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Abstract: Recent studies have identified obesity as one of the world’s most serious chronic disorders.
Adipogenesis, in which preadipocytes are differentiated into mature adipocytes, has a decisive role
in establishing the number of adipocytes and determining the lipid storage capacity of adipose
tissue and fat mass in adults. Fat accumulation in obesity is implicated with elevated oxidative
stress in adipocytes induced by reactive oxygen species (ROS). Adipogenesis regulation by inhibiting
adipogenic differentiation and ROS production has been selected as the strategy to treat obesity. The
conventional anti-obesity drugs allowed by the U.S. Food and Drug Administration have severe
adverse effects. Therefore, various natural products have been developed as a solution for obesity,
suppressing adipogenic differentiation. Fraxetin is a major component extracted from the stem barks
of Fraxinus rhynchophylla, with various bioactivities, including anti-inflammatory, anticancer, antioxi-
dant, and antibacterial functions. However, the effect of fraxetin on adipogenesis is still not clearly
understood. We studied the pharmacological functions of fraxetin in suppressing lipid accumulation
and its underlying molecular mechanisms involving 3T3-L1 preadipocytes. Moreover, increased
ROS production induced by a mixture of insulin, dexamethasone, and 3-isobutylmethylxanthine
(MDI) in 3T3-L1 was attenuated by fraxetin during adipogenesis. These effects were regulated by
mitogen-activated protein kinase (MAPK) signaling pathways. Therefore, our findings imply that
fraxetin possesses inhibitory roles in adipogenesis and can be a potential anti-obesity drug.
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1. Introduction

A report published by the World Health Organization in 2021 states that four out of ten
adults are overweight, and approximately 13% are obese globally [1]. Obesity has recently
been acknowledged as one of modern society’s most urgent medical issues because it can
be a decisive hazardous factor for various metabolic disorders, including hyperlipidemia,
cardiovascular disease, and diabetes mellitus [2,3]. Adipogenesis is a process of multiplica-
tion and differentiation from preadipocytes into mature adipocytes [4]. Adipogenesis is
strictly governed by several adipogenic transcriptional factors, including CCA AT-enhancer-
binding protein « (C/EBP«) and peroxisome proliferator-activated receptor vy (PPARY),
which are essential for the expression of adipogenesis-related genes [5]. Activating these
adipogenic genes is decisive in establishing the number of adipocytes, mostly developed be-
fore adulthood, and finally determining the lipid storage capacity of adipose tissue and fat
mass in adults [6]. To overcome obesity, various strategies have been suggested, including
lowering energy/food intake, increasing energy expenditure, reducing the differentiation
of preadipocytes, suppressing lipogenesis, and stimulating lipolysis and fat oxidation [7].
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Among these strategies, controlling adipogenesis by suppressing adipogenic differentiation
has been commonly regarded as a valid approach to treating obesity [8].

Several medicines have been allowed by the U.S. Food and Drug Administration
(FDA) as anti-obesity drugs [9]. Among them, orlistat is one of the most prescribed
drugs, which acts as a lipase inhibitor, preventing the absorption of fats from consumed
food [10]. However, orlistat has several serious gastrointestinal adverse effects, including
steatorrhea, cholelithiasis, cholestatic hepatitis, and subacute liver failure [11]. In addi-
tion, other drugs that the FDA has approved also have limitations such as congenital
disabilities (phentermine-topiramate), an increased risk of suicide (naltrexone-bupropion),
pancreatitis (liraglutide), and abdominal pain (semaglutide) [9]. Thus, many reports have
recently suggested that various natural products can act as anti-obesity medications by
suppressing adipogenic differentiation [12,13]. Although many pharmacological drugs
involving natural ingredients have been proposed to treat obesity, the likelihood of their
clinical application is low due to an inadequate pharmacological approach and a lack of an
etiologic—-mechanistic perspective on obesity [14].

During adipogenesis, reactive oxygen species (ROS) stimulate adipocyte differenti-
ation at an early stage and maturation at a late stage [15]. It has been reported that fat
accumulation in patients with obesity is accompanied by elevated oxidative stress-derived
ROS [16]. ROS may be hazardous for patients with diabetes by inhibiting glucose up-
take in muscles and fat and the impending release of insulin from pancreatic cells [17,18].
Thus, the elevation of ROS neutralization can be one of the strategies for suppressing
adipogenesis [19].

Fraxetin (6-methoxy-7,8-dihydroxycoumarin) is a major component extracted from the
stem barks of Fraxinus rhynchophylla, which has been widely used in traditional medicine.
Recent evidence suggests that fraxetin has versatile bioactivities, including anticancer,
antioxidant, anti-inflammatory, and antibacterial properties [20-23]. Moreover, fraxetin is
easily available, relatively inexpensive, and has few adverse effects and low resistance [23].
A study has shown that fraxetin exhibited an anti-obesity effect [24]. However, the effect
of fraxetin on adipogenesis, especially its molecular mechanism and signaling pathway
in 3T3-L1 cells, is still not clearly understood. The present study aims to verify the anti-
obesity properties using 3T3-L1 cells, with respect to regulating lipid accumulation and its
underlying molecular mode of action.

2. Materials and Methods
2.1. Chemicals

Fraxetin (Cat No. 18224) and orlistat (Cat No. O4139) were obtained from Sigma
(St. Louis, MO, USA) and dissolved in dimethyl sulfoxide (DMSO). Table 1 shows the
antibodies and various mitogen-activated protein kinase (MAPK) signaling inhibitors we
used in the present study.

Table 1. The detailed information about the antibodies we used.

Chemicals Catalog Number Supplier
p-INK (Thr183/Tyr185) 4668 Cell Signaling Technology (Beverly, MA, USA)
JNK 9252 Cell Signaling Technology
p-ERK1/2 (Thr202/Tyr204) 9101 Cell Signaling Technology
ERK1/2 4695 Cell Signaling Technology
p-P38 (Thr180/Tyr182) 4511 Cell Signaling Technology
P38 9212 Cell Signaling Technology
PPARy 2443 Cell Signaling Technology
C/EBPx 8178 Cell Signaling Technology
[-actin sc-47778 Santa Cruz Biotechnology (CA, USA)
SB203580 BML-EI286 Enzo Life Sciences (Farmingdale, NY)
U0126 BML-EI282 Enzo Life Sciences

SP600125 BML-EI305 Enzo Life Sciences
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2.2. Cell Culture and Differentiation of Preadipocytes

The mouse preadipocytes 3T3-L1 were obtained from ATCC (Rockville, MD, USA).
The 3T3-L1 cells were maintained in DMEM containing 10% bovine calf serum and 1%
penicillin—streptomycin at 37 °C in a humid 5% CO; atmosphere. The cells were subcultured
when they reached 70% confluency. For the differentiation of preadipocyte to mature
adipocyte, fully confluent 3T3-L1 cells (day 0) were incubated with a mixture of 0.5 mM
3-isobutylmethylxanthine (IBMX), 5 pg/mL insulin, and 1 pM dexamethasone (MDI) in
DMEM supplemented with 10% fetal bovine serum (FBS) for 2 days. On day 2, the MDI
medium was replaced with DMEM containing 10% FBS and 5 ug/mL insulin. On day 4,
this medium was switched to DMEM containing 10% FBS. This medium was changed
every two days until day 8. A diverse dose of fraxetin and other reagents was employed
from day 0 to day 2. All experiments were performed in triplicate.

