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INTRODUCTION
A cell-based assay for adipogenesis and adipocyte 

differentiation has become a powerful tool for in-depth studies 
on adipocytes related to the study of obesity. Most commonly, 
murine preadipocyte cell lines are used due to their ease of 
maintenance and passage. Research using cell and animal 
models has provided more comprehensive insights into 

metabolic pathways in obesity compared to human models, 
which are practically limited by their passage capacity and 
physiological properties. Over the past 5 years, more than 400 
articles have utilized several different murine preadipocyte cell 
lines to study adipogenesis and obesity processes. These articles 
primarily focused on modifications of adipocyte differentiation 
methodologies and adjustments to the adipogenesis agent 
mixtures to suit different cell types. Although several 
adipogenesis induction protocols have been clearly delineated 
step-by-step, achieving consistent and complete success 
remains elusive. Various cell-based models are employed in 
obesity mechanism studies, such as 3T3-L1, 3T3-F442A, 
C3H10T1/2, and mouse stromal cells (OP9) [1–3]. All these 
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ABSTRACT
Adipogenesis research often necessitates lengthy induction protocols and intricate biochemical assays to assess 
lipid accumulation, posing challenges for rapid screening of substances affecting fat cell formation. The purpose 
of this study is to present a novel, expedited approach utilizing L929 cells and image-based analysis to evaluate the 
adipogenic response to (-)-epigallocatechin gallate (EGCG). The L929 cells, known for their spontaneous adipocyte 
differentiation potential, were selected as an alternative to the conventional 3T3-L1 cell model. Unlike 3T3-L1 
cells, which require a 10–14-day induction period, L929 cells differentiated into mature adipocytes within just 5 
days, significantly reducing the processing time. Our results demonstrate that L929 cells exhibit greater sensitivity 
to EGCG compared to 3T3-L1 cells, with a dose-dependent decrease in viability observed after 72 hours of 
exposure. Despite this difference in sensitivity, both cell types displayed consistent anti-adipogenic responses and 
gene expression trends when treated with EGCG. Specifically, EGCG treatment resulted in the downregulation of 
adipogenic genes such as PPARγ, C/EBPα, aP2, and Pref-1, indicating a similar mechanism of action in both cell 
lines. The image-based assay employed in this study enabled precise quantification of cellular parameters, facilitating 
objective and reproducible assessments of adipogenic responses without the need for biochemical evaluation of lipid 
accumulation. Our findings suggest that the combined use of L929 cells and image-based analysis provides a reliable, 
cost-effective, and time-efficient method for preliminary screening of anti-adipogenic substances. This streamlined 
approach holds promise for advancing adipogenesis research by offering a practical alternative to traditional methods 
while maintaining robust and reproducible results.
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differentiation include differentiation efficiency. L929 cells 
might have a higher propensity for adipocyte differentiation 
under specific conditions compared to NIH3T3 cells. If the 
L929 cells differentiate more readily or consistently, this 
could make them a more reliable choice for studies focusing 
on adipogenesis. L929 cells may also show greater lipid 
accumulation when differentiating into adipocytes. This 
can be advantageous for experiments where measuring lipid 
content or observing lipid droplet formation is a key objective. 
The gene expression profiles related to adipogenesis might 
also differ between the two cell lines. L929 cells could 
express certain adipogenic markers more robustly, making 
them a better model for studying the molecular mechanisms 
of adipocyte differentiation. L929 cells have different growth 
rates and requirements compared to NIH3T3 cells. Depending 
on the experimental design, the growth characteristics of 
L929 cells could be more favorable, such as faster growth 
rates or lower nutrient requirements [12]. L929 cells might 
respond more effectively to adipogenic induction agents, such 
as certain hormones or chemicals. This responsiveness could 
lead to more efficient and reproducible differentiation and 
utilize less xenobiotic in the experiments. L929 cells might 
also be more amenable to certain experimental techniques 
or assays, such as staining, imaging, or gene knockdown/
knockout experiments.

