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Anti-adipogenic action of pitavastatin occurs
through the coordinate regulation of PPARc

and Pref-1 expression
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Background and purpose: Adipocyte differentiation in vitro is coordinately activated by two transcription factors, peroxisome
proliferator-activated receptor g (PPARg) and CCAAT enhancer binding protein a (C/EBPa), but it is inhibited by preadipocyte
factor-1 (pref-1). Statins, inhibitors of HMG-CoA reductase and de novo cholesterol synthesis, can have pleiotropic effects
which influence adipocyte phenotype by ill-defined mechanisms. We investigated the effects of pitavastatin (NK-104) on
adipocyte differentiation and the transcriptional pathways involved.
Experimental approach: The effects of pitavastatin on adipocyte differentiation were evaluated by the formation of oil
droplets, content of cellular triglyceride and expression of adipocyte-specific genes. Regulatory mechanisms were assessed by
analysis of PPARg, C/EBPa and pref-1 expression.
Key results: Pitavastatin significantly inhibited adipocyte differentiation of 3T3-L1 preadipocytes in response to adipogenic
inducers. Evidence for inhibition included fewer Oil Red O positive droplets, less cellular triglyceride and decreased expression
of adipocyte-specific genes, including fatty acid binding protein (aP2), CD36, adipsin and glucose transporter 4 (GLUT4). The
inhibitory effects of pitavastatin on adipocyte differentiation of 3T3-L1 preadipocytes were time and concentration dependent.
Pitavastatin significantly blocked induction of PPARg expression, but not C/EBPa expression or DNA binding activity of PPARg.
Also, pitavastatin induced pref-1 expression in preadipocytes and maintained expression of pref-1 at high levels in
differentiated cells.
Conclusions and implications: Our data suggest that pitavastatin inhibits adipocyte differentiation by blocking PPARg
expression and activating pref-1 expression. These studies may have implications in the regulation of adipogenesis in response
to statins.
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Introduction

Adipocytes are a major site for energy storage (in the form of

triglycerides) for use during periods of caloric insufficiency.

In addition, adipocytes secrete numerous important regula-

tory molecules (Cornelius et al., 1994; Gregoire et al., 1998).

Adipocyte differentiation has important implications for

human disease states. For instance, the overabundance of fat

cells causing obesity is considered to be a major risk factor for

type II diabetes and hypertension. It is also linked to some

types of cancers, immune dysfunction and cardiovascular

diseases (Moller and Flier, 1991; Spiegelman et al., 1993).

Because of the difficulty in studying adipocyte differentia-

tion in vivo, much of our knowledge of adipocyte differentia-

tion has been obtained from the well-established in vitro

models of adipogenesis (Gregoire et al., 1998). Among these

models, the 3T3 preadipocyte cell line is the best character-

ized. For example, 3T3-F442A fibroblasts injected into mice

can differentiate and form fat pads, which are similar

to normal adipose tissue (Green and Kehinde, 1979).

Differentiated 3T3-L1 preadipocytes possess most of the

ultrastructural properties of adipocytes from animal tissue.

The formation and appearance of fat droplets in these
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differentiated cells are also similar to adipose tissue in vivo

(Green and Kehinde, 1979; Novikoff et al., 1980).

Differentiation of 3T3-L1 fibroblast/preadipocytes is

initiated by an adipogenic mixture of isobutylmethylxanthine,

dexamethasone and insulin (IDI). In the course of differentia-

tion, addition of IDI to confluent fibroblasts completes the

postconfluent mitosis and subsequent growth arrest within

the first 2 days (Bernlohr et al., 1985). Following growth arrest,

cells are committed to becoming adipocytes. A series of

molecular events occur in the progression of adipocyte

differentiation (Gregoire et al., 1998; Farmer, 2006; Rosen and

MacDouglad, 2006). The very early markers of adipocyte

differentiation are the expression of c-fos, c-jun, junB, c-myc

and CCAAT enhancer-binding proteins (C/EBP)b and -d
(Cornelius et al., 1994). Among these molecules, only C/EBPb
and -d are directly and specifically implicated in differentiation

