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Abstract

Lemon myrtle essential oil (LMEO), a popular food-flavoring and perfume, has anti-inflammatory and antioxi-
dant properties, and contains citral in abundance. Citral-enriched essential oils exhibit anti-obesity effects; how-
ever, the effect of LMEO on adipogenesis and the precise mechanism of citral have not been elucidated. This 
study evaluated the anti-adipogenic activity of commercial LMEO and its components, geranial, neral and citral 
(a mixture of geranial and neral), in 3T3-L1 cell differentiation and identified the anti-adipogenic mechanism 
of citral. Treatment of 3T3-L1 preadipocytes with various concentrations of LMEO, neral, geranial, and citral 
for 24 h and 48 h showed that LMEO (12.5–25 μg/mL) inhibited 3-isobutyl-1-methylxanthine, dexamethasone, 
and insulin (MDI)-induced differentiation of preadipocytes. Citral, accounting for 88.67% of total compounds in 
LMEO, also suppressed MDI-induced differentiation and expression of adipogenic transcription factors (PPARγ, 
C/EBPα, and Fabp4). Additionally, citral inhibited the early stages of differentiation, particularly mitotic clonal 
expansion (MCE), by deactivating cell cycle-related factors (cyclins and cyclin-dependent kinases) and arresting 
the cell cycle at G0/G1 phase, which was caused by inhibiting upstream signaling pathways, especially PI3K/AKT 
pathway. Therefore, regulation of early stages of adipogenesis, especially MCE, is a key mechanism underlying the 
anti-adipogenic activity of citral. LMEO and citral can be potentially used as anti-obesity agents.
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Introduction

Lemon myrtle (LM), native of Australia, belongs to the 
shrub family Myrtaceae. Lemon-scented LM is widely 
used as an ingredient in food items, perfumes, and aro-
matherapy whereas LM essential oils (LMEO) are used as 
food-flavorings because of their unique aroma and taste 
(Southwell, 2021). LMEO contains 80–98% citral, a mix-
ture of two main isomeric aldehydes: geranial and neral. 
This is higher than that found in other lemony essential 

oils, such as citrus (3–10%) and lemongrass (75%) (Jain 
and Sharma, 2017; Mukarram et al., 2021; Sultanbawa, 
2016). Other minor components of LMEO include 
β-myrcene, 6-methyl-5-hepten-2-one, (±)-linalool, cit-
ronellal, iso-neral (cis-iso citral), iso-geranial (trans-iso 
citral), and trans-geraniol.

LMEO exhibits various therapeutic properties, including 
antimicrobial, antifungal, antioxidant, anti-inflammatory, 
and anticancer activities (Beikzadeh et al., 2020;  
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Lim et al., 2022; Wang et al., 2023). Citral also has anti-
bacterial, anti-inflammatory, and antitumor properties 
(Gonçalves et al., 2020; Nordin et al., 2020; Shi et al., 
2016). Moreover, citral has demonstrated anti-obesity 
effects in animal models and cellular studies by inhibit-
ing accumulation of abdominal fat during diet-induced 
obesity (Modak and Mukhopadhaya, 2011). Citral, 
citral dimethyl acetal, and citral diethyl acetal are the 
main components of lemongrass essential oil, and they 
suppress lipid accumulation by decreasing lipid uptake 
and increasing lipolysis in 3T3-L1 adipocytes (Sprenger 
et  al., 2022). LMEO, which contains more citral than 
lemongrass, may have similar effects; however, this has 
not been reported. Furthermore, the precise mechanism 
underlying the anti-obesity effect of citral needs to be 
studied.

Adipogenesis is a process of preadipocyte differentiation 
into mature adipocytes and involves various changes 
in gene expression and cell morphology (Harada et al., 
2016; Rosen and Spiegelman, 2000). 3T3-L1 preadipo-
cytes undergo the following four stages to completely 
differentiate into adipocytes: growth arrest, mitotic 
clonal expansion (MCE), intermediate differentiation, 
and terminal differentiation (Chang and Kim, 2019). 
Growth-arrested 3T3-L1 preadipocytes are hormon-
ally induced to express transcription factors C/EBPβ 
and C/EBPδ, which are the members of the CCAAT–
enhancer-binding protein (C/EBP) family of transcrip-
tion factors. C/EBPβ, a key transcriptional activator of 
the C/EBPα and PPARγ genes, initiates post-confluent 
mitosis and clonal expansion immediately upon treat-
ment of preadipocytes with differentiation inducers, 
facilitating their re-entry into the cell cycle (Guo et al., 
2015; Tang et al., 2003a). During the MCE stage, C/
EBPβ stimulates the expression of cyclins and cyclin-
dependent kinases (CDKs) in 3T3-L1 preadipocytes, 
which are essential for cell regeneration. The expres-
sion of cyclin D1 and CDK4 and CDK6 complexes is 
activated during the G1 phase; cyclin E and CDK2 are 
activated at the G1/S boundary, allowing cells to enter 
the S phase; and cyclin B and CDK1 complexes are 
regulated during the G2/M phase (Tang et al., 2003b). 
After multiple rounds of clonal expansion, the preadi-
pocytes re-enter a quiescent state and experience coor-
dinate transcriptional activation of adipogenesis-related 
genes, PPARγ and C/EBPα, and their target genes, FAS 
and Fabp4 (Ahmad et al., 2020; Rosen et al., 2002). 
Inhibition of cell cycle re-entry using a DNA synthesis 
inhibitor prevents adipocyte differentiation, indicating 
that an active MCE stage is necessary for differentiation 
process (Patel and Lane, 2000).

