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Abstract

Adipocyte differentiation is a key process in determining the number of mature adipocytes in the development of obesity. Here, we examined the function of
curcumin, a dietary polyphenol found in turmeric, and its underlying mechanisms in adipocyte differentiation. Our study reveals that curcumin exerts an anti-
adipogenic function both in 3T3-L1 murine cells and in human primary preadipocytes as determined by intracellular lipid accumulation assay, quantitative
analysis of adipocyte marker gene expression and a noninvasive multimodal Coherent Anti-Stokes Raman Scattering (CARS) microscopic analysis of intracellular
curcumin. The inhibitory action of curcumin was largely limited to the early stage of adipocyte differentiation, where curcumin was found to inhibit mitotic
clonal expansion (MCE) process as evidenced by impaired proliferation, cell-cycle entry into S phase and the S to G2/M phase transition of confluent cells, and
levels of cell cycle-regulating proteins with no significant effect on cell viability and cytotoxicity. This, in turn, resulted in inhibition of mRNA levels of early
adipogenic transcription factors, particularly Kriippel-like factor 5 (KLF5), CCAAT/enhancer binding proteinae (C/EBPat) and peroxisome proliferator-activated
receptory (PPARY), in the early stage of adipocyte differentiation. Supplementation with rosiglitazone, a PPARYy ligand, during the early stage of adipocyte
differentiation partially rescued curcumin-inhibited adipocyte differentiation. Collectively, our results show that curcumin is an anti-adipogenic dietary bioactive

component largely involved in the modulation of the MCE process during the early stage of adipocyte differentiation.

© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Obesity-associated chronic diseases such as type 2 diabetes and
cardiovascular disease have been shown to contribute to a rising
incidence of mortality and morbidity [1]. Both an increased number of
adipocytes (hyperplasia) due to enhanced differentiation of pre-
adipocytes to adipocytes, and an increased size of adipocytes
(hypertrophy) due to lipid accumulation are shown to participate in
the expansion of adipose tissue. A recent human study suggests that
tight regulation of adipocyte number is the key determinant for
adipose mass not only in childhood and adolescence, but also in
adulthood [2]. This finding supports the idea of adipocyte hyperplasia
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as an effective target for treating or preventing the development of
obesity and its related diseases.

The molecular mechanisms underlying hormonal and nutritional
regulation of adipocyte differentiation have been extensively studied
using in vitro models of mouse preadipocyte cell lines such as 3T3-L1
and 3T3-F442A cells [3,4]. In response to a standard adipogenic
cocktail, including insulin, glucocorticoid and an inhibitor of cyclic
AMP phosphodiesterase, growth-arrested confluent preadipocytes
are known to reenter the cell cycle for an additional two rounds of
division, known as mitotic clonal expansion (MCE). Within 24 h after
induction by the adipogenic cocktail, activated MCE concomitantly
initiates a well-programmed series of transcriptional activation with
expression of early adipogenic transcription factors such as Kriippel-
like factor 5 (KLF5) and CCAAT/enhancer binding protein® (C/EBPB),
followed by C/EBPS, PPARY and C/EBPa, which are involved in
changing mature adipocyte phenotype [4]. By 48 h of the indiction of
adipocyte differentiation, the cells complete this coordinated activa-
tion of MCE and early adipogenic transcriptional program, and begin
to express late markers of adipocyte differentiation, including genes
encoding adipokines such as leptin, adiponectin and resistin.

Despite continuous attention on dietary phytochemicals to act as
rich therapeutic and/or preventive sources for many diseases, few
such compounds have been known to have a direct role in adipocyte
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differentiation, thereby serving as a means to control adipose tissue
mass. Curcumin (diferuloylmethane) is the yellow pigment and the
key bioactive compound found in the rhizome of the perennial herb
turmeric (Curcuma longa), a dietary spice commonly used in curry
[5-7]. Curcumin is known to have anti-oxidative, anti-inflammatory
and anti-carcinogenic properties [5-7]. The beneficial role of
curcumin in various diseases, such as cancer, psoriasis, heart failure
and Alzheimer's disease, has been well established [8-12]. In addition,
a number of human studies proved that curcumin has no significant
toxic effects at very high doses (8 g/day), suggesting curcumin as a
safe and effective dietary compound in humans. Despite the fact that
obesity is associated with activated oxidative stress and inflammation
in adipose tissue, the beneficial role of curcumin and its underlying
mechanisms in the development of adipose tissue are still under
investigation. Recently, curcumin has been shown to ameliorate
obesity-induced inflammation in adipose tissue and the liver with
improved glycemic control and a slight decreased body weight gain in
obese animals [13,14]. In these studies, a preventive role of curcumin
in the development of high-fat diet-induced obesity in animals has
been proposed [14,15]. Ejaz et al. [15] also demonstrated a potential
inhibitory function of curcumin in adipocyte differentiation. These
findings suggest that curcumin could be effective in modulating
generation of new adipocytes. However, the molecular mechanisms
underlying curcumin-regulated adipocyte differentiation is unclear.

