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A B S T R A C T

Aims: Obesity, a major global health concern, leads to various metabolic disorders. Adipogenesis, the process of 
preadipocytes differentiating into mature adipocytes, is key to excessive lipid accumulation. This study examined 
the anti-obesity effects of thymoquinone (TQ), a compound from Nigella sativa seeds, using 3T3-L1 pre- 
adipocytes in vitro.
Main methods: Cell viability was assessed with the neutral red assay. Lipid accumulation and GPDH activity were 
evaluated using oil red O staining and the Wise and Green method, respectively. Reactive oxygen species levels 
were quantified with the DCFH-DA method, while immunofluorescence staining was employed to examine the 
nuclear localization of C/EBPβ. The qRT-PCR and western blot assays were used to analyze the adipogenic and 
lipogenic markers.
Key findings: TQ inhibited lipid accumulation at concentrations of 6–30 µM without affecting cell viability. It also 
suppressed adipogenic transcription factors (PPARγ, C/EBPα, C/EBPβ, and SREBP-1c) and lipogenic genes 
(AdipoQ, FABP4, FAS, and ACC1). Additionally, TQ inhibited the AKT pathway and enhanced AMPK 
phosphorylation.
Significance: The results suggest that thymoquinone has anti-obesity properties by inhibiting adipogenic tran
scription factors and lipogenic genes through the regulation of AKT and AMPK pathways. Consequently, it could 
serve as a potential therapeutic agent for obesity.

1. Introduction

The escalating prevalence of obesity has become a pressing concern 
in contemporary society, impacting various facets including social dy
namics, professional productivity, and overall well-being [1]. Recog
nizing its significance, the World Health Organization (WHO) has 
intensified efforts to address and mitigate the societal implications of 
obesity [2]. Obesity, characterized by the proliferation and enlargement 
of adipocytes leading to triacylglycerol (TG) accumulation in adipose 
tissue, is a complex condition [3]. Besides serving as an energy reservoir, 

adipose tissue functions as an endocrine organ, releasing adipocytokines 
that influence physiological processes and disease development [3]. 
Notably, obesity is closely linked to various lifestyle-related diseases 
such as atherosclerosis, underscoring the importance of interventions to 
reduce fat cell proliferation and adipocyte enlargement [4].

In the quest for effective anti-obesity strategies, attention has turned 
towards natural food constituents. Thymoquinone (TQ), the active 
compound found in Nigella sativa seeds, has emerged as a promising 
candidate due to its therapeutic potential in metabolic syndrome [5–9]. 
Research has demonstrated TQ’s ability to modulate lipid and glucose 
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metabolism, with clinical studies highlighting its role in improving 
organ function [10–12]. Obesity is a multifaceted health issue, intri
cately linked with metabolic dysregulation and characterized by 
excessive adipose tissue accumulation. The etiology of obesity involves a 
complex interplay among various signaling pathways and transcription 
factors governing lipid metabolism and adipocyte differentiation [13, 
14]. Adipogenic regulators can be triggered through several biological 
pathways such as protein kinase B (AKT), glycogen synthase kinase 3β, 
and 5’-adenosine monophosphate-activated protein kinase (AMPK). 
These pathways emerge as central regulators of energy homeostasis, 
modulating glucose, and lipid metabolism to maintain cellular energy 
balance [15–17]. Activation of AMPK and suppression of AKT inhibit 
preadipocyte differentiation by suppressing key transcription factors 
such as peroxisome proliferator-activated receptor gamma (PPARγ), 
CCAAT/enhancer-binding proteins (C/EBPs), and sterol response 
element-binding protein 1c (SREBP-1c) which are crucial for adipo
genesis [18,19].

Over the past two decades, research into reactive oxygen species 
(ROS) production during adipogenesis has shown that ROS play a crit
ical role in adipocyte differentiation [20–22]. Thus, studying the impact 
of ROS on adipogenesis is complex, as differentiation fails to proceed if 
ROS levels are either too low or too high [23].

Similarly, sirtuin 1 (SIRT1), a NAD+ -dependent deacetylase, plays a 
pivotal role in cellular metabolism and energy homeostasis [24,25]. 
AMPK and SIRT1 mutually regulate lipid metabolism and energy bal
ance, forming an intricate regulatory network essential for metabolic 
health [26,27]. Disruption of this network, as observed in mice lacking 
AMPK subjected to a high-fat diet, underscores its significance in the 
pathogenesis of obesity [28].

