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Abstract:  
 
Purpose: Quercetin has been reported as a more potent inhibitor of fat accumulation 
than other flavonoids. However, little information is available regarding the strength 
and mechanism of the repressive action of luteolin on fat accumulation. Therefore, 
the aim of the present study was to evaluate the comparative effects of luteolin and 
quercetin on the differentiation of 3T3-L1 preadipocytes into mature adipocytes.  

Methods: 3T3-L1 preadipocytes were differentiated by treatment with insulin, 
dexamethasone, and 3-isobutyl-1-methylxanthine in the presence of luteolin or 
quercetin. Alterations in triacylglycerol (TG) levels, lipid-filled adipocyte quantity, and 
the mRNA and protein expression levels of CCAAT-enhancer-binding protein α 
(C/EBPα) and peroxisome proliferator–activated receptor γ (PPARγ) were measured. 

Results: Both luteolin and quercetin reduced TG levels, the number of lipid-filled 
adipocytes, and the mRNA expression levels of C/EBPα and PPARγ; however, these 
effects occurred with lower concentrations of luteolin than quercetin.  

Conclusions: These results suggest that luteolin may be more potent than quercetin 
in inhibiting adipocyte differentiation. These effects may be explained by differences 
in the inhibitory effects of the two compounds on C/EBPα and PPARγ expression. 
This study suggests that luteolin might be a beneficial dietary supplement for obesity 
and lifestyle-related diseases. 
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INTRODUCTION 

Obesity is a serious health problem worldwide that 
continuously increases the morbidity and mortality 
associated with several acute and chronic diseases 
such as dyslipidemia, hypertension, type 2 diabetes, 
and cardiovascular disease [1,2]. Obesity is 
characterized by increases in the number (hyperplasia) 
and size (hypertrophy) of adipocytes [3], which are 
regulated by genetic, metabolic, and nutritional factors 
[4]. Therefore, deciphering the mechanism by which 
certain nutrients affect adipocyte differentiation is 
important for the prevention of obesity and other 
related conditions. 

The molecular mechanisms of adipocyte differentiation 
have been extensively studied using progenitor 
adipocyte culture systems [5,6]. Progenitor adipocytes 
undergo growth arrest and eventually differentiate into 
adipocytes. This is accompanied by a dramatic 
increase in the expression of adipocyte genes, such as 
adipocyte fatty acid-binding proteins and lipid 
metabolism enzymes. The growth and differentiation of 
preadipocytes are regulated by communication 
between individual cells or between cells and the 
extracellular environment. Various hormones and 
growth factors that positively or negatively affect 
adipocyte differentiation have also been identified. 
However, studies to identify the regulatory regions of 
adipocyte-specific gene clusters have shown that the 
transcription factors peroxisome proliferator-activated 
receptor γ (PPARγ) and CCAAT/enhancer-binding 
protein α (C/EBPα) are mainly involved in complex 
transcriptional processes during adipocyte 
differentiation via the PPAR response element. 

Some flavonoids, which are widely present in edible 
plants, have been demonstrated to inhibit fat 
accumulation in cultured cells and may be beneficial to 
human health through their anti-obesity effects [7-10]. 
For example, Iwashita et al. [9] reported that flavonols, 
especially quercetin, had a significantly lower effect on 
glycerol-3-phosphate dehydrogenase activity, a 
hallmark of adipocyte differentiation, compared with the 
effects of other flavonoids with basic structures. 
Additionally, Oil Red O staining indicated lower lipid 
accumulation in adipocytes following treatment with the 
flavonols, especially with quercetin. Mosqueda-Solis et 
al. [10] also showed that quercetin is more potent than 
other flavonoids with respect to the downregulation of 
sterol regulatory element-binding protein 1c mRNA, 
which leads to the repression of adipocyte 
differentiation. 