2.3. Cell Proliferation Test

We assessed cell proliferation of 3T3-L1 preadipocytes using Cell Proliferation Kit I
(Cat No. 11465007001; Roche Holdings AG, Basel, Switzerland), which is also known as
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. The cells
in 96-well culture plates were incubated with various concentrations of fraxetin and 10 pL
of MTT tetrazolium salt at 37 °C for 4 h, followed by incubation in solubilization buffer
at 37 °C overnight. Absorbance was assessed at 560 nm and 650 nm.

2.4. Oil Red O Staining

On day 8, from the onset of 3T3-L1 differentiation, the differentiated cells were washed
with phosphate-buffered saline (PBS) and fixed with 4% formaldehyde for 1 h at room
temperature. After being gently rinsed with 60% isopropanol, the cells were stained with
filtered oil red O solution (Cat No. 01391, Sigma, St. Louis, MO, USA) for 30 min. The
oil red O solution was removed and washed with distilled water four times. Images of
lipid droplets in mature adipocytes were observed using a DM3000 microscope (Leica
Microsystems GmbH, Wetzlar, Germany). The dye contained in lipid droplets was eluted
with 100% isopropanol and quantified by assessing the absorbance at 490 nm.

2.5. Apoptosis Analysis

To analyze an apoptotic effect of fraxetin in 3T3-L1 cells, Annexin V and propidium
iodide (PI) staining was performed using Annexin V apoptosis detection kit I (BD Bio-
science, Franklin Lakes, NJ, USA). The cells were treated with different concentrations of
fraxetin (0, 20, 50, and 100 uM) in an MDI induction medium for 48 h. The cells were rinsed
with PBS twice and stained with Annexin V and PI at room temperature for 15 min. The
fluorescence intensity was measured with a flow cytometer (BD Accuri C6, BD Bioscience).
The experiment was repeated three times. The number of cells in each dot plot was 10,000.

2.6. Cell Cycle Assay

The alteration of cell cycle distribution was assessed using flow cytometry. Confluent
preadipocytes were incubated with various concentrations of fraxetin-containing MDI
for 2 days. Cells were collected and rinsed with PBS twice, followed by fixation with
chilled 70% ethanol. Cells were stained by PI-containing ribonuclease A (Cat No. R5503,
Sigma, St. Louis, MO, USA) at room temperature for 1 h. The fluorescence intensity was
measured with a flow cytometer (BD Accuri C6, BD Bioscience, Franklin Lakes, NJ, USA).
The experiment was repeated three times.

2.7. Determination of ROS

We evaluated total ROS products in preadipocytes and mature adipocytes stained
with 2,7-dichlorofluorescin diacetate (DCFH-DA; Cat. No.: D6883, Sigma, St. Louis, MO,
USA), which is transformed into fluorescent 2,7-dichlorofluorescein (DCF) in the presence
of ROS. Cells were incubated with different doses of fraxetin for 1 h and stained with
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DCFH-DA for 30 min. Supernatants were collected and rinsed with PBS. The DCF intensity
based on 10,000 cells per gate was calculated using the flow cytometer. The assay was
performed in triplicate.

2.8. Western Blotting

The whole cell protein was isolated from preadipocytes and mature adipocytes, fol-
lowed by immunoblotting, as described in our previous study [25].
2.9. RT-qPCR

Total RNA was isolated from preadipocytes and mature adipocytes, and transcrip-
tional expression was determined as described in our previous study [25]. The detailed
information on primers is represented in Table 2.

Table 2. The primers we used in qPCR.

Gene Size (bp) GenBank Accession No. Primer Sequence (5'—3’)
ceceptor aonems (Fparg) 126 NMLOOUZ73302 1 00 CAGTTAAGATCACACE
spha (Cebpay P 7 NMOSTSILL TG ITTGGCTTTATOTCG.
FabpsyEren 15 NMLOZH03 R CACCTICCTOTOGTCTGE
Fatty acid synthase (Fasn) 95 NM_007988.3 E éiié%?g ézgigé%i(lzé};%%
anecripton ftto 1 (reblD) 116 NMLOOIBITL I AACGCTCGCTCIAGG
Kruppek ke factor 5 (KIF) 127 NMLO64 R T GIGAACTCGGGGAGACE
Superoxide dismutase 1 (Sod1) 87 NM_011434.2 E i‘:ﬁ?gé (Tj%:% glg?ggﬁ?ﬁg g
Superoxide dismutase 2 (Sod2) 81 NM_013671.3 f{ gzjiTGCGT Szgggﬁf gTC gfi;%%
Glyceraldehyde-3-phosphate 130 NM. 001289726.1 F: AACTTTGGCATTGTGGAAGG

dehydrogenase (GAPDH)

R: ATGCAGGGATGATGTTCTGG

2.10. Statistical Analysis

All data were assessed with unpaired f-tests or analysis of variance, followed by
Dunnett’s post hoc test using GraphPad Prism 7.00 (La Jolla, CA, USA). All data were
obtained in triplicate. Values with p < 0.05 were considered statistically significant. Data
are presented as means =+ standard deviation.

3. Results
3.1. Impact of Fraxetin on the Formation of Lipid Droplets and the Cell Proliferation of 3T3-L1

Confluent 3T3-L1 was incubated with different concentrations of fraxetin during MDI
induction to identify the influence of fraxetin on adipogenesis. On day 8, from the onset
of differentiation, the accumulated lipids were stained with oil red O solution. Lipid
accumulation was gradually inhibited by fraxetin compared with 0 pM (MDI)-treated
cells (Figure 1A). Orlistat, a lipase inhibitor used for treating obesity [26], was used as
a positive control. Compared with MDI-treated cells, the 10, 20, and 50 uM fraxetin
treatments suppressed lipid accumulation by 81%, 68% (p < 0.05), and 74% (p < 0.05),
respectively. It was noteworthy that the 100 pM fraxetin treatment inhibited lipid accumu-
lation by 62% (p < 0.01), which was comparable with the 20 uM orlistat treatment (56%)
(p < 0.01) (Figure 1B). The treatment of fraxetin did not show cytotoxicity until 100 uM
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(Figure 1C). However, 150 uM of fraxetin exhibited a significant cytotoxic effect in 3T3-L1
cells; therefore, we set the optimal dose as 100 uM in our study. Our observations suggest

that fraxetin considerably suppressed lipid droplets” formation in adipocytes.
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Figure 1. Impact of fraxetin on the formation of lipid droplets and proliferation of 3T3-L1 cells.
(A,B) Nondifferentiated cells and mature adipocytes were incubated with different doses of fraxetin
(0, 5, 10, 20, 50, and 100 uM). Relative lipid accumulation stained by oil red O was measured by a
microplate reader at 490 nm of optical density. Orlistat (20 uM) was treated as a positive control. Scale
bar: 50 um. The different colors in bar graph represent the different concentration of fraxetin. Black
bar indicates orlistat. (C) Cell proliferation analysis was conducted in 3T3-L1 preadipocytes. All data
were obtained in triplicate. The symbols “*” and “**” represent significant differences between the
differentiated group and others (* p < 0.05, ** p < 0.01). “##” means considerable differences between
the nondifferentiated group and others (## p < 0.01), as verified using one-way analysis of variance
(ANOVA), followed by Dunnett’s post hoc analysis.