Furthermore, Krüppel-like factors (KLFs), zinc finger transcription 
factors, exert profound effects on adipogenesis by modulating the 
expression of key adipogenic genes [29]. KLF2 inhibits adipogenesis by 
suppressing PPARγ, C/EBPα, and SREBP-1c, while KLF9 controls adi
pogenesis by regulating the expression of PPARγ2 and C/EBPα [30,31].

In this context, TQ, a bioactive compound found in Nigella sativa 
seeds, has garnered attention for its potential anti-obesity effects. TQ has 
been shown to promote glucose and fatty acid oxidation, mitigate liver 
and heart diseases, and induce weight loss in obese animal models [13, 
32–34]. However, its precise mechanisms and efficacy in combating 
obesity at the cellular level remain unclear. Therefore, this study aimed 
to investigate the anti-obesity potential of TQ using a 3T3-L1 pre
adipocyte model, focusing on its impact on adipocyte differentiation and 
key regulatory pathways involved in lipid metabolism.

2. Materials and methods

2.1. Materials

We purchased thymoquinone (97 %; CAS No. 490–91–5; Batch: 
B64422) from Merck KGaA (Germany), fetal bovine serum (FBS, Sigma- 
Aldrich Japan LLC, Japan), benzylpenicillin potassium (Meiji Seika 
Pharma Co., Ltd., Japan) and streptomycin sulfate (Meiji Seika Pharma 
Co., Ltd., Japan), Dulbecco’s Modified Eagle Medium (DMEM, Shimadzu 
Diagnostics Corporation, Japan), dimethyl sulfoxide (DMSO; FUJIFILM 
Wako Pure Chemical Co. Ltd., Japan), Neutral Red (FUJIFILM Wako 
Pure Chemical Co. Ltd.), Oil Red O (FUJIFILM Wako Pure Chemical Co. 
Ltd.) and 2-Propanol (FUJIFILM Wako Pure Chemical Co. Ltd.), dihy
droxyacetone phosphate dilithium salt (DHAP, Sigma-Aldrich Japan 
LLC.), and 2-mercaptoethanol (FUJIFILM Wako Pure Chemical Co. Ltd.).

2.2. Cell culture

The 3T3-L1 preadipocytes (JCRB9014) were supplied by the Japa
nese Cancer Research Resources Bank. Subsequently, these cells were 
cultivated in DMEM enriched with 10 % FBS. Following a two-day 
confluence period (day 0), adipocyte differentiation was induced for 

an additional two days in DMEM enriched with 10 % FBS, utilizing 
0.25 μM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, and 
0.2 μM insulin (DMI). The cells were then cultured in DMEM supple
mented with 0.2 μM insulin and 10 % FBS for 2 days and in DMEM with 
10 % FBS for an additional 4 days. Thymoquinone was dissolved in 
DMSO, ensuring the final concentration of DMSO in the medium was 
below 0.5 %. Control cultures for each experiment included cells, me
dium, and DMSO.

2.3. Cell viability

Cell viability was assessed using the neutral red assay [35]. After the 
culturing process, cells were incubated at 37◦C for 2 h, followed by the 
addition of Neutral Red Reagent at a final concentration of 50 μg/mL. 
Subsequently, the cells were allowed to stand at room temperature for 
30 min, followed by cleaning with a mixture of 2 mL 1 % formalde
hyde/1 % CaCl2 and 1 mL 1 % CH3COOH/50 % ethanol. The absorbance 
of the extract was measured at 540 nm using a spectrophotometer 
(JASCO V-730 BIO Spectrophotometer, JASCO Corporation, Japan). Cell 
viability was calculated using the formula:

Viability(%) = A540− treated cells
A540of appropriate control 

× 100after correction for background absorbance 

2.4. Lipid buildup by Oil Red O stain

Oil Red O staining was employed to assess lipid accumulation during 
the differentiation into mature adipocytes [36]. After aspirating the 
medium from 3T3-L1 adipocytes, a 2 mL wash with Ca++ and Mg++

free-phosphate buffer saline (PBS (-)) was performed. Following a fixa
tion step with 60 % ethanol, 1 mL of Oil Red O staining solution was 
added and left at room temperature for 30 min. Subsequent to a wash 
with 50 % ethanol, the sample was extracted using 1 mL of 2-propanol 
after two washes with 1 mL of ultrapure water. The absorbance of the 
extract was measured at a wavelength of 520 nm using a spectropho
tometer (JASCO V-730 BIO Spectrophotometer, JASCO Corporation).

