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Abstract

Anthocyanins are naturally occurring water-soluble polyphenolic pigments in plants that have been shown to pro-

tect against cardiovascular diseases, and certain cancers, as well as other chronic human disorders. However, the

anti-obesity effects of anthocyanins are not fully understood. In this study, we investigated the effects of anthocya-

nins isolated from the fruit of Vitis coignetiae Pulliat on the adipogenesis of 3T3-L1 preadipocytes. Our data indi-

cated that anthocyanins attenuated the terminal differentiation of 3T3-L1 preadipocytes, as confirmed by a

decrease in the number of lipid droplets, lipid content, and triglyceride production. During this process, anthocya-

nins effectively enhanced the activation of the AMP-activated protein kinase (AMPK); however, this phenome-

non was inhibited by the co-treatment of compound C, an inhibitor of AMPK. Anthocyanins also inhibited the

expression of adipogenic transcription factors, including peroxisome proliferator-activated receptor-γ, CCAAT/

enhancer-binding protein a and b, and sterol regulatory element-binding protein-1c. In addition, anthocyanins

were found to potently inhibit the expression of adipocyte-specific genes, including adipocyte fatty acid-binding

protein, leptin, and fatty acid synthase. These results indicate that anthocyanins have potent anti-obesity effects

due to the inhibition of adipocyte differentiation and adipogenesis, and thus may have applications as a potential

source for an anti-obesity functional food agent.
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INTRODUCTION

Obesity is characterized by the overgrowth of adipo-

cytes, which is caused by an increase in the number of adi-

pocytes due to the division and differentiation of pre-

adipocytes. Adipocytes also store an excess of energy in

the form of triglycerides (TGs), and play an important role

in releasing energy in the form of glycerol and fatty acids

(1,2). In particular, preadipocytes differentiate into mature

adipocytes due to high caloric intake, and various stimula-

tory factors, such as insulin and glucocorticoids (3,4). The

differentiation of preadipocytes into mature adipocytes is

accompanied by the sequential expression and activation

of adipogenic transcription factors, such as peroxisome

proliferator-activated receptor-γ (PPARγ), CCAAT/enhancer-

binding proteins (C/EBPs), and sterol regulatory element-

binding protein-1c (SREBP-1c), in a coordinated manner
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(4,5). In the final stage of differentiation, adipocytes secrete

adipose tissue-specific products, including adipocyte-spe-

cific fatty acid binding protein (aP2), and leptin (6-9).

After differentiation, lipolytic enzymes, such as fatty acid

synthase (Fas), acetyl-CoA carboxylase (ACC), and hor-

mone sensitive lipase, are synthesized to regulate lipid

metabolism (10,11).

AMP-activated protein kinase (AMPK), which is recog-

nized as a major regulator of fat metabolism, is a key sen-

sory enzyme controlling energy metabolism (12,13). When

AMPK is activated by phosphorylation by the upstream

AMPK kinase, it functions as a cellular energy sensor

through the regulation of fatty acid and glucose homeosta-

sis (14,15). AMPK also induces inactivation by phosphor-

ylating ACC, an important enzyme for fatty acid oxidation

and biosynthesis (11,16). Furthermore, when AMKP is

activated, it may protect preadipocyte differentiation with

the inhibition of transcription factors. In particular, low

levels of AMPK activation are known to be associated

with the onset of obesity and diabetes (17,18). Therefore,

the discovery of substances that inhibit the differentiation

of preadipocytes into adipocytes associated with activa-

tion of AMPK signaling would be useful in the treatment

of metabolic diseases associated with obesity (12,18,19).

Plant-based materials have been used for thousands of

years as traditional medicines in many cultures and are

well-known sources for developing anti-obesity com-

pounds. In this study, the fruit of Vitis coignetiae Pulliat

(known as meoru in Korea), which has been used in tradi-

tional medicine to treat several diseases, was selected

from among traditional Korean medicine resources for the

development of new anti-obesity active agents. The fruit

of V. coignetiae contain abundant anthocyanins belonging

to the class of flavonoids (20-22). Moreover, several pre-

vious studies have shown that the extracts or compounds

of the fruit have many pharmacological activities, includ-

ing hepatoprotective (23), anti-inflammatory (24), vasore-

laxant (25), antioxidant (24,26,27), anti-cariogenic (28),

chemopreventive (29), and anti-cancer (30-32) properties.

