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Abstract

Background: Taxifolin, a bioactive flavonoid that possesses potent antioxidant activity, has been reported to show 
multiple pharmacological properties, including protective effects against obesity-related diabetic nephropathy and diabetic 
cardiomyopathy. However, knowledge regarding the effects of taxifolin on adipocytes, which are closely associated with 
obesity and diabetes, is insufficient.
Objective: This study aimed to explore the direct effects of taxifolin on differentiation and inflammation adipocytes by 
culturing human preadepocytes (HPAds).
Methods: HPAds were cultured for 16 days in a differentiation medium with or without taxifolin to examine its effect on 
differentiation. On day 16, levels of lipid and differentiation-related gene expression (PPARγ, C/EBPα, adiponectin, CD36, and 
GLUT4 mRNAs) in adipocytes were measured using the Oil Red O assay and the real-time polymerase chain reaction assay, 
respectively. Adiponectin levels in the medium were measured using an enzyme-linked immunosorbent assay (ELISA). The 
taxifolin effect on inflammation was assessed using mature adipocytes differentiated for 15 days. After incubating mature 
adipocytes in a differentiation medium containing tumor necrosis factor-α (TNF-α) or TNF-α + taxifolin for three hours, the 
level of interleukin-6 (IL-6), an inflammatory cytokine in the medium, was measured using ELISA.
Results: Exposure of taxifolin to adipocytes during differentiation decreased the levels of lipid in adipocytes and adiponectin 
in the medium. It also decreased the expression levels of C/EBPα, adiponectin, CD36, and GLUT4 mRNAs, but not PPARγ 
mRNA. Taxifolin inhibited the increase in IL-6 levels in the medium induced by TNF-α in mature adipocytes.
Conclusion: These results suggest that taxifolin has anti-differentiation and anti-inflammatory effects on adipocytes. 
Additionally, taxifolin is expected to have the potential as a therapeutic drug for obesity and metabolic syndrome.
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Abbreviations: MCP-1: Monocyte Chemoattractant 
Protein-1; IL-6: Interleukin-6; TNF-α: Tumor Necrosis 
Factor-α; NFκB: Nuclear Factor-κB; PPARγ: Peroxisome 
Proliferator-Activated Receptor γ; PDE: Phosphodiesterase; 
LPS: Lipopolysaccharide; DMSO: Dimethyl Sulfoxide; HPAds: 
Primary Human Preadipocytes; CCK-8: Cell Counting Kit-8; 
C/EBP: CCAAT/Enhancer-Binding Protein; GLUT4: Glucose 
Transporter Type 4; PCR: Polymerase Chain Reaction; 
ANOVA: Analysis of Variance.

Introduction

Obesity, especially visceral fat obesity, is commonly 
associated with type 2 diabetes, coronary artery disease, 
and hypertension, and the coexistence of these diseases is 
called metabolic syndrome [1,2]. Obesity is a pathologically 
excessive accumulation of body fat, and its prevalence 
has recently increased dramatically [3-5]. Particularly, the 
accumulation of visceral fat induces metabolic disorders, 
such as glycolipids, increasing the risk of developing insulin 
resistance and diabetes. Additionally, diabetes increases 
the risk of developing complications, such as diabetic 
retinopathy, nephropathy, and neuropathy. It also increases 
the risk of developing life-threatening arteriosclerosis, such 
as myocardial and cerebral infarctions [6-9].