2.5. Glycerol-3-phosphate dehydrogenase (GPDH) activity

Adipocytes 3T3-L1 were obtained eight days following the initiation 
of differentiation. The cells underwent two 1 mL PBS (− ) washes. Har
vesting involved using a cell scraper and 350 μL of triethanolamine/ 
EDTA buffer, followed by cell disruption using a sonicator (Bioruptor 
UCD-250, COSMO BIO Co., LTD, Japan). After centrifugation 
(13,000 ×g, 5 min, 4◦C), the resulting supernatant underwent an 
enzyme test. GPDH activity was assessed using the Wise and Green 
method [37]. Enzyme activity was calculated by monitoring the change 
in NADH over 3 min, using the extinction coefficient of nicotinamide 
adenine dinucleotide, which is 6.22 mM⁻¹ cm⁻¹ . The enzyme activity 
was expressed as a percentage relative to a control set at 100 %.

2.6. Immunofluorescence staining

3T3-L1 cells were initially cultured in a Lab-Tek Chamber Slide 
System (Thermo Fisher Scientific, Inc.) until reaching confluence. 
Following this, cells were subjected to various differentiation stimuli for 
4 h. Subsequently, they were gently rinsed with PBS and fixed using ice- 
cooled methanol for 5 min at − 20℃. After fixation, cells were per
meabilized with 0.1 % TritonX-100 for 5 min, followed by 5 min with 
Protein Block Serum-free (Agilent Technologies, Inc., USA) at room 
temperature. Next, cells were washed with PBS and incubated with 
primary antibodies against C/EBPβ (H-7) (sc-7962, Santa Cruz 
Biotechnology, USA) at 4℃ for 24 h. Following another round of PBS 
washing, cells were incubated with Alexa Fluor™488-conjugated goat 
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anti-mouse IgG (A28175, Thermo Fisher Scientific, Inc.) for 1 h in light- 
shielded conditions. Then, cells were stained with 4′, 6-diamidino-2-phe
nylindole dihydrochloride (DAPI; FUJIFILM Wako Pure Chemical Co. 
Ltd.) for 5 min to visualize the nuclei. Finally, images were captured 
using the FSX100 Bio-Imaging Navigator (Olympus Corporation).

2.7. Intracellular reactive oxygen species (ROS) measurement

3T3-L1 cells were seeded in dishes and differentiated with TQ at 
concentrations of 15 μM or 30 μM for 6 h. Following this, the cells were 
incubated with 10 μM DCFH-DA for 20 min at 37◦C. Intracellular fluo
rescence was measured using an FSX100 Bio Imaging Navigator 
(Olympus Corporation, Japan), and intracellular ROS levels were ana
lysed using ImageJ software (version 1.5.4).

2.8. Quantitative reverse transcription-polymerase chain reaction (qRT- 
PCR)

Using the High Pure RNA Isolation Kit (Roche, Germany), RNA 
extraction was conducted on 3T3-L1 adipocytes. Subsequently, the 2100 
Bioanalyzer (Agilent Technology Inc.) was employed to assess both the 
quality and quantity of the extracted RNA. For cDNA synthesis, the 
PrimeScript RT Reagent Kit (TaKaRa Bio Inc., Japan) was utilized. Real- 

time PCR was executed in a StepOnePlus PCR System (Thermo Fisher 
Scientific Inc.) using TB Green Premix Ex Taq II (TaKaRa Bio Inc.) as per 
the manufacturer’s guidelines. The primer sequences are presented in 
the table (Table 1). The mRNA expression levels were normalized 
against β-actin, and the delta-delta CT analysis was conducted using 
StepOne software version 2.2.2 (Thermo Fisher Scientific, Inc.).