20 Orlistat (uM)

3.2. Effect of Fraxetin on the Activity of Differentiation-Associated Proteins and Genes

Because PPARy and C/EBPa are known and essential players in the transcriptional
network regulating the conversion from preadipocyte to adipocyte [27], we confirmed their
protein expressions through immunoblotting (Figure 2A). In response to 20 uM and 100 uM
of fraxetin, the protein levels of C/EBPx were significantly reduced to 0.64-fold (p < 0.05)
and 0.52-fold (p < 0.01), respectively, compared to the differentiated cells. Moreover, the
protein level of PPARy also considerably decreased to 0.40-fold (p < 0.01) in response
to 50 uM of fraxetin (Figure 2B). Consistent with the Western blot results, RT-qPCR data
indicate that the transcriptional expressions of PPARy and C/EBP« were also considerably
decreased by 100 uM of fraxetin compared to the MDI induction (Figure 2C). Compared
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with the MDI-treated groups, the transcriptional activity of adipocyte-specific markers,
including Fabp4, Fasn, and Srebfl mRNA, was also significantly decreased by the treatment
of fraxetin (Figure 2C). These results imply that fraxetin inhibited the differentiation of
3T3-L1 through the modulation of adipogenesis-related genes.
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Figure 2. Effect of fraxetin on the expression levels of adipogenesis-related proteins and genes in
3T3-L1 cells. (A,B) Protein expression levels of PPARy and C/EBP«x were assessed with Western
blot analysis. The 3T3-L1 cells were incubated with or without fraxetin (20, 50, and 100 uM) for
differentiation. Then, the cells were lysed, and a Western blot was performed. The protein levels
of PPARy and C/EBP« were normalized with 3-actin. The different colors in bar graph represent
the different concentration of fraxetin. (C) The transcriptional expressions of Pparg, Cebpa, Fabp4,
Fasn, and Srebfl genes were determined by RT-qPCR. GAPDH was used for the normalization of
each gene expression. All experiments were performed at least three times. The asterisk symbol
represents significant differences between the differentiated group and others (* p < 0.05, ** p < 0.01).
The crosshatch mark represents significant differences between the nondifferentiated group and
others (# p < 0.05, ## p < 0.01, ### p < 0.001), as verified using unpaired t-tests or one-way analysis of
variance (ANOVA), followed by Dunnett’s post hoc analysis.

3.3. Fraxetin Inhibits Adipogenesis in the Early Stage of Differentiation

Confluent preadipocytes were incubated with 100 pM of fraxetin at various stages of
differentiation, including early, intermediate, and late stages, to determine how fraxetin
suppresses adipogenesis (Figure 3A). The formation rate of lipids was evaluated with oil
red O. Compared to only MDI-treated control cells, the 6-day treatment of fraxetin (100 uM)
significantly reduced intracellular lipid droplets by 54% (p < 0.001). The relative lipid
droplets stained by oil red O solution were lower in fraxetin-treated cells in the early stage
of differentiation than those in other stages (Figure 3B). Figure 3C shows that the inhibitory
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effect of fraxetin on lipid accumulation during the early, intermediate, and late stages was
approximately 36% (p < 0.001), 15% (p < 0.01), and 11%, respectively. Our observation
indicates that fraxetin inhibits adipogenesis most effectively during the early stage of
adipogenesis. It was further evaluated by analyzing the transcriptional level of Kruppel-
like factor 5 (KIf5), which is activated in the early stages of adipogenesis (Figure 3D). Our
observations imply that fraxetin regulates the early stage of adipogenesis.
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Figure 3. Effect of fraxetin on various stages of adipogenesis in 3T3-L1 cells. (A) Schematic dia-
gram of the treatment period of fraxetin (100 uM) in confluent 3T3-L1 cells during adipogenesis.
(B,C) The nondifferentiated cell and differentiated cells treated with fraxetin (100 uM) at different
periods of adipogenesis were stained with oil red O solution on day 8. Relative lipid droplets
eluted by isopropanol were quantified by measuring the absorbance at 490 nm. Scale bar: 50 pum.
(D) Transcriptional expression of the Kif5 gene was analyzed by RT-qPCR. All data were obtained in
triplicate. The asterisk symbol represents significant differences between the MDI-treated group and
others (** p < 0.01, *** p < 0.001). The crosshatch symbol represents significant differences between
the nondifferentiated group and others (# p < 0.05, ### p < 0.001), as verified using unpaired ¢-tests or
one-way analysis of variance (ANOVA), followed by Dunnett’s post hoc analysis.

3.4. Fraxetin Alters Cell Distribution in the Cell Cycle without Apoptosis in 3T3-L1 Cells

We determined whether fraxetin influences cell distribution in the cell cycle. The
3T3-L1 preadipocytes were exposed to an MDI induction medium containing fraxetin
for 48 h (Figure 4A). Compared to the GO/G1 phase (54%) and G2/M phase (43%) of
nondifferentiated (ND) cells, MDI-treated cells in G0/G1 phase were reduced to 42% and
increased in the G2/M phase to 55% (both p < 0.05). However, the changes were gradually
reinstated by the treatment of fraxetin. After the treatment with fraxetin, the ratio of the
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GO0/G1 phase gradually increased, and the G2/M phase gradually decreased. Compared
to the MDI-treated cells, the G2/M-phase cells were reduced from 55 to 46% (p < 0.05)
after 100 uM fraxetin treatment.
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Figure 4. Fraxetin triggers cell-cycle shifts without apoptotic cell death. (A) Preadipocytes were
incubated with diverse doses of fraxetin in an MDI induction medium for 2 days. After fixation, cells
were stained by Pl-retaining ribonuclease A and evaluated using flow cytometry. Each value in the
histogram was determined by counting 10,000 events. The ratio of cells at each phase was represented
in each histogram. (B) The impact of fraxetin with respect to apoptosis in MDI-treated cells was
evaluated with Annexin V and PI double-staining assay. Confluent preadipocytes were incubated
with different concentrations of fraxetin in an MDI induction medium for 2 days. Cells were treated
by PI and Annexin V and assessed by flow cytometry. The number of cells in each dot plot was 10,000.
All data were obtained in triplicate. The crosshatch mark indicates significant differences among the
nondifferentiated group and others (# p < 0.05). The asterisk symbol represents significant differences
between the MDI-treated group and others (* p < 0.05), as verified using one-way analysis of variance
(ANOVA), followed by Dunnett’s post hoc analysis.



Antioxidants 2022, 11, 1893

9o0f 16

The manipulation of cell cycle progression is involved in the apoptotic response in
multicellular organisms [28]. Therefore, we conducted Annexin V and PI staining to
understand whether the changes in cell cycle progression induced by fraxetin affect the
apoptotic response in 3T3-L1 cells. Figure 4B shows that fraxetin did not change the
number of apoptotic cells. Our findings imply that fraxetin exhibits inhibitory effects on
adipogenesis by the alteration of cell distribution in the cell cycle without apoptosis.