and are induced primarily in response to dexamethasone and

isobutylmethylxanthine, respectively. Homodimers or hetero-

dimers of C/EBPb/d stimulate expression of C/EBPa and

peroxisome proliferator-activated receptor-g (PPARg) (Yeh

et al., 1995; Rosen and MacDouglad, 2006), and expression

of C/EBPb and -d decline at late stages of differentiation

(Clarke et al., 1997; Lane et al., 1999). Once activated, C/EBPa
and PPARg cross-regulate each other to maintain high

expression, and, in a cooperative and synergistic manner,

they induce the expression of many adipocyte-specific

proteins and enzymes involved in creating and maintaining

the adipocyte phenotype (Shao and Lazar, 1997; Gregoire

et al., 1998; Farmer, 2006; Rosen and MacDouglad, 2006).

Ectopic expression of either of these two transcription factors,

however, still promotes adipogenesis, but at a slower rate and

to a lesser extent (Mandrup and Lane, 1997).

Preadipocyte factor-1 (pref-1) is an epidermal growth

factor (EGF) repeat domain-containing transmembrane

protein and exists as multiple discrete forms with a

molecular weight range of 45–60 kDa in preadipocytes.

However, expression of pref-1 is totally abolished after

adipocyte differentiation (Smas and Sul, 1993). Constitutive

expression of pref-1 in preadipocytes blocks adipogenic

agent-induced adipocyte differentiation, suggesting a regu-

latory role of pref-1 in this biological process (Smas and Sul,

1993). In fact, addition of the larger soluble form of pref-1

inhibits adipocyte differentiation (Mei et al., 2002). The

induction of adipocyte differentiation by glucocorticoids is

also partially due to the suppression of pref-1 expression

(Smas et al., 1999). A recent study suggests that pref-1

inhibits expression of PPARg and C/EBPa (Kim et al., 2007).

Statins, inhibitors of 3-hydroxy-3-methylglutaryl coen-

zyme A (HMG-CoA) reductase, significantly reduce serum

low-density lipoprotein (LDL) cholesterol levels and decrease

the incidence of coronary heart disease. In addition, statins

have pleiotropic effects on many cell types, including

endothelial cells, smooth muscle cells and monocyte/

macrophages (LaRosa, 2001; Takemoto and Liao, 2001).

Previously, it has been reported that lovastatin impaired

adipocyte differentiation in 3T3-L1 cells in a dose-dependent

manner, while simvastatin inhibited adipocyte differentia-

tion in mouse bone marrow stromal cells (Nishio et al., 1996;

Song et al., 2003). However, the mechanisms by which

statins alter adipogenesis are incompletely understood.

In this report, we tested the hypothesis that statins can

alter transcriptional pathways critical for adipocyte differ-

entiation. Our data demonstrate that pitavastatin inhibits

adipocyte differentiation by blocking PPARg, but not C/EBPa,
expression. The inhibition of adipocyte differentiation by

pitavastatin is also due to induction of pref-1 expression in

preadipocytes and the maintenance of pref-1 in differentiated

cells. These findings may have implications in the regulation

of adipogenesis and, potentially, obesity-related diseases.

Methods

Cell culture

3T3-L1 cells, a murine fibroblast/preadipocyte cell line, were

purchased from American Type Culture Collection (ATCC,

Rockville, MD, USA) and cultured in 100 mm Petri dishes

with Dulbecco’s modified Eagle’s medium (DMEM) containing

10% fetal calf serum, 50 mg ml�1 of penicillin/streptomycin

and 2 mM glutamine. Cells were induced to differentiate at

the initial confluence in complete medium as follows. On

the first day of confluence, a mixture (IDI) of isobutyl-

methylxanthine (0.5 mM), dexamethasone (1 mM) and insulin

(1mM) in complete DMEM medium was added to the 3T3-L1

cells for 3 days. Cells then were switched to complete

medium containing insulin (1 mM) alone for another 3 days,

followed by incubation in complete medium for additional

1–2 days. All control cells received the corresponding

solvent(s) treatments.