This study represents the first investigation into 
the effects of EGCG on the anti-adipogenesis of L929 cells 
using an image-based analysis technique. To provide a 
comprehensive comparison, the effects of EGCG on 3T3-
L1 cells were also assessed concurrently using biochemical 
approaches. The study evaluated cellular sensitivity, anti-
adipogenesis, and adipocyte-related gene expression in pre-
adipocytes and mature adipocytes of both L929 and 3T3-L1 
cell lines. The findings from this research provide a significant 
understanding of the potential use of L929 cells as a model for 
adipocyte differentiation. Additionally, the image-based assay 
offers a cost-effective, fast, and technologically accessible 
method, presenting a viable alternative for preliminary studies 
and start-up laboratories.

MATERIALS AND METHODS

Cell culture
The pre-adipocytes cell line, 3T3-L1 and L929 were 

purchased from (ATCC, Manassas, USA). The cells were 
cultured in a 25 cm2 tissue culture flask (Nunc©, Denmark), 
nourished with a complete medium (DMEM, 10% (v/v) FBS, 
1X antibiotics-antimycotic), and maintained under a standard 
culture condition with 37°C, 95% relative humidity in 5% 
CO2 incubator. Trypsinization using 1% (v/v) trypsin-EDTA 
was performed every 2–3 days or before the cell reached 
70% confluency to avoid differentiation and detachment. All 
chemicals were purchased from Thermo Fisher Scientific, 
USA.

Cellular sensitivity assay
The commercial polyphenols, (-)-epigallocatechin 

gallate (EGCG, C22H18O11, MW = 458.37 g/mol, E4143, 

models require precise protocols, specific inducing factors, and 
incubation times ranging from 3 to 18 days. The most well-
known pre-adipocyte cell line, 3T3-L1, also faces challenges 
such as a lengthy 10-day to 2-week induction process, passaging 
difficulties, and culture condition limitations, often resulting in 
uncertain outcomes.

Most lipid accumulation and adipocyte differentiation 
assays have been evaluated using various biochemical 
techniques such as colorimetric quantification and flow 
cytometry. Although these techniques offer convenience, time 
efficiency, and reliable results, they also require a substantial 
laboratory budget. Additionally, each technique necessitates 
different chemicals, instruments, and usage criteria, and comes 
with its own set of limitations and challenges. To circumvent 
the complexities associated with biochemical methods, image-
based analysis has been introduced and has become a significant 
field in biomedical research [4]. Mori et al. [5] developed a 
modified technique using a colorimetric assay combined with 
image analysis to quantify the total intracellular lipid content 
from an entire culture plate of induced pluripotent stem cells. 
Our previous study also employed image-based analysis to 
evaluate the anti-adipogenesis effects of plant extracts on L929 
cells, yielding acceptable outcomes although direct comparisons 
to 3T3-L1 cells were not undertaken [6]. 

The murine fibroblast cell line, L929, has been 
employed in various cellular mechanism studies, including 
adipocyte differentiation and cytotoxicity tests before 
application in 3T3-L1 [7,8]. L929 cells can differentiate into 
pre-adipocytes and mature adipocytes without the need for 
inducing agents or prolonged incubation periods. However, 
there are few reports on the potential application of L929 as 
a cell-based model for studying adipogenesis mechanisms. 
Spontaneous differentiation into pre-adipocytes can be achieved 
by maintaining L929 cells at 70%–80% confluence for 5 days, 
during which lipid droplets accumulate in the cytoplasm [6]. 
The results indicate that L929 could serve as an alternative cell 
model for adipogenesis and obesity studies.

