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Abstract

Obesity is a chronic metabolic disorder characterized by excessive accumulation of body fat
and is a major risk factor for various diseases, including type 2 diabetes, hypertension, and
cardiovascular diseases. This study investigated the anti-obesity effects of cannabigerol-
dominant C. sativa inflorescence extracts (CEs) obtained using various ethanol concen-
trations. The extracts were analyzed by UPLC to determine their major components.
Additionally, anti-obesity mechanisms of the extracts were further determined through RT-
gPCR and Western blot analysis to evaluate gene and protein expression levels. A total of
seven cannabinoids, including cannabigerol as a major constituent, were identified within
CE. Differentiation of 3T3-L1 cells was dose-dependently inhibited by CE at all ethanol
concentrations. Furthermore, the gene and protein expression levels of key adipogenic
and lipogenic markers, such as PPARy, C/EBP«, SREBP-1c, and FAS, were significantly
downregulated by CE treatment. In contrast, the expression of factors involved in lipolysis
and white adipose tissue browning, such as HSL, ATGL, UCP1, and PGC-1«, was markedly
increased by CE treatment. These effects were enhanced in an ethanol concentration-
dependent manner. In conclusion, these results demonstrate that cannabigerol-dominant
C. sativa effectively mitigates obesity by suppressing adipogenesis and lipogenesis while
concurrently stimulating lipolysis and white adipose tissue browning.

Keywords: Cannabis sativa L.; cannabinoid; cannabigerol; obesity; anti-obesity

1. Introduction

Obesity is a complex, multifactorial chronic disease that has seen a sharp rise in
modern society [1]. Beyond being a significant clinical concern on its own, it serves as a
primary driver for the onset of metabolic complications, including type 2 diabetes and
cardiovascular diseases [2]. Considerable efforts have been made to treat obesity, leading to
the development of various pharmacological interventions, including cannabinoid receptor
type 1 (CB1) blockers and pancreatic lipase inhibitors [3]. However, these drugs have been
reported to cause severe side effects, such as depression and cardiovascular disease [4].
Furthermore, due to limitations including the long-term nature of treatment and weight
regain, effective obesity therapy remains a significant challenge.
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Obesity is closely linked to several lipid metabolic pathways, including adipogene-
sis, lipogenesis, lipolysis, and white adipose tissue (WAT) browning. While Peroxisome
Proliferator-Activated Receptor gamma (PPARy) and CCAAT/Enhancer-binding Protein
alpha (C/EBPw) act as master transcriptional regulators of adipogenesis, Sterol Regula-
tory Element Binding Protein 1c (SREBP-1c) and Fatty Acid Synthase (FAS) primarily
govern the lipogenic process [5,6]. Suppression of these factors inhibits adipogenesis and
reduces subsequent lipid accumulation, effectively mitigating the progression of obesity [7].
Lipolysis is driven by Hormone-Sensitive Lipase (HSL) and Adipose Triglyceride Lipase
(ATGL), while thermogenesis and WAT browning are regulated by Uncoupling Protein
1 (UCP1) and Peroxisome Gamma Coactivator 1 alpha (PGC-1«x) [8,9]. The coordinated
activation of these factors promotes lipolysis and energy expenditure, leading to significant
anti-obesity outcomes [10].

Cannabis sativa L. has been utilized for millennia across diverse applications, including
medicinal, nutritional, and industrial purposes [11,12]. The plant is reported to possess
a broad spectrum of pharmacological properties, including analgesic, anti-inflammatory,
anti-cancer, and anti-bacterial effects [13]. Due to these therapeutic benefits, it is currently
used as a clinical treatment for diseases such as multiple sclerosis and epilepsy [14,15].