Extraction of total RNA, isolation of poly(Aþ ) RNA

and Northern blotting

The poly (Aþ ) RNA was isolated from 100mg of total RNA

and used to determine the expression of fatty acid-binding

protein (aP2), CD36, PPARg, C/EBPa and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) by Northern blot as

described (Han et al., 2004). The template DNA for aP2 or

PPARg was generated by reverse transcription-polymerase

chain reaction (RT-PCR) based on the published sequences.

The sequences of 50- and 30- of oligonucleotides used for aP2

were GATGCCTTTGTGGGAACC (307–325 on exon 1) and

AACTCTTGTGGAAGTCACG (28–47 on exon 4), respec-

tively, with a PCR product size of 377 bp (Phillips et al.,

1986). The sequence of 50- and 30- of oligonucleotides used

for PPARg were CAGAGATGCCATTCTGGC (140–157) and

TTTCCTGTCAAGATCGCCC (824–842), respectively, with a

PCR product size of 703 bp (Zhu et al., 1993). The probe for

mouse CD36 is an NsiI–BglII digest (193–805 bp). The probe

for C/EBPa was a BamHI digest of C/EBPa plasmid DNA

purchased from ATCC.

Oil Red O staining and triglyceride assay

The formation of oil droplets in cells was analysed by Oil Red

O staining as follows. After removal of culture medium, cells

were washed once with phosphate-buffered saline (PBS),

then fixed for at least 1 h with pre-chilled 10% formaldehyde

in PBS. Cells were stained with Oil Red O solution (a mixture

of three parts of 0.5% (w/v) Oil Red O in isopropanol and two
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parts of water) for 2 h at room temperature followed by

washing with PBS twice, ethanol once and water twice. Cells

were kept in water and photographed.

To analyse the content of cellular triglycerides, cells were

washed with PBS and then scraped into 1 ml PBS and

homogenized by sonication for 1 min. The lysate was assayed

for total triglycerides by using assay kits from Sigma

(St Louis, MO, USA) (GPO-Trinder) and for cellular protein

by the Lowry method.

Determination of aP2, GLUT4, adipsin, PPARg and C/EBPa
protein expression, and PPARg DNA-binding activity

Total cellular protein was extracted and used to determine

the expression of aP2 and glucose transporter 4 (GLUT4) by

Western blot as described (Han et al., 2004). Cell culture

medium from all steps of adipocyte differentiation was

pooled and mixed well. The levels of adipsin in the pooled

medium were also analysed by Western blot.

Nuclear proteins were extracted and used to determine the

expression of PPARg and C/EBPa by Western blot. Nuclear

proteins were also used to determine the binding activity of

PPARg to PPARg response element (PPRE) by electrophoretic

mobility shift assay (EMSA) and by using a kit from Active

Motif (Han et al., 2004).

Construction and determination of PPARg promoter activity

PPARg promoter (from �1022 to þ 46) was generated by PCR

with following primers, pPPARg-f, 50-TAGCCTCGAGGTCAC

TGAATTATATTAGGTACCTTATG-30, pPPARg-r, 50-TGCCAA

GCTTTCAGCGAAGGCACCATGCTCTGGGTCAAC-30 and

the genomic DNA isolated from 3T3-L1 preadipocytes. The

primers contained restriction sites for Xho (50primer) and

HindIII (30primer), respectively. After sequence confirmation,

the PCR product was digested by enzymes and then sub-

cloned into pGL4.10 luciferase reporter to generate plasmid

of PPARg promoter-luciferase reporter (pPPAR-Luc) and

amplified.

The initial confluent 3T3-L1 preadipocytes in 24-well

plates were transfected with pPPAR-Luc and Renilla luciferase

reporter (RLuc, for internal control) by using Lipofectamine

2000 (Invitrogen, Carlsbad, CA, USA). After transfection,

cells were incubated in adipogenic-inducing medium in the

presence or absence of pitavastatin for 48 h. Cells were lysed

and activity of pPPAR-Luc and RLuc were determined

according to the manufacturer’s instruction (Promega,

Madison, WI, USA).

Data analysis

All the experiments were repeated at least three times and

representative results are presented. In the triglyceride assay,

the data were analysed by paired Student’s t-test; with

Po0.05 showing significant differences.

