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Introduction

Obesity is a major source of morbidity and 
mortality worldwide and very complex diseases that 
involve genetic and environmental factors. Obesity is 
believed to be associated with lifestyle-related diseases 
such as hyperlipidemia, hypertension, arteriosclerosis, 
type 2 diabetes mellitus, cancer, respiratory complications, 
and osteoarthritis[1]. Currently, the only anti-obesity 
drugs that have been approved by the Food and Drug 
Administration (FDA) are Phentermine, Orlistat 
(Roche), Lorcaserin (Arena Pharmaceuticals) and 
Phentermine + topiramate (Qsymia, formerly 
Qnexa; Vivus)[2]. Based on the findings of previous 
reports, various methods have been proposed for 

reducing obesity, including decreased levels of energy 
intake, preadipocyte differentiation, preadipocyte 
proliferation, and lipogenesis, and increased levels 
of energy expenditure, lipolysis, and fat oxidation[3]. 
Adipogenesis is the process of cell differentiation 
by which preadipocytes become adipocytes. Recent 
reports have indicated that food ingredients may 
prevent the adverse health effects of high-fat diet in 
animals, such as polyunsaturated fatty acids (PUFAs), 
monounsaturated fatty acids (MUFAs), conjugated 
linoleic acid (CLA), phenolic compounds, soybeans, 
plant sterols, dietary calcium, and dietary fiber[4-5]. 

Garlic (Allium sativum L.) has anti-obesity, anti-
bacterial, anti-viral, anti-hypertensive, blood glucose 
lowering, anti-thrombotic, anti-mutagenic, and anti-
platelet actions in vitro and in vivo[6-12]. Sheen et 
al.[13] indicated that garlic oil and its organosulfur 
compounds ameliorate obesity induced by high-fat 
diet (HFD) in rats. Black garlic (also called aged garlic) 
is produced from fresh garlic that has been naturally 
fermented at controlled temperature and humidity 
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for more than 30 days. During the process of natural 
fermentation, fresh garlic changes color from white 
to black and major compound-alliin is converted into 
stable compound-S-allylcysteine (SAC)[14]. Black garlic 
and its extracts have been reported to exhibit anti-
oxidant, anti-hyperlipidemia, anti-hyperglycemic, anti-
atherosclerotic, anti-obesity, and anti-hypertensive 
activities[15-19]. However, from a review of the literature, 
the effects of different solvent extracts of black garlic 
on inhibition of adipogenesis in 3T3-L1 adipocytes 
remain unclear.

In the present study, we investigated the inhibitory 
effects of black garlic extracts (water, methanol, 
and ethanol) on adipogenesis in 3T3-L1 adipocytes.  
Mouse embryo 3T3-L1 cell line was used for in vitro 
evaluation of anti-obesity effects[20-21]. Moreover, 3T3-
L1 preadipocytes are a well-established cell line for the 
study of adipogenesis.

MATERIALS AND METHODS

Materials
Black garlic samples were provided by Professor 

Chin-Yin Tseng (Chung Chou University of Science 
and Technology, Changhua County, Taiwan). Gallic 
acid, Folin & Ciocalteu’s phenol reagent, Trolox, 
2,2’-azinobis (3-ethylbenzothiazoline 6-sulfonate) 
(ABTS), sodium bicarbonate, dexamethasone 
(DEX), 3-isobutyl-1-methylxanthine (IBMX), and 
insulin (INS) were obtained from Sigma Chemical 
(St. Louis, MO, USA). Dulbecco's modif ied 
Eagle's medium (DMEM), bovine calf serum, and 
antibiotic mixture (penicillin-streptomycin) were 
purchased from Invitrogen Co. (Carlsbad, CA, 
USA). Anti-β-actin and adiponectin antibodies 
were obtained from BioVision (Mountain View, 
CA). Anti-FAS antibody was purchased from Cell 
Signaling Technology (Beverly, MA, USA). All 
other chemicals were of the highest grade available.