Using cellular/biochemical techniques and an imaging tool, here
we demonstrate that curcumin inhibits murine and human adipocyte
differentiation with little effect on viability of differentiating cells. We
elucidated that this anti-adipogenic function of curcumin is largely
limited to the early stage of adipocyte differentiation, where
curcumin inhibits the proliferation and cell-cycle progression of
postconfluent preadipocytes in MCE with a subsequent suppression
of pro-adipogenic transcription factors, KLF5, PPARy and C/EBPa. We
also showed that rosiglitazone, a PPARYy agonist, is able to partially
rescue the inhibitory effect of curcumin on adipocyte differentiation.
Together, our results elucidate that MCE process plays a critical role in
mediating the anti-adipogenic function of curcumin.

2. Materials and methods
2.1. Materials and reagents

Curcumin, dexamethasone (DEX), 3-isobutyl-1-methyl-xanthine (IBMX) and
propidium iodide solution were purchased from Sigma. Fetal calf serum (FCS) and
fetal bovine serum (FBS) were purchased from PAA Cell Culture Company.
Rosiglitazone was purchased from Calbiochem. Dulbecco’'s Modified Eagle's Medium
(DMEM) and 0.25% trypsin-EDTA were purchased from Thermo Scientific. Medium
(preadipocyte medium, adipocyte differentiation medium and adipocyte maintenance
medium) related to subcutaneous human adipocyte culture was obtained from
ZenBio, Inc.

2.2. Cell culture and treatment conditions

3T3-L1 preadipocytes obtained from American Type Culture Collection were
cultured in DMEM containing 10% (v/v) FCS. Two-day postconfluent 3T3-L1
preadipocytes, designated to Day 0, were differentiated with DMEM supplemented
with 10% FBS and an adipogenic cocktail containing 1 pg/ml insulin, 0.5 mM IBMX and 5
uM DEX for 2 days. Cells were then maintained in 10% FBS-DMEM with insulin for
another 2 days, followed by an additional 2 days of culture with DMEM containing 10%
FBS, at which time >90% of cells were differentiated into mature adipocytes. All
medium contained 100 U/ml penicillin, 100 pg/ml streptomycin and 0.11 g/L sodium
pyruvate. A subcutaneous human adipocyte cell line was purchased from ZenBio. Cell
culture process was followed by manufacturer's protocol. Briefly, subcutaneous human
preadipocytes were maintained in preadipocyte medium. Differentiation of confluent
subcutaneous human preadipocytes was initiated by adding fresh adipocyte differen-
tiation medium. After 7 days, medium was replaced with fresh adipocyte maintenance
medium. Adipocyte differentiation was continued until Day 14 when lipid droplets
were clearly observed. All cells were maintained at 37°C in a humidified 5% CO,
atmosphere. Oil red O (ORO) staining was performed on Day 6 to stain the accumulated
lipid droplets in differentiated adipocytes [16]. The ORO-stained cells were photo-
graphed. Spectrophotometric quantification of the ORO-stained lipid was performed

by measuring optical density at 490 nm after extracting the ORO dye from cells
by isopropanol.

2.3. Isolation of total RNA and real-time reverse transcription-PCR

By following manufacturer's instruction, total RNA in 3T3-L1 cells was extracted
using Trizol Reagent (Invitrogen) and 1 pg/ul of isolated RNA was subjected to the
reverse transcription reaction using SuperScript II kit (Invitrogen) for cDNA synthesis.
Generated cDNA was subjected to real-time reverse transcription (RT)-PCR reactions
using thermocyclers from Applied Biosystems or Stratagene. In real-time RT-PCR,
diluted ¢cDNA was added to a SYBR premixed Taq reaction mixture containing
100 ng/ml PCR primers. The sequence of primers corresponding to mouse adipogenic
genes used in Fig. 1C is as follows: C/EBPP (forward, 5'-AGC GGC TGC AGA AGA AGG T-
37; reverse, 5'-GGC AGC TGC TTG AAC AAG TTC-3’); PPARy (forward, 5-CCC AAT GGT
TGC TGA TTA CAA AT-3’; reverse, 5'-TTT CTA CTT TGA TCG CAC TTT GGT ATT CT-3'); C/
EBPa (forward, 5'-GGT TTA GGG ATG TTT GGG TTT TT-3’; reverse, 5'-AAG CCC ACT TCA
TTT CAT TGG T-3’); adiponectin (forward, 5'-GAT GCA GGT CTT CTT GGT CCT AA-3’;
reverse, 5'-GGC CCT TCA GCT CCT GTC A-3'); leptin (forward, 5'-CAC ACA CGC AGT CGG
TAT CC-3; reverse, 5'-AGC CCA GGA ATG AAG TCC AA-3'); resistin (forward, 5’-TGC
CAG TGT GCA AGG ATA GAC T-3’; reverse, 5'-CGC TCA CTT CCC CGA CAT-3'); B-actin
(forward, 5'-AGA TGA CCC AGA TCA TGT TTG AGA-3’; reverse, 5'-CAC AGC CTG GAT
GGC TAC GT-3’). The sequences of primers used in Fig. 5 and 6 are as follows: C/EBP3
(forward, 5’-GCA AGA GCC GCG ACA AG-3’; reverse, 5'-GGC TCG GGC AGC TGC TT-3');
KLF5 (forward, 5'-CCG GAG ACG ATC TGA AAC AC-3’; reverse, 5'-GGA GCT GAG GGG
TCA GAT ACT T-3’); PPARy (forward, 5'-CCA CCA ACT TCG GAA TCA GCT-3’; reverse, 5'-
TTT GTG GAT CCG GCA GTT AAG A-3'); C/EBPa for real-time PCR (forward, 5'-GCT GGA
GTT GAC CAG TGA CA-3’; reverse, 5'-AAA CCA TCC TCT GGG TCT CC-3’); P-actin
(forward, 5'-TGA CGG GGT CAC CCA CAC TGT GCC CAT CTA-3'; reverse, 5'-CTA GAA
GCA TTT GCG GTG GAC GAT GGA GGG-3").