Materials

Pitavastatin was obtained from the Pharmaceutical Division,

Kowa Company Ltd (Tokyo, Japan). All other chemicals were

purchased from Sigma-Aldrich (St Louis, MO, USA). Anti-

pref-1 antibody was purchased from Chemicon International

Inc. (Temecula, CA, USA). Rabbit anti-aP2 serum was

generated by immunization with murine aP2 peptide of

DGKSTTIKRKRDGDKLV (Sun et al., 2003). All other anti-

bodies were purchased from Santa Cruz Biotechnology Inc.

(Santa Cruz, CA, USA).

Results

Pitavastatin inhibits adipocyte differentiation, accumulation

of neutral lipids and triglycerides

To determine the effect of pitavastatin on adipocyte

differentiation, pitavastatin (1–10 mM) was added to 3T3-L1

fibroblasts at the initiation of differentiation induced by the

IDI mixture (see Methods). Treatment was continued until

differentiation was complete. Cellular toxicity, as deter-

mined by microscopic observation and trypan blue exclu-

sion, was not observed with concentrations of pitavastatin

up to 10 mM (data not shown). The effects of pitavastatin on

adipocyte differentiation were evaluated by Oil Red O

staining and by analysis of cellular triglyceride content. Oil

droplets were not seen in fibroblasts but were abundant in

differentiated adipocytes. Pitavastatin (1 mM) significantly

reduced the number of oil droplets and completely pre-

vented the formation of oil droplets at 5mM (Figure 1a).

Consistent with the appearance of the formed oil droplets,

cellular triglyceride levels were very low in fibroblasts and

this level was elevated a few hundred-fold after differentia-

tion. Pitavastatin significantly reduced cellular triglyceride

levels in a concentration-dependent manner (Figure 1a). The

level of cellular triglyceride in the presence of 5 mM

pitavastatin was about 2- to 3-fold of that in fibroblasts,

but was not significantly different.

The effects of other statins, such as rosuvastatin and

simvastatin, on adipocyte differentiation were also evaluated

by determination the formation of oil droplets and analysis

of cellular triglycerides. Both rosuvastatin and simvastatin

(5mM) also significantly blocked the formation of oil droplets

and reduced the accumulation of cellular triglyceride during

differentiation (Figure 1b).

To determine if the inhibitory effects of pitavastatin on

adipocyte differentiation was dependent on HMG-CoA

reductase activity, we added mevalonate (10 mM) or choles-

terol (10 mM) to the differentiating cells in the presence of

pitavstatin. Compared with pitavastatin alone, co-treatment

with mevalonate or cholesterol did not alter the effect of

pitvastatin on Oil Red O staining or cellular triglyceride

content (Figure 1c) suggesting pitavastatin inhibition of

adipocyte differentiation was independent of its effect on

HMG-CoA reductatse.

In vitro adipocyte differentiation is completed in about

1 week following the initiation of IDI treatment. Associated

with this differentiation, a series of molecular events occur at

different times, which determine the phenotype of adipo-

cytes. Thus, the time of addition of pitavastatin in this

procedure could have an important influence on adipocyte

differentiation. To test this, pitavastatin (5 mM) was added to

differentiated cells on days �1, 0, 1, 2 and 3 before and
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Figure 1 Statins inhibit adipocyte differentiation. (a) At the first day of confluence, 3T3-L1 fibroblast/preadipocytes were induced toward
adipocyte differentiation in the presence of pitavastatin at the indicated concentrations for 8 days. Neutral lipid in fibroblasts or the
differentiated cells was assessed by Oil Red O staining. Cells were also used to determine the cellular triglyceride content as described in the
Methods. #,*Significantly different from fibroblasts and adipocytes, respectively (Po0.05 by Student’s t-test, n¼4). (b) Fibroblasts were
induced toward adipocyte differentiation (IDI) in the presence of rosuvastatin (Ros) or simvastatin (Sim; 5 mM of each) for 8 days. Neutral lipid
and cellular triglyceride contents were determined as described above. (c) Fibroblasts were induced toward adipocyte differentiation in the
presence of pitavastatin (Pit; 5mM) or pitavastatin plus mevalonate (Mev; 10mM) or cholesterol (Cho; 10mM) for 8 days. Neutral lipid and
cellular triglyceride contents were analysed as described in the Methods.