In this study, we investigated the effects of LMEO and 
its major component, citral, on the inhibition of adipo-
genesis and regulation of adipogenesis-related genes. 

Thereafter, the stage at which citral influenced the four 
stages of adipogenesis was analyzed. Finally, the changes 
in biomarkers related to cell cycle and adipogenesis 
during MCE were analyzed. To the best of our knowl-
edge, this is the first study demonstrating the inhibition 
of adipogenesis in 3T3-L1 cells via the inhibition of MCE 
stage by LMEO and citral.

Materials and Methods

Materials

Dulbecco’s modified eagle medium (DMEM), bovine 
calf serum (BCS), fetal bovine serum (FBS), and peni-
cillin–streptomycin (P/S) were purchased from Gibco 
(Grand Island, NY, USA). 3-Isobutyl-1-methylxanthine 
(IBMX), dexamethasone (DEX), insulin, citral, Oil Red O 
dye, and isopropyl alcohol were purchased from Sigma-
Aldrich (St. Louis, MO, USA). LMEO was purchased 
from Aromalab Co. Ltd. (Gyeonggi-do, South Korea). 
Neral and geranial compounds were purchased from 
A2B Chem (San Diego, CA, USA). Antibodies against C/
EBPβ, PPARγ, C/EBPα, Fabp4, cyclin D1, CDK6, cyclin 
E1, CDK2, cyclin B, β-actin, anti-rabbit IgG, and anti-
mouse IgG horseradish peroxidase (HRP)-linked anti-
body were purchased from Cell Signaling Technology 
(Danvers, MA, USA). 

Cell culture and differentiation

Mouse 3T3-L1 preadipocytes were purchased from the 
American Type Culture Collection (ATCC, USA). The 
cells were grown in high-glucose DMEM supplemented 
with 10% BCS and 1% P/S at 37°C in 5% CO2 atmosphere 
incubator (Thermo Fisher Scientific, IL, USA). Two days 
after 100% confluency of preadipocyte was achieved 
(designated as day 0), cells were differentiated using 0.5-
mM IBMX, 1-μM DEX, and 1-μg/mL insulin in DMEM 
with 10% FBS (MDI medium) for 2 days (designated as 
MDI). On day 2, the MDI medium was replaced with 
DMEM+10% FBS medium supplemented with 1-μg/
mL insulin, and the cells were cultured for 8 days. The 
medium was changed every 2 days.

Cell viability

Cell viability was measured using a CCK-8 kit (Dojindo, 
Kumamoto, Japan). 3T3-L1 preadipocytes were seeded in 
a 96-well plate at a density of 5×104 cells/well. The fol-
lowing day, the cells were treated with various concen-
trations of LMEO, neral, geranial, and citral for 24 h and 
48  h at 37°C. Thereafter, CCK-8 solution was added to 
each well for 2 h at 37°C. The absorbance was measured 
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at 450 nm (reference wavelength, 650 nm) using a micro-
plate reader (SpectraMax M2, Molecular Device, USA).

Cell counts were determined using trypan blue assay. 
Preadipocytes were cultured in MDI medium with or 
without citral, trypsinized, and resuspended in medium 
containing 0.4% trypsin blue solution (1:1). Viable 
cell numbers were measured 24 h and 48 h after treat-
ment using a LUNA-II cell counter (Logo Biosystems, 
Gyeonggi-do, South Korea). 

Oil Red O staining

3T3-L1 preadipocytes were seeded in a 12-well plate and 
differentiated into mature adipocytes. The cells were then 
rinsed twice with phosphate buffered saline (PBS) and 
fixed in 4% paraformaldehyde for 15 min. After washing 
with PBS, the cells were treated with 60% isopropyl alco-
hol for 5 min. Intracellular lipid droplets were stained 
with a filtered 0.5% Oil Red O solution for 10 min. After 
aspirating the remaining Oil Red O solution, cells were 
rinsed with PBS. Images of the cells stained with Oil Red 
O were obtained using a microscope, and the quantita-
tive value of Oil Red O was obtained by eluting the intra-
cellular Oil Red O dye with 100% isopropyl alcohol and 
measuring the absorbance at 500 nm.