Luteolin is a crucial member of the flavones that is 
widely found in vegetables, fruits, and natural herbal 
drugs such as parsley, thyme, peppermint, and celery, 
and has been attracting recent attention as a 
substance with potent antioxidant, anti-cancer, and 
anti-inflammatory properties by inhibiting nuclear factor 
kappa B (NF-κB) activation and inducing apoptosis [11-
13]. However, little information is available regarding 
the strength and mechanism of the repressive action of 
luteolin on adipocyte differentiation. 

In the present study, the comparative effects of luteolin 
and quercetin on the differentiation of 3T3-L1 
preadipocytes into mature adipocytes were evaluated. 
Additionally, the effects of the two compounds on the 
C/EBPα- PPARγ pathway during adipocyte 
differentiation were investigated.  

MATERIALS AND METHODS 

Ethics Declaration 

No ethical approval was necessary as the present 
study did not involve human or animal subjects. 

Materials 

Mouse 3T3-L1 preadipocytes were obtained from the 
European Collection of Cell Cultures (Wiltshire, UK). 
Transcriptor First Strand cDNA Synthesis Kit and 
LightCycler FirstStart DNA Masterplus SYBR green 
reagent were obtained from Roche Diagnostics 
(Indianapolis, IN, USA). TRIzol reagent and the primers 
for β -actin, PPARγ, and C/EBPα were purchased from 
Invitrogen (Carlsbad, CA, USA). Luteolin, quercetin, and a 
protease inhibitor cocktail were obtained from Sigma 
Chemical Co. (St. Louis, MO, USA). Triglyceride E-test 
Wako kit was obtained from Wako Pure Chemical 
Industries, Ltd. (Osaka, Japan). Lipid Droplets 
Fluorescence Assay Kit was obtained from Cayman 
Chemical Co. (Ann Arbor, MI, USA). All other reagents 
used were of analytical grade. 

Cell Culture 

3T3-L1 preadipocytes were cultured at 37°C in a 
humidified atmosphere of 5% CO2/95% air. The cells 
were maintained in Dulbecco’s modified Eagle’s 
medium supplemented with 10% fetal bovine serum 
and 1% penicillin-streptomycin (growth medium). Cell 
differentiation was induced according to the protocol for 
3T3-L1 preadipocytes obtained from the European 
Collection of Cell Cultures. The procedure was initiated 
2 days after confluence, and performed for 3 days in 
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the growth medium supplemented with 0.25 µM 
dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine 
(IBMX), and 1 µg/mL insulin (differentiation medium, 
DM). This was followed by 2 days of culture in the 
growth medium supplemented with 1 µg/mL insulin 
(maturation medium). Thereafter, the cells were 
cultured in the growth medium for 2 days.  

Treatment with various drugs during differentiation of 
the 3T3-L1 preadipocytes, subsequent Oil Red O 
staining, and determination of triacylglycerol (TG) 
levels, the number of lipid-filled adipocytes, and the 
mRNA expression levels of PPARγ and C/EBPα were 
performed according to our previously reported 
methods [14-16]. 

Treatment with Luteolin or Quercetin 

Luteolin and quercetin were prepared in dimethyl 
sulfoxide (Me2SO) and added to the growth, initiation, 
and maturation media from day 3 (time of addition of 
dexamethasone, IBMX, and insulin) to day 9 (end of 
the experiment). The Me2SO concentration was 
maintained at 0.25% of the total volume of the medium. 
Preliminary experiments demonstrated no significant 
effects of 0.25% v/v Me2SO on cell differentiation. 

Oil Red O Staining 

The cells were fixed in 4% formaldehyde-phosphate 
buffer (pH 7.4) for 1 h, rinsed with water, and stained 
with 0.3% Oil Red O dye for 1 h. After washing again 
with water, the cells were observed under a 
microscope (10 × 20 magnification). 