Regulation of adipocyte differentiation
AC Nicholson et al810

British Journal of Pharmacology (2007) 151 807–815



during IDI-induced differentiation. Both Oil Red O staining

and the triglyceride assay demonstrated that lipid accumula-

tion was dependent on the time of treatment with

pitavastatin (Figure 2). Compared with untreated adipocytes,

few oil droplets formed in cells when pitavastatin was added

1 day ahead or on the day of induction of differentiation.

This suggests that pitavastatin completely blocked adipogen-

esis. Although pitavastatin reduced formation of oil droplets

when added to cells after the initiation of differentiation, the

effect was diminished as the time of addition was delayed

after the initiation of differentiation (Figure 2a). Similarly, no

triglyceride accumulated within cells when pitavastatin was

added at the early stages of differentiation. However,

significant amounts of triglycerides were present in cells

when pitavastatin was added on day 1 or more after

induction of differentiation (Figure 2b).

Pitavastatin inhibits expression of adipocyte-specific genes during

adipocyte differentiation

Adipocyte differentiation from fibroblast/preadipocytes is

associated with expression of several adipocyte-specific genes

including those for aP2, CD36, adipsin and GLUT4. The

inhibitory actions of pitavastatin on adipocyte differentia-

tion were further characterized by determining its effect on

expression of these genes. Initially, expression of two PPARg
responsive genes, CD36 and aP2, was evaluated by Northern

blot analysis in differentiated cells in the presence or absence

of pitavastatin. Both aP2 and CD36 mRNA were undetectable

in fibroblasts. After 3 days of induction, aP2 and CD36

mRNA were abundant. Their expression levels were maximal

at 1 week of differentiation (Figure 3a). Expression of aP2 or

CD36 mRNA in the presence of pitavastatin at day 3 of

differentiation was markedly reduced. Although both CD36

and aP2 mRNA were detected on days 5 and 7 in

differentiated cells in the presence of pitavastatin, the levels

were much less than that in untreated differentiated cells.

The effects of pitavastatin concentration on CD36 and aP2

mRNA expression in adipocyte differentiation were also

determined. Pitavastatin (1–5 mM) was added at the onset of

differentiation until completion of differentiation (1 week).

An inverse relationship between the level of CD36/aP2

mRNA and the concentration of pitavastatin was observed

(Figure 3b).

The effects of pitavastatin on protein expression of aP2

and GLUT4 in differentiated cells and the level of secreted

adipsin in culture medium after adipocyte differentiation

were determined by Western blot analysis. In fibroblasts,

expression of aP2, GLUT4 and secreted adipsin were

undetectable. Expression of each was very high in adipo-

cytes, but significantly inhibited in differentiated cells in the

presence of pitavastatin (Figure 3c).

Inhibition of adipocyte differentiation by pitavastatin

is dependent on the suppression of PPARg and the activation

of pref-1, but not C/EBPa expression

Adipocyte differentiation is activated by the coordinate

actions of PPARg and C/EBPa, but inhibited by expression

of pref-1. To study the mechanism(s) by which pitavastatin

inhibits adipocyte differentiation, the effects of pitavastatin

on expression of PPARg and C/EBPa was assessed. Both PPARg
mRNA and protein were undetectable in fibroblasts. The

adipogenic mixture (IDI) significantly induced expression of

PPARg mRNA and protein (PPARg1/2 and phosphorylated

PPARg1/2) after 5 days of induction (Figure 4a). Expression of

PPARg mRNA and protein was maximal after completion

of differentiation (1 week). In the presence of pitavastatin,

Figure 2 Pitavastatin inhibits adipocyte differentiation in a time-
dependent manner. Pitavastatin (5 mM) was added to cells on the
indicated day of induction (before, at same time or after) of
adipocyte differentiation. Both Oil Red O staining and triglyceride
assay were conducted on day 8 of differentiation. #,*Significantly
different from fibroblasts (day 0 sample) and adipocytes, respectively
(Po0.05 by Student’s t-test, n¼4).
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on day 3 of induction, PPARg mRNA was still undetectable

and protein was much lower than that in corresponding

untreated differentiated cells. In the presence of pitavastatin,

although both PPARg mRNA and PPARg2 protein were

increased at the late stages of differentiation, expression

was markedly reduced relative to untreated cells

and expression of PPARg1 protein was still undetectable

(Figure 4). Further studies indicated that pitavastatin inhibited

expression of PPARg mRNA and protein in a dose-dependent

manner during adipocyte differentiation (Figure 4b).

