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Abstract: Isoeugenol (IEG), a natural component of clove oil, possesses antioxidant, anti-inflamma-
tory, and antibacterial properties. However, the effects of IEG on adipogenesis have not yet been
elucidated. Here, we showed that IEG blocks adipogenesis in 3T3-L1 cells at an early stage. IEG
inhibits lipid accumulation in adipocytes in a concentration-dependent manner and reduces the ex-
pression of mature adipocyte-related factors including PPARY, C/EBPa, and FABP4. IEG treatment
at different stages of adipogenesis showed that IEG inhibited adipocyte differentiation by suppress-
ing the early stage, as confirmed by lipid accumulation and adipocyte-related biomarkers. The early
stage stimulates growth-arrested preadipocytes to enter mitotic clonal expansion (MCE) and initi-
ates their differentiation into adipocytes by regulating cell cycle-related factors. IEG arrested 3T3-
L1 preadipocytes in the Go/G1 phase of the cell cycle and attenuated cell cycle-related factors includ-
ing cyclinD1, CDK6, CDK2, and cyclinB1 during the MCE stage. Furthermore, IEG suppresses re-
active oxygen species (ROS) production during MCE and inhibits ROS-related antioxidant enzymes,
including superoxide dismutasel (SOD1) and catalase. The expression of cell proliferation-related
biomarkers, including pAKT and pERK1/2, was attenuated by the IEG treatment of 3T3-L1 preadi-
pocytes. These findings suggest that it is a potential therapeutic agent for the treatment of obesity.

Keywords: isoeugenol; anti-adipogenesis; mitotic clonal expansion (MCE); cell cycle arrest; reactive
oxygen species (ROS)

1. Introduction

Obesity arises from an imbalance between energy intake and expenditure [1] and
leads to metabolic diseases, including cardiovascular diseases, diabetes, and liver diseases
[2,3]. Adipogenesis plays a crucial role in obesity; it is the process by which preadipocytes
differentiate into mature adipocytes, which accumulate triglycerides and maintain energy
homeostasis [4]. The adipogenesis of 3T3-L1 preadipocytes begins with differentiation by
hormonal stimulation (MDI cocktail: 3-isobutyl-1-methylxanthine (IBMX), dexame-
thasone, and insulin) in a state of arrested growth [5]. Growth-arrested 3T3-L1 cells then
re-enter the cell cycle and undergo up to two cycles of mitosis before undergoing mitotic
clonal expansion (MCE) during the early stages of differentiation [6]. This is followed by
terminal differentiation, in which mature adipocytes develop [7]. As the initiation of adi-
pogenesis involves entry into the MCE, MCE can serve as an attractive target for anti-
adipogenic strategies.

The early stage, which includes MCE, is regulated by hormones, growth factors, and
transcription factors [8]. IBMX and insulin increase cAMP levels, which in turn enhance
PKA activity, cAMP response element binding protein (CREB) activity, and CCAAT/en-
hancer binding protein (3 (C/EBPP) expression [9]. Dexamethasone activates C/EBPJ,
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which activates transcription by binding at specific elements within the proximal pro-
moter regions of both the peroxisome proliferator-activated receptor y (PPARy) and
C/EBPa genes, which are crucial for the ultimate differentiation of adipocytes [10]. In ad-
dition, insulin stimulates pathways such as AKT that promote cell cycle progression and
differentiation [11]. This involves a process by which cells prepare to grow and divide,
particularly by promoting the transition from the G: to the S phase of the cell cycle. The
MCE stage also involves the activation of signaling pathways such as extracellular signal-
regulated protein kinase (ERK) and the production of reactive oxygen species (ROS),
which can further influence the differentiation process by regulating transcription factors
such as PPARy and additional C/EBP family members [12,13]. Therefore, if the early stage
is affected by a specific substance, various related factors may change.

Isoeugenol (IEG) is known as propenyl-substitute guaiacol, which has a structure in
which the double bond of the alkyl side chain is shifted by one carbon. IEG is found in
various plants, including cloves, calamus, and nutmeg [14,15]. IEG can be obtained by
directly extracting the essential oil of clove trees and is used as a precursor for the synthe-
sis of natural vanillin, a food additive [16]. IEG has biologically promising antioxidant,
anti-inflammatory, and anti-bacterial properties [17,18]. Additionally, clove, which con-
tains IEG, can reduce body weight and abdominal adipose tissue in high-fat diet (HFD)-
induced mouse in 1% alcohol extract [19]. There have been no specific studies on the direct
effects of IEG on obesity or adipogenesis. However, the structural isomer of IEG, eugenol,
is the primary aromatic compound in clove oil and is associated with the attenuation of
weight accumulation and changes in the composition and function of the gut microbiota
in a mouse model induced by an HFD [20]. Further research is needed to learn more about
IEG.