Gas Chromatography–Mass Spectrometry (GC-MS)

Solid phase microextraction (SPME) was used to extract 
volatile compounds from LMEO and citral. LMEO 
(100 mg) or citral (10 μL) was put into a 20-mL headspace 
amber vial and divinylbenzene–carboxen–polydimeth-
ylsiloxane fiber (DVB/CAR/PDMS, 50/30 μm; Supelco, 
Bellefonte, PA, USA) was inserted into the headspace of 
vial for 30 min at 30°C. Volatile compounds were ther-
mally desorbed into the injector port of GC-MS for 5 min 
at 250°C. A 7890 A GC (Agilent Technologies, Santa Clara, 
CA, USA) with 5975 C MS (Agilent Technologies) was 
used to analyze volatile compounds in LMEO and citral. 
A fused silica capillary column (DB-UIWAX, 30-m length 
× 0.25-mm i.d. × 0.25-μm film thickness; J & W Scientific, 
Folsom, CA, USA) was applied to separate the analytes. 
The flow rate of helium (carrier gas) was 0.8 mL/min and 
mass spectra were collected in the electron impact (EI) 
mode at 70 eV and a mass scan range of 35–350 m/z. 
Oven temperature was maintained 40°C for 5 min and 
increased to 220°C at a rate of 4°C/min. Inlet and transfer 
line temperatures were 230°C and 250°C, respectively.

Volatile compounds were identified by comparing reten-
tion period and mass spectral data with those of authen-
tic standard compounds and a commercial GC-MS 
library (Wiley 7.0). The retention index (RI) of each 

volatile compound was calculated using n-alkanes (C7–
C22). The relative percentage of each volatile compound 
was calculated by comparing peak area with total area.

Western blot analysis

The cells were washed twice with pre-chilled PBS and lysed 
in radioimmunoprecipitation assay (RIPA) lysis buffer. 
Lysates were centrifuged at 12,000×g for 30 min at 4°C, and 
supernatant was collected. The total protein concentration 
was measured using a bicinchoninic acid assay (BCA) pro-
tein assay kit. The quantified protein samples were dena-
tured by heating at 105°C for 5 min, and equal amount of 
protein was separated through sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane. 
The membranes were blocked with 5% bovine serum albu-
min (BSA) and incubated with primary antibodies (C/EBPβ, 
PPARγ, C/EBPα, Fabp4, cyclin D1, CDK6, cyclin E1, CDK2, 
cyclin B, and β-actin) overnight at 4°C. After washing, the 
membranes were incubated with secondary antibody for 
2 h at room temperature. The bands were visualized by 
enhanced chemiluminescence using X-ray film.

Real-time polymerase chain reaction (RT-PCR)

Total RNA was isolated from the cells using TRIzol 
reagent (Thermo Fisher Scientific). Reverse transcrip-
tion was performed using 1 μg of total RNA, Moloney 
murine leukemia virus (M-MuLV) reverse transcriptase, 
deoxynucleotide triphosphate (dNTPs), and an oligo (dT) 
18 primer. Quantitative RT-PCR was conducted using 
synthesized complementary DNA and SYBR-green mix. 
The PCR conditions included 40 cycles of denaturation at 
95°C for 15 s, annealing at 60°C for 60 s, and extension at 
60°C for 30 s. The primer sequences used in this study are 
listed in Table 1. Relative mRNA levels were determined 
using the delta delta Crossing thresholds (ΔΔCt) method 
and normalized to 18S gene in mice.

Cell cycle analysis

Preadipocytes, treated with or without 100-μM citral in 
MDI medium for 16 or 20 h, were harvested, washed with 
PBS, and fixed in 70% ethanol at -20°C overnight. Thereafter, 
the cells were centrifuged, washed with PBS, incubated in 
500-μL PBS containing 100-μg/mL ribonuclease (RNase) 
for 30 min at room temperature, and stained with propid-
ium iodide (PI) solution for 10 min at room temperature. 
A minimum of 10,000 cells per sample were analyzed using 
a Beckman flow cytometer, and the data were processed 
using the CytExpert 2.4 software to determine relative cell 
numbers in the G0/G1, S, and G2/M phases.
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Table 1.  Primer sequences for RT-PCR.

Gene Primer sequence (5’-3’)