Cannabinoids are considered the primary constituents of C. sativa. Among these,
cannabidiol (CBD) exerts anti-obesity effects by inhibiting lipogenesis and promoting lipol-
ysis in adipose tissue [16]. Furthermore, C. sativa comprises various minor cannabinoids,
including cannabigerol (CBG) and cannabichromene (CBC), which interact with other
cannabinoids or terpenoids to exert synergistic effects [17]. Given that these minor com-
pounds significantly modulate the overall pharmacological profile of the plant, detailed
studies on their individual and collective mechanisms are warranted. Such research is
crucial for identifying novel therapeutic targets to manage complex metabolic disorders,
particularly obesity.

To evaluate the anti-obesity potential of C. sativa, the 3T3-L1 cell line was employed as a
widely recognized in vitro model. This cell line mimics the differentiation of preadipocytes
into mature adipocytes and is primarily used to investigate the mechanisms of lipid
metabolism [18]. Accordingly, the present study investigated the anti-obesity mechanisms
of cannabigerol-dominant C. sativa inflorescence extracts (CEs), prepared using various
ethanol concentrations, within the 3T3-L1 cell model. Furthermore, the therapeutic potential
of CE as both a primary anti-obesity agent and a clinical adjuvant was evaluated.

2. Results
2.1. Quantitative Analysis of Cannabinoids in CE via UPLC

To evaluate the phytochemical characteristics of the extracts, CBG-dominant C. sativa
inflorescences were extracted with four different ethanol concentrations: 30%, 50%, 70%,
and 99.5%. These extracts were designated as CE30, CE50, CE70, and CE99.5, respectively.
The phytochemical profiling of CEs via UPLC revealed the presence of seven distinct
cannabinoids (Figure 1). Quantitative analysis identified CBG and cannabigerolic acid
(CBGA) as the predominant constituents, followed by CBC. The levels of all detected
cannabinoids peaked in CE99.5 (Table 1). Specifically, the total CBG content exhibited
an ethanol concentration-dependent increase, with measured values of 11535 £+ 1.42,
184.13 + 0.43, 272.76 + 0.57, and 412.55 + 0.46 ug/mL for CE30, CE50, CE70, and CE99.5,
respectively (Table 2).
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Figure 1. UPLC analysis of CBG-dominant C. sativa inflorescence extracts. Chromatograms
of standards (A), CE30 (B), CE50 (C), CE70 (D), and CE99.5 (E). The identified peaks
correspond to the following cannabinoids: cannabidivarine (CBDV), cannabidivarinic acid
(CBDVA), cannabigerol (CBG), cannabidiolic acid (CBDA), cannabigerolic acid (CBGA), tetrahy-
drocannabivarinic acid (THCVA), delta-8-tetrahydrocannabinol (A3-THC), cannabicyclol (CBL),
cannabichromene (CBC), cannabinolic acid (CBNA), cannabidiol (CBD), tetrahydrocannabivarin
(THCV), cannabinol (CBN), delta-9-tetrahydrocannabinol (A°-THC), and tetrahydrocannabinolic
acid (THCA). (F) Chemical structures of cannabinoids. Abbreviations: CE30-99.5, 30-99.5% ethanol
extracts of C. sativa, respectively.
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Table 1. Cannabinoid content analysis of CBG-dominant C. sativa inflorescence extracts.
Contents (ug/mL)
CE30 CE50 CE70 CE99.5
CBDV ND ND ND ND
CBDVA 1.38 £ 0.05 1.44 £0.03 1.65 £ 0.04 253 +0.13
CBD ND ND <LOQ <LOQ
CBG 2.3 +£0.09 10.64 £ 0.1 20.28 £ 0.05 25.13 £ 0.13
THCV ND ND ND ND
CBDA <LOQ <LOQ 0.98 £0.04 1.25 + 0.06
CBGA 128.75 £ 1.51 197.59 + 0.43 287.56 £ 0.63 441.25 £ 0.49
CBN ND ND ND ND
A°-THC ND 1.09 £ 0.06 2.09 £ 0.03 248 + 0.05
THCVA ND ND ND ND
AB-THC ND ND ND ND
CBL ND ND ND ND
CBC <LOQ 2.65 +0.03 4.88 + 0.01 6.04 = 0.01
CBNA ND ND ND ND
THCA <LOQ <LOQ <LOQ 1.19 £ 0.05