In the present study, we investigated the effects of IEG on adipogenesis in 3T3-L1
cells and its underlying molecular mechanisms. We focused on the early stages of lipid
differentiation.

2. Materials and Methods
2.1. Materials

3T3-L1 mouse embryonic fibroblast cell was purchased from the American Type Cul-
ture Collection (ATCC; Manassas, VA, USA). Dulbecco’s modified Eagle’s medium
(DMEM), newborn calf serum (BCS), penicillin/streptomycin (P/S), and fetal bovine serum
(FBS) were obtained from Gibco Inc. (Grand Island, NY, USA). Isoeugenol, insulin, dexa-
methasone, 3-isobuty-1-methylxanthine (IBMX), isopropanol, formaldehyde, Oil Red O
(ORO), RIPA buffer, bovine serum albumin (BSA), and propidium iodide (PI) were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell Culture and Adipocyte Differentiation

3T3-L1 preadipocytes were grown in DMEM containing 10% BCS and 1% P/S at 37
°C with 5% COs. 3T3-L1 preadipocytes were differentiated by differentiation medium
(MDL DMEM containing 10% FBS, 1% P/S, IBMX (0.5 mM), dexamethasone (1 uM), and
insulin (1 pug/mL). After incubation for 48 h, the medium was replaced every 2 days with
DMEM containing 10% FBS and insulin (1 pug/mL) until day 8.

2.3. Oil Red O (ORO) Staining

3T3-L1 cells were fixed with 4% formaldehyde for 10 min and washed twice with
PBS. Fixed cells were washed with 60% isopropanol. The cells were stained with ORO
working solution for 10 min and washed with distilled water. The lipid droplets were
observed by bright field microscopy and dye in the cells was extracted with 100% isopro-
panol and quantified at ODsw using a microplate reader. The absorbance of IEG-treated
cells (Aiec), blanks (Aviank), and differentiated cells (Acontol) were calculated as (Aic —
Avlank)/Ablank x 100%
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2.4. Western Blotting Analysis

For protein extraction, 3T3-L1 cells were lysed in RIPA buffer containing protease
and phosphatase inhibitors and then centrifuged. All processes were carried out in ice
conditions. The protein concentration of extracts was measured using Pierce™ BCA pro-
tein assay (Thermo Fisher Scientific; Boston, MA, USA). Proteins were separated via so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then trans-
ferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Herculues, CA,
USA). PVDF membranes were blocked with 5% BSA and incubated overnight with pri-
mary antibodies (1:1000) against PPARy, C/EBPa, FABP4, C/EBP, cyclin D1, cyclin B1,
cyclin-dependent kinase 6 (CDK6), CDK2, Akt, p-Akt, SOD1, catalase, phosphor-AKT,
AKT, phosphor-ERK1/2, ERK1/2, phosphor-p38 mitogen-activated protein kinase
(MAPK), p38 MAPK, and p-actin (Cell Signaling Technology; Danvers, MA, USA). After
washing in TBS with Tween 20, the membranes were incubated with secondary antibodies
(1:2000 dilution). The band signals were detected using enhanced chemiluminescence
(ECL; Thermo Fisher Scientific) Western blotting detection kit. The reference protein is [3-
actin, which has no difference in expression levels between preadipocytes and adipocytes
(Figure S1).

2.5. Quantitative Polymerase Chain Reaction (gPCR)

For RNA extraction, TRIzol reagent (Thermo Fisher Scientific) was used according to
the manufacturer’s protocol. Total RNA (1 ug) was transformed into cDNA using a Su-
perScript III RT kit (Invitrogen, Carlsbad, CA, USA). cDNAs were amplified using the
FastStart SYBR Green Master Mix (Applied Biosystems, Forster city, CA, USA) along with
the following gene-specific primers: Cebpa, Pparg, Fabp4, Adipoq, Fasn, Cebpb, cyclinD1,
cdkeé, cdk2, and 185. The primer sequences are listed in Table 1. gPCR was performed using
the QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems). The reference gene
with no significant difference in expression levels between preadipocytes and adipocytes
was selected as 185 (Figures S2 and S3). Data are expressed as fold differences normalized
to 18S levels.

Table 1. Primer sequences.