Quantification of Mature Adipocytes 

Mature adipocytes in the culture were quantified using 
the Lipid Droplets Fluorescence Assay Kit and flow 
cytometry. The cells were carefully trypsinized and 
centrifuged at 200 ×g for 5 min at 4°C. The cell pellet 
was resuspended, fixed, and stained with the lipophilic 
fluorescent dye Nile red according to the 
manufacturer’s instructions. The samples were then 
analyzed using a BD FACSAria III flow cytometer 
(Becton Dickinson, Basel, Switzerland). Nile red 
fluorescence was measured on the FL2 (FITC-A) 
emission channel through a 585 ± 21 nm bandpass 
filter following excitation with an argon ion laser source 
at 488 nm. Using a forward scatter/side scatter 
representation of events, the P1 region was defined to 
exclude cellular debris from the analysis. A selection 
window (P2) was then selected as the area with high 
FL2 (FITC-A) values (mature adipocytes) in the FL2 

(FITC-A)/cell count blot of the P1 population, as 
described by Sottile and Seuwen [17]. Data analysis 
was performed using the BD FACSDiva software (ver. 
8.0, Becton Dickinson). For each sample, 20,000 
events were recorded. The results are expressed as 
the percentage of cells in the P2 region. 

Determination of TG Levels 

The cells were harvested by scraping them from the 
culture dishes into lysis buffer (1% Triton X-100, 150 
mM NaCl, 4 mM ethylenediaminetetraacetic acid, and 
20 mM Tris-HCl [pH 7.4] containing a protease inhibitor 
cocktail) and lysed completely using a horn-type 
sonicator. The TG level, which is an index of lipid 
accumulation, was determined using the Triglyceride E-
test Wako kit following normalization of the protein 
amounts and expressed as TG content (µg/mg 
protein). 

Determination of the mRNA Expression Levels of β-
Actin, PPARγ, and C/EBPα 

Untreated cells, as well as those treated with luteolin 
up to day 5, were washed with ice-cold phosphate-
buffered saline. Total cellular RNA was prepared using 
TRIzol reagent. One microgram of total RNA was 
reverse-transcribed into cDNA using the Transcriptor 
First Strand cDNA Synthesis Kit. The concentration 
and quality of the purified total RNA were determined 
spectrophotometrically at 260 nm. The ratio of optical 
density (OD) at 260 nm to that at 280 nm (OD260:280) 
was also calculated. Next, mRNA expression was 
determined by real-time reverse transcription-
polymerase chain reaction using SsoAdvancedTM 
SYBR® Green Supermix reagent and a CFX ConnectTM 
instrument. The results are expressed as the target 
mRNA level relative to that of β -actin mRNA, and the 
values obtained in the presence or absence of the 
drugs are expressed relative to the values associated 
with exposure to the DM alone. 

The primers used for β -actin, PPARγ, and C/EBPα 
amplification were as follows: β -actin, 5′-ACACCCC 
AGCCATGTACG-3′, and 5′-TGGTGGTGAAGCTGTA 
GCC-3′; PPARγ, 5′-GTGAAGCCCATCGAGGACA-3′, 
and 5′-TGGAGCACCTTGGCGAACA-3′; and C/EBPα, 
5′-ATGGTTTCGGGTCGCTGGAT-3′, and 5′-
CCACGGC CTGACTCCCTCAT-3′. 

Statistical Analysis 

The results are expressed as mean ± standard error of 
the mean. Significant differences in data between two 
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groups were assessed using t-tests, whereas 
differences among multiple groups were assessed 
using one-way analysis of variance followed by 
Scheffé’s multiple range test. Differences were 
considered statistically significant at P < 0.05. 