Previous studies on anti-adipogenesis have 
demonstrated that (-)-epigallocatechin gallate (EGCG), a 
phenolic bioactive molecule abundant in green tea, effectively 
reduces adipogenesis and fat accumulation in various cell types 
[9]. Appropriate concentrations of EGCG have been shown 
to inhibit the expression of adipogenic regulatory genes and 
lipogenic enzymes in murine preadipocytes [10]. Significant 
reductions in body weight, fat tissue weight, and plasma lipid 
levels were observed in obese mice supplemented with EGCG 
[11]. The inhibition of adipogenesis, adipocyte differentiation, 
and triglyceride accumulation by EGCG has been documented 
in multiple cell lines, including 3T3-L1 [9]. However, no 
research has yet reported the effects of EGCG on the inhibition 
of adipogenesis in L929 cells.

L929 and NIH3T3 are both fibroblast cell lines used 
in research, but they have different properties and behaviors. 
The spontaneous accumulation of fat in L929 and NIH3T3 
cells has been reported [12]. The choice between these 
cell lines for spontaneous adipocyte differentiation can be 
influenced by various factors. The potential advantages of 
using L929 cells over NIH3T3 cells for spontaneous adipocyte 
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Lipid staining and quantification

Oil Red O staining
Lipid droplet accumulating in the cells was stained 

and quantified by Oil Red O soluble dye as previously described 
[16]. Cells were gently washed with PBS before fixing in 10% 
(w/v) formaldehyde for an hour. The fixed cell was thoroughly 
rinsed with PBS twice, incubated with 0.3% (w/v) Oil Red 
O (Sigma-Aldrich, USA) in 60% (v/v) isopropanol (Sigma-
Aldrich, USA), 200 µl per well for 15 minutes and rinsed 3–4 
times with distilled water. At this step, the lipid droplets in the 
cells were turned to vivid red colors which could be observed 
under the microscope.

Image-based lipid droplet quantification in L929

Oil Red O and methylene blue (MB) counterstaining
The L929 containing lipid droplets was first stained 

by Oil Red O as described above before counterstain with MB 
adapted from [17]. After Oil Red O staining was completed by 
rinsing with distilled water, 0.1% (w/v) MB solution (Sigma-
Aldrich, USA) was wisely dropped onto the cells. Incubated at 
room temperature for 1–3 minutes before gently rinsing with 
distilled water twice, or until completely removing the excessed 
dye. The stained cells could be observed under the microscope 
and ready to quantify the lipid droplets by the image-based assay. 

Lipid droplet area measurement
The stained cells were randomly photomicrographed 

by a CCD camera installed in the microscope (all microscopic 
instruments were from Olympus, Japan). The images were taken 
from each treatment for five random areas, with at least 200 cells 
per area, approximately 105 cells per treatment in total. The image-
based analysis was performed through the captured images in 
*.TIFF format and further processed by ImageJ software (https://
imagej.nih.gov) as described [18]. Raw photomicrographs or 
pre-processing images were adjusted color thresholds to enhance 
the intensity of red color of lipid droplets. The measurement 
areas were converted from micrometers to pixels before image 
processing. The function of the thresholding method and color 
was set by selecting commands on the menu bar of ImageJ as 
“Image”, “Adjust”, and then “Color Threshold”. A new window 
of the menu was shown as “Threshold Color (experimental)”, 
then selected from the drop-down menu as “MaxEntropy” and 
“Red”, respectively, resulting in the established post-processing 
images. The post-processing images exhibited vibrant red 
color lipid droplets and blue areas of the cells. Only the areas 
of red-lipid droplets were measured by selecting the command 
“Analyze” followed by “Analyze Particles” on the program 
bar. A new window of “Analyze Particles” popped up, and the 
unit of measurement particle was shown in zero to infinity µm2. 
The “Counter Masks” and “Summarize” on drop-down menus 
were selected to confirm the area of measurement, then clicked 
“OK”. The results were provided in areas of lipid droplets per 
cells in µm2 of each picture. At least 200 cells were collected and 
evaluated in the lipid droplet area. The % relative lipid amount 
from each treatment was then calculated in comparison to a 
control by using equation (2) as shown below. 