2.4. Multimodal Coherent Anti-Stokes Raman Scattering microscope

A multimodal microscope capable of simultaneous Coherent Anti-Stokes Raman
Scattering (CARS) and two-photon excitation fluorescence (TPEF) imaging has been
previously described [17-19]. Briefly, for CARS imaging of lipid droplets in adipocytes,
the wave number difference between the pump laser and Stokes laser tuned to 2840
per centimeter, which matches the Raman shift of the symmetric CH, stretch vibration
in lipid molecules. The forward detected CARS signal was collected by an air condenser
(numerical aperture=0.55), transmitted through a 600/65-nm bandpass filter and
detected by a photomultiplier tube (PMT, H7422-40, Hamamatsu, Japan). For TPEF
imaging of intracellular fluorescent curcumin, the back-reflected signal was collected
by the objective, spectrally separated from the excitation source, transmitted through a
520/40-nm bandpass filter and detected by a PMT (H7422-40, Hamamatsu) mounted
at the back port of the microscope. Acquisition time for each image was 1.12 s. Images
were analyzed using Fluo-View software (Olympus).

2.5. Flow cytometric analysis

A Cell Lab Quanta SC flow cytometer (Beckman Coulter, Brea, CA, USA) was used
to assess the effect of curcumin on cell-cycle progression of differentiating 3T3-L1
cells. For this experiment, 3T3-L1 preadipocytes stimulated by the adipogenic
cocktail in the absence or presence of 20 or 30 uM curcumin for the indicated time
points were employed in this experiment. Cell pellets harvested at each time point
were fixed with 70% ethanol for at least 2 h on ice and washed twice with PBS. After
staining with 40 pg/ml propidium iodine solution containing 500 ug/ml of RNase A
for 30 min at 37°C, cells were subjected to cell-cycle analysis using a flow cytometer.

2.6. Cell viability, proliferation, cytotoxicity and bromodeoxyuridine incorporation assays

A 3-(4,5-dimethyl-thiazol-yl-2)-2,5-diphenyl tetrazolium bromide (MTT) reduc-
tion was determined to examine the effect of curcumin on cell viability. Briefly,
following the treatment of cells with different concentrations of curcumin in 10% FCS-
or FBS-containing DMEM for 24 or 48 h, cells were incubated with MTT solution
(0.5 mg/ml) for 1 h at 37°C. The formation of a violet precipitate, formazan, was
monitored at a wavelength of 595 nm and with a microplate reader (Beckman Coulter).
Cytotoxicity was measured based on lactate dehydrogenase (LDH) activity in cell
culture medium. Cytotoxicity assay was performed using the CytoTox 96 Non-
Radioactive Cytotoxicity Assay kit (Promega, Madison, WI, USA) according to the
manufacturer's protocol. Briefly, medium were collected when cells were cultured with
curcumin for 24 and 48 h. Medium was incubated with reconstituted substrate mix for
30 min at room temperature and then the reaction was stopped by stop solution. LDH
activity was measured at 490 nm by a microplate reader. 3T3-L1 cell proliferation was
determined by counting the cells with a hemocytometer. Cell counting was determined
in triplicate wells in each condition, and the value for each well was the mean of the cell
count in four different fields of the hemocytometer. The bromodeoxyuridine (BrdU)
incorporation assay was also employed to investigate the influence of curcumin on cell
proliferation using a commercially available BrdU cell proliferation assay kit
(Calbiochem, Germany). Briefly, 3T3-L1 cells treated with different concentrations of
curcumin in 10% FBS-containing DMEM medium for 24 or 48 h in a 96-well plate were
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labeled with BrdU for 18 h. After BrdU labeling, medium was removed and
incorporated BrdU in the cell was monitored using an antibody generated against
BrdU. BrdU incorporation was measured at a wavelength of 450 nm and at 595 nm for
background adjustment with a microplate reader.

2.7. Immunoblot assay

Two-day confluent 3T3-L1 cells were differentiation by treatment with the
standard differentiation cocktail in the absence or presence of curcumin (0, 10, 20
and 30 puM). Cells were harvested by scrapping at Days 0, 1 and 2. Cell pellets were
prepared by cell lysis buffer containing Tris-Cl (100 mM, pH 7.5-8), NaCl (100 mM),
0.5% TritonX-100, protease inhibitor cocktail, sodium orthovanadate (1 mM) and
sodium fluoride (10 mM). The protein concentration was determined using the
Bradford method (Bio-Rad Laboratories, Hercules, CA, USA). Proteins were separated by
12% SDS-PAGE and transferred to nylon membrane. Immunoblot was performed by
phospho-C/EBPB (Thr235) (Cell Signaling, Danvers, MA, USA), C/EBPR (C-19) (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), cyclin A (Sigma, St. Louis, MO, USA) and cdk2
(MBL, Japan) antibodies at 4°C overnight and then visualized with horseradish
peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology) and an
enhanced chemiluminescence kit (Pierce, Rockford, IL, USA).