RESULTS 

Luteolin Suppresses the Differentiation of 3T3-L1 
Cells more Potently than Quercetin  

Figure 1 shows the effects of luteolin and quercetin on 
TG accumulation in the 3T3-L1 adipocytes. The level of 
TG in the DM cells was 7–8 times higher than that in 
the control cells. However, luteolin decreased the TG 
content in a concentration-dependent manner (4–95% 
inhibition) at concentrations ranging from 10 to 100 µM. 
Conversely, quercetin showed no significant effect on 
TG accumulation at concentrations up to 50 µM. At 50 
µM, luteolin reduced TG accumulation almost to the 
same extent as GW9662, an antagonist of PPARγ [18]. 
As shown in Figure 2A and 2B, the numbers of Oil Red 
O-stained cells and of lipid-filled adipocytes in the DM 
cells were greater than those in the control cells. 
Luteolin reduced the number of fat droplets in the cells 
in a concentration-dependent manner when tested at 
concentrations of 10, 25, and 50 µM (Figure 2A). 
Compared to cells that were exposed to DM alone, 
cells that were exposed to luteolin (25 and 50 µM) also 
showed significant decreases in the percentage of lipid-
filled adipocytes in the Nile red staining and flow 
cytometry experiments (Figure 2B; 34% and 45% 
inhibition, respectively). In contrast, quercetin showed 

no effect on the number of Oil Red O−stained cells or 
the percentage of lipid-rich adipocytes at 
concentrations up to 50 µM. 

These results indicated that luteolin inhibits the 
differentiation of 3T3-L1 adipocytes more potently than 
quercetin, suggesting that the anti-obesity effect of 
luteolin is higher than that of quercetin. 

Luteolin Decreases the mRNA Expression Levels of 
PPARγ and C/EBPα 

The DM cells showed markedly higher mRNA 
expression levels of PPARγ and C/EBPα than the 
control cells. The mRNA expression levels of PPARγ 
and C/EBPα were significantly suppressed by luteolin 
at 25 and 50 µM (PPARγ mRNA, 39% and 52% 
inhibition; C/EBPα mRNA, 38% and 51% inhibition) 
(Figure 3) but were unaffected by quercetin at 
concentrations up to 50 µM. 

These results indicated that luteolin had an inhibitory 
effect on the mRNA expression of PPARγ and C/EBPα 
in the 3T3-L1 cells, and disrupted adipocyte 
differentiation through the C/EBPα-PPARγ pathway. 

DISCUSSION 

PPARγ functions as a master regulator of adipocyte 
differentiation, whereas C/EBPα works with PPARγ to 
induce adipocyte differentiation [5,6]. In this study, we 
found that luteolin reduced TG accumulation in a 
concentration-dependent manner (at 10–100 µM), fat 
droplet formation (at 10, 25, and 50 µM), and the 

 
Figure 1: Alteration in triacylglycerol (TG) levels in 3T3-L1 adipocytes treated with luteolin or quercetin. Data are presented as 
mean ± standard error of the mean (n = 4–8). *P < 0.01 compared with untreated cells (None). †P < 0.05 and ‡P < 0.01 
compared with cells cultured in the differentiation medium (DM). 
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Figure 2: Alterations in (A) Oil Red O staining, and (B) Nile red staining and flow cytometric analysis of 3T3-L1 adipocytes 
treated with luteolin or quercetin. (A) Representative images from six independent experiments. (B) a) Representative images 
showing results of the flow cytometric analysis using Nile red staining. b) Data are presented as mean ± standard error of the 
mean (n = 5). *P < 0.01 and †P < 0.01 compared with untreated cells (None) and the cells cultured in the differentiation medium 
(DM), respectively. FSC, forward scatter. 

percentage of lipid-rich adipocytes (at 25 and 50 µM). 
Moreover, our results indicate that luteolin suppresses 
the induction of 3T3-L1 cell differentiation partially by 
reducing PPARγ and C/EBPα mRNA expression. 