2.9. Western blotting

In RIPA buffer, 3T3-L1 preadipocytes were collected using cell 
scrapers, and sonication was performed with a Bioruptor sonicator 
(COSMO BIO Co., LTD). The RIPA buffer contained protease inhibitors 
(leupeptin, pepstatin, and phenylmethanesulfonyl fluoride), phospha
tase inhibitors (sodium fluoride), and tyrosine phosphatase inhibitors 
(sodium orthovanadate). After centrifugation at 13,000 ×g for 10 min at 
4◦C, the supernatant was mixed with sample buffer and heated at 90◦C 
for 5 min. Samples were stored at − 80◦C before use. Protein concen
tration was measured using the Pierce™ BCA protein assay kit. 
Following separation by 10 % SDS-PAGE, 20–30 μg of total protein was 
transferred to a Merck Millipore polyvinylidene difluoride membrane. 
After blocking with 3 % bovine serum albumin for 1 h, the membrane 
was incubated overnight at 4◦C with primary antibodies. The antibodies 
were diluted as follows: rabbit anti-pAMPK (Thr172) monoclonal 

Table 1 
The sequences of primers used in real-time PCR.

Name Forward Reverse

ACC1 5′-CTGCAGAAACTCATCCTCTCGG− 3′ 5′-GCGGTGTTGTACGCTGTTGA− 3′
AdipoQ 5′-ATCTGACGACACCAAAAGGGCT− 3′ 5′-TAACGTCATCTTCGGCATGACTG− 3′
C/EBPα 5′-TTGAAGCACAATCGATCCATCC− 3′ 5′-GCACACTGCCATTGCACAAG− 3′
C/EBPβ 5′-ACGGGACTGACGCAACACA− 3′ 5′-TGCTCGAAACGGAAAAGGTTC− 3′
FABP4 5′-ACATGAAAGAAGTGGGAGTGGG− 3′ 5′-AAGTACTCTCTGACCGGATGGTG− 3′
FAS 5′-GAATACACAGCCACCGACCG− 3′ 5′-CACCAGAAGGTCAAGGGCAC− 3′
KLF2 5′-TAAAGGCGCATCTGCGTACA− 3′ 5′-CCTGTGTGCTTTCGGTAGTGG− 3′
KLF9 5′-CTTAAAGCCCATTACAGAGTGCATA− 3′ 5′-TCCTCATGAATCTCTTCTCACACA− 3′
PPARγ 5′-GGAGCCTAAGTTTGAGTTTGCTGTG− 3′ 5′-TGCAGCAGGTTGTCTTGGATG− 3′
SIRT1 5′-CGTAGTTCCTCGGTGCCCTA− 3′ 5′-ACTTCATGGGGTATAGAACTTGGAA− 3′
SOD1 5′-CGGCGGATGAAGAGAGGCAT− 3′ 5′-GGACCACCATTGTACGGCCA− 3′
SOD2 5′-CCTAAGGGTGGTGGAGAACC− 3′ 5′-ACCTTGGACTCCCACAGACAC− 3′
SREBP− 1c 5′-GAGCTGCGTGGTTTCCAACA− 3′ 5′-GTGGCCTCATGTAGGAATACCCTC− 3′
β-Actin 5′-CATCCGTAAAGACCTCTATGCCAAC− 3′ 5′- ATGGAGCCACCGATCCACA- 3′

Fig. 1. The impact of TQ on the viability of 3T3-L1 preadipocytes. Cells were treated with 15 or 30 μM of TQ for A) 24 h and B) up to 72 h. Cell viability was assessed 
via the Neutral Red assay. Values represent means ± SE (n = 3). ns: Not significant, *: p < 0.05, ***: p < 0.001, and ****: p < 0.0001 vs Control, as verified using 
analysis of variances (ANOVA) followed by Dunnett’s multiple comparison test.
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Fig. 2. The impact of TQ on TG accumulation in 3T3-L1 preadipocytes. A) Representative images of Oil Red O staining. B) Intracellular TG levels were assessed 
(means ± SE; n = 4) via Oil Red O staining eight days post-differentiation initiation and quantitative analyses were conducted on 3T3-L1 preadipocytes treated with 
TQ at concentrations of 7.5, 15 or 30 μM, compared to untreated cells. Oil Red O was extracted, and its absorbance was measured at 520 nm using a spectro
photometer. GPDH activity of C) and D) were determined (means ± SE; n = 4) using the NADH extinction coefficient of 6.22 mM− 1 cm− 1, measured by the reduction 
in NADH levels every 3 min. Enzyme activity is presented as a percentage relative to the control (100 %). **: p < 0.01, ***: p < 0.001, **** p < 0.0001 vs Control, as 
verified using analysis of variances (ANOVA) followed by Dunnett’s multiple comparison test. Undiff: Undifferentiated.
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antibody (Cat# 2535, Cell Signaling Technology, Inc.,USA) (1:1000), 
rabbit anti-AMPK (Thr172) monoclonal antibody (Cat# 2532, Cell 
Signaling Technology, Inc.) (1:1000), anti-pAKT (Ser473) polyclonal 
antibody (Cat# 9271, Cell Signaling Technology, Inc.) (1:1000), anti-C/ 