Note: CBDV, cannabidivarine; CBDVA, cannabidivarinic acid; CBD, cannabidiol; CBG, cannabigerol;
THCV, tetrahydrocannabivarin;, CBDA, cannabidiolic acid; CBGA, cannabigerolic acid; CBN, cannabi-
nol; A°-THC, delta-9-tetrahydrocannabinol; THCVA, tetrahydrocannabivarinic acid; A8-THC, delta-8-
tetrahydrocannabinol; CBL, cannabicyclol; CBC, cannabichromene; CBNA, cannabinolic acid; THCA, tetrahydro-
cannabinolic acid; ND, not detected; LOQ, limit of quantitation.

Table 2. Quantitative analysis of total CBD, THC, and CBG contents in CBG-dominant C. sativa
inflorescence extracts.

Contents (ug/mL)

Total CBD Total THC Total CBG
CE30 <LOQ <LOQ 115.35 +1.42
CE50 <LOQ 1.3+ 0.35 184.13 + 0.43
CE70 1.34 4+ 0.04 247 +0.03 272.76 4+ 0.57
CE99.5 1.58 £+ 0.05 3.52 +0.07 412.55 4+ 0.46

Note: CBD, cannabidiol; THC, delta-9-tetrahydrocannabinol; CBG, cannabigerol; LOQ, limit of quantitation.

2.2. Effect of CE on the Cell Viability of 3T3-L1 Cells

Cell viability assays were performed on 3T3-L1 cells at concentrations of 2.5, 5, 10,
20, 40, and 80 ng/mL of CEs. While CE30, CE50, and CE70 preserved over 90% viability
up to 40 pg/mL (Figure 2A-C), CE99.5 maintained cell viability at concentrations up to
20 ug/mL, beyond which a reduction was observed (Figure 2D).

2.3. CE Suppresses the Differentiation of 3T3-L1 Cells

A dose-dependent reduction in 3T3-L1 differentiation was demonstrated by Oil Red O
(ORO) staining across all CE treatments (Figure 3A). The minimal inhibitory concentration
was identified as 1 pg/mL for CE30, CE50, and CE70, whereas inhibition by CE99.5 was
initiated from 0.5 pg/mL. At a concentration of 4 ug/mlL, differentiation was inhibited by
26%, 35%, 47%, and 62% for CE30, CE50, CE70, and CE99.5, respectively, with the highest
efficacy observed in the CE99.5-treated group (Figure 3B-E).
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Figure 2. Effects of CE on 3T3-L1 cell viability. Cell viability was measured by MTT assay after
treatment with various concentrations (2.5, 5, 10, 20, 40, and 80 ng/mL) of CE. The 0 ug/mL
concentration was used as the vehicle control. (A) CE30 (30% ethanol extract of C. sativa), (B) CE50
(50% ethanol extract of C. sativa), (C) CE70 (70% ethanol extract of C. sativa), and (D) CE99.5 (99.5%
ethanol extract of C. sativa). Data are presented as mean =+ SD (n = 3). Statistical significance: * p < 0.05
and ** p < 0.001 vs. the control group.

2.4. CE Downregulates Adipogenic and Lipogenic Gene Expression in 3T3-L1 Cells

The expression levels of PPARy, C/EBP«, SREBP-1c, and FAS were significantly down-
regulated following CE treatment, with the most pronounced inhibitory effect observed in
the CE99.5-treated group. Specifically, the mRNA levels of PPARy and C/EBP«x were di-
minished by 62% and 63%, respectively, in response to 4 ug/mL of CE99.5 compared to the
differentiation control (Figure 4A,B). Furthermore, the expression of SREBP-1c and FAS was
suppressed by up to 82% and 79%, respectively, under the same conditions (Figure 4C,D).

