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Bisindoylmaleimide I suppresses adipocyte differentiation
through stabilization of intracellular b-catenin protein

Munju Cho a, Seoyoung Park a, Jungsug Gwak a, Dong-Eun Kim b, Sung Su Yea c,
Jae-Gook Shin a, Sangtaek Oh a,*

a PharmacoGenomics Research Center, Inje University, Busan 614-735, Republic of Korea
b Department of Bioscience and Biotechnology, Konkuk University, Seoul 143-701, Republic of Korea

c Department of Biochemistry, College of Medicine, Inje University, Busan 614-735, Republic of Korea

Received 14 December 2007
Available online 2 January 2008
Abstract

The Wnt/b-catenin signaling pathway plays important roles in cell differentiation. Activation of this pathway, likely by Wnt-10b, has
been shown to inhibit adipogenesis in cultured 3T3-L1 preadipocytes and mice. Here we revealed that bisindoylmaleimide I (BIM), which
is widely used as a specific inhibitor of protein kinase C (PKC), inhibits adipocyte differentiation through activation of the Wnt/b-catenin
signaling pathway. BIM increased b-catenin responsive transcription (CRT) and up-regulated intracellular b-catenin levels in HEK293
cells and 3T3-L1 preadipocytes. BIM significantly decreased intracellular lipid accumulation and reduced expression of important adi-
pocyte marker genes including peroxisome-proliferator-activated receptor c (PPARc) and CAATT enhancer-binding protein a (C/
EBPa) in 3T3-L1 preadipocytes. Taken together, our findings indicate that BIM inhibits adipogenesis by increasing the stability of b-
catenin protein in 3T3-L1 preadipocyte cells.
� 2007 Elsevier Inc. All rights reserved.
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Cellular progression from preadipocyte to adipocyte, or
adipogenesis, is a complex process involving coordinated
changes in morphology, hormone sensitivity, and gene
expression, and is regulated by a balance of local and endo-
crine factors [1,2]. The molecular mechanisms that govern
adipogenesis have been well investigated using immortal-
ized preadipocyte cell lines such as 3T3-L1 and 3T3-
F442A [3–7]. In response to adipogenic stimuli, CAATT
enhancer-binding protein b (C/EBPb), and C/EBPd are
rapidly and transiently up-regulated during the early stages
of adipogenesis, which subsequently promotes the expres-
sion of the key adipogenic transcription factors, C/EBPa,
and peroxisome-proliferator-activated receptor c (PPARc).
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These factors synergistically induce the expression of vari-
ous genes that are required for the adipocyte phenotype.

Wnts are a family of secreted glycoproteins that control
diverse developmental processes and homeostasis [8,9]. The
interaction of Wnts with Frizzled (Fz) receptors and low-
density lipoprotein receptor-related protein (LRP) corecep-
tors activates several signaling pathways, such as the Wnt/
b-catenin pathway, the planar cell polarity pathway, and
the Wnt/Ca2+ pathway [10–12]. Best understood among
these is the Wnt/b-catenin pathway, which is controlled
by cytoplasmic b-catenin levels [10]. In the absence of a
Wnt signal, cytoplasmic b-catenin is phosphorylated by
casein kinase 1 (CK1) and glycogen synthase kinase-3b
(GSK-3b) in a multi-protein complex containing adenoma-
tous polyposis coli (APC) and Axin, resulting in the degra-
dation of b-catenin via an ubiquitin-dependent mechanism
[13]. Activation of the receptor by its Wnt ligands inhibits
GSK-3b, leading to the stabilization of b-catenin in the
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cytoplasm [14]. This is followed by translocation to the
nucleus, where b-catenin forms a complex with members
of the T cell factor/lymphocyte enhancer factor (TCF/
LEF) transcription factor families, which activates the
expression of Wnt/b-catenin responsive genes [15–18].

