table 1) before significant amount of CAIII
was expressed. Furthermore, ACZ at 30-300 uM concen-
trations almost completely inhibited CA activities of adi-
pocyte supernatant and purified CAIII (Fig. 8b) but did not
affect adipocyte differentiation (Fig. 4). These findings
suggested that the inhibitory effect of ETZ on adipocyte
differentiation is not primarily due to inhibition of CA
activity. Decrease in PPARY mRNA and enhanced C/EBPf
mRNA levels by ETZ seemed to be involved in decreased
fat storage. ETZ also exerted inhibitory effect when added
from day 3 to day 5 after differentiation induction by TRG
and DEX for 2 days. Since clonal expansion is completed by
day 2 in the TRG group (Fig. 6), inhibitory effect of ETZ in
this case is not due to a delay in clonal expansion, but due to
inhibition of fat storage in differentiated adipocytes. CAIII
expression and fat store became apparent on day 4 in the
TRG group. Twenty micromolars ETZ, 20-fold higher than
a concentration to inhibit CA activity, did not block fat
storage or repress C/EBP or PPARyY mRNA levels. CAIII
is a major protein of fat cells and has been considered as a
marker for differentiated adipocytes [15]. Although CAIII
expression is reported to be repressed by insulin [38],
significant amounts were found in cells of the control group
that contained few fat droplets (Fig. 7). In ETZ-treated cells
significant fat storage was detected, but CAIII expression
was completely repressed. Thus, its expression is not
proportional to the degree of fat accumulation in this case.

C/EBPf and C/EBPua expression is known to be tran-
siently increased at an early step in adipocyte differentia-
tion [33], potentiating the expression of PPARY, a key
transcription factor for adipocyte-specific genes [7-
10,35,39], rapidly upregulated after induction of differen-
tiation [40,41]. TRG treatment resulted in increased C/
EBPf; and PPARy expression while ETZ repressed TRG-
induced PPARy expression (Fig. 9). Treatment with ETZ
alone induced C/EBPf; expression but its expression did
not lead to enhanced PPARy expression. Phosphorylation
of C/EBP is known to promote its transcriptional activity
[42,43], while phosphorylation of PPARy by mitogen-
activated protein kinase blocks its function [44,45]. Among
possible mechanisms for inverse relationship between C/
EBPB and PPARY mRNAs in terms of ETZ influence,
modulation of phosphorylation or dephosphorylation of
these transcription factors may deserve consideration since
ETZ inhibits phosphatase activity of CAIIl [13]. As
described above, CAIIl does not seem a target of ETZ
and phosphatases to be modulated are not identified yet. In
addition to the full-length C/EBP protein, there is a
shorter form, which lacks a DNA-binding domain and acts
as an inhibitor of transcription [46]. The appearance of
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these two forms is demonstrated to be due to differential
use of two translation initiation sites within the same
transcript. The question of which of the two is mainly
expressed by ETZ treatment remains to be clarified. C/
EBP[} gene knockout mice showed hypoglycemia and
impaired hepatic glucose production [47], suggesting that
the encoding product is responsible for the expression of
enzymes involved in glucose production. PPARY promotes
fat storage in adipocytes by facilitating synthesis of tria-
cylglycerol from glucose through pathways for glycolysis
and fatty acid synthesis [48].

In conclusion, the present study indicates that inhibitory
effect of ETZ on adipocyte differentiation is not due to
inhibition of CA activity but rather due to altered levels of
PPARY and C/EBP3 mRNA.

Acknowledgments

We are grateful to Ms. Yuko Tsushima for operating the
FACScan flow cytometer. This work was supported in part
by a grant-in-aid from the Ministry of Education, Culture,
Sports, Science and Technology of Japan and grants for the
Special Research Program of Hirosaki University and for
Organ Transplantation Research in Hirosaki University
School of Medicine.

References

[1] Moller DE, Flier J. Insulin resistance—mechanisms, syndromes, and

implications. N Engl J Med 1991;325:938-48.

[2] Taylor SM, Jones PA. Multiple new phenotypes induced in 10T1/2 and

3T3 cells treated with 5-azacytidine. Cell 1979;17:771-9.

[3] Green H, Kehinde O. Spontaneous heritable changes leading to

increased adipose conversion in 3T3 cells. Cell 1976;7:105-13.

[4] Gregoire FM, Smas CM, Sul HS. Understanding adipocyte differ-

entiation. Physiol Rev 1998;78:783-809.

[5] Hauner H, Entenmann G, Wabitsch M, Gaillard D, Ailhaud G, Negrel

R, et al. Promoting effect of glucocorticoids on the differentiation of

human adipocyte precursor cells cultured in a chemically defined

medium. J Clin Invest 1989;84:1663-70.

Rubin CS, Hirsch A, Fung C, Rosen OM. Development of hormone

receptors and hormonal responsiveness in vitro. Insulin receptors and

insulin sensitivity in the preadipocyte and adipocyte forms of 3T3-L1
cells. J Biol Chem 1978;253:7570-8.