3.5. Fraxetin Attenuates ROS Production by Activating the Expression of ROS-Scavenging Genes
during the Differentiation of 3T3-L1 Cells

During the differentiation from preadipocyte to adipocyte, ROS are deeply related
to stimulating the early stages of adipocyte differentiation [15]. Therefore, we evaluated
the ROS levels using DCFH-DA. Figure 5A shows that ROS levels increased during the
differentiation from 3T3-L1 preadipocyte to adipocyte. Moreover, 20, 50 and 100 uM of
fraxetin significantly attenuated the increase in ROS production induced by MDI induction
by 45%, 39%, and 28% (all p < 0.001), respectively (Figure 5A). These observations are
further supported by the transcriptional analysis of scavenging genes, including superoxide
dismutase 1 (Sod1) and superoxide dismutase 2 (Sod2). The transcriptional expression
levels of both genes were reduced by MDI induction compared with the ND. However,
fraxetin restored the Sod1 expression up to approximately two-fold (p < 0.001) and elevated
the Sod2 mRNA levels up to 2.3-fold (p < 0.001) (Figure 5B). Therefore, these results
suggest that fraxetin alleviates ROS levels induced by MDI induction during adipocyte
differentiation through the activation of antioxidant genes.
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Figure 5. Effect of fraxetin on ROS production and the transcriptional expression of scavenging genes
during the adipogenesis of 3T3-L1 cells. (A) ROS production was evaluated with DCFH-DA using
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flow cytometry. Relative ROS production is represented as purple shadow in a bar graph. The differ-
ent colors in bar graph represent the different concentration of fraxetin. (B) The mRNA expressions
of scavenging genes (Sod1, Sod2) were analyzed with RT-qPCR. Each gene was normalized with the
GAPDH gene. All data were obtained in triplicate. The asterisk indicates significant differences be-
tween the MDI-treated group and others (*** p < 0.001). The crosshatch symbol represents significant
differences between the nondifferentiated group and others (# p < 0.05, ## p < 0.01), as verified using
unpaired t-tests or one-way analysis of variance (ANOVA), followed by Dunnett’s post hoc analysis.

3.6. Fraxetin Suppresses Adipogenesis via the Regulation of MAPK Signaling

To investigate the MAPK signaling pathway, which is correlated with the early stage
of adipogenesis, we evaluated phosphorylation levels of p38, Erk1/2, and Jnk by Western
blotting. Phosphorylated p38 was slightly but not significantly reduced in MDI-treated
cells compared to the ND cells. However, 20 and 50 uM of fraxetin increased its phospho-
rylation level by 1.34-fold and 1.49-fold (both p < 0.05), respectively (Figure 6A). However,
phosphorylated Erk1/2 and Jnk were increased significantly by MDI induction compared
to ND cells. In response to 100 uM of fraxetin, the protein expression of phosphorylated
Erk1/2 was reduced to 0.50-fold and Jnk to 0.69-fold (both p < 0.01) (Figure 6B,C). Our
observations indicate that fraxetin suppresses the early phase of adipogenesis through the
activation of p38 and the inhibition of Erk1/2 and Jnk.
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Figure 6. Effect of fraxetin on the regulation of adipogenesis through MAPK signaling. The protein
expressions of the MAPK signaling pathway, including (A) p38, (B) Erk1/2, and (C) Jnk phosphoryla-
tion, were analyzed with Western blotting. Each phosphorylation level was normalized with each
total protein level. All data were obtained in triplicate. The asterisk symbol represents significant
differences between the MDI-treated group and others (* p < 0.05, ** p < 0.01). The crosshatch sym-
bol represents meaningful differences among the nondifferentiated group and others (## p < 0.01,
#H p < 0.001), as verified using one-way analysis of variance (ANOVA), followed by Dunnett’s post
hoc analysis.

3.7. Effect of the Combination of Fraxetin and MAPK Inhibitors on Lipid Accumulation

To determine the influence of the MAPK signaling pathway on lipid accumulation
caused by fraxetin, we performed oil red O staining with the combination of fraxetin and
the following three MAPK-specific inhibitors: SB203580, U0126, and SP600125, which
were assigned to hinder p38, Erk, and Jnk, respectively (Figure 7A). Compared to the cells
treated with only fraxetin, lipid droplets stained by oil red O solution were significantly
increased by SB203580 treatment from 60 to 87% (p < 0.01). Conversely, compared to the
fraxetin-treated groups, U0126 lowered lipid accumulation by 49% (p < 0.05). However,
SP600125 did not alter the effect of fraxetin on lipid accumulation.
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Figure 7. Effect of the combination of fraxetin and MAPK inhibitors on lipid accumulation. Fraxetin
was cotreated with MAPK signaling inhibitors including SB203580, U0126, and SP600125 in the
presence of an MDI induction medium. Then, the formation of lipid droplets was evaluated with
oil red O solution. Relative staining rates were assessed by measuring the optical density at 490 nm.
Scale bar: 50 um. The red and black color represent the treatment with fraxetin and orlistat in the
presence of MDI medium, respectively. The orange, blue, and purple colors in bar graph indicate the
treatment with SB203580, U0126, and SP600125 in the presence of fraxetin, respectively. Experiments
were performed at least three times. The crosshatch represents significant differences between
the nondifferentiated group and others (### p < 0.001). The asterisk symbol represents significant
differences between the MDI-treated group and others (* p < 0.05, ** p < 0.01, *** p < 0.001). The
symbol “a” (p < 0.05) and “aa” (p < 0.01) represent the significant effect of combination treatment
between the fraxetin and MAPK-inhibitor-treated groups, as verified using one-way analysis of
variance (ANOVA), followed by Dunnett’s post hoc analysis.

4. Discussion

Recent studies have shown that obesity and overweight are crucial hazardous factors
for various diseases, including cardiovascular disease, cancer, and metabolic disease [29-31].
Adipogenesis and fat storage in adipocytes is greatly associated with the development of
obesity [32]. Therefore, many researchers have tried to develop anti-obesity drugs that
regulate adipogenesis and lipid metabolism. The conventional therapeutic drugs for the
prevention and treatment of obesity are usually correlated to adverse effects and drug
dependence [33]. Natural products are under exploration as an alternative to these prob-
lems because they are safe and effective [34]. Fraxetin, a coumarin derived from Fraxinus
rhynchophylla, has versatile pharmacological properties and rare side effects [35]. Our
present study derived three major findings. First, fraxetin suppresses adipogenesis at the
early phase in 3T3-L1 cells. Second, by activating the antioxidant-related genes, fraxetin
ameliorates ROS levels induced by MDI induction. Third, the inhibitory effect of fraxetin
on the formation of lipid droplets was mediated by the MAPK signaling pathway.

Adipogenesis is a major pathway that enlarges the adipose tissue, during which vari-
ous transcriptional factors are modulated and activated. Among them, PPARy and C/EBP
families are the representative regulators of adipogenesis [36]. Adipogenesis from 3T3-L1
preadipocytes into mature adipocytes involves four steps: growth arrest, mitotic clonal
expansion, early-stage differentiation, and terminal differentiation [37]. Several factors
organize each step of adipogenesis. Among all stages, the early stage of adipocyte differ-
entiation is important because C/EBPf3 and C/EBP9, which are actively expressed in the
early stage, subsequently stimulate C/EBP« and its partner PPARYy [38,39]. The elevated
activities of the C/EBP family and PPARYy are usually implicated in the activation of several
lipogenesis-related genes, including Fabp4, Fasn, and Srebfl [40]. Fasn is an essential enzyme
for the biosynthesis of long-chain fatty acids [41]. Fabp4, commonly known as adipocyte
protein 2 (aP2), has key roles in lipid homeostasis and fatty acid transport [42]. Srebf1 plays
an important role as a bridge between C/EBP signaling and the adipogenesis pathway [43].
Several studies have reported that some natural products exert anti-obesity effects by
inhibiting these lipogenesis-related genes [44,45]. Various natural products exert direct or
indirect antiadipogenic effects by suppressing themselves or their up/downstream mod-
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ulators. Apigenin, a flavonoid, suppresses adipocyte differentiation by downregulating
PPARy and C/EBP« [33]. Isoflavonoids from Crotalaria albida exert inhibitory effects on
adipogenesis as a PPARy antagonist [46]. Extracts of copperleaf ameliorate obesity by
reducing PPARy and C/EBP« expression in a high-fat diet mouse model [47]. Consistent
with these reports, we revealed that fraxetin reduced protein and transcriptional levels of
C/EBPa and PPARy. Our study showed that fraxetin treatment exerts inhibitory effects
on lipid accumulation regardless of treatment period. However, the inhibitory effect was
most marked during day 0-2 of the treatment than that of other periods. Fraxetin also
suppressed mRNA levels of Kif5, which is essential for differentiation in the early stage
of adipogenesis [48]. Fraxetin alleviated the increased levels of adipocyte-differentiation-
related genes induced by MDI induction, such as Fabp4, Fasn, and Srebfl. Our findings
indicate that fraxetin hinders the adipogenesis at an early stage by downregulating PPARy
and C/EBP« expression levels.

