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In this experiment, effects of Citrus sunki peel extract (CPE) on proliferation and differentiation of 3T3-L1 cells were analyzed.
Citrus sunki peel was extracted with ethanol to obtain CPE. Results of measuring DPPH and hydrogen peroxide radical
scavenging activity revealed that CPE had an antioxidant ability. The 3T3-L1 cells were cultured in the basal medium (C) or
with 0.05% dimethyl-sulfoxide (CDMSO) or with 50, 100, 200, 300, and 400 ug/mL CPE (CPE50, CPE100, CPE200, CPE300,
and CPE400, respectively). As a result of cell counting and MTS assay, CPE significantly enhanced proliferation capacity of
3T3-L1 cells. To analyze the effect of CPE on the differentiation capacity of 3T3-L1 cells, relative gene and protein expression
levels of Cebpb, Cebpa, and FASN related to adipogenesis were measured by RT-qPCR and Western blot. CPE increased
adipogenesis-related gene and protein expression in 3T3-L1 cells, with CPE300 being especially effective. In Oil Red O staining,
adipogenesis was significantly greater in CPE200, CPE300, and CPE400 than in C. This was confirmed image wise through Nile
Red staining. Through HPLC analysis, it was confirmed that nobiletin and tangeretin were most abundant in CPE. To analyze
effects of nobiletin and tangeretin on 3T3-L1 cells, the cells were cultured with various concentrations of nobiletin, tangeretin,
and both. As a result of cell counting and M TS assay, nobiletin and tangeretin significantly decreased the proliferation capacity
of 3T3-L1 cells. In RT-qPCR, western blot, Oil Red O staining, and Nile Red staining to analyze differentiation capacity,
nobiletin and tangeretin significantly enhanced the expression of genes and proteins related to adipogenic differentiation
compared to the control group. In conclusion, CPE, which had high antioxidant capacity, enhanced proliferation and dif-
ferentiation in 3T3-L1 adipocytes. This improvement in differentiation is due to the influence of nobiletin and tangeretin
contained in CPE.

1. Introduction

Cultivated meat is edible meat produced via stem cell
proliferation and differentiation to resolve challenges as-
sociated with traditional meat production [1]. Meat culture
technologies are more environmentally sustainable than
traditional meat production. They can contribute to ani-
mal welfare 2, 3]. Cultivated meat is emerging as a solu-
tion to the population’s lack of food, especially protein
sources. For this reason, many companies and researchers
are working to obtain permission for research and pro-
duction of cultivated meat in many countries and com-
mercialization of cultivated meat is gradually taking place

[4-6]. In cultivated meat production, efficient and rapid
proliferation and differentiation of myosatellite cells or
preadipocytes are essential. Research on the efficient
cultivation of cells to be used in cultivated meat pro-
duction is being actively conducted worldwide.

3T3-L1 cells are popularly used in preadipocyte pro-
liferation and differentiation research as a preliminary study
to improve the proliferation and differentiation ability of
primary cells or immortal cells used to produce fat for
cultivated meat. 3T3-L1 cells are an immortal cell line, can be
easily cultured and differentiated in the laboratory, and is
less expensive than other cell lines. Therefore, it is used in
various adipogenic differentiation experiments [7, 8].
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Citrus fruits contain beneficial phytochemicals [9].
Citrus fruits contain about 60 types of physiologically active
substances such as flavonoids, carotenoids, coumarins, and
phenylpropanoids, including polymethoxylated flavones
such as hesperidin, naringin, tangeretin, and nobiletin [10].
Many types of bioactive substances that can be extracted
from citrus fruits are being treated and studied in various
cells. Research has shown that treating MCF-7 breast cancer
cell line with nobiletin at a concentration of 100 uM reduces
cell survival [11]. Natural citrus fruit extracts are rich in
flavonoids, which have anti-inflammatory, antioxidant, and
anticancer effects [12-14]. Tangeretin and nobiletin are
unique components of citrus fruits. They possess excellent
antioxidant, anti-inflammatory, and antiobesity -effects
[15, 16]. Instead of being found in the fruit pulp, these
bioactive substances are actually present in the peel [17].
They are known to be more effective physiologically [18-20].
Nobiletin can improve cell viability by reducing ROS pro-
duction in intracellular mitochondria and suppressing cell
death signals. Additionally, nobiletin showed antioxidant
effects by regulating mitochondrial cation channels [21].
Tangeretin, like nobiletin, is a natural product that has been
pharmacologically studied for its neuroprotective effects
[22]. Tangeretin can also inhibit cellular ROS production
[23]. Nobiletin and tangeretin are especially abundant in
Citrus sunki. Citrus sunki hybrid cultivated plant created
through natural hybridization of Citrus medica and Citrus
reticulata [24]. Citrus Sunki has been used in oriental
medication since archaic times [10].

About a third of citrus fruit production is used for
processing, and more than 80% of such processing is used to
produce orange juice. However, a large amount of peel
generated for citrus juice production is generally considered
as agroindustrial waste [25]. Citrus peel can cause economic
and environmental problems due to fermentation and mi-
crobial decay [9, 26]. An increased utilization of citrus peel
can resolve these problems.

There are many experimental results in which various
cells were treated with citrus fruit extracts. However, there
are many different types of citrus fruit, and each type shows
different results. Moreover, there are a limited number of
studies that have explored the use of natural product extracts
for the purpose of boosting the growth and differentiation of
adipocytes. The purpose of this study was to determine how
Citrus sunki peel extract affects 3T3-L1 preadipocyte. Fur-
thermore, the study analyzed the effects of nobiletin and
tangeretin, two major flavonoids present in Citrus sunki peel
extract, on 3T3-L1 cells.