[7] Tontonoz P, Hu E, Spiegelman BM. Stimulation of adipogenesis in

fibroblasts by PPAR gamma 2, a lipid-activated transcription factor.

Cell 1994;79:1147-56.

Lehmann JM, Moore LB, Smith-Oliver TA, Wilkison WO, Willson

TM, Kliewer SA. An antidiabetic thiazolidinedione is a high affinity

ligand for peroxisome proliferator-activated receptor gamma (PPAR

gamma). J Biol Chem 1995;270:12953-6.

[9] Forman BM, Tontonoz P, Chen J, Brun RP, Spiegelman BM, Evans
RM. 15—Deoxy—delta]2’]4—prostaglandin J, is a ligand for the adipocyte
determination factor PPAR gamma. Cell 1995;83:803—-12.

[10] Kliewer SA, Lenhard JM, Willson TM, Patel I, Morris DC, Lehmann
JM. A prostaglandin J, metabolite binds peroxisome proliferator-
activated receptor gamma and promotes adipocyte differentiation.
Cell 1995;83:813-9.

[6

[t

[8

—

(11]

[12]

[13]

(14

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

T. Takahata et al./Biochemical Pharmacology 67 (2004) 1667—1675

Sly WS, Hu PY. Human carbonic anhydrases and carbonic anhydrase
deficiency. Annu Rev Biochem 1995;64:375-401.

Tiireci O, Sahin U, Vollmar E, Siemer S, Géttert E, Seitz G, et al.
Human carbonic anhydrase XII: cDNA cloning, expression, and
chromosomal localization of a carbonic anhydrase gene that is over-
expressed in some renal cell cancers. Proc Natl Acad Sci USA 1998;
95:7608-13.

Cabiscol E, Levine RL. The phosphatase activity of carbonic anhy-
drase III is reversibly regulated by glutathiolation. Proc Natl Acad Sci
USA 1996;93:4170-4.

Dodgson SJ, Watford M. Different regulation of hepatic carbonic
anhydrase isoenzymes in the streptozotocin-diabetic rat. Arch Bio-
chem Biophys 1990;277:410-4.

Lynch CJ, Hazen SA, Horetsky RL, Carter ND, Dodgson SJ. Differ-
entiation-dependent expression of carbonic anhydrase II and Il in 3T3
adipocytes. Am J Physiol 1993;265:C234-43.

Hazen SA, Waheed A, Sly WS, LaNoue KF, Lynch CJ. Differentia-
tion-dependent expression of CA'V and the role of carbonic anhydrase
isozymes in pyruvate carboxylation in adipocytes. FASEB J 1996;10:
481-90.

Lynch CJ, Fox H, Hazen SA, Stanley BA, Dodgson S, LaNoue KF.
Role of hepatic carbonic anhydrase in de novo lipogenesis. Biochem J
1995;310:197-202.

Stanton LW, Ponte PA, Coleman RT, Snyder MA. Expression of CAIII
in rodent models of obesity. Mol Endocrinol 1991;5:860-6.
Ohsumi J, Sakakibara S, Yamaguchi J, Miyadai K, Yoshioka S,
Fujiwara T, et al. Troglitazone prevents the inhibitory effects of
inflammatory cytokines on insulin-induced adipocyte differentiation
in 3T3-L1 cells. Endocrinology 1994;135:2279-82.

Green H, Kehinde O. Sublines of mouse 3T3 cells that accumulate
lipid. Cell 1974;1:113-6.

Smyth MJ, Wharton W. Differentiation of A31T6 proadipocytes
to adipocytes: a flow cytometric analysis. Exp Cell Res 1992;199:
29-38.

Ookawa K, Tsuchida S, Adachi J, Yokota J. Differentiation induced by
RB expression and apoptosis induced by p53 expression in an osteo-
sarcoma cell line. Oncogene 1997;14:1389-96.

Imagawa M, Osada S, Koyama Y, Suzuki T, Hirom PC, Diccianni MB,
et al. SF-B that binds to a negative element in glutathione transferase P
gene is similar or identical to trans-activator LAP/IL-6DBP. Biochem
Biophys Res Commun 1991;179:293-300.

Sakai M, Matsushima-Hibiya Y, Nishizawa M, Nishi S. Structure and
expression of the rat c-jun messenger RNA: tissue distribution and
increase during rat chemical hepatocarcinogenesis. Cancer Res 1995;
55:5370-6.

Laemmli UK. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 1970;227:680-5.

Towbin H, Staehelin T, Gordon J. Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: proce-
dures and some applications. Proc Natl Acad Sci USA 1979;76:
4350-4.

Wilbur KM, Anderson NG. Electrometric and colorimetric determi-
nation of carbonic anhydrase. J Biol Chem 1948;176:147-54.
Maren TH, Parcell AL, Malik MN. A kinetic analysis of carbonic
anhydrase inhibition. J Pharmacol Exp Ther 1960;130:389—400.
Koester MK, Pullan LM, Noltmann EA. The p-nitrophenyl phospha-
tase activity of muscle carbonic anhydrase. Arch Biochem Biophys
1981;211:632-42.