Pparg F: AAGGATTCATGACCAGGGAGTTCC

R: GCGGTCTCCACTGAGAATAATG

Cebpa F: GTGGACAAGAACAGCAACGAGT

R: AGGCGGTCATTGTCACTGGTCAA

Fabp4 F: GTGGGCTTTGCCACAAGGAAAGT

R: GGTGATTTCATCGAATTCCACGCC

Cebpb F: AACAACATCGCGGTGCGCAA 

R: AACAAGTTCCGCAGGGTGCTGA

Ccnd1 F: AAGCAGACCATCCGCAAGCA

R: GGTAGCAGGAGAGGAAGTTGTT

Cdk6 F: TTTTCAGATGGCCCTTACCTCG

R: CCACGAAAAAGAGGCTTTCTGC

Ccne1 F: GTCTAAGCCCTCTGACCATTG

R: TAAGCAGCCAACATCCAGGACG

Cdk2 F: CGAGCACCTGAAATTCTTCTGG

R: AGAGTCCGAAAGATCCGGAA

Ccnb1 F: GCATCTAAAGTCGGAGAGGT

R: GGTGTCCATTCACCGTTGTC

Adipoq F: AGCCGCTTATGTGTATCGCTCAG

R: CCCGGAATGTTGCAGTAGAACT

Fasn F: TGGGTTTGGTGAATTGTCTCCG

R: ACACGTTCATCACGAGGTCATG

Pnpla2 F: GGAACCAAAGGACCTGATGACC

R: ACATCAGGCAGCCACTCCAACA

Lipe F: GCTCATCTCCTATGACCTACGG

R: TCCGTGGATAACAACCAG G

18S F: GGTGTCCATTCACCGTTGTC

R: GTAACCCGTTGAACCCCATT

Statistical analysis

All data were presented as mean ± standard devia-
tion (SD) of triplicate experiments. Statistical analyses 
were performed using the Prism 9.0 software. One-way 
ANOVA and two-way ANOVA were used to determine 
the significance of treatment effects and interactions, fol-
lowed by Dunnett’s and Tukey multiple comparison test 
to identify significant differences between group mean 
values. Statistical significance was set at p < 0.05 and  
p < 0.001.

Results and Discussion

Effect of LMEO on lipid accumulation in  
3T3-L1 adipocytes

Prior to investigating the efficacy of LMEO in 3T3-
L1 preadipocytes, its cytotoxicity was evaluated to 

determine appropriate concentration. LMEO was found 
to significantly reduce the cell viability of preadipocytes 
at 50–200 μg/mL, but showed no significant cytotox-
icity at 6.25–25 μg/mL (Figure 1A). Therefore, in sub-
sequent experiments, ≤25 μg/mL of LMEO was used. 
Thereafter, the effect of LMEO on 3T3-L1 differentiation 
was observed by measuring lipid accumulation in 3T3-
L1 cells after treatment with LMEO (6.25–25 μg/mL) 
for 8 days of differentiation. Representative Oil Red O 
images and quantitative results revealed that 12.5–25 μg/
mL of LMEO significantly reduced lipid accumulation 
(Figure 1B).

Accumulation of excess fat in adipose tissue is a hall-
mark of obesity, and anti-obesity effects often depend 
on the ability to limit lipid accumulation (Longo et al., 
2019). Essential oils have many biological effects, and 
the anti-obesity effect of lemon-scented essential oils is 
also known. Lemongrass essential oil suppresses intracel-
lular lipid accumulation and down-regulates adipogenic 
factors in 3T3-L1 adipocytes (Sprenger et al., 2022). 
Lemon balm essential oil reduces triglyceride concentra-
tion in the adipose tissue of type 2 diabetic mice (Chung 
et al., 2010). Lemon essential oil activates sympathetic 
nerve activity in the white adipose tissue of epididymis, 
which may increase lipolysis and suppress gain in body 
weight (Niijima and Nagai, 2003). Similar to other lem-
on-scented essential oil, LMEO suppresses lipid accumu-
lation during adipocyte differentiation. 

Volatile composition of LMEO

Given the common anti-obesity effects of lemon-scented 
essential oils, we hypothesized that their constituent 
compounds might be similar. Therefore, we measured 
the volatile components present in LMEO using GC-MS. 
Table 2 lists the volatile compounds identified in LMEO, 
their percentage contents, and RIs. The total chromato-
gram (TIC) of GC-MS analysis obtained using LMEO is 
shown in Figure 2. Approximately 97% of the total volatile 
compounds were identified using GC-MS, and 28 volatile 
compounds were identified, including 19 terpenes, two 
alcohols, five benzenes, and two hydrocarbons. Terpenes 
accounted for 93% of total volatile compounds. Geranial 
(E-citral, 46.18%) and neral (Z-citral, 42.49%) were the 
main volatile components, followed by sulcatone (2.8%), 
linalool (1.17%), β-caryophyllene (1.06%), and β-citro-
nellol (0.99%). This result aligned with earlier research 
in which LMEO was found to be rich in monoterpene 
aldehydes, specifically neral and geranial (Sultanbawa, 
2016), corroborating our findings. Additional investiga-
tions consistently demonstrated that LMEO is primarily 
composed of citral, a monoterpene aldehyde, with iso-
meric forms, including geranial (46.1–60.7%) and neral 
(32.0–40.9%) (Sultanbawa, 2016). Lemongrass essential 
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Figure 1.  Effects of lemon myrtle essential oil (LMEO) on 3T3-L1 cells. (A) Cytotoxicity of LMEO on 3T3-L1 preadipocytes at 24 
and 48 h. (B) Effects of LMEO on adipocyte differentiation of 3T3-L1 cells. After treatment for 8 days, cells were stained with Oil 
Red O and observed under a light microscope. Lipid accumulation was relatively quantified using Oil Red O staining results. All 
data are presented as the mean ± SD and analyzed with one-way ANOVA, compared with that from control and DIF group (n ≥ 3, 
***p < 0.001).

oil includes neral (36.8%) and geranial (42.9%) (Soliman 
et al., 2017). In addition, lemon balm essential oil con-
sists of neral (30.5–31.9%) and geranial (35.6–38.3%) 
(Ghasemi Pirbalouti et al., 2019). Therefore, in this study, 
geranial and neral were used to investigate the effects of 
lemon myrtle on adipogenesis. 