Adipose tissue is a storage organ that stores excess energy 
and an endocrine organ that produces and secretes various 
adipocytokines. Normal and healthy adipocytes promote 
glycolipid metabolism [10,11]. However, obese adipose 
tissue is excessively enlarged by a combination of increased 
size (hypertrophy) and number (hyperplasia) of adipocytes 
[5]. In addition to excessive lipid accumulation, hypertrophic 
adipocytes produce and secrete proinflammatory cytokines 
and chemokines, such as interleukin-6 (IL-6) and monocyte 
chemoattractant protein-1 (MCP-1) [12]. During the 
development of obesity, macrophage infiltration into adipose 
tissue increases, and macrophage-derived tumor necrosis 
factor-α (TNF-α) enhances proinflammatory cytokines 
production in adipocytes [13-15]. That is, the macrophage-
derived TNF-α activates the nuclear factor-κB (NFκB) in 
hypertrophic adipocytes and induces the synthesis and 
secretion of proinflammatory cytokines such as IL-6 and 
MCP-1 [13,14,16] However, the production and secretion 
of the anti-inflammatory adipocytokine adiponectin, which 
inhibits the NFκB pathway, is conversely reduced in obese 
hypertrophic adipocytes [15,17]. Such regulatory disruption 
of adipocytokine production in hypertrophic adipocytes is 
thought to cause chronic inflammatory conditions, leading 
to insulin resistance and diabetes [6]. Therefore, reducing 
hypertrophic adipocytes and promoting the normal functions 
of adipocytes are crucial for treating and preventing various 
diseases caused by obesity and metabolic syndrome.

Many pharmacological approaches have been reported 
to treat obesity-related diabetes and insulin resistance. 
For example, peroxisome proliferator-activated receptor γ 
(PPARγ) agonists, such as thiazolidine derivatives promote 
adipocyte differentiation [18-20], and increase adiponectin 
production, exerting an anti-inflammatory effect by 
suppressing the TNF-α-activated NFκB pathway [13,14,16]. 
AdipoRon, an adiponectin receptor agonist, has been 
reported to bind to the adiponectin receptors AdipoR1 and 
AdipoR2, and exert antidiabetic effects through activation 
of AMP-activated protein kinase and PPAR-α pathways, 
respectively [21,22]. Conversely, xanthine derivatives, 
such as theobromine and theophylline, suppress adipocyte 
differentiation and promote lipolysis by inhibiting adenosine 
receptor and phosphodiesterase (PDE), causing an anti-
obesity effect [23,24].

Taxifolin (dihydroquercetin), is a bioactive flavonoid 
found in grapes, citrus fruits, onions, green tea, olive oil, 
and several herbs, such as milk thistle, French maritime 
bark, Douglas fir bark, and Smilacis Glabrae Rhizoma 
[25]. Taxifolin has a strong antioxidant activity and has 
shown promising pharmacological properties in managing 
inflammation, tumors, microbial infections, oxidative stress, 
dementia, cardiovascular, and liver disorders [26]. Recently, 
in addition to the multiple pharmacological properties, 
taxifolin was also reported to prevent diabetic nephropathy 
in rats [27] and diabetic cardiomyopathy in mice [28]. 
These reports suggest that taxifolin may be effective in 
diabetes management. However, there are few studies 
on adipocytes that are closely related to diabetes, but the 
effects of taxifolin on inflammatory and lipid metabolism in 
cultured adipocytes and macrophages were reported more 
recently [29]. The results showed that 1) taxifolin inhibited 
lipopolysaccharide (LPS)-induced nitric oxide production 
and tert-butyl hydroperoxide-induced reactive oxygen 
species production as well as LPS-induced expression 
of IL-1β and TNF-α mRNAs, in a mouse macrophage-like 
cell line, RAW264.7 cells. 2) Taxifolin increased the liver 
X receptor β mRNA expression, involved in preventing 
hyperlipidemia in macrophage-differentiated THP-1 cells. 
Additionally, 3) taxifolin reduced lipid accumulation in 
adipocyte-differentiated 3T3-L1 cells. These results suggest 
that taxifolin may improve obesity-related oxidative 
stress, inflammation, and lipid metabolism by acting on 
macrophages in obese adipose tissue. However, knowledge 
regarding the direct effects of taxifolin on adipocytes is 
insufficient. That is, there is only evidence that taxifolin 
reduced lipid accumulation in 3T3-L1 cells.