In contrast to the effects on PPARg expression in adipocyte

differentiation, pitavastatin increased C/EBPa expression

(Figure 5). C/EBPa mRNA and protein were undetectable in

fibroblasts by Northern and Western blots but were abun-

dant in adipocytes. Pitavastatin-induced C/EBPa expression

at different concentrations and maximal induction was seen

at a concentration of 2 mM.

In addition to the regulation of PPARg expression, the

effects of pitavastatin on the binding activity of PPARg
protein to PPRE were evaluated (Figure 6). 3T3-L1 fibroblasts

were induced to differentiate in the presence of varying

concentrations of pitavastatin. At the completion of differ-

entiation, nuclear proteins were collected and the DNA-

binding activity of PPARg was determined by EMSA. EMSA

revealed a prominent PPARg protein–DNA complex in

adipocytes but a DNA–protein complex was barely detectable

in fibroblasts. Changes in the PPARg–DNA complex in

response to pitavastatin reflected the PPARg protein expres-

sion pattern (Figures 4b and 6a). Therefore, pitavastatin did

not affect the affinity for the binding of PPARg protein to its

response element. To further confirm this, different concen-

trations of pitavastatin were added to the nuclear protein–

DNA reaction system and the formation of PPARg–DNA

complexes was evaluated. Pitavastatin did not interfere with

the reaction of PPRE (Figure 6b).

To directly investigate the effect of pitavastatin on PPARg
transcription, a pPPAR-Luc was constructed and used to

transfect into preadipocytes. The effect of pitavastatin on

activity of the PPARg promoter was evaluated in the presence

of IDI (Figure 7). With the progression of adipocyte

differentiation, PPARg promoter activity was significantly

Figure 3 Pitavastatin inhibits aP2 and CD36 mRNA expression, ap2
and GLUT4 protein expression, and secretion of adipsin during
adipocyte differentiation. Adipocyte differentiation of confluent
fibroblasts was induced with IDI for the indicated days in the
presence or absence of 3 mM pitavastatin (a) or for 8 days in
the presence or absence of pitavastatin at the indicated concentra-
tions (b, c). Total RNA was extracted and analysed for CD36 and aP2
mRNA expression by Northern blot as described in the Methods. The
same blot was re-probed for GAPDH mRNA. Cellular lysates and
pooled culture medium were collected as described in the Methods.
Cellular proteins (40 mg) or culture medium (30ml) were evaluated
for aP2, GLUT4 and adipsin by Western blot.

Figure 4 Pitavastatin inhibits PPARg expression during adipocyte
differentiation. Fibroblasts were induced toward adipocyte differ-
entiation for the indicated days in the presence of 3 mM pitavastatin
(a) or for 8 days in the presence of indicated concentrations of
pitavastatin (b). RNA was extracted to determine PPARg mRNA
expression by Northern blot. Nuclear proteins were isolated to
determine PPARg1/2 and phospho-PPARg1, 2 (PPAR-g1/2-Pi) protein
expression by Western blot.
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elevated. However, pitavastatin suppressed this activation

suggesting a direct effect on transcription of PPARg.
The effects of pitavastatin on expression of pref-1 were

evaluated by two experiments. First, the effect of pitavastatin

on pref-1 expression in preadipocytes was studied. As

reported by others, multiple bands of pref-1 were observed

by Western blot analysis (Smas and Sul, 1993). Pitavastatin

increased pref-1 expression in preadipocytes in a concentra-

tion-dependent manner (Figure 8a). Second, the effect of

pitavastatin on pref-1 expression in differentiated cells was

investigated. During adipocyte differentiation, expression of

pref-1 declined rapidly. After 5 days of differentiation, pref-1

was undetectable. In contrast, pitavastatin still induced pref-1

expression at the earlier stages of differentiation. Even at the

later stages, pitavastatin still maintained pref-1 expression at

levels comparable with those observed in preadipocytes

(Figure 8b).