Sample Extraction
A 10 g sample of black garlic was extracted 

with water, methanol, or ethanol (100 mL) in a 
rotary shaker at room temperature for 24 h. The 
water, methanolic, and ethanolic extracts of black 
garlic (WEBG, MEBG, and EEBG) were filtered 

through Whatman no. 1 filter paper, dried using a 
vacuum evaporator, and stored at -20°C until use.

Determination of Total Phenolic Content
The tot a l  phenol ic  content s  of  W EBG, 

MEBG, and EEBG were determined with Folin 
& Ciocalteu’s phenol reagent and measured using 
gallic acid as a standard [22]. Extracts (100 μL) 
were added to 50% Folin & Ciocalteu’s phenol 
reagent (100 μL). After 3 min, 2 mL of 2% Na2CO3 

solution were added to the mixture, which was 
then left to stand for 30 min. The absorbance was 
measured at 750 nm using a FLUOstar galaxy 
spectrophotometer (BMG Labtechnologies Ltd., 
Germany). Total phenolic content is expressed as 
gallic acid equivalents.

Trolox Equivalent Antioxidant Capacity 
(TEAC) Assay

ABTS•+ was generated by the reaction of ABTS 
(100 μmol/L), H2O2 (50 μmol/L), and peroxidase 
(4.4 U/mL). To measure the antioxidant activity, 
0.25 mL of extract (WEBG, MEBG, or EEBG) 
were mixed well with an equal volume (0.25 mL) 
of ABTS, H2O2, or peroxidase, and 1.5 mL of 
deionized water. The absorbance was measured at 
734 nm after the sample was allowed to react for 
10 min. The decrease in absorption at 734 nm after 
the addition of reactant was used to calculate the 
TEAC value. A dose-response curve was plotted for 
Trolox, and the antioxidant activity was expressed 
as TEAC value. The higher the TEAC value of a 
sample, the stronger the antioxidant activity. TEAC 
is expressed as micromoles of Trolox equivalents 
per gram of extract.

Cell Culture
The 3T3-L1 pre-adipocytes (BCRC 60159) used 

in this study were purchased from the Bioresource 
Collection and Research Center (BCRC, Food 
Industry Research and Development Institute, 
Hsinchu, Taiwan, ROC).  They were added to a 10-
cm dish and maintained in DMEM supplemented 
with 10% bovine calf serum, 1.5 g/L sodium 
bicarbonate, and 100 U/mL penicillin-streptomycin 
at 37°C in a humidified 5% CO2 incubator. Adipocytic 
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differentiation was induced by adipogenic agents 
(0.5 mM IBMX, 1 μM DEX, and 1 μM INS) that 
were added to the culture medium for eight days.  
After replacing with normal culture medium, 
fresh medium was added every 48 h. The cells 
were harvested 10 days after the initiation of 
differentiation.

Oil red O Staining of 3T3-L1 Adipocytes
The 3T3-L1 adipocytes were treated with 

black garlic extract (0-100 μg/mL) for 48 h. Oil 
red O working solution was prepared as described 
by Ramírez-Zacarías et al.[23]. Oil red O-stained 
material (OROSM) was expressed on a per cell 
basis using the number of cells determined from 
similar plates. The percentage of oil red O-stained 
material (OROSM, %) relative to control wells 
containing cell culture medium without compounds 
was calculated as A510 nm [antioxidant]/A510 nm 
[control] × 100.

Intracellular Triglyceride Content
The 3T3-L1 adipocytes were treated with black 

garlic extract (0-100 μg/mL) for 48 h. Cells were 
collected and lysed in lysis buffer (1% Triton X-100 
in PBS). The total triglyceride content in the cells 
was determined using a commercial triglyceride 
assay kit (DiaSys Diagnostic Systems GmbH, 
Holzheim, Germany).