2.5. CE Upregulates Lipolytic and Brown Adipocyte-Specific Gene Expression in 3T3-L1 Cells

The mRNA levels of HSL, ATGL, UCP1, and PGC-1x were significantly downreg-
ulated upon differentiation in 3T3-L1 cells; however, these reductions were effectively
reversed by CE treatment. A dose-dependent elevation in their expression was observed,
with particularly marked increases induced by CE70 and CE99.5. Specifically, the expres-
sion of HSL and ATGL was promoted by CE99.5, reaching 1.86-fold and 3.4-fold higher
levels than the differentiation control, respectively (Figure 5A,B). Furthermore, UCP1 and
PGC-1« levels were similarly enhanced by CE99.5, with maximum increases of 7.0-fold
and 3.4-fold observed (Figure 5C,D).
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Figure 3. Inhibitory effects of CE on 3T3-L1 differentiation. Adipogenesis was evaluated by Oil
Red O (ORO) staining following treatment with CE at indicated concentrations (0, 0.5, 1, 2, and
4 ug/mL). (A) Representative images of ORO-stained cells. Quantitative analysis of ORO staining in
cells treated with (B) CE30, (C) CE50, (D) CE70, and (E) CE99.5. Data are presented as mean + SD
(n = 3). Statistical significance: ## p < 0.001 vs. the control group; ** p < 0.01 and *** p < 0.001 vs. the
differentiation group. Abbreviations: CE30-99.5, 30-99.5% ethanol extracts of C. sativa, respectively.
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Figure 4. Downregulation of adipogenic and lipogenic gene expression by CE in 3T3-L1 cells. The
mRNA expression levels of (A) PPARy, (B) C/EBP«, (C) SREBP-1c, and (D) FAS were determined
via RT-qPCR. 3T3-L1 cells were treated with various concentrations of CE (0, 0.5, 1, 2, and 4 nug/mL)
during differentiation. Target gene expression was normalized to that of GAPDH. Data are presented
as mean + SD (1 = 3). Statistical significance: Hit p < 0.001 vs. the control group; * p < 0.05, ** p < 0.01,
and *** p < 0.001 vs. the differentiation group. Abbreviations: CE30-99.5, 30-99.5% ethanol extracts
of C. sativa, respectively.

2.6. CE Regulates the Protein Expression of Adipogenic Factors in 3T3-L1 Cells

The protein expression levels of PPARy and C/EBP«, which were upregulated during
3T3-L1 differentiation, were significantly attenuated by CE treatment. These adipogenic
markers were dose-dependently reduced across all samples, with the inhibitory effects
being particularly prominent in the CE70 and CE99.5 groups. The most potent suppression
was observed in the CE99.5-treated group, resulting in a maximum reduction of 82% and
70% for PPARy and C/EBPq, respectively (Figure 6).
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Figure 5. Upregulation of lipolytic and brown adipocyte-specific gene expression by CE in 3T3-L1
cells. The mRNA expression levels of (A) HSL, (B) ATGL, (C) UCP1, and (D) PGC-1o were determined
via RT-qPCR. 3T3-L1 cells were treated with various concentrations of CE (0, 0.5, 1, 2, and 4 pg/mL)
during differentiation. Target gene expression was normalized to that of GAPDH. Data are presented
as mean + SD (n = 3). Statistical significance: # p < 0.05, # p < 0.01, and ## p < 0.001 vs. the control

group; * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the differentiation group. Abbreviations: CE30-99.5,
30-99.5% ethanol extracts of C. sativa, respectively.

2.7. CE Inhibits the Protein Expression of Lipogenic Factors in 3T3-L1 Cells

The expression levels of SREBP-1c and FAS were substantially attenuated following
CE treatment. A notable suppression was observed in the CE50, CE70, and CE99.5 groups.
Specifically, the protein levels of SREBP-1c and FAS were inhibited by up to 65% and 77%,
respectively, by CE70. The greatest reduction was observed in the CE99.5 group, where the
expression of these markers was suppressed by up to 87% and 78%, respectively (Figure 7).
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Figure 6. Suppressive effects of CE on adipogenic protein expression in 3T3-L1 cells. Protein levels
were analyzed via Western blotting and normalized to 3-actin. Representative Western blot bands
showing PPARy and C/EBP« expression following treatment with (A) CE30, (B) CE50, (C) CE70,
and (D) CE99.5. Data are presented as mean =+ SD (n = 3). Statistical significance: ## p < 0.001 vs. the
control group; * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the differentiation group. Abbreviations:
CE30-99.5, 30-99.5% ethanol extracts of C. sativa, respectively.