Absorbance of sample — Absorbance of blank
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2. Materials and Methods

2.1. Cell Line. The 3T3-L1 cell line was obtained from the
American Type Culture Collection (ATCC, Manassas,
VA, USA).

2.2. Extraction of Citrus sunki Peel. Commercially available
Citrus sunki peels (Jeju Kong xin cai, Seogwipo, Korea) were
purchased and used. The number of samples of Citrus sunki
peels used in the experiment was three. First, Citrus sunki
peel was crushed into small pieces. A 50 g of Citrus sunki peel
was transferred to 1 L of 60% ethanol and extracted for 6 h in
a 70°C water bath. After filtering through a 0.4 ym filter, the
CPE was obtained at 40°C using an Eyela rotary vacuum
evaporator (NE-1, Eyela, Seongnam, Korea) for 1day. The
extract was powdered using a freeze dryer (FDU-1100, Eyela,
Seongnam, Korea) for 3 days to remove moisture.

2.3. High-Performance Liquid Chromatography (HPLC)
Analysis. A sample was prepared by adding 1.2 mg CPE to
6mL ethanol. It was separated using a 150 mm x 4.6 mm,
5um Zorbax Eclipse XDB-C18 column (Agilent, Santa
Clara, USA) at a column temperature of 30°C. The mobile
phase included methanol (A) and water (pH adjusted to 3.0
with glacial acetic acid) (B). Gradient elution program in-
cluded 0-24 min, 25%-40% (A); 24-35 min, 40%-62% (A);
35-44min, 62% (A); 44-50min, 62%-85% (A); and
50-60 min, 85%-100% (A). The detection wavelength was
330 nm. The flow rate was 1.0 mL/min, and the injection
volume was 10 yL. To determine contents of nobiletin and
tangeretin in CPE, samples were prepared at concentrations
of 1, 2, 5, 10, 25, 50, and 100 ppm. A standard curve rep-
resenting the content versus the area of the chromatogram
was obtained.

2.4. DPPH Radical Scavenging Activity. The antioxidant
activity of each sample was measured using the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay.
Samples were prepared by dissolving 50, 100, 200, 300, and
400 ug/mL of CPE in methyl alcohol. Blank that is 100%
methyl alcohol and reference that is adding 1 part DPPH
solution (890132, Biozoa Biological Supply, Seoul, KR) to 1
part methyl alcohol were also prepared. Once the light was
obstructed, the samples were kept in a dimly lit room at
normal temperature for 20 minutes. The solution’s ab-
sorption was gauged at 517nm using a microplate spec-
trophotometer (Microdigital Co., Ltd., Seongnam, Korea).
The scavenging activity of each sample against DPPH radical
was calculated with the following formula:

DPPH radical scavenging activity (%) = ( 1

" Absorbance of reference — Absorbance of blank

) x 100. (1)
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2.5. MTS Assay for HO, (Hydrogen Peroxide) Scavenging
Activity. The 3T3-L1 cells were seeded into a 96-well plate at
a density of 10,000 cells/cm?. Cells were grown in Dulbecco’s
modified eagles medium (DMEM; 11995-065, Gibco, USA)
containing 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin-amphotericin (PSA) for 24h. DMEM added
1% PSA without FBS was used as the control (C) general
medium. The control medium added with 0.05% DMSO was
CDMSO. Experimental groups included treatment with 50,
100, 200, 300, and 400 ug/mL of CPE (CPE50, CPE100,
CPE200, CPE300, and CPE400, respectively). 3T3-L1 cells
were treated with each culture medium for 2h. After re-
moving the medium, cells were treated with DMEM with
700 uM-H, O, without FBS. After treating cells for 24 h, cell
activity was measured through 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo
lium (MTS) assay.

2.6. 3T3-L1 Cell Culture. The flask was covered in collagen
for proliferation. The collagen mixture (5mg/mL) was
thinned with distilled water to a 0.5% concentration, and
then 1M acetic acid was added to the collagen coating to
make it 2% soluble. The collagen solution was poured into
a flask and then placed in an incubator at 37°C for
a minimum of 16 hours. Prior to conducting the experi-
ment, the flask was purged of the coating solution through
suction and then rinsed twice with 1X phosphate buffered
saline (PBS; Cytiva HyClone™, Logan, Utah, USA). Sub-
sequently, it was dried for use in the experiment. The
growth medium (GM) used for cell growth was DMEM
with 10% FBS and 1% PSA for cell proliferation. For cell
proliferation during experiments, 3T3-L1 cells were seeded
at a density of 2,000 cells/cm” and incubated at 37°C with
5% CO, for 4 days.

After 3T3-L1 cells were more than 80% confluent, cells
were differentiated in the first differentiation medium
(DM1) containing 10% FBS, 1% PSA, 10 ug/mL insulin
(10516, Sigma, UK), 1 uM dexamethasone (D-085, Sigma),
and 0.5mM 3-isobutyl-1-methylxanthine (IBMX; 15879,
Sigma) in DMEM for 3 days. The differentiation medium
was then replaced with the second differentiation medium
(DM2) containing 2% FBS, 1% PSA, and 10 yg/mL insulin in
DMEM every 3days. Differentiation was continued for
a total of 9days.

2.7. Cell Counting. Cells were detached with trypsin. The
trypsin was neutralized using a trypsin neutralization so-
lution (TNS) of 2% FBS in PBS. After staining with trypan
blue solution (T8154, Sigma), the cell number was counted
using a cell counter (Countess® cell FL automated cell
counter, Invitrogen, USA).