Gene Primer Sequence (5’-3)
Pparg Forward AAGGATTCATGACCAGGGAGTTCC
Reverse GCGGTCTCCACTGAGAATAATG
Cebpa Forward GTGGACAAGAACAGCAACGAGT
Reverse AGGCGGTCATTGTCACTGGTCAA
Eapb4 Forward GTGGGCTTTGCCACAAGGAAAGT
Reverse GGTGATTTCATCGAATTCCACGCC
Adipogq Forward AGCCGCTTATGTGTATCGCTCAG
Reverse CCCGGAATGTTGCAGTAGAACT
Fasn Forward TGGGTTTGGTGAATTGTCTCCG
Reverse ACACGTTCATCACGAGGTCATG
Cebpb Forward AACAACATCGCGGTGCGCAA
Reverse AACAAGTTCCGCAGGGTGCTGA
CyclinD1 Forward AAGCAGACCATCCGCAAGCA
Reverse GGTAGCAGGAGAGGAAGTTGTT
Cdké Forward TTTTCAGATGGCCCTTACCTCG
Reverse CCACGAAAAAGAGGCTTTCTGC
Cdk2 Forward CGAGCACCTGAAATTCTTCTGG
Reverse AGAGTCCGAAAGATCCGGAA
CyclinB1 Forward GCATCTAAAGTCGGAGAGGT
Reverse GGTGTCCATTCACCGTTGTC
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18S

Forward GTAACCCGTTGAACCCCATT

Reverse

CCATCCAATCGGTAGTAGCG

2.6. Cell Proliferation

3T3-L1 preadipocytes were seeded in 96-well plates at a density of 1 x 10* cells/well.
Then, IEG was treated with various concentrations (0-100 uM). After 24 and 48 h, cells
were treated with the Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) and incu-
bated for 2 h. Cell proliferation was determined by measuring the absorbance at 450 nm
(A4s0) and reference absorbance at 650 nm (Aes0) using a microplate reader. Cell prolifera-
tion (%) was calculated by (A4s0— A600)/ Acontrol x 100%. The control (Acon) is a 0 pM concen-
tration of IEG.

2.7. Flow Cytometry

3T3-L1 cells were fixed with 70% ethanol at 20 °C overnight, centrifuged, and
washed twice with PBS. Fixed cells were stained with PI (25 pg/mL) and RNase A (50
ug/mL). The cell cycle was analyzed using a CytoFLEX 3 Laser (Beckman Coulter, Brea,
CA, USA). Data analysis was measured using CytExpert 2.4 software (Beckman Coulter).

2.8. Measurement of Intracellular ROS

3T3-L1 cells were stained with 5 uM 2'7'-dichlorodihydrofluorescein diacetate
(H.DCFDA, Thermo Fisher Scientific) for 30 min at 37 °C and washed with PBS. Intracel-
lular ROS levels were monitored using a fluorescence microscope and quantified using a
spectrophotometer (excitation wavelength: 495 nm and emission wavelength: 525 nm).

2.9. Statistical Analysis

The statistical significance of differences between the values of various experimental
and control groups was determined by one-way analysis of variance (ANOVA) using
Tukey’s post-hoc test. Data are expressed as the mean + standard error (n > 3). A value of
statistical significance was considered at p < 0.05 significant. All analyses were determined
using the GraphPad Prism 10 software (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. IEG Inhibits MDI-Induced Adipogenesis in 313-L1 Cells

Firstly, we observed the cell viability after treating the cells with various concentra-
tions of IEG (3.125-100 uM) to determine the treatment concentration of IEG. No change
in cell viability was observed at any concentration of IEG after 24 and 48 h (Figure 1A).
Therefore, we selected three high concentrations (25, 50, and 100 uM) and examined the
effects of IEG during the differentiation process of 3T3-L1 cells. According to ORO images
and quantified values, MDI effectively induced 3T3-L1 differentiation into adipocytes, re-
sulting in a 75% increase in lipid accumulation compared to 3T3-L1 preadipocytes (Figure
1B). In contrast, IEG decreased the accumulation of lipid droplets in a dose-dependent
manner, with reductions quantified at 79, 70, and 32% for doses of 25, 50, and 100 uM,
respectively. The protein expression levels of mature adipocyte transcription factors in-
cluding PPARYy, C/EBPa, and FABP4 were significantly reduced by IEG at 100 uM, which
had the highest inhibitory efficacy in lipid accumulation (Figure 1C). Furthermore, the
mRNA expression levels of adipogenesis-related genes, including Pparg, Cebpa, Fabp4, and
Adipog, as well as the lipogenic gene Fasn were suppressed by IEG (Figure 1D). Thus, IEG
suppressed adipogenesis in 3T3-L1 cells.
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Figure 1. Effect of isoeugenol (IEG) on lipid accumulation and adipogenesis in 3T3-L1 adipocytes.
(A) Viability of 3T3-L1 cells treated with IEG. (B) Oil red O (ORO) images and quantitative values
of lipid accumulation in 3T3-L1 cells treated with IEG for 8 days in a dose-dependent manner. (C)
Protein expression levels of PPARy, C/EBPa, and FABP4 in 3T3-L1 adipocytes treated by IEG (100
puM) at day 8. B-Actin was used as a control. (D) Quantification of mRNA levels of Pparg, Cebpa,
Fabp4, Adipog, and Fasn in 3T3-L1 adipocytes treated by IEG (100 uM) at day 8. Data are expressed
as the mean + SD (n =3). *p <0.05, **p < 0.01, and ** p <0.001 when compared to the adipocytes.