Glycerol-3-Phosphate Dehydrogenase (GPDH) 
Activity Assay

The 3T3-L1 adipocytes were treated with 
MEBG (0-100 μg/mL) for 48 h. GPDH activity 
was determined with a GPDH activity assay kit 
(B-Bridge International, Inc., Sunnyvale, CA, 
USA).

Western Blot Analysis
The 3T3-L1 adipocytes were treated with 50 μg/

mL MEBG for 0-6 h. The cells were collected and 
lysed in ice-cold lysis buffer [20 mM Tris-HCl (pH 
7.4), 2 mM EDTA, 500 μM sodium orthovanadate, 
1% Triton X-100, 0.1% SDS, 10 mM NaF, 10 µg/
mL leupeptin, and 1 mM PMSF]. The adiponectin, 
FAS, and β-actin proteins were assessed. The 
protein concentrat ions of the ext racts were 

estimated on Bio-Rad DC protein assay (Bio-Rad 
Laboratories, Hercules, CA, USA) using bovine 
serum albumin as the standard. Total proteins (50-
60 μg) were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) 
using a 12% polyacrylamide gel. The proteins in 
the gel were transferred to a PVDF membrane. 
The membrane was blocked with 5% skim milk in 
PBST (0.05% v/v Tween-20 in PBS, pH 7.2) for 1 h. 
Membranes were incubated with primary antibody 
at 4°C overnight and then with secondary antibody 
for 1 h. Membranes were washed three times in 
PBST for 10 min between each step. The signal was 
detected using enhanced chemiluminescence (ECL; 
Perkin Elmer Life Science, Boston, MA, USA).

RNA Extraction and Real-Time RT-PCR
Real-time RT-PCR was performed to determine 

gene expression levels in 3T3-L1 cells. Total 
RNA from cells was isolated using the TRIzol 
method (Life Technologies, Rockville, MD, 
USA) according to the manufacturer’s protocol. 
The cDNA was synthesized from the total RNA 
by reverse t ranscr iption PCR using a high-
capacity cDNA reverse transcription kit (Applied 
Biosystems, Foster City, CA, USA) according to 
the manufacturer’s instructions. 

The fol lowing pr imer pai r s  were used: 
GAPDH, 5’-gtatgactccactcacggcaaa-3’ (forward) 
and 5’-ggtctcgctcctggaagatg-3’ (reverse); PPARγ, 
5’- t t t t ca aggg tgccag t t t cgatcc -3’  (for wa rd) 
and 5’-aatcct tggccctctgagat-3’ (reverse); C/
EBPα, 5’-cgcaagagccgagataaagc-3’ (forward) 
and 5’-cacggctcagctgt tcca-3’ (reverse); FAS , 
5’- tggg t t c t agccagcagag t-3’  (for wa rd)  and 
5’-taccaccagagaccgt tatgc-3’ (reverse); ACC, 
5’-ga a t c t cc tgg tgaca a tgc t t a t t -3’  (for wa rd) 
and 5’-ggtct tgctgagt tgggt tagct-3’ (reverse); 
aP2, 5’-catggccaagcccaacat-3’ (forward) and 
5’-cgcccagt t tgaaggaaatc-3’ (reverse); PCG-
1α ,  5’- tg t t cccga t cacca t a t t cc -3’  (for wa rd) 
and 5’-gg tg tctg tag tggct tgat tc-3’ (reverse); 
leptin, 5’-aggatctgaggggtgatgtga-3’ (forward) 
and 5’-tgaggtgaccaaggtggcatag-3’ (reverse); 
adiponectin, 5’-gtctcagctgtcggtcttcccct-3’ (forward) 
and 5’-ccctggctt tatgctctt tgc-3’ (reverse); and 
resistin, 5’-agactgctgtgccttctggg-3’ (forward) and 
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5’-ccctccttttccttttcttccttg-3’ (reverse). Real-time 
RT-PCR was conducted to detect gene expression 
levels using StepOneTM Real-Time PCR system 
(Applied Biosystems, Foster City, CA, USA). The 
reaction mixture (total volume 25 μL) contained 
1× power SYBR green PCR master mix, 300 nM 
forward primer, 300 nM reverse primer, cDNA 
and DEPC-H2O, as well as commercial reagents 
(Applied Biosystems, Foster City, CA, USA). 
The thermal profile was established according to 
the manufacturer’s protocol: 95°C for 10 min for 
enzyme activation, followed by denaturing at 95°C 
for 15 s, and annealing and elongation at 60°C for 
1 min, for a total of 40 cycles. The relative levels 
of gene expression were quantified using the ΔΔCt 
method, which results in a ratio of target gene 
expression to equally expressed housekeeping 
genes.