Increasing ROS production induced by fat accumulation promotes oxidative stress in
blood. Growing evidence has shown that oxidative stress due to the activation of ROS is
greatly related to metabolic disorders, including obesity and diabetes [16,49]. In such pa-
tients, adipocytes activate NADPH oxidase and inhibit antioxidant enzymes, such as SODs,
catalase, and glutathione peroxidase (GPx) [16,50]. SODs, along with GPx and catalase,
neutralize the damage from ROS. ROS generation and fat accumulation during adipogene-
sis are regulated by the C/EBP family and PPARy [51]. Therefore, the suppression of ROS
production during adipogenesis is a potential strategy for ameliorating obesity-related
metabolic diseases. Our study results show that fraxetin impedes ROS production induced
by MDI induction during adipogenesis. This was further confirmed by evaluating the
mRNA expression of ROS-scavenging genes, Sod1 and Sod2. The fraxetin-containing MDI
induction medium increased the transcriptional expression of antioxidant enzymes. Our
observations suggest that fraxetin has antioxidant properties and exerts an inhibitory effect
on adipocyte differentiation.

MAPK pathway regulation is important for adipogenesis [52]. It is subdivided into
three pathways: p38, extracellular signal-regulated kinases (ERKs), and c-Jun amino-
terminal kinases (JNKs) MAPK [53]. Several reports suggest that MAPK pathways play
an important role in modulating adipocyte differentiation. ERK signaling pathways have
important roles in regulating adipogenesis, as the inhibition of ERK1/2 phosphorylation
exerts an inhibitory effect on adipocyte differentiation. The roles of ERK1/2 in adipogenesis
were verified with ERK activator FGF-2 and ERK inhibitor PD98059 [54]. ERK phosphory-
lation is crucial for activating C/EBP« and PPARYy [55,56]. The function of p38 MAPK in
adipogenesis is still controversial [52,57-59]. Several studies have reported that p38 MAPK
pathways can negatively affect adipogenesis. Aouadi. M et al. have suggested that p38
was more activated in preadipocytes than in adipocytes of obese mice, suggesting that
p38 MAPK has an inhibitory role in adipocyte differentiation [52]. Conversely, evidence
suggests that p38 MAPK has a role in promoting adipogenesis [58,59]. These contradictory
functions of p38 MAPK in adipocyte differentiation are probably attributed to the versatility
of p38 MAPK in interacting with various intracellular molecules and environments. Our
data showed that fraxetin exerts inhibitory effects on adipogenesis by the downregulation
of Erk1/2 and Jnk and the upregulation of p38 MAPK. These results were further verified
by using several MAPK inhibitors, including SB203580, U0126, and SP600125, through oil
red O staining. Various studies have demonstrated that the MAPK pathway is also closely
related to the regulation of ROS signaling. ROS accumulation can stimulate the activation
of MAPK signaling pathways [60]. The suppression of ROS production by antioxidants
obstructs MAPK activation, demonstrating that ROS are involved in MAPK activation [61].
Our observations indicated that fraxetin simultaneously suppressed ROS accumulation
and ERK1/2 MAPK in 3T3-L1, suggesting that fraxetin may regulate adipogenesis through
MAPK signaling driven by ROS. Further study is required on whether the inhibition of
ROS production caused by fraxetin is subjected to the MAPK signaling pathway in 3T3-L1.
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5. Conclusions

In conclusion, our study revealed the underlying mechanisms by which fraxetin exerts
an anti-adipogenesis effect during the early stage of adipogenesis (Figure 8). We confirmed
that fraxetin ameliorates elevated ROS production by activating ROS-scavenging genes.
Furthermore, these effects were mediated by MAPK signaling pathways. Therefore, fraxetin
can be a potential anti-obesity agent. Our limitation is that we cannot solve the problem
of whether the inhibitory effect of fraxetin on adipogenesis affects the person who is in
positive energy balance. Although our findings are limited in vitro, this study might serve
as the basis for further in vivo studies and the development of an innovative agent for
treating obesity.
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Figure 8. Schematic illustration of fraxetin on 3T3-L1 cells.

Author Contributions: Conceptualization, G.S. and H.B.; methodology, W.L.; software, W.L.; val-
idation, H.B. and W.L.; formal analysis, W.L.; investigation, W.L.; resources, G.S. and H.B.; data
curation, W.L.; writing—original draft preparation, W.L.; writing—review and editing, G.S. and H.B.;
visualization, W.L.; supervision, H.B.; project administration, G.S.; funding acquisition, G.S. and H.B.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported financially by the following: National Research Foundation of
Korea (NRF) (grant numbers: 2021R1A2C2005841 and 2022R1C1C1007067).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within this article.



Antioxidants 2022, 11, 1893 14 of 16

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  WHO. World Health Organization Obesity and Overweight. WHO Newsroom Fact Sheets: 2021; WHO: Geneva, Switzerland, 2021.

2. Llavie, CJ,; Laddu, D,; Arena, R.; Ortega, EB.; Alpert, M.A.; Kushner, R.F. Healthy Weight and Obesity Prevention: JACC Health
Promotion Series. J. Am. Coll. Cardiol. 2018, 72, 1506-1531. [CrossRef] [PubMed]

3.  Kopelman, P.G. Obesity as a medical problem. Nature 2000, 404, 635-643. [CrossRef] [PubMed]

4.  Haider, N,; LaRose, L. Harnessing adipogenesis to prevent obesity. Adipocyte 2019, 8, 98-104. [CrossRef] [PubMed]

5. Lee, H-W,; Rhee, D.-K,; Kim, B.-O.; Pyo, S. Inhibitory effect of sinigrin on adipocyte differentiation in 3T3-L1 cells: Involvement
of AMPK and MAPK pathways. Biomed. Pharmacother. 2018, 102, 670-680. [CrossRef] [PubMed]

6. Spalding, K.L.; Arner, E.; Westermark, P.O.; Bernard, S.; Buchholz, B.A.; Bergmann, O.; Blomqvist, L.; Hoffstedt, J.; Naslund, E.;
Britton, T.; et al. Dynamics of fat cell turnover in humans. Nature 2008, 453, 783-787. [CrossRef] [PubMed]

7. Wang, YW.,; Jones, PJ.H. Conjugated linoleic acid and obesity control: Efficacy and mechanisms. Int. J. Obes. 2004, 28, 941-955.
[CrossRef]

8.  Ji, E;Jung, M.Y,; Park, ].H.; Kim, S.; Seo, C.R.; Park, KW.,; Lee, EK.; Yeom, C.H.; Lee, S. Inhibition of adipogenesis in 3T3-L1 cells
and suppression of abdominal fat accumulation in high-fat diet-feeding C57BL/6] mice after downregulation of hyaluronic acid.
Int. J. Obes. 2013, 38, 1035-1043. [CrossRef]

9.  NIDDK. Prescription Medications to Treat Overweight & Obesity. 2021. Available online: https://www.niddk.nih.gov/health-
information/weight-management/prescription-medications-treat-overweight-obesity (accessed on 27 July 2022).