3.2. IEG Suppresses the Early Stage of Adipocyte Differentiation

To elucidate the inhibitory mechanism of IEG on adipogenesis, the effect of IEG on
adipogenesis was observed at different time points (Figure 2A). Among 10 different IEG
treatment periods, IEG (100 pM) significantly inhibited MDI-induced lipid accumulation
only in the IEG1 to IEG4 and not in the IEG5 to IEG10. For IEG1 and IEG4, the IEG was
treated for the first 2 days (days 0-2) and, in particular, the initial 2-day treatment (IEG1)
achieved the same adipogenesis inhibition efficacy as that of the 8-day treatment (IEG4).
Comparing only IEG1 and IEG4, the protein expression levels of terminal adipocyte mark-
ers (PPARy, C/EBPa, and FABP4), which were increased in DIF, were significantly de-
creased in IEG1 and IEG4 (Figure 2C). The expression levels of adipogenesis-related
genes, including Pparg, Cebpa, Fabp4, Adipoq, and Fasn, were also significantly decreased
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in IEG1 and IEG4 compared with those in DIF (Figure 2D). These results suggest that the
critical period for the suppression of 3T3-L1 adipogenesis by IEG is the first 2 days.
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Figure 2. IEG influence on the early stage of adipogenesis in 3T3-L1 adipocytes. (A) Schematic dia-
gram of IEG treatment for 8 days during the differentiation process. IEG (100 pM) was treated in
3T3-L1 cells at the indicated times. (B) ORO images and quantitative values of lipid accumulation
in 3T3-L1 cells treated with 100 uM IEG at day 8. (C) Protein expression levels of PPARy, C/EBPa,
and FABP4 in IEG-treated 3T3-L1 cells. (D) Quantification of mRNA levels of Pparg, Cebpa, Fapb4,
Adipog, and Fasn at day 8. Data are expressed as the mean + SD (n = 3). **p < 0.01 and *** p < 0.001
when compared to the adipocytes. UND: preadipocytes, DIF: adipocytes.

3.3. IEG Suppresses MDI-Induced Cell Cycle Progression in the Early Stage of Differentiation

During the differentiation process of 3T3-L1 cells, the first 2 days corresponded to the
early stage, especially the MCE period. Therefore, we examined the effect of IEG on MCE.
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The proliferation and number of MDI-induced 3T3-L1 cells increased from 24 to 48 h (Fig-
ure 3A). However, MDI-induced cells with IEG significantly decreased proliferation and
cell numbers. Observation of C/EBP(3 expression during the first 24 h showed that IEG
suppressed C/EBP{3 expression which was elevated by MDI starting at 16 h after treatment
(Figure 3B,C). The effects of IEG on MDI-induced cell cycle progression were analyzed
using flow cytometry (Figure 3D). The cell cycle of undifferentiated cells (UND) was ar-
rested at the Go/G1 phase, whereas the cells in the MDI group entered the S phase at 16 h.
The cell populations of UND and DIF in Go/G: phase were 71.21% and 47.42%, whereas
those in the S phase were 4.08% and 28.58%, respectively. In the case of the IEG-treated
group, the cell populations in the Go/G1 and S phases were 74.44% and 3.90%, respectively.
These data suggested that IEG inhibited the cell cycle transition from Go/G: into the S
phase. IEG treatment for 16 h also affected the expression of cell cycle-related factors (Fig-
ure 3E,F). IEG significantly decreased the expression of cyclin D1, CDK6, CDK2, and cy-
clin B1 in MDI-treated cells after 16 h. Collectively, these data suggested that IEG inhibited
adipogenesis in the early stages of adipocyte proliferation and differentiation by regulat-
ing cell cycle progression.
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Figure 3. Effect of IEG on mitotic clonal expansion (MCE) process of adipogenesis. (A) IEG-induced
changes in 3T3-L1 cell proliferation for 48 h. (B) Time-course analysis of protein expression level of
C/EBPg following 24 h treatment with IEG. (C) The mRNA expression level of Cebpb in 16 h IEG
treatment. (D) Flow cytometry of cell cycle progression of IEG-treated cells. Gray area: debreis and
aggregates. (E,F) Changes in protein (E) and mRNA (F) expression levels of cyclin D1, Cdké6, Cdk2,
and cyclin B1. **p <0.001 when compared to the adipocytes. UND: preadipocytes, DIF: adipocytes.
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3.4. IEG Reduces Intracellular ROS Generation in the Early Stage of Differentiation

The effects of IEGs on intracellular ROS levels in the MCE stage were measured after
12, 16, and 24 h of treatment. In preadipocytes treated with MDI, ROS levels increased in
a time-dependent manner; however, when treated with IEG (100 uM), ROS levels were
significantly decreased at 16 and 24 h compared to the MDI group (Figure 4A,B). Moreo-
ver, on day 8 of adipogenic differentiation, antioxidant enzyme proteins, including SOD1
and catalase, increased compared to that in adipocytes (Figure 4C).