The Wnt/b-catenin signaling pathway has been reported
to inhibit adipogenic conversion of 3T3-L1 preadipocytes
through the down-regulation of C/EBPa and PPARc
[19,20]. Ectopic expression of Wnt1 or Wnt-10b in 3T3-
L1 preadipocytes induces the accumulation of cytoplasmic
b-catenin and suppresses adipocyte differentiation [21]. In
addition, pharmacological treatments (e.g., LiCl or
CHIR99021) that mimic activation of the Wnt/b-catenin
signaling pathway also repress adipogenesis [22]. In con-
trast, inhibiting the Wnt/b-catenin signaling pathway by
over-expressing Axin or dominant-negative Tcf-4 in 3T3-
L1 leads to spontaneous adipogenesis. Here we report that
BIM mimics activation of the Wnt/b-catenin signaling
pathway in preadipocytes, and that BIM induces accumu-
lation of cytoplasmic b-catenin while suppressing adipocyte
differentiation by blocking the expression of C/EBPa and
PPARc.
Materials and methods

Cell culture, plasmid transfection, and luciferase assay. L cells that
secrete Wnt3a, HEK293 cells, and 3T3-L1 cells were obtained from
the American Type Culture Collection (ATCC; Manassas, VA, USA)
and maintained in DMEM supplemented with 10% fetal bovine
serum (FBS), 120 lg/ml penicillin, and 200 lg/ml streptomycin. The
HEK293 reporter and control cell line was established as previously
described [23]. Wnt3a conditioned medium (Wnt3a CM) was prepared
by culturing Wnt3a-secreting L cells in DMEM with 10% FBS for 4
days. The medium was harvested and sterilized using a 0.22-lm filter.
Fresh medium was added, and the cells were cultured for 3 addi-
tional days. The medium was then collected and combined with the
previous medium. The pTOPFlash and pFOPFlash plasmids were
obtained from Upstate Biotechnology (Lake Placid, NY, USA) and
pCMV-RL were purchased from Promega (Madison, WI, USA). The
transfections were carried out with Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions.
Luciferase assays were performed using the Dual Luciferase Assay
Kit (Promega).

Adipocyte differentiation. 3T3-L1 preadipocytes were grown in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) at 37 �C. After 2 days of confluence (day 0),
cells were incubated for 2 days in DMEM supplemented with 10% FBS,
0.5 mM of 3-isobutyl-1-methylxanthine, 1 lM dexamethasone, and
10 lg/ml insulin. Thereafter, medium was replaced every other day with
DMEM containing 10% FBS and 10 lg/ml insulin. BIM were treated
into cells and supplemented at 2-day intervals when the culture medium
was changed.

Oil Red O staining. 3T3-L1 preadipocytes were rinsed in PBS and fixed
in 3.7% paraformaldehyde for 1 h at 4 �C. Briefly, plates were stained with
1% Oil Red O in 60% isopropanol for 10 min. The stain was then differ-
entiated with 60% isopropanol and plates were washed several times in
distilled water prior to visualization under a phase-contrast microscope.
Quantitative analysis of adipocyte differentiation was performed by
measuring the OD 520 nm of the Oil Red O-stained adipocytes eluted with
isopropanol and Igepal CA 40.

Western blotting. The cytosolic fraction was prepared as previously
described [24]. Proteins were separated by 4–12% gradient SDS–PAGE
(Invitrogen) and transferred to a nitrocellulose membrane (Amersham
Biosciences, Piscataway, NJ, USA). The membranes were blocked with
5% nonfat milk and probed with anti-b-catenin (BD Transduction Lab-
oratories, Lexington, KY, USA), anti-C/EBPa (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), anti-PPARc (Santa Cruz Biotechnology),
and anti-actin antibodies (Cell Signaling Technology, Beverly, MA, USA).
After washing, the membranes were incubated with horseradish peroxi-
dase-conjugated anti-mouse IgG or anti-rabbit IgG (Santa Cruz Bio-
technology), and the bands were visualized using the ECL system (Santa
Cruz Biotechnology).