Merk, Germany), was dissolved in absolute ethanol 
(Sigma-Aldrich, USA) to prepare a stock solution. Working 
concentrations of EGCG, at 10, 50, and 100 µM were freshly 
prepared and directly diluted in a complete medium. The 
50,000 cell/ml of L929 or 30,000 cell/ml of 3T3-L1 were 
seeded onto the 96-well plate for 24 hours in advance. To 
perform the test, the medium in the culture plate was gently 
discarded, varied concentrations of EGCG were added, and 
incubated the cells in a standard culture condition for 72 
hours. Complete medium without EGCG and 0.1% (v/v) 
dimethylsulfoxide were assigned as a control. Five replicates 
were prepared for each treatment. Cell sensitivity relating to 
viability was evaluated by MTT-formazan colorimetric assay 
[13]. The absorbance at 570 nm (A570) was read out using 
a microplate-reader (Rayto TR-2100C, Shenzhen, China). 
The A570 value was then calculated to % relative viability in 
comparison to the control by using the equation (1) as shown 
below. PriProbit Program ver. 1.63 [14] was employed to 
estimate the IC50 of EGCG which was further applied in the 
anti-adipogenesis experiment.

% relative viability = (
(A570 of treatment)

) X 100  (1)(A570 of control )

when A570 represented as the absorbance value

Adipogenic induction
The culture surface for adipocyte differentiation must 

be a pre-coated culture surface with 0.1% (v/v) bovine skin 
gelatin (type B) for 30 minutes at 37°C (a standard plate coating 
protocol as described by ATCC® (PCS-999-027™). After that, 
the gelatin solution was discarded, and the culture surface 
was gently washed once with PBS before the addition of the 
complete medium onto the culture plate. This gelatin-coated 
plate is kept at standard culture conditions for 3 days. Before 
cell seeding, the complete medium in the plate was discarded 
and the culture surface was ready to use.

Spontaneous induction in L929
The optimal condition for L929 spontaneous 

adipogenic differentiation was determined previously [4]. The 
single-cell suspension of trypsinized-L929 at 50,000 cell/ml 
was seeded onto the gelatin-coated plate and maintained under 
a standard culture condition for 5 days. The fresh medium was 
renewed every 2 days. 

Chemical induction in 3T3-L1
This experiment was performed as described [15]. In 

brief, 3T3-L1 at 30,000 cell/ml were seeded in a culture plate 
for 2 days and then incubated with the sequential-inductive 
medium (a completed media + 0.5 mM IBMX (3-isobutyl-1-
methylxanthine) + 1 mM DEX (dexamethasone) + 167 nM 
insulin) for 48 hours. After that, the cells were maintained in 
the insulin medium (a completed medium + 167 nM insulin) for 
14 days to obtain mature adipocytes. 

After the adipogenesis induction processes were 
completely undertaken, the cells were fully differentiated to 
mature adipocytes of L929 and 3T3-L1. 
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L1). Either L929 or 3T3-L1 mature adipocytes were harvested 
for RNA collecting using the Nucleospin® RNA isolation kit 
(Macherey-Nagel, Germany). Total mRNA was used as a 
template for cDNA synthesis by ReverTra Ace® qPCR RT master 
mix (Toyobo Co., Japan) as mentioned in the manufacturer’s 
protocol. The related gene, peroxisome proliferator-activated 
receptor-gamma (PPARγ), CCAAT enhancer-binding protein-
alpha (C/EBPa), adipocyte protein 2 (aP2), and preadipocyte 
factor-1 (Pref-1), were examined by quantitative real-time 
PCR (SensiFASTTM SYBER® No-ROX Kit (Bioline, UK) and 
operated under the EcoTM Real-Time PCR System (Illumina, Inc., 
USA). All reactions were set up for five replicates individually. 
The β-actin was assigned as a housekeeping gene (an internal 
control). Primer sequences (Table 1) were designed by Primer 3, 
followed by specificity verification through BLAST tools. The 
PCR reaction mixture was first denaturated at 94°C for 3 minutes 
followed by 94°C for 3 seconds (40 cycles) and terminated at 
72°C for 30 seconds. The CT values were normalized, and the 
calculated gene expression level used the 2-ΔΔCT method [19]. The 
expression of each gene was compared to none-exposed mature 
adipocytes (controls of L929 or 3T3-L1) and then presented as a 
histogram of relative expressions.