EBPβ (LAP) polyclonal antibody (Cat# 3087, Cell Signaling Technology, 
Inc.) (1:1000), anti-CDK2 polyclonal antibody (Cat# 10122–1-APPro
tein Tech) (1:5000), anti-PPARγ (E-8) (sc-7273, Santa Cruz Biotech
nology, USA), anti-C/EBPα(14AA) (sc-61, Santa Cruz Biotechnology). 

Fig. 3. The impact of TQ on A) MCE following the induction of differentiation in 3T3-L1 preadipocytes. Viable cell percentage was determined using the neutral red 
technique 48 h after initiating preadipocyte differentiation. B) The protein expression level of CDK2 after 24 h following the onset differentiation in 3T3-L1 pre
adipocytes. Results are presented as means ± SE (n = 3). ns: Not significant, *: p < 0.05, **: p < 0.01 vs control, as analysed using analysis of variances (ANOVA) 
followed by Dunnett’s multiple comparison test. Undiff: Undifferentiated.

Fig. 4. The representative images of immunofluorescence stained C/EBPβ in 3T3-L1 cells after 4 h of differentiation induction. Arrows indicated the binding of C/ 
EBPβ to satellite DNA.
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For loading control, rabbit anti-β-Actin monoclonal antibody (Cat# 
3700, Cell SignalingTechnology, Inc.) (1:1000), GAPDH (Cat#5174, 
Cell Signaling Technology, Inc.) (1:1000), rabbit anti beta-Tubulin 
(ab6046, Abcam LTD, England) were used. The secondary antibody 
was then applied and incubated for 1 h. A 1:3000 dilution of either 
polyclonal goat anti-rabbit immunoglobulins/biotin (E0432, Agilent 
Technology, Inc.) or polyclonal goat anti-mouse immunoglobulins/ 
biotin (E0433, Agilent Technology, Inc.) was used as the secondary 
antibody. The membrane was visualized using AE-9300 EZ-Capture MG 
(ATTO Corporation, Japan) and EZ West Lumi One (ATTO Corporation). 
Fluorescence intensity was measured with CS Analyzer ver. 3.0 (ATTO 
Corporation).

2.10. Statistical analysis

The data are presented as the mean ± SE. Statistical analysis was 
conducted using the GraphPad Prism version 9.5.1 (733). Statistical 
significance was determined using analysis of variances (ANOVA) fol
lowed by Dunnett’s or Tukey’s multiple comparisons tests. Three inde
pendent trials (n = 3) were used in each experiment.

3. Results

3.1. Impact of TQ on cytotoxicity in 3T3-L1 preadipocytes

The Neutral Red Assay was employed to evaluate the viability of 
3T3-L1 preadipocytes in the presence of TQ. Remarkably, concentra
tions of TQ up to 30 μM showed no detrimental cytotoxic effects on these 
cells (Fig. 1A). However, at concentrations exceeding 45 µM, TQ 
significantly induced cytotoxic effects in 3T3-L1 cells. Consequently, our 

investigation identified 15 µM and 30 µM as the optimal concentrations. 
Additionally, TQ exhibited no toxicity at 15 μM and 30 μM after 3 days 
of incubation and the effective percentage mean (EPM) of cell viability 
were 81.9 % and 79.3 % respectively (Fig. 1B).