2.8. MTS Assay. The 3T3-L1 cells were cultured in 96-well
plates. The cell proliferation assay was performed using
CellTiter 96® AQueous One Solution Cell Proliferation
Assay (Promega, Madison, WI, USA) utilizing MTS, which
was reduced to formazan by dehydrogenases in viable cells.

Cells in 96-well plates were treated with MTS (final con-
centration, 0.33 mg/mL MTS) and incubated at 37°C for 2 h.
The absorbance was measured at 490 nm.

2.9. OilRed O Staining and Nile Red Staining. To perform Oil
Red O staining, the differentiated 3T3-L1 cells had their
medium removed and were washed with PBS two times.
Paraformaldehyde (2%) was used to fix cells for 1h.
Paraformaldehyde was removed, and the 3T3-L1 cells were
washed twice with distilled water. Isopropanol (70%) was
added and incubated for 5min. It was then replaced with
Oil Red O working solution. The Oil Red O working so-
lution was obtained by adding 3 parts of Oil Red O solution
(01391, Sigma) to 2 parts of distilled water, followed by
filtration with a 0.45um syringe filter (6784-2504, What-
man, Maidstone, UK). Cells were incubated in 37°C for
20 min with Oil Red O working solution. The Oil Red O
solution was removed, and cells were washed five times
with distilled water and observed under a microscope. To
quantitatively measure Oil Red O staining, 3T3-L1 cells
were washed with 70% isopropanol three times with gentle
shaking for 5min each time. Then, Oil Red O staining was
extracted with 100% isopropanol for 5min with gentle
shaking. As a background control, 100% isopropanol was
used to subtract background signals. All treatments had
absorbance readings at 492 nm.

For Nile Red staining, the medium was removed from
differentiated 3T3-L1 cells and washed twice with PBS.
Paraformaldehyde (2%) was used to fix cells for 1h. Para-
formaldehyde was removed, and the 3T3-L1 cells were
washed twice with distilled water. Nile Red working solution
was prepared by diluting nile red dye (GC15539, GLPBIO,
Montclair, CA) in PBS to a concentration of 1 yg/mL. Cells
were treated with nile red working solution for 30 min at
room temperature.

2.10. Reverse Transcription Quantitative Polymerase Chain
Reaction (RT-qPCR). The 3T3-L1 cells were differentiated in
an incubator at 37°C with 5% CO, for 9 days. After removing
the culture medium, differentiated cells were washed with
1X PBS. Cell samples were collected into a flask with cell
scrapers. TRIzol reagent of RNA extraction kit (17221, In-
tron Biotechnology, Seongnam, KR) was used for RNA
extraction. Then, cDNA was prepared using a Reverse
Transcription Master Premix (ELPIS-BIOTECH, Korea)
with a template RNA Primer Mixture and 1.0 ug of RNA as
a template according to the manufacturer’s protocol, fol-
lowed by incubation at 60°C for 60 min and 94°C for 5 min.
Expression levels of related genes were analyzed by RT-
qPCR. Actb gene was used as an internal control for the
analysis of target gene expression. The RT-qPCR test was
carried out using a 20 gL mixture. This mixture contained
1 uL of cDNA as a template, 10 uL of EzAmp™ FAST qPCR
2X Master Mix (ELPIS - BIOTECH, Korea), and 1 yL of each
primer. The amplification process consisted of heating at
95°C for 10 minutes, followed by 40 cycles of heating at 95°C
for 10 seconds and 60°C for 20 seconds. Primer sequences
used in the RT-qPCR are listed in Table 1.
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TaBLE 1: Primer sequences used in RT-qPCR.

Gene accession number Primer Direction Sequence (5' — 3')

; e
NM001287723! Cep R AGCTGCIOCACCTTOTTCTG
E e
a I

2.11. Western Blot. The 3T3-L1 cells were placed into T25
flasks that had already been coated. They were then cul-
tured at a temperature of 39°C with a 5% concentration of
CO?. Once the cells were more than 80% full in T25 flasks,
the GM was substituted with DM1 for a period of 3 days,
followed by DM2 for 6 days. Samples of the differentiated
3T3-L1 cells from the T25 flasks were collected for
Western blotting. These T25 flasks were kept in cold
conditions and rinsed with cold 1x PBS. A 1X radio-
immunoprecipitation assay (RIPA) lysis buffer (Rockland,
Gilbertsville, PA, USA) was poured, and cells were de-
tached from the flask using a cell scraper. Protein con-
centrations in the samples were determined using the
Bradford assay. Following quantitative analysis, approx-
imately 10ug protein samples were loaded onto TGX
Precast Gel (Bio-Rad, USA). The electrophoresis process
was used to divide the samples, which were then moved
onto an Immun-Blot PVDF membrane (Bio-Rad, USA).
To prevent any interference, the membrane was covered
with EveryBlot Blocking Buffer (Bio-Rad, Japan) and left
at room temperature for 5min. The proteins in 3T3-L1
cells were then exposed to primary antibodies that tar-
geted actin  (Actb; 42kDa, 1:2000, PA1-46296, Invi-
trogen), CAAT enhancer binding protein S (Cebpb;
38kDa, 1:10000, NBP1-46179, Novus Biologicals, CO,
USA), CCAAT enhancer binding protein « (Cebpa;
41 kDa, 1:2000, MBS9610673, MyBioSource, San Diego,
USA), and fatty acid synthase (FASN; 273 kDa, 1:2500,
MA5-14887, Invitrogen) for one day at 4°C. The primary
antibody was diluted in blocking buffer. The membranes
underwent four washes in TBS with 0.1% Tween® 20
(TBST, Bio-Rad, USA) at room temperature for
10 minutes. Afterward, they were exposed to Affinity
Purified Goat Anti-Rabbit IgG (H+L) HRP-conjugated
antibody (1:10000, SA002-500, GenDEPOT, TX, USA) at
room temperature for 1hour. After washing four times
with TBST again (10 min each wash), Clarity western ECL
substrate (Bio-Rad, USA) was used to detect proteins.
Band images were taken using a Western blot imager
(Amersham™ ImageQuant™ 800, Cytiva, Amersham,
England), and densitometry was quantified using the
ImageQuant TL analysis software (Cytiva).