Statistical analysis
All data are represented in mean ± standard deviation 

(SD) from five replicates. Statistical difference was analyzed by 
one-way ANOVA and Duncan’s multiple range test at p ≤ 0.05.

RESULTS

Mature adipocyte morphology of L929 and 3T3-L1
After pre-adipocyte L929 and 3T3-L1 cells were plated 

onto a gelatin-coated surface (Fig. 1A, 1B), they were consistently 
maintained until confluency, where they progressively 
differentiated into mature adipocytes (MA) (Fig. 1C, 1D). Oil 
Red O staining vividly displayed the amount and shape of lipid 
droplets within the cells (Fig. 1E, 1F).

24 hours after plating, pre-adipocyte L929 cells 
exhibited a spindle-like morphology with a prominent nucleus 
(Fig. 1A). These cells progressively differentiated, accumulated 
lipid droplets, and by day 5 of culture, fully displayed the 
characteristics of mature adipocytes (MA-L929). The cell 
bodies of MA-L929 became larger and more oval to round, with 
numerous tiny lipid droplets dispersed around the nucleus in the 
cytoplasm, which were challenging to identify without staining 

% relative lipid amount = {(
total lipid area of treatment

)÷total cell area of treatment

(
total lipid area of control

)}X 100  (2)total cell area of control

when total lipid and cell area represented in µm2

Colorimetric lipid quantification in 3T3-L1
First, the cells were stained with Oil Red O as mentioned 

above. To quantify the amount of lipid droplets, Oil Red O 
dye was extracted from the cell by adding 40 µl of 50% (v/v) 
isopropanol into each well. Then the absorbance at 510 nm (A510) 
was measured using the microplate reader. The % relative lipid 
amount was calculated in comparison to a control (insulin-medium 
without EGCG) by using the equation (3) as shown below.

% relative lipid amount = (
(A510 of treatment)

) X 100  (3)(A510 of control )

when A510 represented as the absorbance value.

Effects of EGCG on anti-adipogenesis

L929
The 50,000 cells/ml of L929 were plated on the gelatin-

coat surface and maintained in the standard culture condition for 
24 hours. The varied concentration of EGCG was prepared to 
10, 20, and 40 µM (referred to the cellular sensitivity assay and 
IC50). The cells were exposed to the complete medium containing 
varied EGCG concentrations for 3 days. The complete medium 
without EGCG (0 µM) was set as treatment control. The lipid 
droplet quantification from each treatment was measured by the 
image-based assay as described above. 

3T3-L1
For 3T3-L1, the anti-adipogenesis evaluation was 

carried on during the 14 days of adipogenesis induction (as 
mentioned above). First, the 30,000 cells/ml of 3T3-L1 were 
plated on the gelatin-coat surface and nourished with the 
sequential-inductive medium for 2 days. Thereafter, the insulin 
medium containing varying concentrations of EGCG was 
prepared to reach a final concentration at 10, 50, and 100 µM 
(referred to the cellular sensitivity assay and IC50). The cells 
were maintained in the insulin-EGCG medium for 14 days. 
The fresh medium was replaced every 2 days. The insulin 
medium without EGCG (0 µM) was set as treatment control. 
All treatment was performed in five replicates. The lipid droplet 
quantification was measured by Oil Red O colorimetric assay as 
mentioned above.