Statistical Analysis
Each experiment was performed in triplicate. 

The results are expressed as the mean ± SD. 
Statistical analysis was performed using SAS 
software. Analysis of variance was performed 
using ANOVA procedures. Significant differences 
(p<0.05) between the means were determined by 
Duncan’s multiple range tests.

RESULTS

Extraction Yield and Antioxidant Activity of 
Black Garlic Extracts

Fig. 1 shows the extraction yields, total phenolic 
contents, and TEAC values of different solvent 
extracts of black garlic. The extraction yields 
of WEBG, MEBG, and EEBG were 58.4±1.5, 
56.4±2.3, and 34.0±6.3 %, respectively (Fig. 1A). 
The total phenolic contents of WEBG, MEBG, and 
EEBG were 46.4±4.0, 13.4±0.6, and 12.2±0.7 mg/
g extract, respectively (Fig. 1B). In addition, the 
TEAC values for WEBG, MEBG, and EEBG were 
176.8±4.2, 36.1±2.8, and 15.1±1.2 μmol/g extract, 
respectively (Fig. 1C).

Effects of Black Garlic Extracts on OROSM 
and Intracellular Triglycerides in 3T3-L1 

Adipocytes
Effects of black garlic extracts on OROSM and 

intracellular triglycerides in 3T3-L1 adipocytes are 
shown in Fig. 2. OROSM showed that cell numbers 
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Fig.1. The extraction yields (A), total phenolic contents 
(B), and TEAC values (C) of different solvent 
extracts of black garlic. The reported values are 
the means ± SD (n=3). WEBG, water extract of 
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garlic; EEBG, ethanolic extract of black garlic.
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are influenced by treatment with WEBG (100 μg/
mL), MEBG (10-100 μg/mL), and EEBG (25 and 
100 μg/mL) (Fig. 2A). However, only MEBG (10-
100 μg/mL) inhibited intracellular triglycerides 
(Fig. 2B).

Effect of MEBG on GPDH Activity in 3T3-
L1 Adipocytes

Effects of MEBG on GPDH activity in 3T3-L1 
adipocytes are shown in Fig. 3A. Treatment of 3T3-
L1 adipocytes with MEBG (5-100 μg/mL) caused 
inhibition of GPDH activity. However, GPDH 
activity was not influenced by the treatment of 3T3-
L1 adipocytes with WEBG or EEBG. Therefore, 
MEBG was selected for follow-up analysis.