2.12. Statistical Analysis. Each measurement was conducted
a minimum of three times. The statistical software SPSS 28
was employed to determine the significance of the results. To

identify significant variances among the measured values,
the Duncan multiple range test was conducted with a sig-
nificance level of P <0.05.

3. Results and Discussion

3.1. Extraction and Ingredient Analysis of Citrus sunki Peel.
CPE was determined using HPLC. Figure 1 presents the
HPLC chromatogram of CPE and structures of nobiletin and
tangeretin. The marked portion in Figure 1 represents
nobiletin and tangeretin [27], and the area indicates
8543.73 mVs and 18300.68 mVs. Substituting the standard
curve of nobiletin and tangeretin contents versus the area of
the chromatogram, CPE contained 5006.35 ppm of nobiletin
and 10796.55 ppm of tangeretin as a result of HPLC analysis
of 11 types of flavonoids from 67 types of citrus fruits.
Opverall, there were more flavonoids in the peel than in the
flesh [17]. Contents of nobiletin, tangeretin, and hesperidin
in the extract of Citrus sunki peel accounted for more than
70% [28]. It has been reported that the nucleic acid and
chloroform layers contain high levels of tangeretin and
nobiletin and that hesperidin appears in ethyl acetate, bu-
tanol, and water layers. This separation is due to difference in
polarity. Tangeretin and nobiletin have a methoxyl group
(CH;0-). They belong to polymethoxyflavonoids with a low
polarity. Polymethoxyflavonoids have higher biological ac-
tivities even at lower contents than hydroxyflavones [28].

3.2. Antioxidant Ability of Citrus sunki Peel Extract.
Reactive oxygen species (ROS) such as hydrogen peroxide
(H,0,), superoxide anion, and hydroxyl radical are by-
products of normal oxygen metabolism. They participate
in cellular functions and play a role in intracellular signaling
[29]. However, excessive ROS production causes DNA
damage, abnormal activation of cell growth regulators, and
even apoptosis and necrosis [30-32]. Antioxidants play an
important role in preventing oxidative stress in cells. Al-
though synthetic antioxidants are effective, they have been
reported to have some harmful effects [33]. Thus, natural
antioxidants are preferred over synthetic antioxidants.
Methods used to evaluate the efficacy of antioxidants include
the use of butylated hydroxytoluene, propyl gallate, and
butylated hydroxyanisole. The most common method is
using DPPH radical [34]. There is also a method to confirm
the oxidative stress protection effect by reacting H,O, with
cells treated with antioxidants [35, 36].
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FiGgure 1: HPLC chromatograms of CPE. HPLC analysis showed a peak representing nobiletin at 42 min and a peak representing tangeretin
at 47 min. The chemical structures of nobiletin and tangeretin are indicated next to each symbol.

We analyzed how well CPE could protect 3T3-L1 cells
from ROS through DPPH radical scavenging activity and
H,0, reaction experiments. As a result of DPPH radical
scavenging activity, more CPE resulted in higher DPPH
radical scavenging activity (Figure 2(a)). DPPH radical
scavenging activities of CPE50 and CPE100 were not sig-
nificantly different from each other. However, CPE200 had
a significantly higher DPPH radical scavenging activity than
CPE50 and CPE100 (P <0.05). DPPH radical scavenging
ability of CPE was significantly and dose-dependently in-
creased (P <0.05). After treating 3T3-L1 cells with 700 uM
H,0,, MTS assay was performed by replacing the culture
medium containing MTS reagent without FBS. There was no
significant difference between C and CD. CPE200, CPE300,
and CPE400 had significantly higher absorbance than C
(Figure 2(b)). CPE300 and CPE400 had significantly higher
absorbance than CD (P <0.05). Addition of CPE protected
cells from H,0, reaction. As a result of confirming the an-
tioxidant ability of CPE through the DPPH radical scavenging
ability experiment and H,0, reaction experiment, the ad-
dition of CPE can suppress oxidative stress in cells.

Natural antioxidants contained in fruits and vegetables
have the ability to inhibit lipid peroxidation and oxidation of
decomposition products [37]. This ability can scavenge free
radicals generated during the cell’s oxidative metabolism
and prevent excessive production of ROS [38], thus reducing
oxidative stress and eliminating oxidative damage [39].

3.3. Effects of Citrus sunki Peel Extract on Proliferation Ca-
pacity of 3T3-L1 Cells. To measure the proliferation capacity,
3T3-L1 cells were proliferated in the general culture medium
and culture medium containing 50, 100, 200, 300, and
400 pug/mL of CPE. CPE was dissolved in DMSO to mix with
the culture medium. Since all treatment groups had 0.05%
DMSO, a control group treated with only 0.05% DMSO was
added (CDMSO). The toxicity of DMSO was confirmed by
comparing C and CDMSO.