Viability test
Both pre-adipocyte L929 and 3T3-L1 were prepared 

and exposed to the EGCG at varying concentrations with the 
defined incubation time. All treatments and controls were set as 
indicated in those topics. Cell viability was evaluated by MTT-
formazan colorimetric assay as described above (see “Cellular 
sensitivity assay”). 

Adipogenesis-related gene expression analysis
The cells were primarily prepared and exposed to 10 

µM EGCG for 3 days (L929) or 100 µM EGCG for 14 days (3T3-

Table 1. Primer sequences. 

Gene Sequence (5’ -> 3’)

PPARγ Fw: 5’- ttt tca agg gtg cca gtt tc - 3’

Rv: 5’-aat cct tgg tct gag at- 3’

C/EBPa Fw: 5’- gga tac tca aaa ctc gct cc - 3’

Rv: 5’ - cta agt ccc tcc cct cta aa - 3’

aP2 Fw: 5’ - tca cct gga aga cag ctc ct - 3’

Rv: 5’ - aat ccc cat tta cgc tga tg - 3’

Pref-1 Fw: 5’ - cta acc cat gcg aga acg at - 3’ 

Rv: 5’ - gct tgc aca gac act cga ag - 3’
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cytoplasm (Fig. 1D), which were clearly visible with Oil Red O 
staining (Fig. 1F).

Cellular sensitivity to EGCG
The cellular sensitivity was evaluated using % viability 

after a 72-hour exposure to different dilutions of  EGCG; 0, 10, 
50, and 100 µM. L929 exhibited greater sensitivity to EGCG 
than 3T3-L1 demonstrating a decrease in % viability at a higher 
concentration of EGCG (p ≤ 0.05) (Fig. 2). Probit analysis 
calculation indicated the IC50 of L929 and 3T3-L1 which was 
78.47 and 1.39 × 104 µM EGCG, respectively. The EGCG 
concentration ranking below IC50 was considered to apply in the 
anti-adipogenesis evaluation. 

Effects of EGCG on anti-adipogenesis
According to the EGCG sensitivity test of L929 

(IC50 = 78.47 µM) and 3T3-L1 (IC50 = 1.39 × 104 µM), the 
concentrations below the IC50 of each cell were applied in this 
experiment to avoid cell death. EGCG at varying concentrations 
was exposed to the cells throughout the adipogenesis processing 
for 3 or 14 days for L929 or 3T3-L1, respectively. 

Morphology and lipid accumulation
For L929 cells, after 3 days of EGCG exposure, the 

cells were fixed and stained with Oil Red O and MB. Pre-
processing photomicrographs were adjusted using ImageJ 
software to obtain post-processing images that clearly 
exhibited contrasting red lipid droplets and blue cell bodies. 
The counter mask images displayed the actual areas of lipid 
droplet measurement (Fig. 3). The area of red lipid droplets was 
measured from the post-processed images. Quantitative data for 
each treatment were then calculated and represented as the % 
relative lipid amount in parallel with % relative viability.

For 3T3-L1 cells, they were exposed to EGCG for 14 
days during adipogenic induction. The cells were subsequently 
photographed (Fig. 4), and the lipid content was biochemically 
quantified. The % relative lipid amount and viability were then 
verified and reported.

The relative viability of MA-L929 and MA-3T3-L1 
cells during the anti-adipogenesis experiment ranged from 94% to 

(Fig. 1C). Oil Red O staining made these lipid droplets clearly 
visible (Fig. 1E).

For pre-adipocyte 3T3-L1 cells, complete adherence 
to the surface and a spindle-like shape were observed after 24 
hours of plating on the gelatin-coated plate (Fig. 1B). During 
the induction process, significant morphological changes in pre-
adipocyte 3T3-L1 cells were noticeable under the microscope. 
By day 14, the mature adipocytes (MA-3T3-L1) exhibited a 
more oval shape and accumulated large lipid droplets in the 

Figure 1. Fresh pre-adipocytes of (A) L929 and (B) 3T3-L1 cells after plating 
onto a gelatin-coated surface for 24 hours. (C) Mature adipocytes (MA) of 
L929 and (D) MA-3T3-L1 cells showing lipid droplet accumulation. Oil Red O 
staining illustrates  lipid accumulation in red, as observed in (E) MA-L929 and 
(F) MA-3T3-L1 cells. Scale bar = 150 µm.