Therefore, this study aimed to clarify the direct effect of 
taxifolin on adipocytes. To clarify the objectives, the effects 
of taxifolin on adipocyte differentiation and TNF-α-induced 
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inflammatory cytokine IL-6 using cultured human adipocytes 
were examined.

Materials and Methods

Test Substances and Agents

Taxifolin (Da Hurian Larch Extract Dihydroquercetin, 
98.7% purity, Ametis JSC, Amur Region, Russia) was supplied 
from DHQ Co., Ltd. (Saitama, Japan). TNF-α and dimethyl 
sulfoxide (DMSO) were purchased from Fujifilm Wako Pure 
Chemical Corporation (Osaka, Japan) and Sigma-Aldrich (St. 
Louis, MO, USA), respectively. Oil Red O and 2-propanol were 
purchased from Wako (Osaka, Japan) and Sigma-Aldrich 
(St. Louis, MO, USA). Other chemicals were purchased from 
commercial sources.

Cell Culture for Preadipocyte Proliferation

Primary human preadipocytes (HPAds) derived from 
human pericardiac adipose tissue (Cell Applications, Inc., 
San Diego, CA, USA) were seeded into a 75 cm2 culture flask 
(Corning, Corning, NY, USA) with the preadipocyte growth 
medium, including 10% FBS, 10 μg/mL insulin, 100 U/
mL penicillin, 100 μg/ml streptomycin, and 250-ng/ml 
amphotericin B (Cat No. 811K-500, Cell Applications, Inc), 
and cultured at 37°C in an atmosphere with 5% CO2 until 
it attained confluence. During growth culture, the growth 
medium was changed every two days.

Experimental Designs

Cell Viability: The confluent HPAds(16,500 cells/well) 
were seeded into a collagen-coated 96-well microplate 
(AGC TECHNO GLASS Co., Ltd., Shizuoka, Japan) containing 
preadipocyte growth medium (150 μL/well), and cultured 
at 37°C and 5% CO2 until 100% confluence. Confluent cells 
were used to determine adipocytes cell viability exposed to 
taxifolin for 16 d and three h.

Cytotoxicity for 16 days during differentiation: 
Differentiation of confluent cells cultured in 96-well 
microplates were initiated (Day 0) by replacing the growth 
medium with the adipocyte differentiation medium, 
including 10% FBS, 5 μg/mL insulin, 100 U/mL penicillin, 
100 μg/ml streptomycin, and 250 ng/ml amphotericin B, 
0.5 μM dexamethasone, 0.25 mM IBMX (Cat No. 811D-250, 
Cell Applications, Inc.) or the medium containing various 
taxifolin concentrations (final concentrations: 0.2, 2, and 
10 µg/mL taxifolin dissolved 0.5% DMSO). The cells were 
cultured at 37°C with 5% CO2 during differentiation. The 
differentiation medium was changed every three days. On 
day 16 of differentiation, cell viability was measured using a 
cell counting kit-8 (CCK-8) assay.

Three hours cytotoxicity against differentiated mature 
adipocytes on day 15: Confluent HPAds prepared following 
the procedure described in the previous section were 
cultured for 15 d in the differentiation medium. On day 15 
of differentiation, the culture medium was replaced with a 
fresh differentiation medium including 0.5% DMSO (control) 
or the medium containing various concentrations of taxifolin 
(final concentrations: 0.2, 2, and 20 µg/mL) and TNF-α (5 
ng/mL) dissolved in 0.5% DMSO, and then the cells were 
incubated at 37°C with 5% CO2. After 3h-incubation, cell 
viability was measured using a CCK-8 assay.

CCK-8 assay: For cell viability determination, 15 μL of 
the CCK-8 solution (Dojindo Molecular Technologies, 
Gaithersburg, MD, USA) was added to wells containing cells 
exposed to taxifolin for 16 days and three hours. The cells 
were incubated for another 1–2 h at 37°C in a CO2 incubator 
and measured at 450 nm using a microplate reader (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). Cell viability was 
evaluated as a percentage of the absorbance of drug-treated 
cells relative to that of the control (100% viability).