(A) (B) MDI (C)
& O
- Oh SO
< 160+ = MDI
o -+ MDI+IEG MDI+IEG SODT | e
> 140-
® Catalase [™ = s
g 120- 12h
5 1004 B-actin | =— —
s
@
€ 80— : - , 16h
0 12 16 24
Time (h)
24h

Figure 4. Inhibitory effect of intracellular reactive oxygen species (ROS) generation by IEG during
the MCE in adipocyte differentiation. (A,B) Quantitative values (A) and representative fluorescence
images (B) of changes in intracellular ROS levels over time after treatment with MDI and IEG (100
uM). (C) Protein expression of ROS antioxidant enzymes, SOD1, and catalase at day 8. ***p < 0.001
compared to the MDI-only-treated group at the same time point.

3.5. IEG Attenuated the Expression of AKT and ERK in the Early Stage of Differentiation

Previous studies have shown that AKT, ERK1/2, and p38 MAPK signaling pathways
may be involved in adipogenesis [21]. IEG inhibits cell proliferation in the early stages of
differentiation; therefore, we investigated the pathways involved. As shown in Figure 5,
MDI treatment increased the expression of p-AKT and p-ERK1/2 at 15 min, with p-AKT
reaching its maximum level at 60 min. In contrast, IEG treatment attenuated the expres-
sion of p-AKT and p-ERK1/2 after 15 min. The expression of p-p38 also increased; how-
ever, no changes were observed in response to IEG.

+MDI
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Figure 5. Effect of IEG on cell proliferation signaling pathways regulating MCE.
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4. Discussion

In the present study, we investigated the anti-adipogenic effects of IEG and the un-
derlying molecular mechanisms in 3T3-L1 cells. The treatment with IEG during 3T3-L1
adipocyte differentiation inhibited lipid accumulation in a dose-dependent manner and
suppressed the protein and mRNA expressions of PPARYy, C/EBP«, and FABP4 on day 8.
Although the anti-obesity effects of clove extract, which contains IEG, and eugenol, an
isomer of IEG, have been studied, this study is the first to investigate these effects.

Adipogenesis progresses in multiple stages [7,22]. The results showed that IEG is in-
volved in the early stage (days 0-2) and modulates the transcription factors (PPARY,
C/EBPa, and FABP4). The process of differentiating 3T3-L1 preadipocytes into mature ad-
ipocytes during the early stage, especially MCE, is essential for adipogenesis and involves
PPARY, C/EBPa, and FABP4 expression [5]. During the MCE period, committed preadi-
pocytes undergo several rounds of cell division [6]. This expansion is not just a simple
increase in the cell number; it is also a necessary step for cells to proceed with the differ-
entiation process. The MCE phase is characterized by increased cell proliferation and is
typically regulated by various growth factors, hormones, and transcription factors. Pread-
ipocytes are arrested in the G: phase of the cell cycle by CDK inhibitory proteins (p27Xip!
and p21Waf/Cipl) and the hypophosphorylated tumor suppressor retinoblastoma protein.
Under MDI treatment, the growth-arrested 3T3-L1 cells simultaneously express C/EBPf3
and C/EBPd and re-enter the cell cycle [6,23]. Cyclin D and CDK4/CDK6 complexes act as
regulators of the early Gi phase [24], whereas cyclin E and CDK2 complexes are critical
for the transition between the Gi and S phases [25]. Together, they help cells arrested in
the cell cycle to re-enter the cycle, thereby enabling their progression to the Gi1/S phase
transition. The entry of the S phase occurred approximately 14 h after treatment with the
hormonal cocktail and the highest DNA synthesis was observed approximately 18 h after
MDI. Therefore, blocking or delaying cell cycle progression by suppressing cell cycle reg-
ulators and upregulating CDK inhibitors during MCE may be an efficient way to inhibit
adipogenesis. Methyl cinnamate, a natural flavor compound, activated CaMKK2-AMPK
signaling on day 2, the early stage of adipogenic differentiation, and inhibited the adipo-
genic transcription factors SREBP-1, PPARy, C/EBPa, and adiponectin [26]. In addition,
cinnamyl alcohol, a flavor compound, inhibited the cell cycle and C/EBPf3 in MCE, thereby
inhibiting differentiation into adipocytes [27]. Likewise, in our study, IEG treatment sig-
nificantly decreased cell division and cell number and delayed the progression of cells
into the G2/M phase by 24 h in the MCE stage. Additionally, C/EBPf and cell cycle-related
factors were reduced by IEG after 16 h of treatment.