2.8. Statistical analysis

Data are shown as means4S.E.M. Statistical analysis was performed using SAS 9.0
software. One-way ANOVA was used to determine the significance of treatment effect
and interactions. Significant differences between group means were assessed by
Dunnette's multiple comparison. P values lower than .05 were regarded as statistically
significant.

3. Results

3.1. Curcumin inhibits differentiation of 3T3-L1 preadipocytes in a
dose-dependent manner

To elucidate the function of curcumin and its underlying molecular
mechanism in adipocyte differentiation, we first tested the effect of
curcumin on the differentiation of 3T3-L1 preadipocytes. Treatment
of differentiating 3T3-L1 preadipocytes with increasing concentra-
tions of curcumin for 6 days resulted in a dose-dependent inhibition
of adipocyte differentiation as judged by ORO staining (Fig. 1A).
Quantification of ORO-stained intracellular lipid droplets allowed us
to calculate the half maximal inhibitory concentration (ICsq) of
curcumin to approximately 16.1 pM, with complete inhibition of
adipocyte differentiation at 30 pM curcumin (Fig. 1B). Furthermore,
mRNA levels of adipocyte marker genes such as C/EBPP, PPARYy,
C/EBPq, leptin, adiponectin and resistin were lower in curcumin-
treated 3T3-L1 cells for 6 days (Fig. 1C). To examine whether
curcumin's anti-adipogenic function could also be seen in non-murine
cells, the effect of curcumin on differentiation of primary human
preadipocytes was tested. Primary human preadipocytes were
subjected to adipocyte differentiation for 14 days in the presence or
absence of curcumin (0-12.5 uM) in accordance with the protocol as
detailed in the Materials and Methods section. After 14 days of
adipocyte differentiation, the intracellular lipid droplet accumulation
in these human adipocytes was assessed by ORO staining. Treatment
of differentiating primary human preadipocytes with various con-
centrations of curcumin resulted in a dose-dependent inhibition of
adipocyte differentiation (Fig. 1D) with a maximum 80% inhibition at
12.5 uM curcumin (Fig. 1D). Collectively, these results demonstrate
the anti-adipogenic property of curcumin in vitro.

3.2. The early stage of differentiation is critical for the inhibitory role of
curcumin in adipocyte differentiation

3T3-L1 adipocyte differentiation initiated by an exposure to the
adipogenic cocktail consists of three distinct stages, including the early
stage (Days 0-2), the postmitotic intermediate stage (Days 3-4) and
the terminal stage (after Day 4) [3]. To elucidate the molecular basis
underlying curcumin-inhibited adipocyte differentiation, we attempted
to identify the critical stage of adipocyte differentiation which is

specifically affected by curcumin treatment. Differentiating 3T3-L1 cells
exposed to the adipogenic cocktail were treated with 30 M curcumin at
various time points during adipocyte differentiation as illustrated in
Fig. 2A. After 6 days of differentiation, the levels of adipocyte
differentiation of these cells were determined by qualitative (Fig. 2B)
and quantitative (Fig. 2C) analysis of ORO-stained intracellular lipid
droplets. As expected, 3T3-L1 cells treated with 30 pM curcumin for 6
days showed a complete inhibition of adipocyte differentiation (i.e.,
Treatment 3 in Fig. 2C). Similar with this, cells incubated with curcumin
during treatments from 4 to 6 exhibited significantly reduced levels of
intracellular lipid droplet. However, differentiating 3T3-L1 cells treated
with curcumin only in Day 1 (Treatment 7), Days 2-4 (Treatments 10
and 11), Days 2-6 (Treatments 8 and 9) or Days 4-6 (Treatment 12)
of adipocyte differentiation resulted in a moderate inhibition of
adipocyte differentiation to 20-40% compared with control cells
(Treatment 2 in Fig. 2C). These results suggest that complete
inhibition of adipocyte differentiation by curcumin is largely limited
to the early stage (i.e., Days 0-2) and, to a lesser extent, postmitotic
stages of adipocyte differentiation.

To correlate between the anti-adipogenic function and the
presence of curcumin in adipocytes, we next monitored the
absorption property of curcumin in differentiated 3T3-L1 cells
incubated with curcumin using simultaneous CARS and TPEF imaging
analysis. CARS microscopy is a noninvasive and label-free imaging
technique, which is highly sensitive for optical examination of lipid-
rich biological structures both in vitro and in vivo [20-23]. Since
curcumin is naturally fluorescent in the visible green spectrum, we
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Fig. 1. Curcumin inhibits adipocyte differentiation in a dose-dependent manner. Two-
day postconfluent 3T3-L1 preadipocytes were subjected to adipocyte differentiation for
6 days in the presence of dimethyl sulfoxide (DMSO) or various concentrations (0-30
M) of curcumin in DMSO. (A) After 6 days of treatment of 3T3-L1 cells with curcumin,
cells were subjected to ORO staining. (B) These cells were then subjected to
quantitative analysis of intracellular lipid accumulation. (C) Adipocyte markers
(C/EBPP, PPARY, C/EBPq, leptin, adiponectin and resistin) were analyzed by real-
time PCR using total RNA isolated from curcumin-treated 3T3-L1 cells. The signals were
normalized to 3-actin internal control, and the results were expressed as relative fold
of induction. (D) Primary human preadipocytes were subjected to adipocyte
differentiation for 14 days in the presence of DMSO or various concentrations
(0-12.5 pM) of curcumin in DMSO. After 14 days of cell differentiation, cells were
subjected to ORO staining and quantitative analysis of ORO-stained intracellular lipids.
A representative ORO-stained image is shown. Data are presented as means+S.E.M.
(*P<.05; ***P<.001), n=3-6.
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Fig. 1 (continued).