Discussion

Adipocyte differentiation is predominantly regulated by two

transcription factors, PPARg and C/EBPa. Selective regulation

Figure 5 Pitavastatin induces C/EBPa expression in adipocyte
differentiation. Confluent fibroblasts were induced toward adipocyte
differentiation for 8 days in the presence of pitavastatin at the
indicated concentrations. RNA and nuclear protein were extracted
to determine C/EBPa mRNA expression by Northern blot (a) and
C/EBPa protein expression by Western blot (b), respectively.

Figure 6 Effect of pitavastatin on PPARg DNA-binding activity.
Confluent fibroblasts were induced toward adipocyte differentiation
in the presence of pitavastatin at the indicated concentrations for
8 days. Nuclear proteins were collected and used to analyse DNA-
binding activity of PPARg protein by EMSA as described in the
Methods. (a) Nuclear proteins (4 mg) from fibroblasts (Fib),
differentiated cells or samples a/b (nuclear extract of THP-1/PMA
macrophages supplied by the manufacturer of the assay kits) were
used to conduct EMSA. Anti-PPARg (1:5 diluted) was added to
sample b reaction system. (b) Pitavastatin at the indicated
concentrations was added to the reaction system of adipocyte
nuclear proteins with PPARg probe. The complex of PPARg–DNA was
determined by EMSA.

Figure 7 Pitavastatin inhibits PPARg transcription. Confluent
3T3-L1 preadipocytes in 24-well plates were transfected with
pPPAR-Luc or RLuc by Lipofectamine 2000. After transfection, cells
were induced toward adipocyte differentiation with IDI in the
presence or absence of the indicated concentration of pitavastatin
for 48 h. Activity of pPPAR-Luc was determined and normalized to
the activity of RLuc (n¼4).

Figure 8 Activation of pref-1 expression by pitavastatin.
(a) Pitavastatin induces pref-1 expression in preadipocytes. 3T3-L1
preadipocytes were treated with pitavastatin at the indicated
concentrations for 24 h. Total cellular proteins were extracted and
expression of pref-1 protein was determined by Western blot.
(b) Pitavastatin maintains pref-1 expression in differentiated cells.
3T3-L1 preadipocytes were induced toward adipogenesis with IDI in
the presence or absence of pitavastatin (5mM) for 2 and 5 days,
respectively. Expression of pref-1 protein in preadipocytes and
differentiated cells was determined by Western blot.
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of PPARg or C/EBPa expression can alter this differentiation

process. Here, we demonstrate that pitavastatin and other

statins inhibited adipocyte differentiation by inhibiting

PPARg, but not C/EBPa expression, and by increasing

expression of an important inhibitor of adipocyte differ-

entiation, pref-1.

Activation or inhibition of PPARg affects adipocyte

differentiation (Spiegelman, 1998; Tamori et al., 2002). Both

natural (prostaglandin J2 series and some oxidized lipids)

and synthetic (thiazolidinediones (TZDs)) PPARg ligands

activate PPARg and promote adipogenesis in primary cells

and cell lines (Kliewer et al., 1995; Gimble et al., 1996). In

contrast, binding of bisphenol A diglycidyl ether does not

activate PPARg but blocks the binding of PPARg ligands and

significantly inhibits adipocyte differentiation (Wright et al.,

2000). Decreased PPARg expression also negatively influ-

ences adipocyte differentiation. Phosphatidylinositol

3-kinase inhibitors, LY294002 and wortmannin, inhibit

PPARg expression and block adipocyte differentiation (Xia

and Serrero, 1999). Tumor necrosis factora inhibits adipocyte

differentiation in preadipocytes and reverses differentiation

in differentiated adipocytes by suppressing PPARg expression

without affecting pref-1 expression (Xing et al., 1997;

Kurebayashi et al., 2001). In these experiments, the expres-

sion of C/EBPa is either not changed or changed in a trend

similar to PPARg in response to treatment. In contrast, our

studies demonstrate that pitavastatin-induced inhibition of

adipocyte differentiation is associated only with decreased

PPARg, not C/EBPa expression. These findings suggest that

inhibition of PPARg is essential for blocking adipocyte

differentiation in response to the statins. Furthermore, our

data are consistent with work of Li et al. (2003) who

evaluated adipogenesis in D1 cells, a multipotential cell line

that can differentiate into cells of osteoblast or adipocyte

lineage. They demonstrated that lovastatin inhibited adipo-

genesis in D1 cells by inhibiting expression of PPARg2.