10. Guerciolini, R. Mode of action of orlistat. Int. J. Obes. 1997, 21, S12-S23.

11. Filippatos, T.D.; Derdemezis, C.S.; Gazi, L.F.; Nakou, E.S.; Mikhailidis, D.P; Elisaf, M.S. Orlistat-associated adverse effects and
drug interactions: A critical review. Drug Saf. 2008, 31, 53-65. [CrossRef]

12. Moon, H.-S.; Chung, C.-S.; Lee, H.-G.; Kim, T.-G.; Choi, Y.-J.; Cho, C.-S. Inhibitory Effect of (—)-Epigallocatechin-3-Gallate on
Lipid Accumulation of 3T3-L1 Cells. Obesity 2007, 15, 2571-2582. [CrossRef]

13. Ahn, ], Lee, H.; Kim, S.; Park, J.; Ha, T. The anti-obesity effect of quercetin is mediated by the AMPK and MAPK signaling
pathways. Biochem. Biophys. Res. Commun. 2008, 373, 545-549. [CrossRef] [PubMed]

14. Jakab, J.; Miski¢, B.; Miksi¢, S.; Juranié, B.; Cosié, V.; Schwarz, D.; Veev, A. Adipogenesis as a Potential Anti-Obesity Target: A
Review of Pharmacological Treatment and Natural Products. Diabetes Metab. Syndr. Obes. Targets Ther. 2021, 14, 67-83. [CrossRef]
[PubMed]

15. Kanda, Y.; Hinata, T.; Kang, S.W.; Watanabe, Y. Reactive oxygen species mediate adipocyte differentiation in mesenchymal stem
cells. Life Sci. 2011, 89, 250-258. [CrossRef] [PubMed]

16. Furukawa, S.; Fuyjita, T.; Shimabukuro, M.; Iwaki, M.; Yamada, Y.; Nakajima, Y.; Nakayama, O.; Makishima, M.; Matsuda, M.;
Shimomura, I. Increased oxidative stress in obesity and its impact on metabolic syndrome. J. Clin. Invest. 2004, 114, 1752-1761.
[CrossRef] [PubMed]

17. Matsuoka, T.; Kajimoto, Y.; Watada, H.; Kaneto, H.; Kishimoto, M.; Umayahara, Y.; Fujitani, Y.; Kamada, T.; Kawamori, R.;
Yamasaki, Y. Glycation-dependent, reactive oxygen species-mediated suppression of the insulin gene promoter activity in HIT
cells. J. Clin. Investig. 1997, 99, 144-150. [CrossRef] [PubMed]

18.  Rudich, A ; Tirosh, A.; Potashnik, R.; Hemi, R.; Kanety, H.; Bashan, N. Prolonged oxidative stress impairs insulin-induced GLUT4
translocation in 3T3-L1 adipocytes. Diabetes 1998, 47, 1562-1569. [CrossRef] [PubMed]

19. Lee, D.-K; Jang, H.-D. Carnosic Acid Attenuates an Early Increase in ROS Levels during Adipocyte Differentiation by Suppressing
Translation of Nox4 and Inducing Translation of Antioxidant Enzymes. Int. J. Mol. Sci. 2021, 22, 6096. [CrossRef]

20. Wu, C.-R,; Huang, M.-Y;; Lin, Y.-T.; Ju, H.-Y,; Ching, H. Antioxidant properties of Cortex Fraxini and its simple coumarins. Food
Chem. 2007, 104, 1464-1471. [CrossRef]

21. Liu, R; Sun, Q.; Sun, A,; Cui, ]J. Isolation and purification of coumarin compounds from Cortex fraxinus by high-speed
counter-current chromatography. J. Chromatogr. A 2005, 1072, 195-199. [CrossRef]

22. Wang, H.; Zou, D,; Xie, K.; Xie, M. Antibacterial mechanism of fraxetin against Staphylococcus aureus. Mol. Med. Rep. 2014, 10,
2341-2345. [CrossRef]

23. Liu, G,; Liu, Z,; Yan, Y.; Wang, H. Effect of fraxetin on proliferation and apoptosis in breast cancer cells. Oncol. Lett. 2017, 14,
7374-7378. [CrossRef] [PubMed]

24. Shin, E.; Choi, K.-M.; Yoo, H.-S; Lee, C.-K.; Hwang, B.Y.; Lee, M.K. Inhibitory Effects of Coumarins from the Stem Barks of
Fraxinus rhynchophylla on Adipocyte Differentiation in 3T3-L1 Cells. Biol. Pharm. Bull. 2010, 33, 1610-1614. [CrossRef] [PubMed]

25. Lee, W,; Song, G.; Bae, H. Matairesinol Induces Mitochondrial Dysfunction and Exerts Synergistic Anticancer Effects with
5-Fluorouracil in Pancreatic Cancer Cells. Mar. Drugs 2022, 20, 473. [CrossRef] [PubMed]

26. Heck, A.M,; Yanovski, J.A.; Calis, K.A. Orlistat, a New Lipase Inhibitor for the Management of Obesity. Pharmacotherapy 2000, 20,
270-279. [CrossRef] [PubMed]

27. Park, B.O.; Ahrends, R.; Teruel, M.N. Consecutive Positive Feedback Loops Create a Bistable Switch that Controls Preadipocyte-
to-Adipocyte Conversion. Cell Rep. 2012, 2, 976-990. [CrossRef]

28. Pucci, B.; Kasten, M.; Giordano, A. Cell Cycle and Apoptosis. Neoplasia 2000, 2, 291-299. [CrossRef]

29. Sharma, A.M.; Chetty, V.T. Obesity, hypertension and insulin resistance. Acta Diabetol. 2005, 42 (Suppl. 1), S3-S8. [CrossRef]