Changes in Adipocyte Lipid and Medium Adiponectin 
Levels during Differentiation

The confluent HPAds (42,000 cells/well) were seeded into 
a collagen-coated 48-well microplate (AGC TECHNO GLASS 
Co., Ltd.) containing the growth medium (150 μL/well), and 
cultured at 37°C with 5% CO2 until 100% confluence.

Differentiation was initiated (Day 0) by replacing 
the medium of the confluent preadipocytes with the 
differentiation medium (Cell Applications, Inc.). The cells 
were cultured at 37°C with 5% CO2 during differentiation, 
and the differentiation medium was changed every three 
days. The state of adipocyte differentiation was confirmed by 
staining adipocytes on days zero, two, seven, 16, 31, and 37 
with Oil Red O after removing the medium, and measuring 
the lipid levels of adipocytes in the wells after microscopic 
examination. The media obtained on days zero, two, seven, 
16, 31, and 37 of differentiation were used for the adiponectin 
assay.

Effects of Taxifolin on Adipocyte Differentiation
Confluent HPAds prepared according to the procedure 

described in the previous section were cultured for 
16 days in the differentiation medium (control) or the 
medium containing various taxifolin concentrations (final 
concentrations: 0.2, 2, and 10 µg/mL) dissolved in 0.5% 
DMSO. The lipid accumulation in adipocytes and the 
adiponectin concentration in the medium were measured on 
day 16 of differentiation using Oil Red O staining and ELISA 
assays, respectively, to evaluate the effect of taxifolin on 
adipocyte differentiation.

To further investigate the taxifolin effect on adipocyte 
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differentiation, expression of differentiation-related genes 
[PPARγ, CCAAT/enhancer-binding protein (C/EBPα), 
adiponectin, cluster of differentiation 36 (CD36), and glucose 
transporter type 4 (GLUT4) mRNAs] was measured on day 
16 in an experiment set separately by the same procedure 
using a collagen-coated 6-well microplate (AGC TECHNO 
GLASS Co., Ltd.) seeded with HPAds (440,000 cells/well). 
Each gene expression was measured using the real-time 
polymerase chain reaction (PCR) analysis.

Effects of taxifolin on TNF-α-induced proinflammatory 
cytokine IL-6

The taxifolin effect on TNF-α-induced increase in IL-6 was 
examined in mature adipocytes on day 15 of differentiation. 
Briefly, on day 15 of differentiation, the differentiation 
medium was replaced with a fresh differentiation medium 
containing TNF-α (final concentration: 5 ng/mL) or TNF-α 
plus various taxifolin concentrations (final concentrations: 
0.2, 2, and 20 µg/mL) dissolved in 0.5% DMSO, and then the 
cells were incubated for three hours at 37°C with 5% CO2. 
Controls were similarly cultured in the normal differentiation 
medium. The aliquot of the culture medium was carefully 
collected after incubation. The medium IL-6 concentration 
was measured using ELISA kit.

Measurement of Adipocyte Lipid Stained with 
Oil Red O

The adipocytes cultured in a well were rinsed twice with 
500 μL phosphate-buffered saline after the medium was 
removed, then 200 μL 0.36% Oil Red O prepared with a 60% 
2-propanol was added to stain intracellular lipid for 15 min at 
room temperature. Then, the Oil Red O solution was removed 
and the cells were washed thrice with distilled water, after 
which 250 μL 2-propanol was added to extract the dye by 
shaking for 30 min. The extracted dye was measured using a 
microplate reader (Thermo Scientific Multiskan FC, Thermo 
Fisher Scientific, Inc.) at a 540 nm wavelength.

ELISA Assays for Adiponectin and IL-6

Concentrations of adiponectin and IL-6 in the medium 
were measured using the AssayMaxTM human adiponectin 
ELISA kit (Assaypro, LLC, St. Louis, MO, USA) and 
interleukin-6 ELISA kit (Chondrex, Inc, WA, USA), following 
the manufacturer’s instructions. The ELISA sensitivity was 
0.391 ng/mL for adiponectin and 9 pg/mL for IL-6.