Although resveratrol extracted from this fruit has been

reported to reduce food intake (33), to our knowledge, the

efficacy of anthocyanins isolated from the fruit of V.

coignetiae as anti-obesity agents and the underlying molec-

ular mechanisms are still unclear. Therefore, we designed

this study to evaluate the anti-obesity effect of anthocya-

nins using 3T3-L1 preadipocytes, and attempted to study

the mechanism associated with the inhibition of the adipo-

genesis of 3T3-L1 cells.

MATERIALS AND METHODS

Reagents and antibodies. Anthocyanins isolated

from the fruit of V. coignetiae Pulliat were a generous gift

from Dr S.C. Shin (Department of Chemistry, Gyeong-

sang National University, Jinju, Korea) (22), and 100 mg/

mL concentration stock solution was made by dissolving

in distilled water. Dulbecco’s modified Eagle’s medium

(DMEM), bovine calf serum (BCS), and other tissue

culture reagents were obtained from WelGENE Inc

(Daegu, Korea). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-

yltetrazolium bromide (MTT), differentiation medium

(MDI), and TG assay kit were purchased from Sigma-

Aldrich Chemical Co (St. Louis, MO, USA). Bio-Rad pro-

tein assay kit was obtained from Bio-Rad Laboratory

(Hercules, CA, USA). Primary antibodies (Table 1) were

purchased from Santa Cruz Biotechnology, Inc. (Dallas,

TX, USA) and Cell Signaling Technology, Inc (Danvers,

MA, USA). Horseradish peroxidase (HRP)-conjugated

secondary antibodies and enhanced chemiluminescence

(ECL) kit were purchased from Amersham Biosciences

(Westborough, MA, USA). All other chemicals not specif-

ically mentioned here were purchased from the Sigma-

Aldrich Chemical Co.

Cell culture. The murine 3T3-L1 preadipocytes were

purchased from the American Type Culture Collection

Table 1. Primary antibodies used in the present study

Antibody Dilution Product no. Species of origin and supplier

AMPK 1:1000 sc-74461 Mouse monoclonal, Santa Cruz Biotechnology, Inc.

p-AMPK 1:1000 2535 Rabbit polyclonal, Cell Signaling Technology, Inc.

ACC 1:1000 sc-137104 Mouse monoclonal, Santa Cruz Biotechnology, Inc.

p-ACC 1:1000 3661 Rabbit polyclonal, Cell Signaling Technology, Inc.

PPARγ 1:1000 sc-7273 Mouse monoclonal, Santa Cruz Biotechnology, Inc.

C/EBPα 1:1000 2295 Rabbit polyclonal, Cell Signaling Technology, Inc.

C/EBPβ 1:1000 3087 Rabbit polyclonal, Cell Signaling Technology, Inc.

SREBP-1c 1:5000 sc-365513 Mouse monoclonal, Santa Cruz Biotechnology, Inc.

aP2 1:1000 sc-18661 Goat polyclonal, Santa Cruz Biotechnology, Inc.

Leptin 1:1000 sc-48408 Mouse monoclonal, Santa Cruz Biotechnology, Inc.

FAS 1:5000 3180 Rabbit polyclonal, Cell Signaling Technology, Inc.

Actin 1:1000 sc-58673 Mouse monoclonal, Santa Cruz Biotechnology, Inc.
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(Manassas, VA, USA), and maintained in DMEM contain-

ing 4.5 g/L D-glucose supplemented with 10% BCS and

1% penicillin/streptomycin in a humidified atmosphere

containing 5% CO2 and 95% air at 37oC.

Differentiation of 3T3-L1 preadipocytes. To differ-

entiate the 3T3-L1 preadipocytes into adipocytes, 3T3-L1

preadipocytes were grown in culture plates for 2 day to

full confluency. Thereafter, the cells were cultured in a

MDI containing 5 μg/mL insulin, 1 mM dexamethasone,

and 0.5 mM isobutylmethylxanthine. After 2 day, the

medium was changed to DMEM, containing 10% BCS

and 5 μg/mL insulin for 2 day, and subsequently cultured

in a normal medium for 4 day. Various concentrations of

anthocyanins were added along with the MDI, and 3T3-

L1 preadipocytes that induced 8-day differentiation were

used for various experimental analyses.