Effect of citral on lipid accumulation in 3T3-L1 adipocytes

In order to investigate whether the inhibitory function of 
LMEO on lipid accumulation was due to its major compo-
nents, preadipocytes were treated with geranial or neral 
through the same process as LMEO, and lipid accumu-
lation was observed. Geranial and neral treatment were 
observed to decrease intracellular lipid accumulation 
in a concentration-dependent manner, especially at 100 
μM and 150 μM (Figures 3A and 3B). Citral, a mixture of 
geranial and neral (Figure 3C) also inhibited intracellular 

lipid accumulation in a concentration-dependent man-
ner, especially at 50 μM and 100 μM (Figure 3D). In par-
ticular, citral exerted a synergistic effect by enhancing its 
efficacy. The protein and mRNA expressions of PPARγ, 
C/EBPα, and Fabp4, well-known master regulators of 
adipocyte differentiation (Moseti et al., 2016), were also 
affected by citral treatment (Figures 3E–3G). In addition, 
the mRNA expression levels of adipoq and Fasn, which 
are markers of adipokine and lipogenesis, respectively, 
were reduced by citral (Figure 3G). During differenti-
ation, their expression was up-regulated in the control 
group (DIF) but was inhibited in the citral-treated group 
(Figures 3E–3G).

Geranial and neral are structural isomers with similar 
chemical formulas and functional groups and are natu-
rally occurring compounds found in various essential 
oils, such as lemongrass, lemon myrtle, and citronella 
(Mercer and Rodriguez-Amaya, 2021). However, they 
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Table 2.  Composition of volatile compounds identified in lemon 
myrtle essential oil (LMEO) using GC-MS.

Compound RIa Area 
(mean±SD)

RSD 
(%)

IDb

Terpenes

α-Pinene 1,013 0.01±0.00 11.3 B

β-Pinene 1,099 0.03±0.00 1.8 B

Sabinene 1,115 0.00±0.00 2.6 B

β-Myrcene 1,162 0.15±0.00 2.6 B

α-Terpinene 1,175 0.01±0.00 4.2 B

Limonene 1,193 0.15±0.00 1.3 B

γ-Terpinene 1,242 0.01±0.00 3.3 B

β-Ocimene 1,250 0.02±0.00 1.1 B

o-Cymol 1,267 0.02±0.00 1.7 B

β-Citronellal 1,473 0.99±0.00 0.2 B

α-Copaene 1,485 0.12±0.00 2.0 B

Linalool 1,546 1.17±0.02 1.5 A

β-Caryophyllen 1,590 1.06±0.00 0.4 B

Neral 1,684 42.49±0.07 0.2 A

α-Terpineol 1,698 0.22±0.00 0.9 B

Geranial 1,736 46.18±0.13 0.3 A

β-Citronellol 1,774 0.17±0.01 4.7 A

Nerol 1,802 0.31±0.00 1.3 A

Geraniol 1,852 0.81±0.00 0.1 A

Alcohols

2-Methylbut-3-en-2-ol 1,039 0.01±0.00 2.4 B

3-Methylbut-2-en-1-ol 1,322 0.09±0.00 1.4 B

Benzenes

Ethylbenzene 1,120 0.02±0.00 6.1 B

1,4-Xylene 1,126 0.03±0.00 1.8 B

1,3-Xylene 1,134 0.05±0.00 3.4 B

1,2-Xylene 1,178 0.01±0.00 4.6 B

1,2-Diethylbenzene 1,276 0.01±0.00 0.7 B

Hydrocarbons

6-Methylhept- 
5-en-2-one

1,334 2.8±0.04 1.5 B

(E)-3-Methylpent-
2-ene

1,613 0.1±0.00 2.3 C

aRI: Retention indices were calculated using C6–C22 n-alkanes as 
external standards.
bIdentification of  the compounds was based on the following: A, 
mass spectrum and retention index agreed with those of  standard 
compounds under the same conditions (positive identification); B, 
mass spectrum and retention index were consistent with those from 
the National Institute of  Standards and Technology (NIST) library 
(tentative identification); C, mass spectrum was consistent with that 
of  the W9N08 library (Wiley and NIST) and manual interpretation 
(tentative identification).

differ in their double-bond configurations, odors, and fla-
vor profiles. Geranial has a trans double-bond between 
carbons C3 and C4 and is known for its strong lemony, 
citrus-like aroma and flavor. On the other hand, neral 
has a cis double-bond between carbons C3 and C4 and 
has a lemony scent, but is often described as somewhat 
milder than geranial. These differences have a significant 
impact on biological efficacy (Araneda et al., 2004). Both 
compounds have an inhibitory efficacy against cytokine 
expression in murine macrophages (Liao et al., 2015), but 
geranial has a stronger inhibitory effect on tumor growth 
in p53 null 4T1 breast cancer cells than neral (Zeng et al., 
2015). The anti-adipogenic effects of geranial and neral 
were similar, representing a novel finding reported for 
the first time in this study. 