Real-Time PCR Analysis to Determine the 
Expression of Differentiation-Related Genes

Total RNA in adipocytes was isolated using the 
FastGeneTM RNA Basic Kit (Nippon Genetics Co., Ltd., 

Tokyo, Japan) following the manufacturer’s instructions. The 
total RNA (2.0 μg) was reverse transcribed to cDNA using 
the ReverTra AceR qPCR RT Kit (Toyobo Co., Ltd., Osaka, 
Japan) following the manufacturer’s instructions. Each gene 
expression was quantified with the Applied BiosystemsR 
7500 fast real-time PCR system (Thermo Fisher Scientific 
K.K., MA, USA) using specific primers and KOD SYBRR qPCR 
Mix (Toyobo Co., Ltd.). The PCR reaction conditions were as 
follows. Initial denaturation: 2 min at 98°C, the denaturation: 
10 sec at 98°C, annealing: 10 sec at 60°C, extension: 30 sec 
at 68°C, and the number of cycles; 40. The base sequences of 
the forward (F) and reverse (R) primers of each gene were as 
follows: GAPDH: (F) 5’-CTTTGTCAAGCTCATTTCCTGGTAT-3’ 
and (R) 5’-TGGTGGTCCAGGGGTCTTA-3’, PPARγ: 
(F) 5’-GAGCCCAAGTTTGAGTTTGC-3’ and (R) 
5’-CAGGGCTTGTAGCAGGTTGT-3’, C/EBPα: 
(F) 5’-GGACCCTCAGCCTTGTTTGT-3’ and (R) 
5’-TGGTGGTTTAGCAGAGACGC-3’, adiponectin: 
(F) 5’-AAGGAGATCCAGGTCTTATTGG-3’ and 
(R) 5’-ACCTTCAGCCCCGGGTAC-3’, CD36: (F) 
5’-TCTTTGGCTTAATGAGACTGGG-3’ and (R) 
5’-AAGCAACAAACATCACCACACC-3’, and GLUT4: 
(F) 5’-CGACCAGCATCTTCGAGACA-3’, and (R) 
5’-CACCAACAACACCGAGACCA-3’.
The gene expression level was expressed relative to the 
control (=1.0) after normalization using the GAPDH gene 
expression level.

Statistical Analysis

All values were represented as the mean ± S.E.M. 
Dunnett’s test evaluated the statistical significance after 
a one-way analysis of variance (ANOVA). The accepted 
significance level was P < 0.05.

Results

Cell Viability

The non-cytotoxic taxifolin concentration was 
determined by exposing taxifolin (0.2, 2, 10, and 20 µg/
mL) to cells for 16 d from the onset of differentiation in a 
differentiation experiment. In anti-inflammatory experiment, 
taxifolin was exposed to the 15th day-mature cells for 3 h. 
Cell viability is calculated as the percentage of viable cells in 
the taxifolin-treated group relative to the control group, and 
the range of non-toxic concentrations in each experiment is 
shown in Table 1. The viability of cells exposed to 0.2–10 µg/
mL taxifolin for 16 d was 83.7 ± 3.5%, The viability of mature 
cells exposed to taxifolin at 0.2–20 µg/mL concentrations for 
three hours was 107.9 ± 2.2%, respectively. Each experiment 
was performed using the non-toxic concentration range of 
taxifolin shown in Table 1.
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Table 1: The viability of adipocytes treated with various taxifolin concentrations.

Test substance Exposure time Concentration (µg/mL) Cell viability (%)

Taxifolin

Differentiation experiment

16 d 0.2 – 10 83.7 ± 3.5
Anti-inflammatory experiment

3 h 0.2 – 20 107.9 ± 2.2
The viability of adipocytes treated with various concentrations of taxifolin were measured using CCK-8 assay. Cell viability was 
calculated as the percentage of viable cells in the taxifolin-treated group relative to the control group. Data represents the mean 
± SEM (n = 18).