http://doi.org/10.1016/j.jacc.2018.08.1037
http://www.ncbi.nlm.nih.gov/pubmed/30236314
http://doi.org/10.1038/35007508
http://www.ncbi.nlm.nih.gov/pubmed/10766250
http://doi.org/10.1080/21623945.2019.1583037
http://www.ncbi.nlm.nih.gov/pubmed/30848691
http://doi.org/10.1016/j.biopha.2018.03.124
http://www.ncbi.nlm.nih.gov/pubmed/29604586
http://doi.org/10.1038/nature06902
http://www.ncbi.nlm.nih.gov/pubmed/18454136
http://doi.org/10.1038/sj.ijo.0802641
http://doi.org/10.1038/ijo.2013.202
https://www.niddk.nih.gov/health-information/weight-management/prescription-medications-treat-overweight-obesity
https://www.niddk.nih.gov/health-information/weight-management/prescription-medications-treat-overweight-obesity
http://doi.org/10.2165/00002018-200831010-00005
http://doi.org/10.1038/oby.2007.309
http://doi.org/10.1016/j.bbrc.2008.06.077
http://www.ncbi.nlm.nih.gov/pubmed/18586010
http://doi.org/10.2147/DMSO.S281186
http://www.ncbi.nlm.nih.gov/pubmed/33447066
http://doi.org/10.1016/j.lfs.2011.06.007
http://www.ncbi.nlm.nih.gov/pubmed/21722651
http://doi.org/10.1172/JCI21625
http://www.ncbi.nlm.nih.gov/pubmed/15599400
http://doi.org/10.1172/JCI119126
http://www.ncbi.nlm.nih.gov/pubmed/9011569
http://doi.org/10.2337/diabetes.47.10.1562
http://www.ncbi.nlm.nih.gov/pubmed/9753293
http://doi.org/10.3390/ijms22116096
http://doi.org/10.1016/j.foodchem.2007.02.023
http://doi.org/10.1016/j.chroma.2005.03.023
http://doi.org/10.3892/mmr.2014.2529
http://doi.org/10.3892/ol.2017.7143
http://www.ncbi.nlm.nih.gov/pubmed/29344176
http://doi.org/10.1248/bpb.33.1610
http://www.ncbi.nlm.nih.gov/pubmed/20823583
http://doi.org/10.3390/md20080473
http://www.ncbi.nlm.nih.gov/pubmed/35892941
http://doi.org/10.1592/phco.20.4.270.34882
http://www.ncbi.nlm.nih.gov/pubmed/10730683
http://doi.org/10.1016/j.celrep.2012.08.038
http://doi.org/10.1038/sj.neo.7900101
http://doi.org/10.1007/s00592-005-0175-1

Antioxidants 2022, 11, 1893 15 of 16

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Wolin, K\Y.; Carson, K.; Colditz, G.A. Obesity and cancer. Oncologist 2010, 15, 556-565. [CrossRef]

Wells, J.C. The evolution of human adiposity and obesity: Where did it all go wrong? Dis. Model. Mech. 2012, 5, 595-607.
[CrossRef]

Auwer, J.; Martin, G.; Guerre-Millo, M.; Staels, B. Transcription, adipocyte differentiation, and obesity. J. Mol. Med. 1996, 74,
347-352. [CrossRef]

Hadrich, F,; Sayadi, S. Apigetrin inhibits adipogenesis in 3T3-L1 cells by downregulating PPARy and CEBP-«. Lipids Health Dis.
2018, 17, 95. [CrossRef] [PubMed]

Mayer, M.; Hocht, C.; Puyo, A.; Taira, C. Recent Advances in Obesity Pharmacotherapy. Curr. Clin. Pharmacol. 2009, 4, 53-61.
[CrossRef] [PubMed]

Zhao, C.-N.; Yao, Z.-L.; Yang, D.; Ke, J.; Wu, Q.-L.; Li, J.-K.; Zhou, X.-D. Chemical Constituents from Fraxinus hupehensis and
Their Antifungal and Herbicidal Activities. Biomolecules 2020, 10, 74. [CrossRef]

Feng, S.; Reuss, L.; Wang, Y. Potential of Natural Products in the Inhibition of Adipogenesis through Regulation of PPARy
Expression and/or Its Transcriptional Activity. Molecules 2016, 21, 1278. [CrossRef] [PubMed]

Gregoire, FM.; Smas, C.M.; Sul, H.S. Understanding Adipocyte Differentiation. Physiol. Rev. 1998, 78, 783-809. [CrossRef]
[PubMed]

Cao, Z.; Umek, R.M.; McKnight, S.L. Regulated expression of three C/EBP isoforms during adipose conversion of 3T3-L1 cells.
Genes Dev. 1991, 5, 1538-1552. [CrossRef] [PubMed]

Tang, Q.Q.; Jiang, M.S.; Lane, M.D. Repressive effect of Sp1 on the C/EBPalpha gene promoter: Role in adipocyte differentiation.
Mol. Cell. Biol. 1999, 19, 4855-4865. [CrossRef]

Schadinger, S.E.; Bucher, N.L.; Schreiber, B.M.; Farmer, S.R. PPARgamma?2 regulates lipogenesis and lipid accumulation in
steatotic hepatocytes. Am. J. Physiol. Endocrinol. Metab. 2005, 288, E1195-E1205. [CrossRef]

Lakshmanan, M.R.; Nepokroeff, C.M.; Porter, ].W. Control of the Synthesis of Fatty-Acid Synthetase in Rat Liver by Insulin,
Glucagon, and Adenosine 3":5' Cyclic Monophosphate. Proc. Natl. Acad. Sci. USA 1972, 69, 3516-3519. [CrossRef]

Elmasri, H.; Karaaslan, C.; Teper, Y.; Ghelfi, E.; Weng, M.; Ince, T.A.; Kozakewich, H.; Bischoff, J.; Cataltepe, S. Fatty acid binding
protein 4 is a target of VEGF and a regulator of cell proliferation in endothelial cells. FASEB J. 2009, 23, 3865-3873. [CrossRef]
Ayala-Sumuano, ].-T.; Velez-Delvalle, C.; Beltran-Langarica, A.; Marsch-Moreno, M.; Cerbén-Solorzano, J.; Kuri-Harcuch, W.
Srebfla is a key regulator of transcriptional control for adipogenesis. Sci. Rep. 2011, 1, 178. [CrossRef] [PubMed]

Leu, S.-Y,; Chen, Y.-C,; Tsai, Y.-C.; Hung, Y.-W.; Hsu, C.-H.; Lee, Y.M.; Cheng, P-Y. Raspberry Ketone Reduced Lipid Accumulation
in 3T3-L1 Cells and Ovariectomy-Induced Obesity in Wistar Rats by Regulating Autophagy Mechanisms. J. Agric. Food Chem.
2017, 65, 10907-10914. [CrossRef] [PubMed]

Jee, W,; Lee, S.-H.; Ko, HM,; Jung, ]. H.; Chung, W.-S.; Jang, H.-]. Anti-Obesity Effect of Polygalin C Isolated from Polygala japonica
Houtt. via Suppression of the Adipogenic and Lipogenic Factors in 3T3-L1 Adipocytes. Int. J. Mol. Sci. 2021, 22, 10405. [CrossRef]
[PubMed]

Sun, Q.; Chou, G. Isoflavonoids from Crotalaria albida Inhibit Adipocyte Differentiation and Lipid Accumulation in 3T3-L1 Cells
via Suppression of PPAR-y Pathway. PLoS ONE 2015, 10, e0135893. [CrossRef]

You, L.; Li, F; Sun, Y; Luo, L,; Qin, J.; Wang, T; Liu, Y,; Lai, R.; Li, R.; Guo, X,; et al. Extract of Acalypha australis L. inhibits lipid
accumulation and ameliorates HFD-induced obesity in mice through regulating adipose differentiation by decreasing PPARy
and CEBP/ « expression. Food Nutr. Res. 2021, 65, 10. [CrossRef] [PubMed]

Cervantes-Camacho, C.; Beltrdn-Langarica, A.; Ochoa-Uribe, A K.; Marsch-Moreno, M.; Ayala-Sumuano, J.T.; Velez-delValle, C.;
Kuri-Harcuch, W. The transient expression of Klf4 and Kl1f5 during adipogenesis depends on GSK3 activity. Adipocyte 2015, 4,
248-255. [CrossRef]

Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001, 414, 813—-820. [CrossRef]