Considering that the mixture of geranial and neral (citral) 
accounted for 88.67% of the total components, the 
anti-adipogenic effect of LMEO was presumed to be due 
to citral. In this study, citral demonstrated a synergistic 
effect, resulting in more potent inhibition of adipogen-
esis. Synergy is defined as an interaction between two or 
more agents that produce a combined effect greater than 
the sum of their individual effects (Geary, 2013). A com-
bination of grape seed-derived procyanidins and gypeno-
sides had a synergistic effect in reducing relative adipose 
tissue mass in high-fat diet mice and alleviating insulin 
resistance (Zhang et al., 2009). Additionally, catechins 
and caffeine, which are components of green tea, syner-
gistically inhibited intracellular fat accumulation in 3T3-
L1 cells and reduced body weight gain in mice (Zhu et al., 
2017). The anti-obesity effects of citral were reported in 
the past. The main components of lemongrass, namely, 
citral, citral diethyl acetal, and citral dimethyl acetal, 
reduced MDI-induced free fatty acid accumulation in 
3T3-L1 adipocytes (Sprenger et al., 2022). Additionally, 
citral reduced the level of intracellular triglyceride accu-
mulation and suppressed the expression of adipogenic 
transcription genes (PPARγ, C/EBPα, SREBP-1c, and Fas) 
in a concentration-dependent manner in 3T3-L1 cells 
(Sri Devi and Ashokkumar, 2018), which is consistent 
with our results. Consistently, we found that citral syner-
gistically inhibited the adipogenic process, compared to 
individual compounds; therefore, the anti-adipogenesis 
mechanism was estimated using citral.

Inhibition of early adipogenesis in 3T3-L1 preadipocytes 
by citral

The mechanism of adipogenesis suppression by citral was 
investigated by treating 3T3-L1 preadipocytes with citral 
at different time points during the differentiation process 
(Figure 4A). Oil Red O staining showed that citral sig-
nificantly inhibited lipid accumulation in cells treated on 
0–2, 0–4, and 0–8 days (#1, #2, and #3), compared to the 



226� Italian Journal of  Food Science, 2025; 37 (1)

Choi YR et al.

Abudance

Time

3500000

Neral
Geranial

1000000

1500000

2000000

3000000

2500000

500000

0
10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00

(sec)

Figure 2.  Gas Chromatography–mass spectrometry (GC-MS) chromatogram of LMEO. 

control group (DIF) (Figure 4B). However, citral treat-
ment on 2–4 and 4–8 days (#4 and #5) did not suppress 
intracellular lipid accumulation. This suggested that citral 
was involved in the early stages of differentiation, that 
is, 0–2 days (#1). Therefore, changes in differentiation-
related markers were examined by comparing #1 and 
#3. As shown in Figures 4C–4E, the protein and mRNA 
expression levels of PPARγ, C/EBPα, and Fabp4 in #1 and 
#3 were significantly reduced, compared to those in the 
control (DIF) group, which was consistent with the Oil 
Red O staining. In addition, the mRNA expression levels 
of Adipoq, Fasn, and lipolysis markers (Pnpla2 and Lipe) 
were also reduced effectively by citral. These results indi-
cated that the early stage of differentiation is a critical 
step in the ability of citral to inhibit adipogenesis.

Adipogenesis is characterized by chronological changes 
in the expression of various genes that lead to the estab-
lishment of adipocyte phenotype (Longo et al., 2019). 
Adipogenesis occurs in multiple stages, including early, 
intermediate, and terminal differentiation. The number 
of growth-arrested confluent preadipocytes almost dou-
ble by day 2 under hormone induction (MCE stage). By 
day 4, the cytoplasmic triglyceride droplets become vis-
ible and accumulate in cells (intermediate stage), and 
the cells are fully differentiated by day 8 (terminal stage) 
(Kim et al., 2012; Qiu et al., 2001; Yu et al., 2020). If the 
MCE of adipogenesis is inhibited, preadipocytes (undif-
ferentiated cells) do not undergo an initial commitment 
to become mature adipocytes. Therefore, these preadipo-
cytes remain undifferentiated and do not progress onto 
the next stage of adipogenesis. 