Molecular Mechanisms of MEBG on Inhibition 
of Adipogenesis in 3T3-L1 Adipocytes

Effects of MEBG on protein expressions of 

adiponectin and FAS in 3T3-L1 adipocytes are 
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Fig.2. Effects of different solvent extracts of black 
garlic on oil red O stained material (OROSM) 
(A) and intracellular triglycerides (B) in 3T3-
L1 adipocytes. The reported values are the 
means ± SD (n=3). The 3T3-L1 adipocytes 
were harvested 8 days after the initiation of 
differentiation and stained with oil red O. The 
3T3-L1 cells were treated with 0-100 μg/mL of 
WEBG, MEBG, or EEBG for 48 h at 37°C in a 
humidified 5% CO2 incubator.
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Fig.3. Effects of MEBG on GPDH activity (A) and 
protein expressions of FAS and adiponectin 
(B) in 3T3-L1 adipocytes. The reported values 
are the means ± SD (n=3). Mean values with 
different letters were significantly different (p < 
0.05). The 3T3-L1 adipocytes were harvested 
8 days after the initiation of differentiation. 
(A) Cells were treated with 0-100 μg/mL of 
MEBG for 48 h at 37°C in a humidified 5% 
CO2 incubator. (B) Cells were treated with 50 
μg/mL of MEBG for 0, 1, 3, and 6 h at 37°C in 
a humidified 5% CO2 incubator. The relative 
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using the software ImageGauge 3.46, and 
calculated according to the reference bands of 
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shown in Fig. 3B. Exposure of 3T3-L1 adipocytes 
to MEBG caused the up-regulation of adiponectin,  
to a maximum of 2.17-fold relatively intensity after 
treatment with 50 μg/mL MEBG for 1 h. Moreover, 
MEBG inhibited the protein expression of FAS 
in 3T3-L1 adipocytes, to a maximum of 0.23-fold 
relative intensity after treatment with 50 μg/mL 
MEBG for 1 h.

Effect of MEBG on gene expressions of 
PPARγ, C/EBPα, FAS, aP2, ACC, PGC-1α, leptin, 
adiponectin, and resistin in 3T3-L1 adipocytes 
are shown in Fig. 4. Real-time RT-PCR analyses 
of 3T3-L1 adipocytes exposed to MEBG showed 
that MEBG decreases lipogenic gene expressions 
(PPARγ, C/EBPα, FAS, aP2, and ACC) (50 μg/
mL MEBG for 1-3 h) and increases lipolytic gene 
expression (PGC-1α) (50 μg/mL MEBG for 6 h). 
The treatment of 3T3-L1 adipocytes with MEBG 
caused the down-regulation of gene expressions of 
leptin (50 μg/mL MEBG for 1-3 h) and resistin (50 
μg/mL MEBG for 1 h), as well as the up-regulation 
of gene expression of adiponectin (50 μg/mL 
MEBG for 1-6 h).

DISCUSSION

Black garlic is a fermented food ingredient and 
functional food in Asian countries. Sato et al.[24] 
indicated that the superoxide dismutase (SOD)-
like activity, free radical scavenging activity, and 
polyphenol content of black garlic were significantly 
higher compared to fresh garlic. Black garlic and 
its extracts have been reported to possess important 
roles and functions, including anti-oxidant, 
anti-hyperlipidemia, anti-hyperglycemic, anti-
atherosclerotic, anti-obesity, and anti-hypertensive 
activities[15-19]. We studied the inhibitory effects of 
water, methanolic, and ethanolic extracts of black 
garlic (WEBG, MEBG, and EEBG) on adipogenesis 
in 3T3-L1 adipocytes and its bioactive compounds. 
Prior et al. [25] provides a basis of rationale for 
antioxidant capacity methods, including total 
phenolic contents, TEAC, and ORAC. Our data 
indicated that the extraction yield, total phenolic 
content ,  and TEAC value for WEBG were 
significantly higher than for MEBG and EEBG (Fig. 
1). Lee et al. [16] indicated that the TEAC values of 
aged black garlic were higher than those of fresh 
garlic.