RNA extraction and semiquantitative RT-PCR. Total RNA was iso-
lated with TRIzol reagent (Invitrogen) in accordance with the manufac-
turer’s instructions. cDNA synthesis, reverse transcription, and PCR were
performed as described previously [25]. Primers for each gene were as
follows: for C/EBPa (sense, 5 0-AGGTGCTGGAGTTGACCAGT-3 0;
antisense, 5 0-CAGCCTAGAGATCCAGCGAC-3 0), PPARc (sense, 5 0-G
AGCATG GT GCCTTCGCTGAT-3 0, antisense, 5 0-CAACCAT
TGGGTCACCTCTTG-3 0), b-catenin (sense, 5 0-GGATTCTGGAATCC
ATTCTGG-3 0, antisense, 5 0-TCTGAGCCCTAGTCATTGCAT-3 0), and
aP2 (sense, 5 0-TACATGAAAGAAGTGGGAGTG-3 0, antisense, 5 0-G
GTGATTTCATCGAATTCCAC-30). The amplified DNA was separated
on 1.2% agarose gels and stained with ethidium bromide.
Results

BIM activates the Wnt/b-catenin signaling pathway

We recently demonstrated that protein kinase C
(PKC) phosphorylates Ser33/37 of b-catenin, resulting
in the promotion of b-catenin degradation [26]. In addi-
tion, small interference RNA (siRNA)-mediated knock-
down of PKCa inhibits Ser33/37 phosphorylation of
b-catenin and induces the accumulation of b-catenin in
HEK293 cells [26]. Thus, we postulated that a pharmaco-
logical inhibitor of PKC such as bisindoylmaleimide I
(BIM) would mimic activation of the Wnt/b-catenin sig-
naling pathway. To test this hypothesis, HEK293 repor-
ter cells that were stably transfected with TOPFlash, a
synthetic Tcf/b-catenin-dependent luciferase reporter,
and human Frizzled-1 (hFz-1) expression plasmid were
incubated with BIM and monitored for TOPFlash repor-
ter activity using a microplate reader. As shown in
Fig. 1A, this compound up-regulated b-catenin response
transcription (CRT) in a dose-dependent manner whereas
it did not affect FOPflash reporter activity in HEK con-
trol cells, indicating that BIM is a specific activator of
the Wnt/b-catenin signaling pathway.

Within the Wnt/b-catenin signaling pathway, CRT is
largely dependent on the level of cytoplasmic b-catenin,
which is regulated by an ubiquitin-dependent proteasome
pathway [10]. To investigate the effect of BIM on the level
of b-catenin, we analyzed the amount of cytoplasmic b-
catenin by Western blotting with anti-b-catenin antibody.
Interestingly, treatment with BIM resulted in increased b-
catenin levels in cytoplasm, which is consistent with its
effect on CRT (Fig. 1B). However, the b-catenin mRNA
level did not change in response to different concentrations
of BIM in HEK293 reporter cells (Fig. 1C). These results
suggest that BIM activates the Wnt/b-catenin signaling
pathway via the up-regulation of b-catenin protein
stability.
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Fig. 1. BIM mimics activation of the Wnt/b-catenin signaling pathway in
HEK293 reporter cells. (A) Dose-dependent response for CRT activation
with increasing concentrations of BIM. HEK293 reporter and control cells
were incubated with BIM (1.25, 2.5 lM) for 15 h and luciferase activity
was determined. The results are shown as the average of three
experiments; the bars indicate standard deviations. (B) Cytosolic proteins
were prepared from HEK293 cells treated with either vehicle (DMSO) or
BIM (1.25, 2.5 lM) for 15 h and then subjected to Western blotting with
b-catenin antibody. The blots were re-probed with anti-actin antibody as a
loading control. (C) Semiquantitative RT-PCR for b-catenin and GAPDH
was performed with total RNA prepared from HEK293 reporter cells
treated with the vehicle (DMSO) or BIM (1.25, 2.5, 5 lM) for 15 h.