performed simultaneous imaging of lipid droplet accumulation with
CARS and intracellular curcumin with TPFE in differentiating 3T3-L1
cells using a multimodal CARS microscope. As shown in Fig. 2D,
control adipocytes differentiated for 6 days exhibited accumulation of
various sizes of lipid droplets detected by CARS microscope. Similar
with the results shown in Fig. 2B and C, CARS microscopy also
revealed that differentiating 3T3-L1 cells incubated with either 20 or
30 uM curcumin only in the early stage of differentiation resulted in a
significant reduction in both the number and size of intracellular lipid

droplets as well as in a sustained green fluorescent signal of curcumin
after 6 days of differentiation (Fig. 2D).

3.3. Curcumin inhibits the MCE process in the early stage of
adipocyte differentiation

A number of studies demonstrated a cytotoxic and/or pro-
apoptotic property of curcumin in various cell lines [24-26]. These
suggest that the anti-adipogenic role of curcumin found in this study
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Fig. 2. The inhibitory effect of curcumin occurs mainly in the early stage of differentiation. Two-day postconfluent 3T3-L1 preadipocytes were subjected to adipocyte differentiation for
6 days with 30 uM curcumin at the indicated time points, as shown in (A). After these treatments, cells were subjected to ORO staining (B) and quantitative analysis of ORO-stained
intracellular lipids (C). (D) Differentiating 3T3-L1 cells for 6 days treated with curcumin (0, 20 and 30 pM) only during Day 0 to Day 2 were subjected to multimodal CARS microscopy
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<001 ), and the experiment was repeated at least twice with similar results.
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with indicated concentrations of curcumin. Data are presented as means+S.E.M., n=9-36 (*P<.05; *p<01;

could be due to curcumin-inhibited viability of differentiating 3T3-L1
cells in the early stage of adipocyte differentiation. To test the role of
curcumin in the early stage of adipocyte differentiation, we first
examined the impact of curcumin on the viability and cytotoxicity of
3T3-L1 cells in the early stage of adipocyte differentiation. Differenti-
ating 3T3-L1 cells treated with various concentrations of curcumin
(0-30 uM) from Days 0 to 1 and Days 0 to 2 resulted in no effect and
approximately 10% decrease in cell viability, respectively (Fig. 3A).
Consistently, we also observed that curcumin treatment from Days 0 to
2 exerts no significant cytotoxic effect on differentiating 3T3-L1 cells
treated as assessed by the LDH assay (Fig. 3B). As 3T3-L1 cells incubated
with the adipogenic cocktail are known to enter an additional process of
cell proliferation in the early stage of adipocyte differentiation, we next
tested the effect of curcumin on the proliferation of differentiating 3T3-
L1 cells by performing cell number counting assay. Two-day postcon-
fluent 3T3-L1 cells with initial cell number of 8x10° cells/ml treated
with the adipogenic cocktail in the presence or absence of curcumin
(0-30 uM) during Days 0-2 were subjected to the cell number counting
assay. The cell number of control cells was reached to 1.3x10° and
2x10° cells/ml at Day 1 and Day 2, respectively (Fig. 3C). Although there
was a slight decrease in the measured cell number when 3T3-L1 cells
were incubated with adipogenic cocktail and different concentrations of
curcumin for 24 h, differentiating cells treated with curcumin for 48 h
exhibited a dose-dependent inhibition of cell proliferation with
approximately 1.3x10° cells/ml at the treatment with 30 uM curcumin
(Fig. 3C). Consistent with this finding, 48 h of treatment of differenti-
ating 3T3-L1 cells with various concentrations of curcumin is shown to
be associated with reduced level of BrdU incorporation compared with
control cells (Fig. 3D). However, a slight increase in BrdU incorporation
was observed when differentiating cells were incubated with 10 or 20
UM curcumin for 24 h. These results suggest that curcumin impairs cell
proliferation event in the MCE process of differentiating 3T3-L1 cells in
the early stage of adipocyte differentiation.