During the MCE phase, cells actively grow and divide, consuming large amounts of
oxygen, which leads to ROS production [28]. ROS can damage cells and are associated
with an excessive supply of energy substrates in metabolic diseases and obesity [29]. How-
ever, at appropriate levels, they serve as important regulators of cellular signaling and
function, including cellular proliferation, differentiation, survival, and apoptosis [13,30].
Hormone cocktail treatment of 3T3-L1 preadipocytes accelerates preadipocyte differenti-
ation by generating ROS during MCE [13]. During adipogenesis, cellular ROS levels de-
pend on the balance between the pro-oxidant enzymes responsible for ROS production
and the antioxidant enzymes involved in reducing ROS [31]. Pro-oxidant enzymes, such
as xanthine oxidase and NADPH oxidase, generate ROS, whereas antioxidant enzymes,
such as catalase, SOD, glutathione reductase, and glutathione peroxidase, eliminate ROS.
Extensive research has been conducted on potential anti-obesity agents that regulate key
enzymes related to antioxidant reactions and metabolic pathways [32]. Resveratrol, a nat-
ural compound found in grapes and red wine, reduces oxidative stress by enhancing the
activity of antioxidant enzymes, inhibiting pro-oxidant enzymes, and increasing the cel-
lular capacity to scavenge and neutralize ROS [33]. Carnosic acid attenuates ROS levels by
regulating NADPH oxidase 4 via the NF-«B signaling pathway in the early stage of adi-
pogenesis [34]. IEG also reduced the MDI-induced ROS levels at the MCE stage, which
may have affected adipogenesis.
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During MCE, as the number of cells increases, proliferation-related signaling path-
ways are activated; representative pathways include the MAPK/ERK and PI3K/AKT path-
ways [21,35]. The MAPK/ERK and PI3K/AKT signaling pathways facilitate the transition
of cells from the G1 phase to the S phase; therefore, the inhibition of these pathways sup-
presses the proliferation of 3T3-L1 cells. Citral, a major component of lemongrass oil, reg-
ulates adipogenic transcription factors by reducing PI3K/Akt signaling involved in cell
survival, differentiation, and inflammatory responses [36]. Resveratrol, curcumin, (-)-ep-
igallocatechin gallate, and cinnamyl alcohol [27,37-39] exhibit anti-obesity effects by in-
hibiting both the MAPK/ERK and PI3K/AKT signaling pathways and reducing the phos-
phorylation of ERK and AKT. IEG also inhibited adipogenesis-related factors by inhibiting
the phosphorylation of ERK1/2 and AKT, which are related to cell proliferation.

5. Conclusions

We successfully demonstrated that IEG exerts an anti-adipogenic effect in 3T3-L1
cells by modulating MCE. At the MCE stage, IEG affects ROS generation, cell prolifera-
tion-related signaling pathways, including the MAPK/ERK and AKT signaling pathways,
and cell cycle re-entry. Obesity causes numerous complications, emphasizing the im-
portance of effective therapeutic strategies for obesity prevention. Naturally derived com-
pounds can be a good alternative due to their low toxicity. Although this experiment was
limited because it was conducted only in vitro, it is a meaningful result that shows the
possibility of its use as an anti-obesity agent.

Supplementary Materials: The following are available online at https://www.mdpi.com/arti-
cle/10.3390/nu16091262/s1, Figure S1: Protein expression of [3-actin in 3T3-L1 cells at day 8; Figure
S2: GAPDH mRNA expression level in adipocytes at 8 days; Figure S3: The 185 mRNA expression
level in adipocytes at 8 days [40,41].

Author Contributions: Y.R.C.: Formal analysis, Investigation, Writing—original draft, and Visuali-
zation; H.-].N.: Data curation, Writing—review and editing; J.L.: Writing—review and editing; Y.-
S.K.: Writing —review and editing; M.].K.: Project administration, Data curation, Supervision, and
Writing —review and editing. All authors have read and agreed to the published version of the man-
uscript.

Funding: This work was supported by the Main Research Program (E0232201) of the Korea Food
Research Institute.

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

Data Availability Statement: All data supporting the findings of this study are available within this
article.

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

References

1.  Haider, N.; Larose, L. Harnessing adipogenesis to prevent obesity. Adipocyte 2019, 8, 98-104.

2. Boutari, C.; DeMarsilis, A.; Mantzoros, C.S. Obesity and diabetes. Diabetes Res. Clin. Pract. 2023, 202, 110773.

3. Jin, X,; Qiu, T; Li, L;; Yu, R;; Chen, X; Li, C.; Proud, C.G.; Jiang, T. Pathophysiology of obesity and its associated diseases. Acta
Pharm. Sin. B 2023, 13, 2403-2424.

4. Bertoncini-Silva, C.; Zingg, J.-M.; Fassini, P.G.; Suen, V.M.M. Bioactive dietary components— Anti-obesity effects related to en-
ergy metabolism and inflammation. BioFactors 2023, 49, 297-321.