MTT assay. To evaluate the cytotoxic ability of antho-

cyanins, 3T3-L1 preadipocytes were seeded in 6-well

plates at a density of 1 × 104 cells per well. After 24 hr, the

cells were treated with different concentrations of antho-

cyanins for 72 hr. Thereafter, a MTT solution was added

to each well at a concentration of 0.5 mg/mL, followed by

incubation at 37oC in a dark environment for 3 hr. The

MTT solution was removed, and dimethylsulfoxide (DMSO,

200 μL) was added to dissolve the formazan complex. The

viable cells were detected by reading the absorbance of

formazan at 540 nm using an enzyme-linked immunosor-

bent assay (ELISA) microplate reader (Dynatech Labora-

tories, Chantilly, VA, USA). The optical density of the

formazan formed in the control (untreated) cells was used

to represent 100% viability.

Oil Red O staining. The cells were twice washed gen-

tly with ice-cold phosphate-buffered saline (PBS), and

fixed with 3.7% formalin at room temperature for 1 hr.

Thereafter, the cells were stained with Oil Red O solution

(0.5% in propylene glycol) for 20 min, and rinsed with

70% ethanol and PBS. The stained lipid droplets in the

cells were then observed under an inverted microscope

(Carl Zeiss, Oberkochen, Germany).

Measurement of the intracellular TG content. The

cellular TG contents were measured using a commercial

TG assay kit according to the manufacturer’s instructions.

Briefly, the harvested adipocytes were washed twice with

ice-cold PBS, and lysed in RIPA lysis buffer. Thereafter,

the cells were centrifuged at 13,000 g for 20 min at 4oC,

and the supernatants were used to measure the intracellu-

lar TG content at 550 nm using an ELISA.

Protein isolation and Western blot analysis. The

cells were harvested, lysed, and the protein concentrations

were quantified using a Bio-Rad protein assay, as described

in a previous study (34). For Western blotting, equal

amounts of protein samples were electrophoretically trans-

ferred onto polyvinylidene difluoride membranes (Schle-

icher & Schuell, Keene, NH, USA), following electro-

phoretic separation on sodium-dodecyl sulfate (SDS) gel.

Subsequently, the membranes were blocked with 5% non-

fat dry milk/Tris-buffered saline containing 0.1% Triton

X-100 (TBST) for 1 hr, and probed overnight with specific

primary antibodies at 4oC. After washing the primary anti-

bodies with TBST, the membranes were incubated with

the appropriate HRP-conjugated secondary antibodies for

2 hr at room temperature. The protein bands were detected

using an ECL kit, as per the manufacturer’s instructions.

Statistical analysis. All numerical data are expressed

using mean ± standard deviation (SD) values. The signifi-

cance of the differences between the mean values was

analyzed using the Student’s t-test. All statistical analyses

were conducted using the Statistical Package for the

Social Sciences version 17.0 software (SPSS Inc., Chi-

cago, IL, USA). Values of p < 0.05 were considered statis-

tically significant.

RESULTS

Effects of anthocyanins on 3T3-L1 preadipocyte
viability. To determine the cytotoxicity of anthocya-

nins, the 3T3L1 cells were treated with various concentra-

tions of anthocyanins, and the cell viability was assessed

using an MTT assay. Our data indicate that anthocyanins

exhibited no cytotoxic effect at concentrations ≤ 300 μg/

mL (Fig. 1). Therefore, the maximum concentration of

anthocyanins was set at 200 μg/mL for future research.

Fig. 1. Effects of anthocyanins on the proliferation of 3T3-L1
mouse preadipocytes. 3T3-L1 cells were treated with various
concentrations of anthocyanins (ATC) for 72 hr. Cell viability
was determined using an MTT assay. The data were expressed
as the mean ± SD of three independent experiments (*p <
0.05, vs. untreated control).
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Inhibition of 3T3-L1 preadipocyte differentiation by
anthocyanins. To measure the effects of anthocyanins

on adipogenesis, 3T3-L1 preadipocytes were differenti-

ated in the presence or absence of anthocyanins. As shown

in Fig. 2A and 2B, anthocyanins reduced lipid accumula-

tion in 3T3-L1 adipocytes, as evidenced by the decrease in

the cell size and number of lipid droplets in the mature

adipocytes in a concentration-dependent manner. Further,

it is noteworthy that after treatment with 200 μg/mL

anthocyanins, there was about 60% lipid reduction (Fig.

2C), suggesting that anthocyanins could exert an anti-adi-

pogenic effect, through inhibition or delay in the differen-

tiation and adipogenesis of the 3T3-L1 preadipocytes.