To gain further insight into the mechanism of the inhibitory role of
curcumin in the MCE process of differentiating 3T3-L1 cells,

stk

P<.001).

differentiating cells treated with various concentrations of curcumin
were subjected to flow cytometry assay. 3T3-L1 cells treated with
either curcumin (0-30 pM) for 18 and 24 h postinduction of adipocyte
differentiation clearly exhibited a delayed entry of cells into S phase
and its consequent transition of cell cycle to G2/M phase when
compared with control cells (Fig. 4A and B). Since most differentiating
cells are known to enter S phase in cell cycle after 18 h of induction of
adipocyte differentiation [27], our finding of delayed cell-cycle entry
by curcumin treatment raised the question whether this is a
consequence of altered expression of cell-cycle regulators, cyclin A
and cdk2, which are essential for G1/S transition [28]. To address this
question, an immunoblot assay was performed to examine the effect
of curcumin on cyclin A and cdk2 protein levels in differentiating cells.
It is evident that cyclin A and cdk2 levels were detected in control
cells after 18 and 24 h of initiation of adipocyte differentiation.
However, 18 and 24 h of curcumin treatment resulted in a dose-
dependent inhibition of cyclin A and cdk2 levels in differentiating
3T3-L1 cells (Fig. 4C). Since cdk2 is involved in phosphorylation of
C/EBPPB, which is required for its transcriptional activation of PPARy and
C/EBPa during the early stage of adipocyte differentiation [28-30], we
next determined the levels of C/EBP3 phosphorylation in curcumin-
treated cells. Fig. 4C shows a slight decrease but not significant change
in phosphorylation of C/EBPR at Thr188 in differentiating 3T3-L1 cells
treated with curcumin for 18 and 24 h.

Taken together, our results indicate that the anti-adipogenic
function of curcumin is largely mediated through inhibition of
proliferation and cell division events in the MCE process during the
early stage of adipocyte differentiation with little effect on cell
viability and cytotoxicity.

3.4. Curcumin inhibits the expression of C/EBPoc and PPARy mRNAs in
the early stage of adipocyte differentiation

Since MCE is found to be required for subsequent activation of
transcriptional cascade for terminal adipocyte differentiation, we next
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Fig. 4. Cell-cycle analysis of curcumin-treated 3T3-L1 cells during the MCE process of adipocyte differentiation. Two-day postconfluent 3T3-L1 cells were incubated with the adipogenic
cocktail in the presence or absence of various concentrations of curcumin. After 18 and 24 h of treatments, differentiating cells were stained with propidium iodine (PI). These cells
were then subjected to flow cytometric cell-cycle analysis (A) and quantitative analysis of cells in different phases in cell cycle (B). Data were analyzed using Quanta software. (C) The
protein levels of phosphorylated C/EBP( (p-C/EBPP), C/EBPP, cyclin A and cdk2 in these cells were detected by immunoblot assay using their specific antibodies. 3-Actin was used as a
loading control. An asterisk (*) indicates nonspecific bands. The experiment was repeated at least twice with similar results.
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Fig. 5. Curcumin suppresses adipogenic transcription factor expressions. Two-day postconfluent 3T3-L1 cells were incubated with the adipogenic cocktail in the presence or absence of
30 uM of curcumin. Cells harvested at Days 0, 1 and 2 were subjected to quantitative gene expression analysis of C/EBPP, KLF5, PPARy and C/EBPa by real-time RT-PCR. The signals
were normalized to 3-actin internal control, and the results were expressed as relative fold of induction. Data are presented as means+S.E.M., n=12 (*P<.05).

examined the effect of curcumin on mRNA levels of the early
adipogenic transcription factors, including C/EBPR, KLF5, PPARYy and
C/EBPa, in 3T3-L1 cells treated with the adipogenic cocktail in the
presence or absence of curcumin for 2 days by real-time RT-PCR.
Consistent with the result shown in Fig. 4C, curcumin treatment
had no significant effect on the expression of C/EBP3 mRNA at Day
1 in the early stage of adipocyte differentiation, but an increased
level of C/EBPB3 mRNA was observed at Day 2 (Fig. 5). We also
observed a reduced level of KLF5 mRNA in differentiating 3T3-L1
cells treated with curcumin by 75% at only Day 1. Furthermore,
mRNA levels of C/EBPa and PPARYy in curcumin-treated cells at
Days 1 and 2 were dramatically decreased by approximately
80-90% compared with those in control cells (Fig. 5). These results
indicate that curcumin inhibits the expression of adipogenic
transcription factors KLF5, PPARy and C/EBPa in the early stage
of adipocyte differentiation, at least in part, due to a consequence of
curcumin-inhibited MCE process, which in turn further inhibits
terminal adipocyte differentiation.

3.5. Rosiglitazone, a PPARvy ligand, partially rescues adipocyte
differentiation of curcumin-treated cells

PPARYy is found to be required for coordinately initiating terminal
adipocyte differentiation even if MCE process is altered [3,4,31].
Moreover, overexpression of PPARYy alone is shown to be enough to
induce adipocyte differentiation [32]. Since our finding indicates that
curcumin-inhibited adipocyte differentiation is associated with a
marked decrease in PPARyY mRNA expression, we investigated
whether rosiglitazone, a synthetic PPARYy ligand, alone could reverse
the inhibitory effect of curcumin on adipocyte differentiation. To
address this, adipocyte differentiation of the postconfluent 3T3-L1
preadipocytes was initiated by medium containing the adipogenic
cocktail for 2 days in the presence or absence of curcumin and/or 1 pM
rosiglitazone. Cells were further differentiated until Day 6 in the