Total cell number and live cell number of 3T3-L1 cells
proliferated for 4 days in T25 were measured through trypan
blue staining (Figure 3(a)). Viability was measured based on
the ratio of total cell count and live cell count (Figure 3(b)).
There was no significant difference in live cell number be-
tween C and CDMSO. CPE100, CPE200, CPE300, and
CPE400 had significantly more live cells than C (P <0.05).
CPE100, CPE300, and CPE400 had significantly higher live
cell number than CDMSO (P<0.05). Viabilities of all
control and treatment groups were over 90%, showing no
significant difference between them. As a result of the MTS
experiment (Figure 3(c)), treatments containing CPE had
significantly higher cell activity than C (P <0.05). All
treatments except for CPE400 had significantly higher cell
activity than CDMSO (P <0.05). Cell counting and MTS
experiments showed that CPE was not cytotoxic. It did not
have a negative effect on cell proliferation. The addition of
0.05% DMSO was not significantly cytotoxic either com-
pared to C. The addition of CPE improved the proliferation
of 3T3-L1 cells, and cell counting results are similar with
MTS experiment results.

Through DPPH radical and H,0, scavenging activity
experiments, it was proven that CPE had an antioxidant
activity. Various studies have been conducted to improve cell
capacity by reducing oxidative stress, protecting cells against
DNA damage [40], and enhancing differentiation of vestib-
ular progenitor cells [41]. Additionally, antioxidant supple-
ments can reduce oxidative stress in adipose derived stem
cells, improving cell proliferation and increasing cell number
[42]. Reducing oxidative stress using antioxidants can extend
the lifespan of human mesenchymal stem cells and promote
their differentiation into adipocytes, osteoblasts, and chon-
drocytes [43]. Citrus fruits are especially rich in natural an-
tioxidants called flavonoids, which can scavenge ROS and
protect cells from free radical damage [44-46]. It is expected
that CPE, which has good antioxidant ability, can suppress the
oxidative stress of 3T3-L1 caused by ROS, thus improving
proliferation and increasing the number of cells.
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FIGURE 2: Result of (a) DPPH radical scavenging activity and (b) H,O, reaction of various concentrations of Citrus sunki peel extract (50,
100, 200, 300, and 400 yg/mL). Values are means +SD (n=3). Different letters indicate statistically significant differences (P <0.05).
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FIGURE 3: Proliferation capacity of 3T3-L1 cells treated with Citrus sunki peel extract. (a) Live cell count, (b) viability were measured, and
(c) MTS assay was performed. Viability was calculated as the ratio of total cell number and live cell number. Absorbance was measured at
490 nm. Values are means + SD (n =3). Different letters indicate statistically significant differences (P <0.05).
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3.4. Effects of Citrus sunki Peel Extract on Differentiation
Capacity of 3T3-L1 Cells. To measure the differentiation
capacity, 3T3-L1 cells were grown in the general culture
medium and then differentiated in the differentiation me-
dium containing different components. Then, 3T3-L1 were
differentiated in the general differentiation medium (C),
differentiation medium with only 0.05% DMSO (CDMSO),
and medium containing 50, 100, 200, 300, and 400 yug/mL of
CPE (CPE50, CPE100, CPE200, CPE300, and CPE400,
respectively).

To measure differentiation capacity, 3T3-L1 cells were
differentiated for 9days. Differentiation of 3T3-L1 cells
cultured in media supplemented with CPE and DMSO as
well as normal medium was confirmed by Oil Red O staining
(Figure 4(a)) and Nile Red staining (Figure 4(b)).

Oil Red O, a dye that strongly stains lipids, has been used
in adipocyte analysis for a long time because it is in-
expensive, not harmful, and quick for identification by
staining [47, 48]. Oil Red O is a diazo dye whose chemical
formula is three aromatic rings with two azo groups [49].
Using Oil Red O oil-soluble fluorescent dye, neutral lipids,
cholesterol esters, and lipoproteins (mainly triglycerides)
can be dyed red [49, 50]. Using isopropanol, the dye can be
eluted from cells and quantitatively measured by measuring
absorbance [51-54]. Nile Red dye, 9-diethylamino-5H-
benzo[alpha]phenoxazine-5-one, is also used to stain lipid
droplets with red fluorescence (excitation, 515-560; emis-
sion, greater than 590 nm) under a fluorescence microscope
[55]. It binds to neutral lipids inside cells. It has lipophilic
properties. Thorpe [56] has discovered that when Nile Blue
and phenoxazine dyes, which bind to polar lipids, are boiled
in dilute acid, they become red phenoxazone dye, which can
bind to neutral lipids.

After Oil Red O staining, absorbance was measured at
492 nm to analyze the differentiation ability of 3T3-L1 cells
(Figure 4(c)). There was no significant difference absorbance
between C and CDMSO. Absorbance values of CPE200,
CPE300, and CPE400 were significantly higher than those of
C and CDMSO (P <0.05). In particular, CPE300 had the
highest absorbance (P <0.05). Lipid droplet images were
confirmed through Nile Red fluorescence staining.