5. Zhang, J.-W,; Tang, Q.-Q.; Vinson, C.; Lane, M.D. Dominant-negative C/EBP disrupts mitotic clonal expansion and differentia-
tion of 3T3-L1 preadipocytes. Proc. Natl. Acad. Sci. USA 2004, 101, 43-47.

6. Tang, Q.-Q.; Otto, T.C.; Lane, M.D. Mitotic clonal expansion: A synchronous process required for adipogenesis. Proc. Natl. Acad.
Sci. USA 2003, 100, 44-49.

7.  Hayakawa, T.; Yamamoto, A.; Yoneda, T.; Hori, S.; Okochi, N.; Kagotani, K.; Okumura, K.; Takebayashi, S.-I1. Reorganization of
the DNA replication landscape during adipogenesis is closely linked with adipogenic gene expression. J. Cell Sci. 2023, 136,
jcs260778.



Nutrients 2024, 16, 1262 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Scott, M.A.; Nguyen, V.T.; Levi, B.; James, A.W. Current methods of adipogenic differentiation of mesenchymal stem cells. Stemn
Cells Dev. 2011, 20, 1793-1804.

Zhang, J.-W.; Klemm, D.J.; Vinson, C.; Lane, M.D. Role of CREB in Transcriptional Regulation of CCAAT/Enhancer-binding
Protein  Gene during Adipogenesis. ]. Biol. Chem. 2004, 279, 4471-4478.

Zubiria, M.G.; Giordano, A.P.; Gambaro, S.E.; Alzamendi, A.; Frontini-Lépez, Y.R.; Moreno, G.; Spinedi, E.; Giovambattista, A.
Dexamethasone primes adipocyte precursor cells for differentiation by enhancing adipogenic competency. Life Sci. 2020, 261,
118363.

Li, J.; Chen, C; Li, Y.; Matye, D.J.; Wang, Y.; Ding, W.-X; Li, T. Inhibition of insulin/PI3K/AKT signaling decreases adipose
Sortilin 1 in mice and 3T3-L1 adipocytes. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2017, 1863, 2924-2933.

Go, S,; Park, J.; Rahman, S;; Jin, J.; Choi, I; Kim, J. Adipogenic function of tetranectin mediated by enhancing mitotic clonal
expansion via ERK signaling. BMB Rep. 2021, 54, 374.

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

Lee, K.-G.; Shibamoto, T. Antioxidant property of aroma extract isolated from clove buds [Syzygium aromaticum (L.) Merr. et
Perry]. Food Chem. 2001, 74, 443-448.

Fabry, P.; Weber, S.; Teipel, ].; Richling, E.; Walch, S.G.; Lachenmeier, D.W. Quantitative NMR Spectrometry of Phenylpro-
panoids, including Isoeugenol in Herbs, Spices, and Essential Oils. Foods 2024, 13, 720.

Filiciotto, L.; Marquez-Medina, M.D.; Pineda, A.; Balu, A.M.; Romero, A.A.; Angelici, C,; de Jong, E.; van der Waal, ].C.; Luque,
R. Continuous flow study of isoeugenol to vanillin: A bio-based iron oxide catalyst. Catalysis Today 2021, 368, 281-290.

Atsumi, T.; Fujisawa, S.; Tonosaki, K. A comparative study of the antioxidant/prooxidant activities of eugenol and isoeugenol
with various concentrations and oxidation conditions. Toxicol. In Vitro 2005, 19, 1025-1033.

Zhang, L.L.; Zhang, L.F.; Xu, ].G.; Hu, Q.P. Comparison study on antioxidant, DNA damage protective and antibacterial activ-
ities of eugenol and isoeugenol against several foodborne pathogens. Food Nutr. Res. 2017, 61, 1353356.

Ding, Y.; Gu, Z.; Wang, Y.; Wang, S.; Chen, H.; Zhang, H.; Chen, W.; Chen, Y.Q. Clove extract functions as a natural fatty acid
synthesis inhibitor and prevents obesity in a mouse model. Food Funct. 2017, 8, 2847-2856.

Li, M.; Zhao, Y.; Wang, Y.; Geng, R.; Fang, ].; Kang, S.-G.; Huang, K.; Tong, T. Eugenol, A Major Component of Clove Oil,
Attenuates Adiposity, and Modulates Gut Microbiota in High-Fat Diet-Fed Mice. Mol. Nutr. Food Res. 2022, 66, 2200387.

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

Feve, B. Adipogenesis: Cellular and molecular aspects. Best Pract. Res. Clin. Endocrinol. Metab. 2005, 19, 483—499.

Patel, Y.M.; Lane, M.D. Mitotic Clonal Expansion during Preadipocyte Differentiation: Calpain-mediated Turnover of p27. J.
Biol. Chem. 2000, 275, 17653-17660.