Changes in Lipid and Adiponectin During 
Differentiation

Figure 1 shows changes in lipid concentrations 
in adipocytes and adiponectin in the medium during 
differentiation. Photographs show that small mature 
adipocytes gradually increased until day 16 of 

differentiation, but many hypertrophic adipocytes were 
observed on day 37. The adipocyte lipid concentration 
increased linearly with increasing days of differentiation. 
Contrastly, adiponectin concentration in the medium 
increased rapidly until day 15 of differentiation, but the 
increased level almost reached a plateau on day 31 and 
decreased rather rapidly on day 37.

Figure 1: Changes in lipid concentrations in adipocytes and adiponectin concentration in the medium during differentiation. 
The upper photographs show typical adipocytes stained with Oil Red O on days 0, 7, 16, and 37 of differentiation. The 
concentrations of lipid and adiponectine were measured on days 0, 2, 7, 16, 31, and 37. Each value represents the mean ± SEM 
(n = 6).

Effect of Taxifolin on Adipocyte Differentiation

Lipid and Adiponectin
The effect of taxifolin on adipocyte differentiation was 

assessed by culturing confluent preadipocytes for 16 days in 
the differentiation medium (control) or medium containing 
taxifolin. Typical photographs of control and taxifolin-treated 
adipocytes on day 16 of differentiation are shown in Figure 
2. Lipids’ concentration in adipocytes and adiponectin in 
the medium measured on day 16 as differentiation markers 

are also shown in Figures 2A and 2B, respectively. In the 0.2 
and 2 µg/mL taxifolin-treated groups, mature adipocytes 
were predominantly observed over immature cells, as in 
the control group. Conversely, in the 10 µg/mL taxifolin-
treated group, immature cells were predominantly observed 
over mature adipocytes. Concentrations of both Oil Red 
O-stained adipocyte lipids and the medium adiponectin were 
significantly decreased by treating with taxifolin (10 µg/mL) 
for 16 d compared to controls.
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Figure 2: Taxifolin effects on adipocyte differentiation. Confluent preadipocytes were cultured for 16 d in the differentiation 
medium (control) or medium containing various taxifolin concentrations (final concentrations: 0.2, 2, and 10 µg/mL). The 
upper photographs show typical control and taxifolin-treated adipocytes on day 16 of differentiation (Oil Red O staining). The 
concentrations of adipocyte lipid (A) and the medium adiponectin (B) were measured on day16 of differentiation. Each data 
represents the mean ± SEM (n = 6). **P < 0.01 vs control: statistical significance was assessed using Dunnett’s test following 
one-way ANOVA. 

Differentiation-related genes
To further investigate the taxifolin effect on adipocyte 

differentiation, expression of differentiation-related genes 
(PPARγ, C/EBPα, adiponectin, CD36, and GLUT4 mRNAs) 
was measured on day 16 in an experiment set separately 
using the same procedure. The results are shown in Figure 
3. Taxifolin (10 µg/mL) significantly inhibited C/EBPα 

mRNA expression, but not PPARγ mRNA expression. The 
mRNA expression of adiponectin (P < 0.001) and GLUT4 (P 
< 0.001) was also significantly inhibited by taxifolin (2 and/
or 10 µg/mL). Taxifolin (10 µg/mL) tended to inhibit CD36 
mRNA expression, although it was insignificantly different (P 
= 0.11).
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Figure 3: Effects of taxifolin on the expression of differentiation-related genes (PPARγ, C/EBPα, adiponectin, CD36, and GLUT4 
mRNAs) in adipocyte differentiation. Confluent preadipocytes were cultured for 16 days in the differentiation medium (control) 
or medium containing various taxifolin concentrations (0.2, 2, and 10 µg/mL). The quantification of each gene expression in 
the adipocytes was measured on day 16 using a real-time PCR system. The gene expression level was expressed relative to the 
control after normalization using GAPDH. Each data represents the mean ± SEM (n = 6). *P < 0.05 vs control, ***P < 0.001 vs 
control: statistical significance was assessed using Dunnett’s test following one-way ANOVA.