3.2. Influence of TQ on intracellular triglyceride levels in 3T3-L1 
preadipocytes

Confluent 3T3-L1 cells were exposed to varying concentrations of TQ 
during MDI induction to assess its impact on lipid accumulation. The oil 
red O staining method was utilized to measure intracellular TG accu
mulation. On the 8th day following the initiation of differentiation, lipid 
accumulation was evaluated by staining with oil red O solution. TQ 
demonstrated progressive inhibition of lipid accumulation compared to 
control cells in these concentrations (7.5 µM, 15 µM, and 30 µM TQ) 
(Fig. 2A, B). Treatment with 7.5 µM, 15 µM and 30 µM TQ resulted in a 
decrease in lipid accumulation by 18.14 % (p < 0.0001), 38.03 % 
(p < 0.0001) and 80.78 % (p < 0.0001), respectively, compared to 
control cells. These findings suggest that TQ has the potential to impede 
adipocyte differentiation in 3T3-L1 preadipocytes, indicating its 
possible efficacy in combating obesity.

3.3. Effects of TQ on glycerol-3-phosphate dehydrogenase (GPDH) 
activity in 3T3-L1 preadipocytes

GPDH is an enzyme located within the cytoplasm that plays a rate- 
limiting role in triglyceride synthesis by converting dihydroxyacetone 
phosphate into glycerol 3-phosphate [38]. During the final stages of 
adipogenic differentiation and adipocyte maturation, GPDH activity 
increases [37]. Thus, our investigation aimed to evaluate GPDH activity, 

Fig. 5. The impact of TQ on A) the intracellular ROS levels of 3T3-L1 cells at 6 h of intervention. The mRNA expression of ROS scavenging genes B) SOD1 and C) 
SOD2. Results are presented as means ± SE (n = 3). ns: Not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001 vs control, as analyzed using 
analysis of variances (ANOVA) followed by Dunnett’s multiple comparison test.
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confirming the inhibitory effect of TQ treatment on TG synthesis. As 
depicted in Fig. 2C, TQ treatment decreased GPDH activity at concen
trations of 15 µM and 30 µM, corresponding with a decrease in triglyc
eride levels. As GPDH activity was down in TQ treated cells, current 
studies further compare TQ treatment with both control and undiffer
entiated cells (Fig. 2D). The GPDH activity of undifferentiated cells was 
not almost detected. These results indicated that GPDH activity is a good 
marker for differentiation into adipocytes. These results imply that TQ is 
intricately involved in adipogenesis by reducing glycerol formation in 
3T3-L1 cells.

3.4. Effects of TQ on mitotic clonal expansion (MCE) during 3T3-L1 
preadipocyte induction

Adipocytes cease growth upon confluence. However, as 

differentiation proceeds, the cell cycle progresses, leading to MCEs that 
differentiate into adipocytes. Given the efficacy of TQ treatment in the 
early stages, this study aimed to determine its effect on MCE. Cell 
viability was assessed using the neutral red technique. Following a 48-h 
incubation period with TQ, MCE significantly decreased as differentia
tion was induced (Fig. 3A). Cyclin-dependent kinase 2 (CDK2) plays a 
role in disrupting MCE and adipocyte differentiation [39]. Therefore, we 
investigated the impact of TQ on CDK2 protein expression. The results 
showed that after 24 h of TQ treatment, CDK2 expression was reduced 
(Fig. 3B). This indicates that TQ interferes with MCE and adipocyte 
differentiation by modulating CDK2.

C/EBPβ is critical for mitotic clonal expansion and activating tran
scription factors C/EBPα and PPARγ [40]. Consequently, C/EBPβ 
expression is considered a pivotal transcription factor during MCE [41]. 
Therefore, immunofluorescence staining was employed to further 

Fig. 6. The impact of TQ on TG accumulation in 3T3-L1 preadipocytes. A) Representative images of Oil Red O staining. B) The quantitative analyses of 3T3-L1 
preadipocytes treated with NAC (1 mM), 30 μM TQ with NAC (1 mM), and sole 30 μM TQ. Oil Red O was extracted, and its absorbance was measured at 520 nm 
using a spectrophotometer. Results are presented as means ± SE (n = 3). **: p < 0.01, ****: p < 0.0001 indicate the significant differences between the groups as 
verified using analysis of variances (ANOVA) followed by Tukey’s multiple comparison test.
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evaluate the nuclear localization of C/EBPβ. When comparing 
TQ-treated cells to control, the findings showed a decrease at 15 µM and 
30 µM of TQ concentrations in C/EBPβ’s nuclear localization at the early 
stage of induction of differentiation media (Fig. 4).