The mechanism by which luteolin inhibits adipocyte 
differentiation more potently than quercetin remains 
unclear. Studies have shown that adipogenesis is 
correlated with various signaling pathways such as 
insulin signaling and the PPAR regulation pathway, 
which are promising drug targets in the treatment of 
obesity and metabolic diseases [19,20]. The catalytic 
ability of the insulin receptor (IR) is dependent on the 
expression levels of IRs and the tyrosine 
phosphorylation of IR substrate 1. IR signaling leads to 
activation of the serine/threonine-protein kinase B and 
phosphatidylinositol 3-kinase signaling pathways, 
which can further lead to activation of the C/EBPα-
PPARγ pathway. Gebhardt [21] reported that among 
the known constituents in artichoke extracts, luteolin is 
mainly responsible for blocking the effect of insulin on 

cholesterol biosynthesis. Activation of NF-κB results in 
reduced insulin signaling [22]. Furthermore, it has been 
reported that luteolin potently activates NF-κB [23]. 
Thus, further investigation is needed to determine 
whether these pathways are also more potently 
affected by luteolin than by quercetin. 

Xu et al. [24] have shown that a luteolin-mixed diet 
(0.01% w/w, 12-week treatment) ameliorates various 
effects of a high-fat diet in mice. In their study, luteolin 
suppressed the infiltration of mast cells and 
macrophages into adipose tissue, reduced 
inflammatory cytokine levels in the adipose tissue, and 
suppressed mast cell−derived interleukin-6 expression. 
Therefore, it was suggested that luteolin stabilizes mast 
cells and improves various metabolic activities. Kwon 
et al. [25] reported that the expression of genes in the 
fatty acid synthesis system, as well as those involved in 
lipolysis and the tricarboxylic acid (TCA) cycle, are 
upregulated in the adipose tissue. Additionally, a diet 
supplemented with luteolin increases fatty acid 
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synthesis in the adipose tissue but promotes lipolysis 
and the TCA cycle, thereby suppressing the formation 
of fat droplets, leading to a reduction in fat mass (anti-
obesity effect). Luteolin is believed to exhibit potent 
antioxidant, anti-tumor, and anti-inflammatory effects 
[11-13]. Furthermore, this crucial member of the 
flavones may also have potent ameliorative effects 
against diet-induced obesity and IR, through inhibition 
of mast cells and macrophages infiltration [24] and 
upregulation of lipolysis and the TCA cycle [25], as well 
through strong inhibition of adipocyte differentiation as 
observed in the present study. 

Luteolin is naturally found in a wide array of 
vegetables, fruits, and herbs such as parsley, thyme, 
peppermint, and celery. Most people, especially those 
with a healthy diet and no neurological disorders, can 
benefit from increasing the amount of foods that 
contain natural luteolin and other polyphenols. Since 
dietary supplements containing luteolin are available on 
the market, mainly because it is expected to be 
effective for gout [26, 27], this study suggests that 
people suffering from increased body fat or obesity 
may also benefit from dietary supplements containing 
luteolin. 

CONCLUSION 

The results suggest that luteolin may be more potent 
than quercetin in inhibiting adipocyte differentiation, 
which may be related to differences in the inhibitory 
effects of the two compounds on C/EBPα and PPARγ 
expression. These findings suggest that luteolin may 
be a more effective prophylactic drug candidate than 
quercetin. In future studies, we aim to investigate the 
mechanism of action of luteolin by studying its 
structure-activity relationship and the medicinal effects 
of its derivatives, as we hope to contribute to the 
discovery of preventive drugs against obesity and 
lifestyle-related diseases for the maintenance and 
promotion of human health. 
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Figure 3: Alterations in the mRNA expression levels of peroxisome proliferator-activated receptor γ (PPARγ) and CCAAT-
enhancer binding protein α (C/EBPα) in 3T3-L1 adipocytes treated with luteolin (a, b) or quercetin (c, d). Data are presented as 
mean ± standard error of the mean (n = 3–4). *P < 0.01 compared with untreated cells (None). †P < 0.05 and ‡P < 0.01 
compared with cells cultured in the differentiation medium (DM). 
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