Figure 2. Cellular sensitivity of (A) L929 and (B) 3T3-L1 cells, evaluated by assessing the percentage of relative viability after exposure to different concentrations  
of EGCG for 72 hours. The letters (a and b) above the bars indicate significant differences among the EGCG concentrations for each cell type (p ≤ 0.05).
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Gene expression patterns
Gene expression analysis was conducted on L929 and 

3T3-L1 cells exposed to 10 µM EGCG for 3 days and 100 µM 
EGCG for 14 days, respectively. These EGCG concentrations 
were chosen based on their demonstrated anti-adipogenesis 
potential. The relative expression levels of adipogenesis-related 
genes were analyzed and plotted. In L929 cells exposed to 
EGCG, the expression levels of PPARγ, C/EBPα, aP2, and  
Pref-1 were significantly reduced to approximately 0.1–0.3-fold 
compared to the control (unexposed L929 cells) (p ≤ 0.05) (Fig. 
6A). Conversely, in MA-3T3-L1 cells, PPARγ expression was 
significantly decreased (p ≤ 0.05), while C/EBPα, Pref-1, and 

97%, with no statistically significant difference from the controls 
(0 μM EGCG) (p ≤ 0.05) (Fig. 5). The percentage of lipid content 
in L929 cells, as measured by image-based assay, is shown in 
Figure 5A, while the results of colorimetric quantification for 
3T3-L1 cells are presented in Figure 5B. Notable differences were 
observed between MA-L929 and MA-3T3-L1 in their responses 
to EGCG. In MA-L929 cells, 10 - 40 μM EGCG significantly  
reduced lipid content (p ≤ 0.05) (Fig. 5A), despite apparent 
reductions in lipid droplets at other concentrations visible in the 
photomicrographs (Fig. 3). Conversely, in MA-3T3-L1 cells, a 
significant reduction in lipid content was observed only at 100 
μM EGCG (p ≤ 0.05) (Fig. 5B).

Figure 3. The pre-processing photomicrographs of MA-L929 cells were adjusted using ImageJ software to produce post-processing images, facilitating the 
measurement of red lipid droplets and blue cytoplasmic cell areas. Scale bar = 100 µm.

Figure 4. Photomicrographs of lipid droplets accumulating in MA-3T3-L1 cells exposed to different concentrations  of EGCG for 14 days during adipogenic 
induction. The amount of cytoplasmic lipid was biochemically quantified using a colorimetric assay. Scale bar = 100 µm.
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[21]. It is conceivable that EGCG may exert varying effects 
on different cell types. Previous studies have demonstrated 
reduced viability and increased apoptosis in adipocytes exposed 
to EGCG [22–24], aligning with the sensitivity of L929 cells, 
originally derived from subcutaneous adipose tissue of a male 
C3H/An mouse [25]. 

Previous studies have shown that EGCG inhibits 
adipogenesis in 3T3-L1 cells [22,26,27]. EGCG dose-dependently 
inhibited lipid accumulation in maturing preadipocytes. The 
inhibitory effects of EGCG are mediated by PI3K-AKT signaling 
to down-regulate PPARγ and FAS expression levels at 100 µM 
[26]. A-dependent CCNA2 and CDK2 expressions mediated 
by FTO and YTHDF2 also contributed to EGCG-induced 
adipogenesis inhibition at 200 µM [27].

In contrast, 3T3-L1 cells, derived from a small cell 
cluster of mouse fibroblasts [28], were able to survive exposure 
to 680 µg/ml or approximately 1,483.51 µM EGCG for 2 days 

aP2 expression levels showed no significant changes compared 
to the control (unexposed 3T3-L1 cells) (Fig. 6B).