Bradford MM. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein—dye
binding. Anal Biochem 1976;72:248-54.

Armstrong JM, Myers DV, Verpoorte JA, Edsall JT. Purification and
properties of human erythrocyte carbonic anhydrases. J Biol Chem
1966;241:5137-49.

Ishikawa T, Tsuchida S, Satoh K, Sato K. The subunit structure of a
major glutathione S-transferase form, Mr, in rat testis. Evidence for a



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

T. Takahata et al./Biochemical Pharmacology 67 (2004) 1667—1675

heterodimer consisting of subunits with different isoelectric points.
Eur J Biochem 1988;176:551-7.

Cao Z, Umek RM, McKnight SL. Regulated expression of three C/
EBP isoforms during adipose conversion of 3T3-L1 cells. Genes Dev
1991;5:1538-52.

Shao D, Lazar MA. Peroxisome proliferator activated receptor v,
CCAAT/enhancer-binding protein o, and cell cycle status regulate the
commitment to adipocyte differentiation. J Biol Chem 1997;272:
21473-8.

Tontonoz P, Hu E, Graves RA, Budavari Al, Spiegelman BM. mPPAR
gamma 2: tissue-specific regulator of an adipocyte enhancer. Genes
Dev 1994;8:1224-34.

Parsons WJ, Ramkumar V, Stiles GL. Isobutylmethylxanthine stimu-
lates adenylate cyclase by blocking the inhibitory regulatory protein,
Gi. Mol Pharmacol 1988;34:37—41.

Heck RW, Tanhauser SM, Manda R, Tu C, Laipis PJ, Silverman DN.
Catalytic properties of mouse carbonic anhydrase V. J Biol Chem
1994;269:24742-6.

Lynch CJ, Brennan Jr WA, Vary TC, Carter N, Dodgson SJ. Carbonic
anhydrase III in obese Zucker rats. Am J Physiol 1993;264:E621-30.
Mandrup S, Lane MD. Regulating adipogenesis. J Biol Chem 1997;
272:5367-70.

WuZ, Xie Y, Bucher NLR, Farmer SR. Conditional ectopic expression
of C/EBPbeta in NIH-3T3 cells induces PPARgamma and stimulates
adipogenesis. Genes Dev 1995;9:2350-63.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

1675

Brun RP, Tontonoz P, Forman BM, Ellis R, Chen J, Evans RM, et al.
Differential activation of adipogenesis by multiple PPAR isoforms.
Genes Dev 1996;10:974-84.

Nakajima T, Kinoshita S, Sasagawa T, Sasaki K, Naruto M, Kishimoto
T, et al. Phosphorylation at threonine-235 by a ras-dependent mitogen-
activated protein kinase cascade is essential for transcription factor
NF-IL6. Proc Natl Acad Sci USA 1993;90:2207-11.

Engelman JA, Lisanti MP, Scherer PE. Specific inhibitors of p38
mitogen-activated protein kinase block 3T3-L1 adipogenesis. J Biol
Chem 1998;273:32111-20.

Hu E, Kim JB, Sarraf P, Spiegelman BM. Inhibition of adipogenesis
through MAP kinase-mediated phosphorylation of PPAR gamma.
Science 1996;274:2100-3.

Ristow M, Muller-Wieland D, Pfeiffer A, Krone W, Kahn CR. Obesity
associated with a mutation in a genetic regulator of adipocyte differ-
entiation. N Engl J Med 1998;339:953-9.

Descombes P, Schibler U. A liver-enriched transcriptional activator
protein, LAP, and a transcriptional inhibitory protein, LIP, are trans-
lated from the same mRNA. Cell 1991;67:569-79.

Liu S, Croniger C, Arizmendi C, Harada-Shiba M, Ren J, Poli V, et al.
Hypoglycemia and impaired hepatic glucose production in mice with a
deletion of the C/EBPf; gene. J Clin Invest 1999;103:207-13.
Tontonoz P, Hu E, Devine J, Beale EG, Spiegelman BM. PPAR gamma
2 regulates adipose expression of the phosphoenolpyruvate carboxy
kinase gene. Mol Cell Biol 1995;15:351-7.



	Inhibition of 3T3-L1 adipocyte differentiation by 6-ethoxyzolamide: repressed peroxisome proliferator-activated receptor gamma mRNA and enhanced CCAAT/enhancer binding protein beta mRNA levels
	Introduction
	Materials and methods
	Materials
	Cell culture and differentiation induction
	Fat staining and image analysis of 3T3-L1 cells
	FACS analysis and cell count
	Northern blot analysis
	Western blot analysis
	Enzyme assays
	Purification of CAIII from rat adipose tissue
	Amino acid sequencing

	Results
	Effects of ETZ on fat storage in 3T3-L1 cells
	Effects of ETZ on clonal expansion
	Effects of ETZ on CAIII expression
	Effects of ETZ on C/EBPbeta and PPARgamma expression

	Discussion
	Acknowledgements
	References