Inhibition of the intermediate stage prevents preadipo-
cytes from fully differentiating into mature adipocytes. 
When this stage is inhibited, preadipocytes are unable 

to form lipid droplets properly, and the differentiation 
process is halted. Consequently, the cells may remain in a 
semi-differentiated state or return to a preadipocyte-like 
state (Kang et al., 2011). Terminal stage inhibition pre-
vents the final maturation of adipocytes, leading to 
incomplete adipocyte formation. As a result, these cells 
have reduced lipid storage capacity and impaired func-
tion as fully developed adipocytes (Kang et al., 2011). 

Although the differentiation stage involving citral has 
not yet been studied, various chemicals have been inves-
tigated. Apigenin partially inhibited lipid accumulation 
and induced a significant 60% reduction in the formation 
of lipid droplets in 3T3-L1 cells treated during the early 
stage and almost inhibited lipid accumulation during 
the early-to-mid (days 0–4) and long-term (days 0–6) 
stages (Kim et al., 2014). Inula britannica (IAE) exerted 
anti-adipogenic effect when applied during the first 2 
days of the same 8-day differentiation process as in this 
experiment, implying the regulation of early stages of 
adipogenesis (Yu et al., 2020). In particular, IAE inhib-
ited MCE by inducing cell cycle arrest at the G0/G1 phase 
and down-regulating MCE-related transcription factors. 
Early-stage inhibition by citral in this study maintained 
3T3-L1 cells in a preadipocyte state, rather than differ-
entiating them into adipocytes. As citral also has the 
potential to inhibit MCE, similar to IAE, it is necessary to 
examine its effect on MCE.

Citral-induced suppression of MCE by arresting the cell 
cycle progression

Mitotic clonal expansion occurs during the early stages 
of preadipocyte differentiation, and cell cycle pro-
gression contributes to the advancement of MCE  
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Figure 3.  Inhibitory effect of citral on the differentiation of 3T3-L1 cells into adipocytes. (A and B) Changes in lipid accumu-
lation during the differentiation of 3T3-L1 cells into adipocyte by (A) geranial and (B) neral. (C) GC-MS chromatogram of citral.  
(D) Inhibition of lipid accumulation by citral during the differentiation of preadipocytes into adipocyte. (E and F) The protein 
expression levels of adipogenic markers (PPARγ, C/EBPα, and Fabp4). (G) The mRNA expression levels of adipogenic markers 
(Pparg, Cebpa, and Fabp4), an adipokine marker (Adipoq) and a lipogenesis marker (Fasn) in citral-treated 3T3-L1 adipocytes. 
All data are presented as mean ± SD and analyzed with one-way ANOVA, compared with that from the DIF group (n ≥ 3, ***p < 
0.001).
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Figure 4.  Anti-adipogenic effect of citral during the early stage of differentiation of 3T3-L1 cells by MDI. (A) Experimental 
scheme to evaluate the effects of citral treatments during the different stages of differentiation process. (B) Relative lipid accu-
mulation measured by Oil Red O staining of 3T3-L1 cells treatment with citral for the indicated periods. (C and D) Comparison of 
protein expression levels of adipogenic markers and mRNA. (E) Expression levels of adipogenic markers, an adipokine marker, 
a lipogenesis marker, and lipolysis markers (Pnpla2 and Lipe) in 3T3-L1 cells treated with citral for 0–2 (#1) and 0–8 days (#3). 
All data are presented as mean ± SD and analyzed with one-way ANOVA, compared with that from the DIF group. (n ≥ 3, ***p < 
0.001).

(Tang et  al., 2003b). Hence, we determined whether the 
anti-adipogenic effect of citral was related to MCE regu-
lation, thereby inhibiting MDI-induced 3T3-L1 cell prolif-
eration. MDI effectively increased the number of 3T3-L1 
cells in the control group 48 h after treatment whereas 
almost no proliferation occurred in the citral-treated 
group (Figure 5A). Flow cytometry revealed that within 
20 h, MDI induction led to typical cell cycle progres-
sion, transitioning from the G0/G1 phase to S and G2/M 
phases. During this process, the percentage of cells in G0/
G1 phase decreased from 79.0% to 46.5% whereas that in 
the S phase, it increased from 2.1% to 27.1% (Figure 5B). 

However, the proportion of cells in the S phase in citral-
treated group was reduced by 5.6%, which suggests that 
citral may influence cell cycle dynamics and potentially 
delay the transition from G0/G1 phase to S phase. The pro-
tein and mRNA expressions of C/EBPβ, cyclins (cyclin D1, 
cycline E, and cyclin B1), and CDKs (CDK6 and CDK2) 
were also modified (Figures 5C–5E). MDI treatment 
enhanced the expression levels of C/EBPβ and biomark-
ers related to G1 phase (cyclin D1 and CDK6) and G1/S 
boundary (cyclin E and CDK2) whereas citral treatment 
significantly suppressed those expression levels at 16 h 
and 20 h. Cyclin B1, a regulator of G2/M phase, was highly 
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Figure 5.  Effects of citral on cell cycle progression during mitotic clonal expansion (MCE) process. (A) Changes in the number 
of 3T3-L1 preadipocytes by citral after 24 and 48 h. (B) Changes in the phase distribution (G0/G1, S, and G2/M phases) of cell 
cycle progression by citral. Each value of flow cytometry shown was derived by counting at least 10,000 events. The numbers of 
cells in G0/G1, S, and G2/M phases are expressed as percentages of total cells. (C and D) Citral-induced time-dependent changes 
in protein and mRNA. (E) Expression levels of C/EBPβ and cell cycle phase markers (cyclin D1, CDK6, cyclin E, CDK2, and cyclin 
B1) in MDI-treated preadipocytes. The data are presented as mean ± SD (###p < 0.001 compared to the MDI group; ***p < 0.001 
compared to MDI 0 h) from three independent experiments.