2.8. CE Promotes the Protein Expression of Lipolytic Factors in 3T3-L1 Cells

The expression levels of phosphorylated HSL (p-HSL) and ATGL, which were de-
creased during 3T3-L1 differentiation, were significantly restored by CE treatment. These
lipolytic markers were increased in a dose-dependent manner, with notable elevations
observed in the CE70 and CE99.5 groups. Specifically, compared to the differentiation
group, the protein levels of p-HSL and ATGL were enhanced up to 4.9-fold and 7-fold by
CE70, and further increased up to 5.9-fold and 11.7-fold by CE99.5, respectively (Figure 8).
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Figure 7. Suppressive effects of CE on lipogenic protein expression in 3T3-L1 cells. Protein levels
were analyzed via Western blotting and normalized to (3-actin. Representative Western blot bands
showing SREBP-1c and FAS expression following treatment with (A) CE30, (B) CE50, (C) CE70, and
(D) CE99.5. Data are presented as mean =+ SD (n = 3). Statistical significance: Hitt p <0.001 vs. the
control group; * p < 0.05, ** p < 0.01, and ** p < 0.001 vs. the differentiation group. Abbreviations:
CE30-99.5, 30-99.5% ethanol extracts of C. sativa, respectively.

2.9. CE Promotes the Protein Expression of Brown Adipocyte-Specific Factors in 3T3-L1 Cells

The protein levels of UCP1 and PGC-1«, which were reduced following differentiation,
were reversed by CE treatment. Their expression was significantly enhanced in extracts
prepared with higher ethanol concentrations, with a notable increase observed in the CE70
group. The most pronounced elevation occurred in the CE99.5-treated group, where UCP1
and PGC-1u expression increased up to 8.9-fold and 4.7-fold, respectively, compared to the
differentiation group (Figure 9).
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Figure 8. Enhancing effects of CE on lipolytic protein expression in 3T3-L1 cells. Protein levels were
analyzed via Western blotting. The relative expression levels of HSL were calculated as the ratio
of phosphorylated HSL (p-HSL) to total HSL, while ATGL expression was normalized to (3-actin.
Representative Western blot bands showing p-HSL, total HSL, and ATGL expression following
treatment with (A) CE30, (B) CE50, (C) CE70, and (D) CE99.5. Data are presented as mean + SD
(n = 3). Statistical significance: * p < 0.01 and ** p < 0.001 vs. the control group; * p < 0.05, ** p < 0.01,
and *** p < 0.001 vs. the differentiation group. Abbreviations: CE30-99.5, 30-99.5% ethanol extracts
of C. sativa, respectively.
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Figure 9. Inductive effects of CE on brown adipocyte-specific factors in 3T3-L1 cells. Protein levels
were analyzed via Western blotting and normalized to 3-actin. Representative Western blot bands
showing UCP1 and PGC-1« expression following treatment with (A) CE30, (B) CE50, (C) CE70, and
(D) CE99.5. Data are presented as mean + SD (n = 3). Statistical significance: Hitt p <0.001 vs. the
control group; * p < 0.05, ** p < 0.01, and ** p < 0.001 vs. the differentiation group. Abbreviations:
CE30-99.5, 30-99.5% ethanol extracts of C. sativa, respectively.

3. Discussion

This study demonstrated the therapeutic potential of CBG-dominant C. sativa inflo-
rescence in mitigating obesity by modulating the molecular pathways of adipogenesis,
lipogenesis, lipolysis, and WAT browning in the 3T3-L1 cell model.