Effect of taxifolin on TNF-α-induced increase in 
IL-6

The effect of taxifolin on TNF-α-induced increase in 
inflammatory cytokine IL-6 was assessed by incubating 
mature adipocytes on day 16 of differentiation for three 
hours in the differentiation medium (control) or the medium 

containing TNF-α and TNF-α + taxifolin. After incubation, the 
IL-6 concentration in the medium was measured, and the 
results are shown in Figure 4. TNF-α stimulation significantly 
increased IL-6 concentration in the medium. Co-treatment 
with taxifolin (20 µg/mL) significantly inhibited the TNF-α-
induced increase in IL-6 level.
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Figure 4: The inhibitory effect of taxifolin on TNF-α-induced increase in inflammatory cytokine IL-6. Mature adipocytes on day 
15 of differentiation were incubated for three hours in the differentiation medium (control) or the medium containing TNF-α 
(final concentrations: 5 ng/mL), TNF-α + various concentrations of taxifolin (final concentrations: 0.2, 2, and 20 µg/mL). After 
incubation, the IL-6 concentrations in the medium were measured. Each data represents the mean ± SEM (n = 6). **P < 0.01 vs 
control, †P < 0.05 vs TNF-α: statistical significance was assessed by Dunnett’s test following one-way ANOVA.

Discussion

This study investigated the taxifolin effect on adipocytes 
using non-cytotoxic concentrations, and demonstrated that 
taxifolin has anti-differentiation and anti-inflammatory 
effects in cultured human adipocytes.

Differentiation or maturation of preadipocytes 
to adipocytes is characterized by the appearance of 
intracellular lipid droplets and the generation of adiponectin 
[30]. Therefore, in this study the differentiation process was 
evaluated by morphological observation and quantification 
of intracellular lipid droplets stained with Oil Red O and 
adiponectin generation as the differentiation markers. 
The number of adipocytes containing lipid droplets and 
the lipid concentrations increased with increasing days of 
differentiation. Adiponectin production rapidly increased 
until reaching mature adipocytes on the 16th day of 
differentiation but decreased conversely on the 37th day 
when many swollen adipocytes were observed. This result 
(Figure 1) is consistent with previous reports showing 
that adiponectin production is reduced in hypertrophic 
adipocytes [15,17]. Therefore, we decided to verify the 
taxifolin effect on differentiation through the differentiation 
period for 16 d. Intracellular lipid accumulation was 
significantly inhibited in adipocytes cultured in a taxifolin-
containing differentiation medium than the control medium. 
Cell morphological observations showed that the number 
of mature cells in the taxifolin-treated group was lower 

compared to the control group. Additionally, the adiponectin 
concentration, an adipocyte-specific cytokine, in the medium 
on day 16 was significantly lower in the taxifolin group than in 
the control group. These results induced by treating taxifolin 
(Figure 2) suggest that taxifolin may suppress preadipocyte-
to-adipocyte differentiation.