Similarly, atorvastatin was recently reported to inhibit 3T3-

L1 adipocyte differentiation by significantly reducing

expression of PPARg and moderately reducing expression of

C/EBPa (Nakata et al., 2006).

C/EBPa is crucial for adipocyte differentiation. Expression

of C/EBPa is triggered by C/EBPb/d and occurs 3 days after

the initiation of adipogenic differentiation (Cornelius et al.,

1994; Clarke et al., 1997; Lane et al., 1999). In vivo, C/EBPa is

essential for differentiation of white, but not of brown

adipose tissue. Lack of C/EBPa in knockout mice results in

death of the mice shortly after birth (Linhart et al., 2001).

Transfection of a fibroblastic cell line with a C/EBPa
containing retrovirus promotes adipogenesis, while anti-

sense C/EBPa RNA suppresses adipocyte differentiation of

3T3-L1 cells (Lin and Lane, 1992; Freytag et al., 1994). Several

molecules, such as chlorinated cyclodiene pesticides and

retinoic acid, block adipogenesis through C/EBPa-mediated

transcription but also suppress expression of PPARg (Schwarz

et al., 1997; Moreno-Aliaga and Matsumura, 1999).

We showed that inhibition of adipocyte differentiation

by pitavastatin did not require the suppression of C/EBPa.
In support of these data, others have shown that in the

absence of C/EBPa, TZDs can induce adipogenesis (Gustafson

et al., 2003).

Pref-1, a transmembrane protein, contains six EGF-like

repeats in its extracellular domain (Smas and Sul, 1993).

Cleavage at two proteolytic processing sites in this domain

leads to the generation of a soluble pref-1 protein of

approximately 50 kDa corresponding to the ectodomain

and smaller products from 24 to 30 kDa (Smas et al., 1997).

Pref-1 is abundant in preadipocytes but absent in differ-

entiated adipocytes suggesting that expression of pref-1 is

regulated during the differentiation process. More impor-

tantly, the regulatory role of pref-1 in adipocyte differentia-

tion has been defined. Both constitutive expression of

complete pref-1 in preadipocytes and addition of the

ectodomain of pref-1 to preadipocytes can inhibit adipo-

genic agent-induced adipocyte differentiation (Smas and Sul,

1993; Mei et al., 2002). Attenuation of pref-1 transcription by

dexamethasone suggests that the pref-1 gene is an early

target for initiation of adipocyte differentiation (Smas et al.,

1999). The requirement of serum for adipocyte differentia-

tion is necessary owing to the inhibition of pref-1 expression

(Smas et al., 1999). Compared with 3T3-L1 cells, pref-1 is

threefold higher in the closely related but differentiation-

defective 3T3-C2 cells (Smas and Sul, 1993). High expression

of pref-1 in transgenic mice is associated with a substantial

decrease in total fat pad weight, reduced expression

of adipocyte markers and adipocyte-secreted factors. In

contrast, genetic deletion of pref-1 causes obesity in mice

(Moon et al., 2002; Lee et al., 2003). Our studies support an

important role for pref-1 in the inhibition of adipocyte

differentiation as pitavastatin induces pref-1 expression in

preadipocytes. More importantly, pitavastatin prevents the

suppression of pref-1 by adipogenic-inducing agents.

Statin therapy has proved to be beneficial in reducing

the incidence of cardiovascular events through its effect

in lowering LDL cholesterol levels. Since obesity is a

well-established risk factor for cardiovascular disease and

diabetes, our studies suggest that it may be interesting

to determine if the statins have a role in adipogenesis in vivo.
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