Phosphorylation of AMPK and ACC by anthocyanins
3T3-L1 preadipocytes. Because the activation of AMKP

inhibits preadipocyte differentiation and adipogenesis

through increased phosphorylation of ACC, a substrate of

AMPK (11,15), we analyzed the levels of phosphorylated

AMPK, to investigate whether AMPK is activated by

anthocyanins during 3T3-L1 differentiation. Our results

indicated that anthocyanins remarkably enhanced the

phosphorylation of AMPK and ACC without altering the

expression of their total protein expression, indicating the

activation of the AMPK pathway (Fig. 3). However, when

compound C, an AMPK specific inhibitor, was pretreated

in the 3T3-L1 cells, the phosphorylation of both AMPK

and ACC induced by anthocyanins was significantly

reduced (Fig. 4).

Effects of anthocyanins on the expression of adipo-
genic transcription factors. The differentiation of pread-

ipocytes into adipocytes is coordinated by a complex

process that involves the sequential activation of multiple

adipogenic transcription factors (4,5). To investigate the

role of anthocyanins in reducing fat accumulation during

Fig. 2. Effects of anthocyanins on intracellular lipid accumulation and TG content in the differentiated 3T3-L1 cells. 3T3-L1 preadi-
pocytes were treated with the indicated concentrations of anthocyanins during differentiation. (A) and (B) on day 8, (A) the cells
were directly observed via an inverted microscope, or (B) the cells were fixed and stained with Oil Red O to visualize lipid droplets
(Magnification, ×200). (C) The TG content was measured to quantify the intracellular lipid content at 500 nm wavelength, using the
ELISA reader. The data were expressed as the mean ± SD of three independent experiments (*p < 0.05, vs. undifferentiated control;
#p < 0.05, vs. differentiated control).
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the adipogenesis of 3T3-L1 preadipocytes, we examined

the effects of anthocyanins on the expression of these adi-

pogenic transcription factors, such as PPARγ, C/EBPα/β,

and SREBP-1c. The immunoblotting results indicated that

following anthocyanins treatment, the increased expres-

sion of the transcription factors was largely inhibited in a

concentration-dependent manner (Fig. 5). These results

suggest that the inhibition of lipid accumulation by antho-

cyanins is associated with the suppression of the expres-

sion of adipogenic transcription factors.

Effects of anthocyanins on the expression of adipo-
cyte-related genes. We further examined the influence

of anthocyanins on the expression of adipocyte-related

markers, such as aP2, leptin, and FAS (7,9). Fig. 6 shows

that after anthocyanins administration, the enhanced expres-

sion of aP2, leptin, and FAS protein in differentiated 3T3-

L1 cells decreased in a concentration-dependent manner,

compared to that in the control group. These results sup-

port the hypothesis that the anti-adipogenic effect of

anthocyanins is associated with the downregulation of the

expression of adipocyte-related markers involved in lipid

metabolism.

DISCUSSION

According to the present results of this study, the lipid

accumulation and TG content in the cytoplasm of differen-

tiated 3T3-L1 cells was actively increased, and was

significantly inhibited by anthocyanins treatment in a con-

centration-dependent manner. Adipocyte differentiation is

accompanied by lipid and TG accumulation; therefore, the

results indicate that anthocyanins treatment significantly

suppressed the differentiation of 3T3-L1 preadipocytes.

It has also been reported that the AMPK signaling path-

way is a target for the energy balance and metabolic disor-

Fig. 3. Activation of AMPK signaling by anthocyanins in the
differentiated 3T3-L1 cells. The proteins were isolated from
cells grown under the same conditions (as shown in Fig. 2),
and the cellular proteins were separated electrophoretically
using SDS-polyacrylamide gels, and transferred onto mem-
branes. The total protein levels of AMPK and ACC, and their
phosphorylated states (p-AMPK and p-ACC, respectively) were
determined using the indicated antibodies and an ECL detec-
tion system. Actin was used as an internal control. The rela-
tive ratios of the phosphorylation types relative to the total
protein amounts in the results of the Western blotting are pre-
sented at the bottom. The data were expressed as the mean ±
SD of three independent experiments (*p < 0.05, vs. undiffer-
entiated control).