To analyze the effect of CPE on the differentiation
ability of 3T3-L1 cells, relative gene and protein expression
levels of Cebpb, Cebpa, and FASN related to adipogenesis
were measured by RT-qPCR and Western blot, re-
spectively. During the differentiation of preadipocytes,
CEBP family members play diverse roles in adipogenesis
and differentiation. CEBPB and CEBPG are the first
transcription factors induced in preadipocytes after ex-
posure to differentiation factors. They directly mediate
differentiation [57]. During adipocyte differentiation,
CEBPB and CEBPD can induce C/EBPA expression [58].
Asreported by Lin and Lane [59], when CEBPA expression
is blocked in preadipocytes, no triacylglycerol accumula-
tion occurs and no fat-specific genes are expressed, in-
dicating that CEBPA is essential for differentiation of
preadipocytes. During adipogenesis, CEBPB not only in-
duces CEBPA but also acts as a transcriptional regulator of
PPARG [60]. CEBPA and PPARG can enhance mutual

expression. These factors can promote adipogenesis and
increase lipid accumulation [61, 62]. Before inducing
adipogenic differentiation, the expression of CEBPA is not
altered. Their expression indicates a high adipogenic po-
tential [63]. Consequently, CEBPA, a transcriptional factor
in preadipocytes, is characterized as a critical regulator of
adipogenic differentiation [64, 65]. Fatty acid synthase
(FASN) is a delayed adipogenic marker. It is a key enzyme
in fatty acid metabolism [66, 67].

RT-qPCR was performed to compare gene expression
levels of Cebpb (Figure 5(a)), Cebpa (Figure 5(b)), and FASN
(Figure 5(c)). Actb was used as a housekeeping gene. There
was no significant difference in the expression of these genes
between C and CDMSO. However, Cebpb gene expression
levels of CPE200, CPE300, and CPE400 were significantly
higher than those of C (P < 0.05). In particular, CPE300 and
CPE400 had the highest Cebpb gene expression levels
(P<0.05). Cebpa gene expression levels of CPEIO00,
CPE200, CPE300, and CPE400 were significantly higher
than those of C (P <0.05). In particular, Cebpa gene ex-
pression levels in CPE300 and CPE400 were significantly
higher than other treatment groups (P <0.05). All CPE
treatment groups had significantly higher FASN gene ex-
pression than C (P <0.05). In particular, CPE100, CPE200,
CPE300, and CPE400 groups had the highest FASN gene
expression levels (P <0.05). Regarding gene expression
levels of Cebpb, Cebpa, and FASN, CPE300 and CPE400
groups had higher gene expression levels overall.

Western blotting analysis was performed to compare
protein expression levels of Cebpb (Figure 5(d)), Cebpa
(Figure 5(e)), and FASN (Figure 5(f)). Actb was used as
a housekeeping protein. Western blot band intensity was
used to measure protein expression (Figure 5(g)). There were
no significant differences in protein expression levels be-
tween C and CDMSO. All treatments with CPE had sig-
nificantly higher Cebpb protein expression than C
(P <0.05). All treatments with CPE also had significantly
higher Cebpa protein expression than C (P <0.05). In
particular, CPE300 and CPE400 had higher Cebpa protein
expression levels than other groups (P <0.05). CPE300 and
CPE400 had significantly higher FASN protein expression
than C (P <0.05). Regarding protein expression levels of
Cebpb, Cebpa, and FASN, CPE300 and CPE400 had higher
protein expression levels overall.

There is a study that addition of dried extract of Citrus
aurantium, the same citrus fruit, improved adipocyte dif-
ferentiation by promoting CEBPB expression in 3T3-L1 cells
[68]. In addition to nobiletin, various citrus flavonoids
enhance and positively affect adipogenesis [69-71]. Hes-
peretin, a flavonoid in citrus fruit, inhibited ROS production
during the adipogenesis of 3T3-L1 [72], and naringenin and
hesperetin extracted from Citrus aurantium enhanced the
transcription of adiponectin and enhanced the expression of
PPARG [73]. In fact, many studies have shown that citrus
peel and juice extracts can inhibit adipogenesis and reduced
differentiation of preadipocytes. Our experimental results
revealed that CPE could promote adipogenesis. This might
be due to diverse compositions and nutritional products in
citrus fruits studied [68, 74].
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As a result of analyzing the differentiation ability of 3T3-
L1 cells through fat staining, RT-qPCR, and Western blot
experiments, genes and proteins related to adipogenic dif-
ferentiation were found to be highly expressed in 3T3-L1
cells treated with CPE300 and CPE400. Thus, it is believed
that CPE300 and CPE400 could lead to more adipogenic
differentiation.

3.5. Effects of Nobiletin and Tangeretin on Proliferation Ca-
pacity of 3T3-L1 Cells. To measure the proliferation capacity,
3T3-L1 cells were proliferated in a general culture medium
as control (C), a culture medium with 25, 50, or 100 yuM of
nobiletin (N25, N50, or N100), a culture medium with 25,
50, or 100uM of tangeretin (125, T50, or T100), and
a culture medium with 25 or 50 yuM of both nobiletin and
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tangeretin (NT50 or NT100). Nobiletin and tangeretin were
dissolved in DMSO to treat the culture medium. Since all
treatment groups were treated with 0.05% DMSO, a group
treated with only 0.05% DMSO (CDMSO) was set as the
control. The toxicity of DMSO was confirmed by comparing
C and CDMSO.