absence of curcumin and/or rosiglitazone. The ability of rosiglitazone
in rescuing curcumin-inhibited adipocyte differentiation was assessed
by intracellular lipid droplet analysis and quantitative analysis of
mRNA levels of adipogenic transcription factors. As expected,
administration of rosiglitazone to the control 3T3-L1 cells resulted in
an increase in adipocyte differentiation (Fig. 6). Moreover, adminis-
tration of rosiglitazone to 3T3-L1 cells treated with 20 uM curcumin
completely reversed curcumin-inhibited adipocyte differentiation
(Fig. 6A). Consistent with this, rosiglitazone treatment resulted in
elevated mRNA levels of C/EBPB, PPARy and C/EBP« in cells treated
with 20 UM curcumin to the levels similar to or greater than those in
control cells differentiated with rosiglitazone (Fig. 6B-D). Although
rosiglitazone treatment elevated levels of PPARy and C/EBPa mRNA in
adipocytes treated with 30 pM curcumin to the levels similar to or
greater than those in control cells differentiated with rosiglitazone
(Fig. 6B-D), rosiglitazone treatment failed to rescue adipocyte
differentiation in these cells, as judged by quantitative analysis of
ORO staining (Fig. 6A). These results indicate that rosiglitazone alone
appears to partly overcome the inhibitory effect of curcumin on
adipocyte differentiation.

4. Discussion

In the present study, we have identified curcumin as an effective
anti-adipogenic compound in cultured mouse and human preadipo-
cytes (Fig. 1). We further elucidated that the presence of curcumin
during the first 2 days of adipocyte differentiation plays a critical role
in inhibiting adipocyte differentiation (Fig. 2). This result suggests
that the anti-adipogenic function of curcumin is likely through
modulating cellular events that occurred in the early stage of
adipocyte differentiation, but to a lesser extent in the postmitotic
intermediate and the terminal stages of adipocyte differentiation. As
determined by multimodal CARS microscope, the anti-adipogenic
function of curcumin is correlated with the presence of curcumin in
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Fig. 6. Rosiglitazone partially rescues curcumin-inhibited adipocyte differentiation. Two-day postconfluent 3T3-L1 cells were incubated with the adipogenic cocktail in the absence or
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absence of rosiglitazone and/or curcumin. (A) Six days after differentiation, cells were stained with ORO and the amount of ORO-stained intracellular lipids was quantified. (B-D) Total
RNA isolated from differentiated adipocytes (Ad) at Day 6 or from undifferentiated preadipocytes (Pre) was subjected to quantitative gene expression analysis of C/EBP{3, PPARy and C/
EBPa by real-time RT-PCR. The signals were normalized to 3-actin internal control, and the results were expressed as relative fold of induction. Data are presented as means+S.E.M.,

n=4-12 (*P<.05).

differentiated adipocytes (Fig. 2D). Moreover, a 3-D CARS imaging
analysis of these cells further revealed that the fluorescent green
signal of curcumin was from intracellular compartments, not from the
surface membrane of adipocytes (data not shown).

Curcumin has been shown to inhibit cell viability and to promote
apoptosis of colon, skin and breast tumors both in vitro and in vivo
[25,26,33,34]. Thus, we first tested whether curcumin-inhibited
adipocyte differentiation is due to its known inhibitory role in cell
viability. In consistency with its known cytotoxic effect, we also
observed that curcumin is able to inhibit viability of proliferating
preadipocytes (data not shown). However, we observed that
curcumin (0-30 puM) has little on viability and cytotoxicity in
differentiating 3T3-L1 cells (Fig. 3A and B). We further demonstrated
that curcumin inhibits MCE process in the early stage of adipocyte
differentiation as evidenced by a delayed cell-cycle progression, a
significantly decreased number of cells in the S phase and G2/M phase
at 18 h postinduction of differentiation, and suppressed cyclin A and
cdk2 levels in curcumin-treated cells during the early stage of
adipocyte differentiation (Fig. 3C and D and Fig. 4). It should be noted
that differentiating 3T3-L1 cells treated with different concentrations
of curcumin (0-20 uM) resulted in an increase in BrdU incorporation
(Fig. 3D). Although the mechanism by which low concentration of
curcumin induces BrdU incorporation in differentiating adipocytes is
unknown, similar results had been reported in non-adipocytes such
as neural progenitor cells and colon epithelial cells [35,36]. Since BrdU

incorporation is known to monitor new synthesis of DNA and the S
phase of the cell cycle, we propose that the increased BrdU
incorporation in differentiating adipocytes treated with curcumin at
10 and 20 uM is likely due to having more cells arrested in the S phase
and/or G2 phase in the cell cycle.