Fig. 4. Effects of AMPK inhibitor on the anthocyanins-induced
activation of AMPK in the differentiated 3T3-L1 cells. 3T3-L1
cells were pre-treated with compound C, an AMPK inhibitor,
for 1 hr, and then treated with 200 μg/mL anthocyanins. On
day 8, completely differentiated cells were lysed, and the cellu-
lar proteins were separated electrophoretically using SDS-poly-
acrylamide gels, and transferred onto membranes. The mem-
branes were probed with the indicated antibodies. Proteins
were observed using an ECL detection system. Actin was used
as an internal control. The relative ratios of the phosphoryla-
tion types relative to the total protein amounts in the results
of the Western blotting are presented at the bottom. The data
were expressed as the mean ± SD of three independent exper-
iments (*p < 0.05, vs. undifferentiated control; #p < 0.05, vs. dif-
ferentiated cells treated with anthocyanins alone).
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ders involved in the maintenance of lipid and cholesterol

homeostasis. Accumulating evidence suggests that AMPK

is inactivated by lower phosphorylation levels during

preadipocyte differentiation and adipogenesis (15,35). In

addition, AMPK activation by phosphorylation can reduce

the degree of obesity by inhibiting the differentiation of

adipocytes, by altering the expression and activity of

enzymes and proteins involved in lipid metabolism (14,35).

Furthermore, ACC, a downstream substrate of AMPK, is

a rate-limiting enzyme that limits the critical rate of fatty

acid synthesis and oxidation, and inhibits the onset and

progression of obesity, by reducing fatty acid and lipid

synthesis (11,36). Therefore, AMPK signaling has attracted

researchers’ attention as a molecular target to combat obe-

sity. To determine whether AMPK activation is involved

in anthocyanins-mediated attenuation of adipocyte differ-

entiation and adipogenesis, we determined whether antho-

cyanins can activate AMPK. According to our results,

compound C effectively suppressed the phosphorylation

levels of AMPK and ACC induced by anthocyanins, indi-

cating that the activation of AMPK is involved in the inhi-

bition of adipocyte differentiation by anthocyanins.

Accumulating evidence suggests that the differentiation

of preadipocytes into adipocytes is regulated by a compli-

cated process that is continuously regulated by various

transcription factors. Among them, C/EBPβ is induced in

the early stage of differentiation, and is known to initiate

the expression of PPARγ and C/EBPα, which are major

regulators of adipogenesis and adipogenesis in late differ-

entiation (4,5). In addition, SREBP-1c is involved in lipid

metabolism, and is an additional regulator of FAS. SREBP-

1c also enhances the expression of downstream genes

Fig. 5. Effects of anthocyanins on the levels of adipogenic transcription factors expression in the differentiated 3T3-L1 cells. At day
0, confluent 3T3-L1 preadipocytes were treated with various concentrations of anthocyanins in the absence or presence of an MDI
differentiation medium for 48 hr. On day 8, completely differentiated cells were lysed to extract the total protein. The cellular pro-
teins were separated electrophoretically using SDS-polyacrylamide gels, and transferred onto membranes. The membranes were
probed with the indicated antibodies. The proteins were visualized using an ECL detection system. Actin was used as an internal
control. The relative ratios of the expression in the results of Western blotting are presented at the bottom of each result as the rel-
ative values of the expressions in the MDI-treated group. The data were expressed as the mean ± SD of three independent experi-
ments (*p < 0.05, vs. undifferentiated control; #p < 0.05, vs. differentiated control).
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associated with preadipocyte differentiation and fatty acid

metabolism (37,38). In addition to activating adipogenic

transcription factors, transactivating adipocyte-specific

genes, such as aP2, leptin, and FAS, are also very import-

ant for the differentiation of preadipocytes into mature

adipocytes (8,17). Thus, the inhibition of adipogenic tran-

scription and adipocyte-specific factors will reduce the

adipocyte differentiation associated with fatty acid and TG

biosynthesis. To investigate the role of anthocyanins in

regulating expression levels of adipogenic transcription

factors in the adipogenic process of 3T3-L1 cells, we com-

pared their expression levels in the presence and absence

of anthocyanins. Our data showed that anthocyanin treat-

ment of 3T3-L1 adipocytes significantly reduced the

expression of the four transcription factors tested during

adipocyte differentiation. These results showed that antho-

cyanins blocked the differentiation of adipocytes by sup-

pressing the expression of transcription factors involved in

different differentiation stages. In addition, anthocyanins

also reduced the expression of adipocyte markers on 3T3-

L1 cells, suggesting that anthocyanins strongly suppress

the synthesis of TGs and adipocyte differentiation.

In summary, the present results indicate that anthocya-

nins prevented adipocyte differentiation and adipogenesis

in 3T3-L1 cells by reducing adipogenic transcription fac-

tors, without cytotoxicity and their downstream target genes.

In this process, anthocyanins also activated the AMPK,

and activation of the AMPK pathway by anthocyanins

may be a potential strategy to prevent obesity.
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