Adipocyte differentiation and adipogenesis are 
regulated by transcriptional factors, including CCAAT/
Enhancer-Binding Protein (C/EBP) family members (C/
EBPα, C/EBPβ, and C/EBPδ) and PPARγ [24,31]. In early 
adipose differentiation, the expression of transcription 
factors such as C/EBPβ and C/EBPδ is temporarily increased 
to induce differentiation. Both transcription factors increase 
the expression of PPARγ and C/EBPα transcription factors, 
thereby increasing the expression of adipocyte-specific 
genes, including fatty acid transport proteins (CD36 and 
FABP4) and adiponectin, as well as GLUT4. Consequently, 
intracellular lipid accumulation and adiponectin production 
are promoted and differentiated to mature adipocytes 
[24,31]. Therefore, to further verify the inhibitory effect 
of taxifolin on adipocyte differentiation, the expression 
of differentiation-related genes such as PPARγ, C/EBPα, 
adiponectin, CD36, and GLUT4 mRNAs was measured on 
day 16 of differentiation. Among the two master regulators 
of adipocyte differentiation, taxifolin significantly inhibited 
C/EBPα mRNA expression, but not PPARγ mRNA expression. 
Taxifolin also significantly inhibited adiponectin and GLUT4 
mRNAs and tended to inhibit CD36 mRNA expression 
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(Figure 3). These results further showed that taxifolin 
suppressed adipocyte differentiation. Although more 
detailed investigation may be needed, taxifolin may have 
suppressed the coordination between PPARγ and C/EBPα 
by significantly reducing C/EBPα mRNA expression. It was 
speculated that this imbalance between PPARγ and C/EBPα 
may have suppressed mRNA expression of adiponectin, 
CD36, and GLUT4, resulting in the suppression of fat 
accumulation and adiponectin production. The excessive 
numbers of adipocytes and increased size of adipocytes 
in adipose tissue contribute to the obesity induction [32]. 
Theobromine, a cocoa bean-derived methylxanthine, 
is thought to prevent obesity by suppressing adipocyte 
differentiation or adipogenesis by suppressing C/EBPβ 
expression [24]. Therefore, the inhibitory effect of taxifolin 
on adipocyte differentiation may also be an effective strategy 
for preventing and treating obesity.

The development of chronic inflammatory is closely 
associated with an increase in infiltration of M1 macrophages 
into adipose tissue because adipocyte hypertrophy and 
macrophage infiltration were observed in the adipose tissue 
of patients with obesity [33,34]. TNF-α secreted from M1 
macrophages that infiltrate adipose tissue activates NF-κB 
via TNF receptors expressed on the surface of adipocytes. 
Activated NF-κB translocates into the nucleus, binds to 
the inflammatory gene promoter region, and ultimately 
promotes the expression and secretion of proinflammatory 
cytokines, such as IL-6 and MCP-1 [13,14,16]. A thiazolidine 
derivative, which is a PPARγ agonist, has been reported to 
suppress the NF-κB pathway via adiponectin produced 
through the promotion of the PPARγ-adiponectin pathway 
and exerts an anti-inflammatory effect [13,14,35].Therefore, 
in this study, TNF-α was added to the medium of cultured 
mature adipocytes on day 16 of differentiation instead of 
macrophage infiltration to examine taxifolin effect on TNF-
α-induced inflammatory cytokines. TNF-α stimulation 
significantly increased IL-6 concentration in the medium. 
Taxifolin significantly suppressed the TNF-α-induced 
increase in IL-6 level, suggesting that taxifolin has anti-
inflammatory effects (Figure 4). Taxifolin has been reported 
to be an Adipo2 receptor agonist [36]. Additionally, pine 
bark extract containing taxifolin has been reported to 
inhibit NF-κB activation in macrophages [37] and vascular 
endothelial cells [38,39]. These findings suggest that the IL-6 
inhibitory effect of taxifolin may be due to a direct inhibition 
of NF-κB activity and/or an indirect inhibition of NF-κB 
activity mediated by the Adipo2 receptors, although future 
verification is necessary.

In conclusion, it was demonstrated here that taxifolin 
inhibited adipocyte differentiation and exerted anti-
inflammatory effects in cultured human adipocytes. This 
result will be a useful information for elucidating the 
molecular mechanism of taxifolin for adipocytes in the 

future. Furthermore, combined with previous results on 
macrophages [29], taxifolin is expected to have the potential 
as a therapeutic drug for obesity and metabolic syndrome.

Conclusion

It was first demonstrated in this study that taxifolin had 
anti-differentiation and anti-inflammatory effects in cultured 
human adipocytes. Taxifolin is expected to have the potential 
as a therapeutic drug for obesity and metabolic syndrome.
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