Since postconfluent DNA replication, cell division and cell
proliferation during MCE are known to be required for initiation of
transcriptional cascade of adipocyte differentiation, our data suggest
that the anti-adipogenic function of curcumin is largely through its
inhibitory role in MCE process. Of note, recent studies suggest that
C/EBPp is the likely link between MCE and transcriptional activation of
KLF5, PPARY and C/EBP, in the early stage of adipocyte differentiation
[37]. This is known to be mediated through localization of C/EBPP to
centromeres of preadipocytes 12-16 h postinduction of adipocyte
differentiation (i.e., S phase) and its subsequent phosphorylation by
MCE-associated mitogen-activated protein kinase and glycogen
synthase kinase 3p [28,38]. However, both protein (Fig. 4C) and
mRNA (Fig. 5A) levels of C/EBPP were not affected by curcumin within
24 h of initiation of adipocyte differentiation. Interestingly, we
observed a dramatic decrease in mRNA levels of KLF5 at Day 1 and of
PPARy and C/EBPa at Days 1 and 2 in the early stage of adipocyte
differentiation (Fig. 5). Since KLF5 is known to be required for adipocyte
differentiation with its role in regulation of PPARy and C/EBPa through
a coordinate action with C/EBPB/6 in the early stage of adipocyte
differentiation [39], our finding of curcumin-suppressed mRNA


image of Fig. 6

C.Y. Kim et al. / Journal of Nutritional Biochemistry 22 (2011) 910-920 919

expression of PPARy and C/EBPa in the early stage of adipocyte
differentiation is likely to be a consequence of the function of KLF5 and/
or C/EBPp function (e.g., localization to centromeres and DNA binding
ability) in the early stage of adipocyte differentiation.

Rosiglitazone is a very potent adipogenic inducer [3,4]. Our study
shows that supplementation with rosiglitazone during the early stage
of adipocyte differentiation partially rescued curcumin-inhibited
adipocyte differentiation as it fully reverses the differentiation of
3T3-L1 cells when they are treated with curcumin up to 20 pM, but it
shows no effect on 30 uM curcumin-treated cells (Fig. 6). The different
responsiveness of adipocytes to various concentrations of curcumin
was also seen in Figs. 3 and 4 where treatment of 20 uM curcumin
showed less significant inhibitory effects on proliferation and cell-
cycle entry of differentiating adipocytes than that of 30 uM curcumin.
As MCE process is known to precede the expression of the adipogenic
transcription factor PPARYy, we believe that a forced activation of
PPARY is not enough to overcome altered MCE and inhibited
adipocyte differentiation by treatment with high concentration
of curcumin.

Recently, the therapeutic and preventive function of curcumin in
obesity has been tested in animal models of obesity [14,15]. Weisberg
et al. suggested that curcumin is an effective therapeutic agent for
improving glycemic response and inflammation in obese and diabetic
mice [14]. Ejaz et al. [15] demonstrated a potential preventive
function of curcumin in an animal model of diet-induced obesity with
suppressed adipocyte differentiation and reduced mRNA levels of
PPARY and C/EBPa in curcumin-treated adipocytes, which is in
agreement with our finding (Fig. 5). Curcumin-inhibited adipocyte
differentiation was also reported by Lee et al. [44], but the detailed
molecular basis underlying curcumin-inhibited adipocyte differenti-
ation was not fully understood. During the submission of this
manuscript, Ahn et al. [40] also reported an inhibitory role of
curcumin in adipocyte differentiation largely through prevention of
adipocyte differentiation-associated inhibition of Wnt signaling. Since
Whnt signaling has been shown to be involved in regulation of the
early stage of adipocyte differentiation [41] and is likely to be the
downstream target of various cell-cycle regulators such as cdk2 and
cyclin A [42,43], it will be of interest to study the role of curcumin in
the connection between Wnt signaling and MCE during the early
stage of adipocyte differentiation.

Our study proposes that a complete inhibition of adipocyte
differentiation by curcumin requires concentrations up to 30 pM in
vitro, and this is in consistency with the concentration ranges used in
recent in vitro studies [15,40,44]. Our ICsq of curcumin in adipocyte
differentiation is approximately 16.1 and 11.1 uM in murine 3T3-L1
cells and human primary preadipocytes, respectively. Given that oral
administration of curcumin to animals has shown to contribute to
blood plasma curcumin concentration in the range from nanomolar
to near 13 pM depending on study designs [45-47], it is possible that
the ICso of curcumin estimated in our study may not be fully
achieved in the blood of animals fed diet containing curcumin.
However, it has been demonstrated that a chronic supplementation
of high-fat diet in mice with a practical dose of curcumin at 0.05% in
diet is able to reduce body weight gain and adiposity with a potential
inhibitory role in differentiation and lipid metabolism of adipocytes
[15]. This suggests that adipocytes in the physiological condition
could be more sensitive to chronic exposure of low concentration of
circulating curcumin to exert a beneficial function than those used in
in vitro studies. Although curcumin could exert an anti-obesity
function in vivo through modulating various cellular pathways, it is
reasonable to propose that our finding of an inhibitory role of
curcumin in MCE process during adipocyte differentiation is likely to
be a mechanism underlying the lowering adipogenic capacity of
adipose tissue, thereby preventing adiposity at low physiological
dose of curcumin.

In summary, our cellular/biochemical study combined with
molecular imaging analysis clearly demonstrates that curcumin-
inhibited adipocyte differentiation is through the inhibition of MCE
process, thereby lowering the expression of early adipogenic
transcription factors KLF5, PPARY and C/EBPa mRNAs in adipocytes
during the early stage of cell differentiation. Our results also indicate
that activation of PPARYy function is not sufficient enough to reverse
the inhibitory function of curcumin in adipocyte differentiation.
Taken together, our study provides new insights into the molecular
basis underlying the anti-adipogenic property of curcumin.
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