3.5. Impact of TQ on adipogenesis through oxidative stress

Many research groups now consider that maintaining a controlled 
basal level of ROS is essential and beneficial for supporting cell func
tions, including proliferation, differentiation, and survival [42]. Our 
research explored how ROS affect adipogenesis in 3T3-L1 cells when 
treated with TQ. TQ treatment led to trigger the ROS production in these 
cells (Fig. 5A). This was verified by examining the transcriptional ac
tivity of scavenging genes such as superoxide dismutase 1 (SOD1) and 
superoxide dismutase 2 (SOD2). We observed that the mRNA expression 
levels of SOD1 and SOD2 were reduced in TQ-treated cells compared to 
the control group (Fig. 5B, C). Therefore, this suggests that TQ elevates 
ROS levels during adipocyte differentiation. This elevated ROS level was 
correlated with a marked reduction in adipogenesis, as evidenced by 
decreased lipid accumulation. Our study investigated the impact of TQ 
and a combination of TQ with N-acetylcysteine (NAC) on lipid accu
mulation in 3T3-L1 cells using Oil Red O staining. The results indicated 
that treatment with 30 µM TQ decreased lipid accumulation by 58.9 %. 
In contrast, the treatment of NAC alone and the combined treatment of 
30 µM TQ and 1 mM NAC reduced lipid accumulation by 18.94 % and 
39.8 % respectively (Fig. 6A, B). NAC served to validate the role of ROS 
in fat accumulation reduction by scavenging ROS. These results support 
our hypothesis that TQ-induced ROS production is critical for its effect in 

reducing fat accumulation.

3.6. TQ inhibits adipogenesis in the early stages of differentiation

To evaluate its inhibitory effect on adipogenesis, fully grown pre
adipocytes were exposed to 30 μM of TQ during the early, intermediate, 
and late stages of differentiation (Fig. 7A). Lipid production percentage 
was measured using Oil Red O staining. Over an 8-day treatment with 
TQ, the formation of lipid droplets significantly decreased (p < 0.0001) 
by 28.4 % compared to control cells. Cells treated with TQ exhibited a 
decrease in the relative quantity of lipid droplets compared to other 
differentiation stages. As depicted in Fig. 7B, approximately 22.7 %, 
29.7 %, and 29.8 % of fat deposition occurred after two, four, and six 
days of incubation, respectively. According to our findings, TQ treat
ment predominantly impedes adipogenesis in the early stages of dif
ferentiation. KLF2 serves as an intrinsic suppressor of differentiation, 
able to hinder adipocyte differentiation in its early phases [43]. TQ was 
evaluated for its effects on the early phase of adipogenesis by analyzing 
KLF2. Our findings indicated that treatment of 3T3-L1 cells with TQ 
increased KLF2 mRNA expression and inhibited adipogenesis (Fig. 7C). 
These findings demonstrate that TQ modulates the initial stages of 
adipogenesis.

3.7. Impact of TQ on the expression of adipogenic master regulators

The adipogenic program relies on various transcription factors, 
among which C/EBPβ is a key component [44]. Reducing the expression 
of C/EBPβ in 3T3-L1 preadipocytes prevents adipogenesis [45]. It is an 