Current pharmacological strategies for obesity primarily focus on restoring energy
balance through hormonal modulation, as exemplified by Glucagon-Like Peptide 1 (GLP-1)
receptor agonists [19]. However, their clinical application is frequently constrained by
prohibitive costs and adverse gastrointestinal effects [20]. Consequently, a comprehensive
understanding of the multifaceted molecular pathways governing energy homeostasis is es-
sential for developing sustainable and safe therapeutic approaches for weight management.
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C. sativa serves as a promising candidate for obesity treatment, as its diversity of
bioactive compounds allows for a multifaceted therapeutic approach that targets various
metabolic pathways simultaneously. Its therapeutic potential is attributed not only to
the major cannabinoids, typically represented by tetrahydrocannabinol (THC) and CBD,
but also to the synergistic actions of various minor cannabinoids that modulate multiple
metabolic pathways [21]. A thorough understanding of minor cannabinoids—including
CBG, CBC, and cannabinol (CBN)—is required to appreciate the multifaceted pharmaco-
logical value of C. sativa [22]. These compounds contribute significantly to the “entourage
effect,” wherein the holistic interaction of all plant constituents produces enhanced thera-
peutic benefits compared to single-agent treatments [23,24]. Their unique pharmacological
profiles enable both individual bioactivity and synergistic contributions through complex
interactions with other components [25]. In this regard, the CBG-dominant C. sativa extract
serves as an appropriate sample to investigate the synergy of multiple cannabinoids, with
CBG representing a major constituent that contributes to the functional profile of this
complex mixture.

To determine the optimal extraction conditions for maximizing anti-obesity efficacy,
the bioactivity of CE prepared with various ethanol concentrations (30%, 50%, 70%, and
99.5%) was evaluated using the 3T3-L1 cell model. While all CEs exhibited significant
anti-obesity potential, the most profound effects were observed in the CE99.5 group. The
superior bioactivity observed in CE99.5 may be attributed to the chemical properties of
its primary constituents [26]. Cannabinoids, including CBD, THC, and CBG, possess a
hydrophobic nature, which facilitates their optimal solubility in high-concentration ethanol.
The chemical analysis confirmed a direct correlation between the ethanol concentration
and the total cannabinoid content (Figure 1; Tables 1 and 2).

Adipogenesis and lipogenesis represent essential targets of obesity [27]. In this study,
these metabolic processes were significantly inhibited by CE70 and CE99.5 in 3T3-L1 cells,
as evidenced by the marked downregulation of key transcription factors and enzymes,
such as PPARy, C/EBP«, SREBP-1c, and FAS (Figures 3, 4, 6 and 7). These findings suggest
that CE effectively suppresses adipocyte hypertrophy and hyperplasia by impeding the
initial stages of lipid formation.

The activation of lipolysis and WAT browning is a crucial therapeutic strategy for
obesity, as these processes actively promote energy expenditure and limit lipid accumu-
lation [28,29]. Our results demonstrate that CE significantly enhances these metabolic
pathways, addressing the core challenges of energy imbalance. Specifically, the substantial
upregulation of key lipolytic enzymes (HSL and ATGL) and thermogenesis markers (UCP1
and PGC-1«) indicates that CE does not merely reduce lipid accumulation but actively
transforms adipocytes into a more metabolically active state. This regulatory effect was
observed in a dose-dependent manner, with CE99.5—characterized by the highest ethanol
concentration—exhibiting the most potent activity (Figures 5, 8 and 9). Collectively, these
findings suggest that CE offers a comprehensive metabolic benefit by simultaneously accel-
erating lipid lysis and enhancing thermogenic energy loss, marking it as a sophisticated
multi-targeted agent for obesity management.

While the anti-obesity effects of CBD have been extensively studied, research focus-
ing on the therapeutic potential of CBG remains relatively limited [16,30]. This study
addresses the current limited understanding of CBG by demonstrating that CBG-dominant
C. sativa extracts possess the potential to effectively regulate lipid metabolism. While
these effects arise from the synergy of the complex mixture, CBG acts as the predominant
functional constituent in this multi-targeted approach. Furthermore, our findings corrobo-
rate previous reports indicating that CBG exerts inhibitory effects on obesity and insulin
resistance-related metabolic dysregulation [31]. Indeed, recent studies emphasize that the
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structural properties and spatial conformation of CBG play a critical role in determining its
functional efficacy [32].