β-catenin

β-actin

β-catenin

GADPH
R

el
at

iv
e 

R
ep

o
rt

er
 A

ct
iv

it
y

0

100

200

300

400

500

- 1.25

BIM (μM)
2.5

(μM)1.25BIM 2.5-

(μM)1.25BIM 2.5-

A

B

C

Fig. 2. BIM mimics activation of the Wnt/b-catenin signaling pathway in
3T3-L1 preadipocytes. (A) 3T3-L1 preadipocytes were cotransfected with
TOPFlash and pCMV-RL plasmids and incubated with BIM (1.25,
2.5 lM) for 15 h. Luciferase activities were measured 39 h after transfec-
tion. Results are the average of three experiments, and the bars indicate
standard deviations. (B) Cytosolic proteins were prepared from 3T3-L1
preadipocytes treated with either vehicle (DMSO) or BIM (1.25, 2.5 lM)
for 15 h and then subjected to Western blotting with b-catenin antibody.
The blots were reprobed with anti-actin antibody as a loading control. (C)
Semiquantitative RT-PCR for b-catenin and GAPDH were performed
with total RNA prepared from 3T3-L1 preadipocytes treated with the
vehicle (DMSO) or BIM (1.25, 2.5 lM) for 15 h.
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BIM suppresses adipocyte differentiation through activation

of the Wnt/b-catenin signaling pathway

Activation of the Wnt/b-catenin signaling pathway, fol-
lowed by the accumulation of intracellular b-catenin,
greatly suppresses adipocyte differentiation [19,20]. Given
that BIM induces the accumulation of cytoplasmic b-cate-
nin in HEK293 reporter cells, we hypothesized that BIM
also inhibits the differentiation of preadipocytes to adipo-
cytes. To test this hypothesis, we first examined whether
3T3-L1 preadipocytes are capable of transducing Wnt/b-
catenin signaling when treated with BIM. We found that
3T3-L1 preadipocytes treated with BIM indeed showed a
consistent and robust, concentration-dependent increase
in TOPFlash reporter activity (Fig. 2A). In addition, the
intracellular b-catenin level, an indicator of the activation
status of Wnt/b-catenin signaling pathway, was also
increased by incubation with BIM in 3T3-L1 preadipocytes
(Fig. 2B). Finally, the b-catenin mRNA level remained
consistently unchanged in response to different concentra-
tions of BIM in 3T3-L1 preadipocytes (Fig. 2C). These
results suggest that the Wnt/b-catenin signaling pathway
can be activated in response to BIM in 3T3-L1
preadipocytes.

To examine whether activation of the Wnt/b-catenin sig-
naling pathway by BIM inhibits adipogenic differentiation,
3T3-L1 preadipocytes were incubated with increasing
amounts of BIM beginning at day 0 of the standard differ-
entiation protocol. As shown in Fig. 3A, treatment with
BIM resulted in a concentration-dependent decrease in
lipid droplet accumulation induced by stimulator of adipo-
genesis as assessed by Oil Red O staining (Fig. 3A). Extrac-
tion and quantification of Oil Red O further confirmed that
MDI-induced adipocyte differentiation was inhibited by
BIM (Fig. 3B). These results indicate that activation of
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Fig. 3. BIM suppresses preadipocyte differentiation. (A) 3T3-L1 preadipocytes were differentiated into adipocytes as described in Materials and methods.
Increasing amounts of BIM (1.25, 2.5 lM) were administered to cells during adipocyte differentiation. One week after induction of differentiation,
adipocytes were stained with Oil Red O and photographed. (B) Oil Red O was extracted with 4% Igepal in isopropanol and quantified using
spectrophotometry at 520 nm. The results are shown as the average of three experiments; the bars indicate standard deviations.
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the Wnt/b-catenin signaling pathway by BIM blocks adi-
pocyte conversion (see Fig. 4).

BIM inhibits adipogenic gene expression

Previous studies have demonstrated that preadipocyte
differentiation is accompanied by induction of the master
adipogenic transcription factors such as C/EBPa and
PPARc [3–7]. Therefore, we examined the effects of BIM
on the expression of C/EBPa and PPARc. Consistent with
the morphological changes observed, the level of C/EBPa
and PPARc was increased by incubation with MDI
(Fig. 3A); however, MDI-mediated C/EBPa and PPARc
up-regulation was abolished by the addition of BIM
(Fig. 3A). Similar to the protein level results, we observed
that mRNA expression of C/EBPa and PPARc, which had
been induced by MDI, was reduced by BIM treatment
(Fig. 3B). Moreover, BIM repressed the induction of the
adipocyte lipid-binding protein aP2, which is downstream
of C/EBPa and PPARc (Fig. 3B). These results suggest
that BIM inhibits adipogenesis by suppressing the expres-
sion of C/EBPa and PPARc.