Fig. 7. The influence of the timing of TQ addition on adipocyte fat accumulation in 3T3-L1 preadipocytes was examined. A) The experimental design illustrates TQ 
addition during the differentiation induction phase. Oil Red O staining was conducted 8 days following differentiation initiation. B) Subsequently, Oil Red O was 
extracted, and its absorbance was quantified (means ± SE; n = 4) at a wavelength of 520 nm using a spectrophotometer. C) The KLF2 mRNA expression (means 
± SE; n = 3) of 24 h after inducing TQ in 3T3-L1 preadipocytes. Asterisks (*, p < 0.05; **, p < 0.01; and ****, p < 0.0001) indicate statistical significance as 
analyzed using analysis of variances (ANOVA) followed by Dunnett’s multiple comparison test compared to the control. ns: Not significant.
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essential early regulator of adipogenesis that induces the expression of 
the key adipogenic transcription factors C/EBPα and PPARγ by binding 
to their promoters [46]. PPARγ and C/EBPα are pivotal adipogenic 
markers involved in coordinating the transcriptional network regulating 
the transition from preadipocyte to adipocyte [47]. PPARγ becomes 
active during preadipocyte differentiation, playing a crucial role in 
adipogenesis [48]. Lack of PPARγ prevents precursor cells from 
maturing into adipocytes [48]. Furthermore, PPARγ promotes adipo
genesis in the absence of C/EBPα, while C/EBPα alone cannot initiate 
adipogenesis in cells lacking PPARγ, highlighting PPARγ as the principal 
regulator of adipogenesis [49]. To further explore the differentiation 
process of 3T3-L1 cells, Western blot analysis was conducted to observe 
the protein expression of C/EBPβ, PPARγ, and C/EBPα, while qRT-PCR 
was employed to monitor mRNA expression levels. Following 24 h of 
TQ treatment, the protein expression of C/EBPβ was downregulated 
while mRNA expression remained unchanged (Fig. 8A, B). However, 
after 48 h, both protein and mRNA expressions of C/EBPβ were mark
edly reduced compared to the control group (Fig. 8C, D). In TQ-treated 
cells after 48 h, the protein expressions of C/EBPα and PPARγ were 
markedly reduced at 15 µM and 30 µM of TQ concentration compared to 
the control cells (Fig. 9A, B). Consistent with the western blot findings, 
qRT-PCR analysis revealed a significant decrease in the mRNA expres
sion of C/EBPα and PPARγ compared to control cells (Fig. 9C, D). These 
results suggest that TQ inhibits the process of adipogenesis by reducing 
the expression levels of C/EBPβ, PPARγ, and C/EBPα.

3.8. Impact of TQ on the expression of genes associated with adipogenesis

During various phases of adipogenesis, distinct mRNA expressions 
regulate key adipogenic regulators, with KLFs playing a significant role. 
In this study, the mRNA expressions of KLFs (KLF2 and KLF9) were 
evaluated. KLFs participate in mammalian cell differentiation and 
development [50]. KLF9 has a pro-adipogenic effect during adipocyte 
development, which was also attenuated with TQ treatment. Fig. 10A 
illustrates the significantly decreased KLF9 mRNA expression following 
treatment with varying TQ concentrations.

To further explore the inhibitory effect of TQ on adipogenesis-related 
mechanisms, qRT-PCR was utilized to assess the mRNA levels of 
adipocyte-specific transcription factors. Fig. 10B, C demonstrates a 
decrease in SREBP-1c mRNA and protein expression levels. Additionally, 
TQ effectively inhibited the mRNA expressions of AdipoQ, FABP4, and 
FAS, which are associated with adipogenesis and lipogenesis (Fig. 10D). 
These results suggest that TQ suppresses the differentiation of 3T3-L1 
cells by regulating genes involved in adipogenesis.

3.9. Impact of TQ on the AKT signaling pathway

Since regulators and effectors in adipocyte differentiation can be 
enhanced through the AKT signaling pathway, we investigated the 
impact of TQ on the activation of proteins involved in this mechanism. 
In this study, we examined the expression levels of phosphorylated AKT 
(pAKT) protein in 3T3-L1 cells treated with TQ. The findings revealed a 
notable downregulation of pAKT protein expressions during the early 

Fig. 8. Impact of TQ on A) the protein expression level (n = 4) of C/EBPβ, B) the mRNA expression (n = 3) of C/EBPβ after 24 h following the onset of differentiation 
in 3T3-L1 preadipocytes; C) the protein expression level (n = 3) of C/EBPβ, D) the mRNA expression (n = 3) of C/EBPβ after 48 h following the onset of differ
entiation in 3T3-L1 preadipocytes were assessed. The reported values indicate means ± SE. Asterisks (*, p < 0.05 and **, p < 0.01) indicate the statistical signifi
cance as verified using analysis of variances (ANOVA) followed by Dunnett’s multiple comparison test compared with Control. ns: Not significant.
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