Total cell number and live cell number of 3T3-L1 cells
proliferated for 4days in T25 were measured through
trypan blue staining (Figure 6(a)). Viability was mea-
sured based on the ratio of total cell number to live cell
number (Figure 6(b)). There was no significant difference
in viable cell count between C and CDMSO. There was no
significant difference in cell viability between C and all
treatments except for N100, with N100 having signifi-
cantly lower cell viability than C. After treatment with
nobiletin, the number of live cells was significantly de-
creased in a dose-dependent manner (P <0.05). After
treatment with tangeretin, the number of live cells was
also significantly decreased in a dose-dependent manner
(P <0.05). NT100 had significantly fewer viable cells than
NT50 (P<0.05). As a result of the MTS assay (Fig-
ure 6(c)), the number of active cells in N100 was sig-
nificantly lower than that in N25 (P <0.05). T100 had
significantly fewer active cells than T25 and
T50 (P <0.05). NT100 also had significantly fewer active
cells than NT50 (P<0.05). As a result of cell counting and
MTS experiments, nobiletin and tangeretin contents had
negative correlations with the proliferative capacity of
3T3-L1 cells. Nobiletin inhibited cell proliferation and
induced G2/M cell cycle arrest and apoptosis in hepa-
tocellular carcinoma (HCC) cells of rats and humans,
MHIC1 and HepG2 [75]. Additionally, nobiletin
inhibited the proliferation of glioma cells, which are
mostly considered cancer, and the cell cycle was arrested
in the GO/G1 phase. Cycle-related genes cyclin E, cyclin
B, and BCL-2 were suppressed by nobiletin [76]. In
addition, the cell proliferation of glioma cells was also
inhibited by tangeretin. Cells treated with tangeretin had
reduced expression of cell cycle regulatory genes, in-
cluding cyclin D and cdc-2 [77]. The eftects of nobiletin
and tangeretin on the proliferative capacity of 3T3-L1
cells spontaneously immortalized have not been studied
much. However, it is expected that proliferation is re-
duced for similar reasons as proliferation is inhibited in
other cells.

3.6. Effects of Nobiletin and Tangeretin on Differentiation
Capacity of 3T3-L1 Cells. To measure the differentiation
capacity, 3T3-L1 cells were grown in the general culture
medium and then differentiated in the differentiation me-
dium containing different components. The 3T3-L1 cells
were differentiated in the general differentiation medium as
control (C), differentiation medium with only 0.05% DMSO
(CDMSO), culture medium with 25, 50, or 100uM of
nobiletin (N25, N50, N100), culture medium with 25, 50, or
100 uM of tangeretin (T25, T50, T100), or culture medium
with 25 or 50 uM of both nobiletin and tangeretin (NT50 or
NT100).

Journal of Food Biochemistry

To measure differentiation capacity, 3T3-L1 cells were
differentiated for 9 days. Differentiation of 3T3-L1 cells
cultured in media supplemented with nobiletin, tangeretin,
and DMSO as well as normal medium was confirmed by Oil
Red O staining (Figure 7(a)) and Nile Red staining
(Figure 7(b)). After Oil Red O staining, absorbance was
measured at 492 nm to analyze the differentiation ability of
3T3-L1 cells (Figure 7(c)). Absorbance values of all treat-
ments added with nobiletin or tangeretin or both were
significantly higher than those of C(P < 0.05). In particular,
the absorbance was significantly higher in T25 and T50 than
other treatment groups (P < 0.05). Differentiation images of
3T3-L1 cells were confirmed through Nile Red fluorescent
staining.

To analyze the effects of nobiletin and tangeretin on the
differentiation capacity of 3T3-L1 cells, relative gene and
protein expression levels of Cebpb, Cebpa, and FASN related
to adipogenesis were measured using RT-qPCR and
Western blot. RT-qPCR was used to compare gene ex-
pression levels of Cebpb (Figure 8(a)), Cebpa (Figure 8(b)),
and FASN (Figure 8(c)). Actb was used as a housekeeping
gene. There was no significant difference in the expression
level of Cebpb, Cepba, or FASN between C and CDMSO.
Expression levels of Cebpb, Cebpa, and FASN genes were
significantly higher in groups treated with nobiletin, tan-
geretin, or both nobiletin and tangeretin than in C and
CDMSO groups (P < 0.05). Gene expression levels of Cebpb
were significantly higher in N50 and N100 than in
N25 (P<0.05). T25, T50, and T100 groups showed no
significant difference in the Cebpb gene expression level.
There is no significant difference in the Cebpb gene ex-
pression level between NT50 and NT100. The gene ex-
pression level of Cebpa was significantly higher in N50 than
in N25 (P<0.05). N100 had a significantly lower gene
expression level of Cebpa than other treatments with
nobiletin (P <0.05). There was no significant difference in
the Cebpa gene expression level between T25 and T100. The
Cebpa gene expression level in T50 was significantly higher
than other treatments with tangeretin (P < 0.05). NT100 had
a higher Cebpa gene expression level than NT50 (P < 0.05).
N25 and N100 showed no significant difference in the FASN
gene expression level. N50 had significantly lower FASN
gene expression (P <0.05). T25 had a significantly higher
FASN gene expression level than T50 (P <0.05). However,
the FASN gene expression level in T25 was not significantly
different from that in T100. NT50 had a significantly higher
FASN gene expression level than NT100 (P <0.05). These
RT-qPCR results showed that the addition of nobiletin or
tangeretin significantly improved the expression of genes
related to adipogenic differentiation compared to the control
(P <0.05).

Western blotting analysis was performed to compare
protein expression levels of Cebpb (Figure 8(d)), Cebpa
(Figure 8(e)), and FASN (Figure 8(f)). Actb was used as
a housekeeping protein. Western blot band intensity was
used to measure protein expression (Figure 8(g)). There was
no significant difference in the protein expression level of
Cebpb, Cebpa, or FASN between C and CDMSO. The Cebpb
protein expression level was not significantly different
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FiGure 7: Continued.
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Ficure 7: Oil Red O staining, Nile Red staining, and quantification of Oil Red O staining in 3T3-L1 cells treated with nobiletin and
tangeretin. (a) 3T3-L1 cells, stained with Oil Red O, were visualized in optical microscopy (x200). (b) 3T3-L1 cells, stained with Nile Red,
were visualized in optical microscopy (x100). (c) In 3T3-L1 cells stained with Oil Red O lipid was quantified by measuring absorbance.
Absorbance was measured at 490 nm. Values are means + SD (n = 3). Different letters indicate statistically significant differences (P <0.05).