expressed in MDI-treated cells at 20 h but not expressed 
in citral-treated cells. Therefore, our results suggest that 
citral prevents cell cycle progression by arresting cells in 
the G0/G1 phase during the MCE of adipogenesis.

Mitotic clonal expansion is necessary to initiate differen-
tiation of growth-arrested preadipocytes. Therefore, the 

inhibition of MCE can induce unbalanced differentia-
tion (Tang et al., 2003a), and this effect has been studied 
for various food ingredients. Curcumin, a key bioac-
tive compound found in the rhizomes of turmeric plant 
(Curcuma longa), suppresses adipogenic differentiation 
by inhibiting MCE during the early stages of adipocyte 
differentiation (Kim et al., 2011). Cell cycle progression 
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signal-regulated kinase (ERK), via hormonal inducers 
(Wen et al., 2022). Therefore, we investigated the upstream 
signaling cascades related to citral-induced MCE inhibi-
tion (Figure 6). MDI treatment strongly stimulated PI3K 
and Akt phosphorylation; however, citral treatment effec-
tively decreased the MDI-induced Akt phosphorylation 
after 30 min. However, citral did not affect the ERK sig-
naling pathway. 

3T3-L1 differentiation is initiated by the hormonal 
inducer, MDI, which triggers the MCE stage. Prior to 
initiating cell cycle progression and activating a tran-
scription factor cascade, MDI activates several signaling 
pathways, including Akt and ERK. Insulin, a component 
of MDI, binds to insulin receptor on cell surface, thereby 
initiating downstream signaling pathways, notably the 
PI3K/Akt pathway (Savova et al., 2023). Dexamethasone, 
another MDI component, activates the ERK pathway 
(Prusty et al., 2002). The PI3K/Akt pathway plays a cru-
cial role in initiating MCE by supporting cell division and 
coordinating lipid accumulation whereas ERK primar-
ily promotes cell proliferation during the early stages of 
MCE and indirectly contributes to differentiation. Both 
pathways stimulate cell proliferation, particularly in the 
early stages of adipocyte differentiation when cell expan-
sion is required. Thus, the regulation of these pathways 
may influence MCE and, by extension, adipogenesis. 
Epigallocatechin gallate suppresses clonal expansion of 
adipocytes by significantly inhibiting the PI3K/Akt and 
mitogen-activated protein kinase kinase (MEK)/ERK 

is delayed as transitions from G1 to S phase and from S 
to G2/M phase are reduced by curcumin. Sulforaphane, a 
compound naturally occurring in cruciferous vegetables, 
inhibits MCE by reducing C/EBPβ expression, arrests cell 
cycle at G0/G1 phase, increases protein p27 expression, 
and decreases retinoblastoma phosphorylation (Choi 
et al., 2012). Many flavor compounds also inhibit MCE. 
Carnosic acid, a major component of rosemary extract, 
attenuates the differentiation of adipocytes and arrests 
cell cycle entry into G2/M phase by inhibiting C/EBPβ 
levels in 3T3-L1 cells (Gaya et al., 2013). β-Asarone, a 
major component of calamus oil, attenuates adipogenic 
master regulators and inhibits C/EBPβ expression (Lee 
et al., 2011). Cinnamon-derived aroma compounds, cin-
nam aldehyde and cinnamyl isobutyrate, suppress lipid 
accumulation by down-regulating C/EBPβ levels (Hoi 
et  al., 2020). These compounds regulate the maturation 
of adipocytes during MCE, leading to a reduction in lipid 
accumulation and have potential benefits for obesity 
management. Consistent with these studies, citral inhib-
ited adipogenesis by regulating adipogenic transcription 
factors and cell cycle pathways.

Effect of citral on Ak strain transforming (Akt) signaling 
in differentiation of 3T3-L1 cells 

Mitotic clonal expansion progresses by activating sev-
eral upper signaling pathways, including phosphati-
dylinositol 3-kinase–Akt (PI3K/Akt) and extracellular 

ERK
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Figure 6.  Effects of citral on PI3K/Akt singling pathway by Western blot analysis. The data are presented as mean ± SD (##p < 
0.01, compared to the MDI group at the same time; *p < 0.05 and ***p < 0.001 compared to MDI, 0 h) from three independent 
experiments.
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