Despite these promising in vitro findings, further in vivo studies are warranted to
fully elucidate the long-term safety and metabolic pharmacokinetics of CE in complex
biological systems. Additionally, while this study emphasizes the collective impact of
the CBG-dominant C. sativa extracts, the precise contribution of each minor cannabinoid
and their potential synergistic interactions—often referred to as the entourage effect—
remain to be fully characterized. To address this, further research utilizing isolated single
cannabinoids is required to elucidate the specific functional role of each constituent and to
validate the underlying mechanisms behind their therapeutic efficacy. In conclusion, these
results suggest that CE acts as a safe and effective therapeutic agent by simultaneously
regulating adipogenesis, lipogenesis, lipolysis, and WAT browning.

4. Materials and Methods
4.1. Preparation and Extraction of C. sativa Inflorescences

CBG-dominant C. sativa ‘Sativa G’ inflorescences were obtained from Nongboomind
(Accession number: NBM-F02-250304, Andong, Republic of Korea). Their authenticity and
cannabinoid profiles were verified by the Gyeongbuk Institute for Bio Industry (GIB, Daegu,
Republic of Korea) according to the GIB-KQI-203 quantitative analysis protocol. Dried
C. sativa inflorescences were subjected to ultrasonic extraction (40 kHz, 40 °C) with ethanol
at various concentrations (30%, 50%, 70%, and 99.5%) using a solid-to-solvent ratio of
1:15 (w/v). The extraction was performed in triplicate for 30 min each. The resulting extracts
were filtered through 6 pum filter paper (ADVANTEC, Tokyo, Japan) and concentrated under
reduced pressure using a rotary vacuum evaporator (EYELA N-1110, Tokyo, Japan) at
40 °C. Subsequently, the extracts were lyophilized at —80 °C to obtain a powder (CE).
The final extraction yields for the 30%, 50%, 70%, and 99.5% ethanol concentrations were
20.77%, 31.80%, 26.04%, and 19.50% (w/w), respectively. The CE was stored at —20 °C until
further use. For cellular treatment, all extracts were dissolved in DMSO, with the final
concentration of DMSO maintained below 0.1% (v/v) to ensure no cytotoxic effects.

4.2. Quantitative Analysis of Cannabinoids

The cannabinoid contents in the CE were determined using an ACQUITY UPLC
H-Class system (Waters, Milford, MA, USA) equipped with an ACQUITY UPLC BEH
C18 Column (1.7 pum, 2.1 x 100 mm) and a VanGuard Pre-column (1.7 um, 2.1 X 5 mm).
Cannabinoid standards were purchased from Cayman Chemical (Ann Arbor, MI, USA),
Absolute Standards (Hamden, CT, USA), and U.S. Pharmacopeia (Rockville, MD, USA).
Before analysis, samples and standards were filtered through a 0.2 um polytetrafluoroethy-
lene syringe filter (Hyundai Micro, Seoul, Republic of Korea). The mobile phases consisted
of (A) 0.1% formic acid in water, (B) 0.1% formic acid in methanol, and (C) 0.1% formic acid
in acetonitrile. A multi-step gradient elution was applied as detailed in Supplementary
Table S1. The column temperature, flow rate, and injection volume were maintained at
30 °C, 0.3 mL/min, and 2 pL, respectively, with detection at 230 nm.