Roberts, C.K; Barnard, R.J.; Sindhu, R.K,; Jurczak, M.; Ehdaie, A.; Vaziri, N.D. Oxidative stress and dysregulation of NAD(P)H
oxidase and antioxidant enzymes in diet-induced metabolic syndrome. Metabolism 2006, 55, 928-934. [CrossRef]

Lee, H.; Lee, Y.J.; Choi, H.; Ko, E.H.; Kim, ].-W. Reactive Oxygen Species Facilitate Adipocyte Differentiation by Accelerating
Mitotic Clonal Expansion. J. Biol. Chem. 2009, 284, 10601-10609. [CrossRef]

Aouadi, M.; Laurent, K.; Prot, M.; Le Marchand-Brustel, Y.; Binétruy, B.; Bost, F. Inhibition of p38MAPK Increases Adipogenesis
From Embryonic to Adult Stages. Diabetes 2006, 55, 281-289. [CrossRef]

Bost, F.; Aouadi, M.; Caron, L.; Binétruy, B. The role of MAPKSs in adipocyte differentiation and obesity. Biochimie 2005, 87, 51-56.
[CrossRef] [PubMed]

Gwon, S.Y,; Ahn, J.Y,; Jung, C.H.; Moon, B.K.; Ha, T.Y. Shikonin suppresses ERK 1/2 phosphorylation during the early stages of
adipocyte differentiation in 3T3-L1 cells. BMC Complement. Altern. Med. 2013, 13, 207. [CrossRef] [PubMed]

Powers, C.J.; McLeskey, S.W.; Wellstein, A. Fibroblast growth factors, their receptors and signaling. Endocr. Relat. Cancer 2000, 7,
165-197. [CrossRef] [PubMed]

Belmonte, N.; Phillips, B.W.; Massiera, E,; Villageois, P.; Wdziekonski, B.; Saint-Marc, P.; Nichols, J.; Aubert, J.; Saeki, K.; You, A;
et al. Activation of extracellular signal-regulated kinases and CREB/ATF-1 mediate the expression of CCAAT /enhancer binding
proteins beta and -delta in preadipocytes. Mol. Endocrinol. 2001, 15, 2037-2049. [PubMed]

Aouadi, M.; Jager, J.; Laurent, K.; Gonzalez, T.; Cormont, M.; Binétruy, B.; Brustel, Y.L.M.; Tanti, J.-F.; Bost, F. p38SMAP Kinase
activity is required for human primary adipocyte differentiation. FEBS Lett. 2007, 581, 5591-5596. [CrossRef]


http://doi.org/10.1634/theoncologist.2009-0285
http://doi.org/10.1242/dmm.009613
http://doi.org/10.1007/BF00210629
http://doi.org/10.1186/s12944-018-0738-0
http://www.ncbi.nlm.nih.gov/pubmed/29695233
http://doi.org/10.2174/157488409787236128
http://www.ncbi.nlm.nih.gov/pubmed/19149502
http://doi.org/10.3390/biom10010074
http://doi.org/10.3390/molecules21101278
http://www.ncbi.nlm.nih.gov/pubmed/27669202
http://doi.org/10.1152/physrev.1998.78.3.783
http://www.ncbi.nlm.nih.gov/pubmed/9674695
http://doi.org/10.1101/gad.5.9.1538
http://www.ncbi.nlm.nih.gov/pubmed/1840554
http://doi.org/10.1128/MCB.19.7.4855
http://doi.org/10.1152/ajpendo.00513.2004
http://doi.org/10.1073/pnas.69.12.3516
http://doi.org/10.1096/fj.09-134882
http://doi.org/10.1038/srep00178
http://www.ncbi.nlm.nih.gov/pubmed/22355693
http://doi.org/10.1021/acs.jafc.7b03831
http://www.ncbi.nlm.nih.gov/pubmed/29164883
http://doi.org/10.3390/ijms221910405
http://www.ncbi.nlm.nih.gov/pubmed/34638751
http://doi.org/10.1371/journal.pone.0135893
http://doi.org/10.29219/fnr.v65.4246
http://www.ncbi.nlm.nih.gov/pubmed/33776618
http://doi.org/10.1080/21623945.2015.1007823
http://doi.org/10.1038/414813a
http://doi.org/10.1016/j.metabol.2006.02.022
http://doi.org/10.1074/jbc.M808742200
http://doi.org/10.2337/diabetes.55.02.06.db05-0963
http://doi.org/10.1016/j.biochi.2004.10.018
http://www.ncbi.nlm.nih.gov/pubmed/15733737
http://doi.org/10.1186/1472-6882-13-207
http://www.ncbi.nlm.nih.gov/pubmed/23919458
http://doi.org/10.1677/erc.0.0070165
http://www.ncbi.nlm.nih.gov/pubmed/11021964
http://www.ncbi.nlm.nih.gov/pubmed/11682632
http://doi.org/10.1016/j.febslet.2007.10.064

Antioxidants 2022, 11, 1893 16 of 16

58. Engelman, J.A,; Lisanti, M.P; Scherer, P.E. Specific Inhibitors of p38 Mitogen-activated Protein Kinase Block 3T3-L1 Adipogenesis.
J. Biol. Chem. 1998, 273, 32111-32120. [CrossRef]

59. Hata, K.; Nishimura, R; Ikeda, F.; Yamashita, K.; Matsubara, T.; Nokubi, T.; Yoneda, T. Differential roles of Smad1 and p38 kinase
in regulation of peroxisome proliferator-activating receptor gamma during bone morphogenetic protein 2-induced adipogenesis.
Mol. Biol. Cell. 2003, 14, 545-555. [CrossRef]

60. McCubrey, J.A; Lahair, M.M.; Franklin, R.A. Reactive oxygen species-induced activation of the MAP kinase signaling pathways.
Antioxid. Redox Signal. 2006, 8, 1775-1789. [CrossRef]

61. Son,Y.; Cheong, YK, Kim, N.H.; Chung, H.T,; Kang, D.G.; Pae, H.O. Mitogen-Activated Protein Kinases and Reactive Oxygen
Species: How Can ROS Activate MAPK Pathways? |. Signal Transduct. 2011, 2011, 792639. [CrossRef]


http://doi.org/10.1074/jbc.273.48.32111
http://doi.org/10.1091/mbc.e02-06-0356
http://doi.org/10.1089/ars.2006.8.1775
http://doi.org/10.1155/2011/792639

	Introduction 
	Materials and Methods 
	Chemicals 
	Cell Culture and Differentiation of Preadipocytes 
	Cell Proliferation Test 
	Oil Red O Staining 
	Apoptosis Analysis 
	Cell Cycle Assay 
	Determination of ROS 
	Western Blotting 
	RT-qPCR 
	Statistical Analysis 

	Results 
	Impact of Fraxetin on the Formation of Lipid Droplets and the Cell Proliferation of 3T3-L1 
	Effect of Fraxetin on the Activity of Differentiation-Associated Proteins and Genes 
	Fraxetin Inhibits Adipogenesis in the Early Stage of Differentiation 
	Fraxetin Alters Cell Distribution in the Cell Cycle without Apoptosis in 3T3-L1 Cells 
	Fraxetin Attenuates ROS Production by Activating the Expression of ROS-Scavenging Genes during the Differentiation of 3T3-L1 Cells 
	Fraxetin Suppresses Adipogenesis via the Regulation of MAPK Signaling 
	Effect of the Combination of Fraxetin and MAPK Inhibitors on Lipid Accumulation 

	Discussion 
	Conclusions 
	References