During adipocyte differentiation, enhanced levels 
of transcriptional factors such as PPARγ and C/EBPs 
lead to the expression of many adipocyte specific 
proteins [26]. Tang et al. [27-28] indicated that the levels of 
PPARγ and aP2 play an important role in adipogenesis. 
Our previous report indicated that flavonoids and 
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Fig.4. Effect of MEBG on gene expressions of PPARγ, 
C/EBPα, FAS, aP2, ACC, PGC-1α, leptin, 
adiponectin, and resistin in 3T3-L1 adipocytes. 
Mean ± SD (n=3). Mean values with different 
letters were significantly different (p < 0.05). 
The 3T3-L1 adipocytes were harvested 8 days 
after the initiation of differentiation. The 3T3-
L1 adipocytes were treated with 50 μg/mL of 
MEBG for 1-6 h at 37°C in a humidified 5% 
CO2 incubator. The values of PPARγ, C/EBPα, 
FAS, aP2, ACC, PGC-1α, leptin, adiponectin, 
and resistin mRNA were normalized to the 
value of GAPDH.
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phenolic acids (such as o-coumaric acid and rutin)  are 
involved in the control of adipogenesis [29]. The levels 
of OROSM and intracellular triglyceride accumulation 
are often used as markers of adipogenesis [29-30]. Our 
data indicated that MEBG has the most prominent 
inhibitory effect on OROSM and intracellular 
triglycerides in 3T3-L1 adipocytes (Fig. 2). Wise and 
Green[31] indicated that the cytosolic enzyme GPDH 
plays an important role in the conversion of glycerol 
into triglyceride. Adiponectin is an adipocytokine 
that has been shown to have anti-atherogenic, anti-
inflammatory, and anti-diabetic roles and might 
influence glucose homeostasis and insulin sensitivity[32]. 
MEBG significantly decreased the GPDH activity and 
regulated the protein expressions of adiponectin 
and FAS in 3T3-L1 adipocytes (Fig. 3).

Real-time RT-PCR analyses indicated that 
MEBG decreases the expressions of lipogenic genes 
(PPARγ, C/EBPα, FAS, aP2, and ACC) and gene 
expressions of adipokines (leptin and resistin), as 
well as increases the gene expressions  of PGC-1α 
and adiponectin (Fig. 4). Lipogenesis-related factors 
such as FAS and ACC are also regarded as important 
markers for adipogenesis[33]. Phytochemicals (such 
as capsaicin, o-coumaric acid, and rutin) block 
adipogenesis by suppression of the expression of 
adipogenic transcription factors, including PPARγ 
and C/EBPα[29, 34]. Regulation of adipocyte-specific 
genes, such as aP2, leptin, adiponectin, FAS, and 
PGC-1α, leads to morphological changes and lipid 
accumulation within the adipocytes[35-36].

In conclusion, the effect of MEBG on inhibition 
of adipogenesis in 3T3-L1 adipocytes, as indicated 
by decreases in OROSM, intracellular triglycerides, 
and GPDH activity, have been elucidated. MEBG 
inhibits adipogenesis through the down-regulation 
of lipogenesis and expressions of adipokines, as 
well as the up-regulation of the expressions of PGC-
1α and adiponectin. These results demonstrated that 
MEBG efficiently suppresses adipogenesis in 3T3-
L1 adipocytes.

ABBREVIATIONS USED

ABTS, 2,2’-azinobis (3-ethylbenzothiazoline 
6-sulfonate); ACC, acetyl-CoA carboxylase; alliin, 
S-Allyl-L-cysteine sulfoxide; aP2, adipocyte 

fatty acid-binding protein 2; C/EBPα, CCAAT 
enhancer binding protein alpha; CLA, conjugated 
linoleic acid; DEX, dexamethasone; DMEM, 
Dulbecco’s modified Eagle’s medium; DMSO, 
dimethyl sulfoxide; EEBG, ethanolic extract of 
black garlic; FAS, fatty acid synthase; GPDH, 
glycerol-3-phosphate dehydrogenase; HFD, high-
fat diet; IBMX, 3-isobutyl-1-methylxanthine; 
MEBG, methanolic extract of black garlic; MUFAs, 
monounsaturated fatty acids; OROSM, oil red 
O-stained material; OSC, organo-sulfur compounds; 
PGC-1α, peroxisome proliferator-activated receptor-
coactivator 1α; PPARγ, peroxisome proliferator-
activated receptor-gamma; PUFAs, polyunsaturated 
fatty acids; PVDF, polyvinyldif luoride; SAC, 
S-allylcysteine; TEAC, trolox equivalent antioxidant 
capacity; WEBG, water extract of black garlic.
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