4.3. Cell Culture

The 3T3-L1 (mouse preadipocyte) cells were acquired from the Korean Cell Line
Bank (KCLB, Seoul, Republic of Korea). These cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% calf serum (Thermo Fisher Scientific,
Waltham, MA, USA), 10 mM HEPES (WelGENE, Daegu, Republic of Korea), and 1%
penicillin-streptomycin. The cells were maintained in a humidified incubator at 37 °C
with 5% CO,.
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4.4. Adipocyte Differentiation of 3T3-L1 Cells

3T3-L1 preadipocytes were grown to confluence and induced to differentiate using
a standard MDI cocktail (0.5 mM IBMX, 1 uM dexamethasone, and 1 pg/mL insulin in
DMEM with 10% FBS) for 3 days. The medium was then replaced with maintenance
medium (DMEM with 10% FBS and 1 ug/mL insulin) for 3 days, followed by incubation
in DMEM supplemented with 10% FBS until day 9. CE was co-administered during
each medium change every 2 days throughout the process. FBS was purchased from
Thermo Fisher Scientific (Waltham, MA, USA), and other reagents were from Sigma-Aldrich
(St. Louis, MO, USA).

4.5. Cell Viability Assay

Cell viability was assessed via the MTT assay. MTT was obtained from Sigma-Aldrich
(St. Louis, MO, USA). 3T3-L1 cells were exposed to CE at concentrations of 2.5, 5, 10,
20, 40, and 80 pug/mL for 24 h. After the treatment, the cells were incubated for 4 h
with MTT solution at a final concentration of 50 pug/mL. The generated formazan crystals
were dissolved in DMSO for 30 min, and absorbance was measured at 540 nm using a
SpectraMAX 190 microplate reader (Molecular Devices, San Jose, CA, USA).

4.6. Oil Red O Staining

ORO was purchased from Sigma-Aldrich (St. Louis, MO, USA). Differentiated 3T3-L1
cells were fixed with 10% neutral buffered formalin for 30 min and subsequently incubated
with ORO working solution for 1 h at room temperature. After rinsing with distilled water
to remove background staining, lipid droplets were visualized and imaged using an EVOS
XL Core microscope (Invitrogen, Carlsbad, CA, USA). For quantitative analysis, the stained
ORO was eluted with 100% isopropanol for 5 min, and the absorbance was measured at
492 nm using a SpectraMAX 190 microplate reader (Molecular Devices, San Jose, CA, USA).

4.7. Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted using RiboEX reagent (GeneAll Biotechnology, Seoul, Re-
public of Korea), and its concentration and purity were assessed with a BioSpectrometer
(Eppendorf, Hamburg, Germany). For cDNA synthesis, the HelixCript Easy cDNA Syn-
thesis kit (NanoHelix, Daejeon, Republic of Korea) was utilized in a SimpliAmp Thermal
Cycler (Applied Biosystems, Foster City, CA, USA). Quantitative real-time PCR was per-
formed using the RealHelix Premier qPCR kit (NanoHelix, Daejeon, Republic of Korea)
on a StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA).
Relative gene expression levels were calculated after normalization to GAPDH. The specific
primer sequences utilized for RT-qPCR are provided in Supplementary Table S2.

4.8. Western Blot Analysis

Proteins were extracted using RIPA buffer (ELPIS-Bioech, Daejeon, Republic of Korea)
with Halt™ protease inhibitors (Thermo Fisher Scientific, Waltham, MA, USA) and quan-
tified via Bradford assay (Bio-Rad, Hercules, CA, USA). Samples were denatured in 5 x
Laemmli buffer at 100 °C for 5 min, separated by 10% SDS-PAGE, and transferred to PVDF
membranes. Following blocking with 5% non-fat milk, membranes were incubated with
primary antibodies overnight at 4 °C, then with HRP-conjugated secondary antibodies
for 1 h. Protein bands were visualized using ECL reagent (Kindle Biosciences, Greenwich,
CT, USA) on a ChemiDoc system (Bio-Rad, Hercules, CA, USA). Antibodies are listed in
Supplementary Table S3.
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4.9. Statistical Analysis

Data are presented as mean =+ SD. Statistical significance was determined by one-way
ANOVA followed by Tukey’s post hoc test using GraphPad Prism 8.0 (GraphPad Software,
San Diego, CA, USA). Differences were considered significant at a p-value of <0.05, with
p-values indicated as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms27041747 /s1.
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