Marcon, B.H.; Shigunov, P.; Spangenberg, L.; Pereira, L.T.; de Aguiar, A.M.; Amorin, R.; Rebelatto, C.K.; Correa, A.; Dallagio-
vanna, B. Cell cycle genes are downregulated after adipogenic triggering in human adipose tissue-derived stem cells by regu-
lation of mRNA abundance. Sci. Rep. 2019, 9, 5611.

Li, X,; Kim, J.W.; Grenborg, M.; Urlaub, H.; Lane, M.D.; Tang, Q.-Q. Role of cdk2 in the sequential phosphorylation/activation
of C/EBP@ during adipocyte differentiation. Proc. Natl. Acad. Sci. USA 2007, 104, 11597-11602.

Chen, Y.-Y.; Lee, M.-H.; Hsu, C.-C.; Wei, C.-L.; Tsai, Y.-C. Methyl Cinnamate Inhibits Adipocyte Differentiation via Activation
of the CaMKK2-AMPK Pathway in 3T3-L1 Preadipocytes. |. Agric. Food Chem. 2012, 60, 955-963.

Choi, Y.R.; Kim, Y.-S.; Kim, M.]. Cinnamyl Alcohol Attenuates Adipogenesis in 3T3-L1 Cells by Arresting the Cell Cycle. Int. |.
Mol. Sci. 2024, 25, 693.

Verbon, E.H.; Post, ].A.; Boonstra, J. The influence of reactive oxygen species on cell cycle progression in mammalian cells. Gene
2012, 511, 1-6.

McMurray, F.; Patten, D.A.; Harper, M.-E. Reactive Oxygen Species and Oxidative Stress in Obesity —Recent Findings and Em-
pirical Approaches. Obesity 2016, 24, 2301-2310.

Kidwell, C.U,; Casalini, J.R.; Pradeep, S.; Scherer, S.D.; Greiner, D.; Bayik, D.; Watson, D.C.; Olson, G.S.; Lathia, ].D.; Johnson,
J.S. Transferred mitochondria accumulate reactive oxygen species, promoting proliferation. Elife 2023, 12, e85494.

Matés, J.M. Effects of antioxidant enzymes in the molecular control of reactive oxygen species toxicology. Toxicology 2000, 153,
83-104.

Pérez-Torres, I.; Castrejon-Téllez, V.; Soto, M.E.; Rubio-Ruiz, M.E.; Manzano-Pech, L.; Guarner-Lans, V. Oxidative Stress, Plant
Natural Antioxidants, and Obesity. Int. ]. Mol. Sci. 2021, 22, 1786.

Jimoh, A.; Tanko, Y.; Ahmed, A.; Mohammed, A.; Ayo, ].O. Resveratrol prevents high-fat diet-induced obesity and oxidative
stress in rabbits. Pathophysiology 2018, 25, 359-364.

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

Zhang, H.H.; Huang, J.; Diivel, K.; Boback, B.; Wu, S.; Squillace, R.M.; Wu, C.L.; Manning, B.D. Insulin stimulates adipogenesis
through the Akt-TSC2-mTORC1 pathway. PLoS ONE 2009, 4, e6189.

Sri Devi, S.; Ashokkumar, N. Citral, a Monoterpene Inhibits Adipogenesis Through Modulation of Adipogenic Transcription
Factors in 3T3-L1 Cells. Indian ]. Clin. Biochem. 2018, 33, 414-421.



Nutrients 2024, 16, 1262 12 of 12

37. Ahn, J; Lee, H,; Kim, S.; Ha, T. Curcumin-induced suppression of adipogenic differentiation is accompanied by activation of
Wnt/beta-catenin signaling. Am. J. Physiol. Cell Physiol. 2010, 298, C1510-C1516.

38. Kwon, J.Y; Seo, S.G.; Yue, S.; Cheng, ].-X.; Lee, KW.; Kim, K.-H. An inhibitory effect of resveratrol in the mitotic clonal expan-
sion and insulin signaling pathway in the early phase of adipogenesis. Nutr. Res. 2012, 32, 607-616.

39. Chan, C.Y.; Wei, L.; Castro-Munozledo, F.; Koo, W.L. (-)-Epigallocatechin-3-gallate blocks 3T3-L1 adipose conversion by inhi-
bition of cell proliferation and suppression of adipose phenotype expression. Life Sci. 2011, 89, 779-785.

40. Zhang, J; Tang, H.; Zhang, Y.; Deng, R.; Shao, L,; Liu, Y.; Li, F.; Wang, X.; Zhou, L. Identification of suitable reference genes for
quantitative RT-PCR during 3T3-L1 adipocyte differentiation. Int. ]. Mol. Med. 2014, 33, 1209-1218.

41. Cahyadi, D.D.; Warita, T.; Irie, N.; Mizoguchi, K.; Tashiro, J.; Hosaka, Y.Z.; Warita, K. Housekeeping gene expression variability
in differentiating and non-differentiating 3T3-L1 cells. Adipocyte 2023, 12, 2235081.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