between N25 and C. However, Cebpb protein expression
levels in N50 and N100 were significantly higher than those
in the control group (P <0.05). Cebpb protein expression
levels in groups treated with tangeretin had no significant
differences from each other. However, they were signifi-
cantly higher than those in the control group (P <0.05).
Although Cebpb protein expression levels of NT50 and
NT100 were also not significantly different from each other,
they were significantly higher than those in the control
group (P <0.05). The Cebpa protein expression level in
N100 was not significantly different from that in the control
group. However, Cebpb protein expression levels of N25 and
N50 were significantly higher than those of the control
groups (P < 0.05). The Cebpa protein expression levels of the
treatment groups with Tangeretin were all significantly
higher than the control group (P <0.05). In particular, the
Cebpa protein expression level of T50 was significantly
higher than T25 and T100 (P <0.05). Although Cebpa
protein expression levels of NT50 and NT100 were not
significantly different from each other, they were signifi-
cantly higher than those of the control groups (P <0.05).
The FASN protein expression level in N100 was not sig-
nificantly different from that in the control group. However,
FASN protein expression levels in N25 and N50 were sig-
nificantly higher than those in the control group (P <0.05).
FASN protein expression levels in groups treated with
tangeretin were significantly higher than those in the control

groups (P <0.05). FASN protein expression levels of NT50
and NT100 were also significantly higher than those in the
control groups (P <0.05). Western blot results showed that
adding 100 yuM nobiletin to 3T3-L1 did not result in a clear
difference in protein expression compared to the control.
Lone et al. [78] also showed similar results in which
treatment of 3T3-L1 cells with nobiletin resulted in the
downregulation of adipogenic proteins such as FASN.
Treatment with nobiletin also improved the synthesis of
lipolytic proteins such as p-HSL and p-ACC, which are
involved in the hydrolysis of triglycerides, and is expected to
be the cause of the inhibition of lipolysis [78]. However,
adding 25 or 50 uM of nobiletin, 25-100 uM tangeretin, or
25-50uM of both substances significantly improved the
expression levels of adipogenic differentiation-related pro-
teins compared to the control (P <0.05).

Citrus fruits contain polymethoxyflavonoids such as
nobiletin and tangeretin, and these flavonoids improved
lipid and glucose homeostasis and increased adiponectin
expression in insulin-resistant hamsters [79]. Tangeretin,
which constitutes a large portion of citrus peel together with
nobiletin, is also a potential insulin sensitizer [80]. Both
nobiletin and tangeretin improved the expression of adi-
ponectin, an insulin sensitivity factor, and suppressed the
expression of resistin, an insulin resistance factor [81]. Some
natural products act as ligands for PPARG and enhance
adipogenic differentiation [82]. However, Saito et al. [83]
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Ficure 8: Differentiation capacity of 3T3-L1 cells, treated with nobiletin and tangeretin, analyzed using Western blot and RT-qPCR. The
relative gene expression of (a) Cebpb, (b) Cebpa, and (c) FASN, adipogenesis-related protein. Actb was used as a housekeeping gene. The
relative protein expression of (d) Cebpb, (e) Cebpa, and (f) FASN, adipogenesis-related protein. Actb was used as a housekeeping protein.
(g) Western blot band intensity was used to measure protein expression. Values are means + SD (n = 3). Different letters indicate statistically

significant differences (P <0.05).
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have shown that nobiletin, a major flavonoid in CPE, can
increase the CEBPB expression of 3T3-L1 cells but did not
directly act as a ligand for PPARG. Expression of CEBPB
requires activation of CREB and phosphorylation of ex-
tracellular signal-regulated kinase (ERK) in the early stages
of adipogenesis. Nobiletin increased the phosphorylation of
CREB and ERK in neurons [84] and increased the phos-
phorylation of CREB and ERK in 3T3-L1 cells [83]. These
results indicate that nobiletin promotes the activation of
CEBPB in the early stages of adipogenesis, thereby en-
hancing subsequent adipogenic differentiation-related genes
and promoting adipogenic differentiation.

4. Conclusions

As interest in cultured meat increases worldwide, research
on natural products and chemicals for efficient cell pro-
liferation and differentiation is rapidly increasing. In par-
ticular, because the cells must be able to be ingested, it is
considered important to use natural products rather than
artificial materials. Therefore, we treated 3T3-L1 pre-
adipocyte cells with Citrus sunki peel extract and its main
ingredients, nobiletin and tangeretin. In conclusion, CPE
can improve the antioxidant capacity of cells. This effect
might have contributed to the improvement of proliferation
capacity of 3T3-L1 cells. In fact, the proliferative capacity of
3T3-L1 cells treated with 100~400 yg/mL CPE was signifi-
cantly higher than that of C. Additionally, 300-400 yg/mL
CPE significantly improved the expression levels of genes
and proteins related to the adipogenic differentiation of 3T3-
L1 cells with more production of fatty acids. Nobiletin or
tangeretin can reduce the proliferation capacity of 3T3-L1
preadipocytes. However, nobiletin, tangeretin, or both
nobiletin and tangeretin can improve the expression levels of
genes and proteins related to the adipogenic differentiation
of 3T3-L1 preadipocytes to produce more fatty acids and
lipid droplets. A positive effect of CPE by improving the
differentiation ability of 3T3-L1 might be due to the in-
fluence of nobiletin and tangeretin present in CPE. More
detailed studies are needed to claim that CPE improves the
cellular activity of adipocytes.
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