Discussion

Recent studies have reported that activation of the
Wnt/b-catenin signaling pathway inhibits adipogenic dif-
ferentiation [15–18]. Central to this pathway is the level
of cytoplasmic b-catenin that is controlled by ubiquitin-
dependent proteolysis [10]. Multiple pathways regulate
the degradation of intracellular b-catenin. In the GSK-
3b-dependent pathway, b-catenin is phosphorylated by
a multi-protein complex GSK-3b, resulting in the promo-
tion of b-catenin degradation through a b-TrCP-depen-
dent mechanism [27,28]. In the Siah-dependent
pathway, Siah-1 interacts with the carboxyl terminus of
APC, which recruits the ubiquitination complex and
leads to the degradation of b-catenin via a GSK-3b-
and b-TrCP-independent pathway [29]. Recently, we
demonstrated that PKC-mediated b-catenin phosphoryla-
tion at Ser33/37 residues negatively regulates the Wnt/
b-catenin signaling pathway by promoting b-catenin
degradation [26]. In addition, depletion of PKCa using
siRNA inhibits Ser33/37 phosphorylation of b-catenin
and induces the accumulation of b-catenin protein [26].
Here we showed that BIM, a specific pharmacological
inhibitor of PKC, was also able to mimic activation of
the Wnt/b-catenin signaling pathway. b-catenin response
transcription (CRT) increased dramatically when
HEK293 reporter cells and 3T3-L1 preadipocytes were
incubated with BIM. Moreover, intracellular b-catenin
protein was stabilized by BIM without altering b-catenin
mRNA levels. These results further confirm that the PKC
pathway negatively regulates the intracellular b-catenin
level outside of the Wnt/b-catenin signaling pathway in
HEK293 reporter cells and 3T3-L1 preadipocytes.
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Fig. 4. BIM inhibits the expression of adipogenic factors during adipocyte differentiation. (A) 3T3-L1 preadipocytes were differentiated into adipocytes as
described in the Materials and methods. BIM (2.5 lM) was administered to cells during adipocyte differentiation. On the indicated days, total proteins
were prepared from 3T3-L1 preadipocytes and then subjected to Western blotting with anti-PPARc and anti-C/EBPa antibodies. The blots were reprobed
with anti-actin antibody as a loading control. (B) Semiquantitative RT-PCR for PPARc, C/EBPa, aP2, and GAPDH was performed with total RNA
prepared from 3T3-L1 preadipocytes treated with BIM (2.5 lM) on the indicated days.
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The PKC family plays important roles in various bio-
logical functions, such as proliferation, differentiation,
cell migration, and apoptosis [30–32]. Several studies
have suggested that the PKC pathway is involved in
the regulation of adipogenesis [33,34], and it was
recently shown that inhibiting the PKC pathway with
pharmacological inhibitors, such as Ro318220 and
Go6976, inhibits adipocyte differentiation [35]; however,
the precise mechanism remains largely unknown. We
demonstrated that the up-regulation of CRT and stabil-
ization of intracellular b-catenin, which indicates activa-
tion of the Wnt/b-catenin signaling pathway, were
induced by treatment with BIM, and thereby suppressed
adipogenic differentiation in 3T3-L1 preadipocytes.
These results suggest that inhibiting the PKC pathway
suppresses adipogenesis via activation of the Wnt/b-cate-
nin signaling pathway.

In summary, we showed that BIM, which was able to
stabilize intracellular b-catenin protein levels, is an inhibi-
tor of adipogenesis. Mutations in the Wnt-10b gene have
recently been implicated in human obesity [36], and
LRP5 polymorphisms have been shown to be significantly
associated with an obese phenotype [37]. Taken together,
our findings may facilitate the development of new thera-
peutics for obesity and its associated disorders.
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