DISCUSSION
According to the spontaneous adipocyte differentiation 

potential of L929, this cell line was selected as an alternative 
model for evaluating anti-adipogenesis compared to the 
conventional 3T3-L1 cells in this study. EGCG was administered 
as a gold standard substance to investigate cellular sensitivity, 
anti-adipogenesis potential, and alterations in adipogenic-related 
gene expression. After 72 hours of the sensitivity test, L929 
cells exhibited greater sensitivity to EGCG compared to 3T3-
L1 cells, as evidenced by the dose-dependent decrease in L929 
viability (p ≤ 0.05) (Fig. 2). Consistent with previous reports, 
exposure to 300 µg/ml (65.45 µM) EGCG for 6 hours reduced 
L929 viability [20], while high concentrations of EGCG under 
defined exposure times decreased the survival of 3T3-L1 cells 

Figure 5. Percent relative viability (assessed by the MTT assay) and lipid content influenced by EGCG at various concentrations were evaluated in (A) MA-L929 
cells (3 days) and (B) MA-3T3-L1 cells (14 days) using image-based analysis and colorimetric Oil Red O staining, respectively. The letters (I) above the bars indicate 
significant differences in viability across EGCG concentrations, while (a and b) denote significant differences in lipid content within each cell type (p ≤ 0.05).

Figure 6. Relative expression of adipogenesis-related genes in (A) L929 cells exposed to 10 µM EGCG for 3 days and (B) 3T3-L1 cells exposed to 100 µM EGCG for 
14 days. The letters (a, b and c) at the top of the bars indicate significant differences in the relative expression levels among the genes within each cell type (p ≤ 0.05).
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can lead to alterations in fat tissue development and function. 
Understanding Pref-1’s function can also provide insights into 
potential therapeutic targets for controlling adipogenesis and 
related metabolic conditions [40–42].

In L929 cells, 10 µM EGCG was selected for this 
experiment due to a lack of reduction in cell viability with a 
reduction in lipid droplets observed at this concentration (Fig. 
2 and 5). Following EGCG exposure, a significant decrease 
in the expression levels of all assessed genes was observed 
(Fig. 6A), suggesting that EGCG influenced gene expression. 
Conversely, in 3T3-L1 cells, the expression of PPARγ, C/
EBPα, and aP2 decreased, while Pref-1 was unchanged (Fig. 
6B). This resulted in the interruption of adipogenesis at the 
pre-adipocyte stage, characterized by a high expression level 
of Pref-1 in 3T3-L1 cells [9]. The observed discrepancies in the 
effects of EGCG on gene expression and lipid content between 
L929 cells and 3T3-L1 cells can be attributed to several 
factors, including differences in cell type, cellular context, 
and concentration response dynamics. L929 and 3T3-L1 cells 
originate from different tissues and have distinct physiological 
roles. L929 cells are fibroblast-like cells derived from mouse 
connective tissue, often used in cytotoxicity studies and 
general cell biology research. 3T3-L1 cells are preadipocyte 
cells derived from mouse embryo fibroblasts, widely used as 
a model for studying adipogenesis (fat cell formation). These 
intrinsic differences can lead to varied responses to the same 
compound, such as EGCG, due to differences in receptor 
expression, signal transduction pathways, and metabolic 
activities. The sensitivity of cells to EGCG can differ based 
on gene expression as L929 cells might express higher levels 
of receptors or proteins that are sensitive to EGCG, leading to 
a more significant downregulation of gene expression at lower 
concentrations (10–40 μM). 3T3-L1 cells, being adipogenic, 
have pathways more directly involved in lipid metabolism. 
Therefore, higher concentrations of EGCG (>200 μM) might 
be needed to observe a notable effect on lipid content. The 
effects of EGCG are often dose-dependent, and different 
concentrations can trigger distinct cellular responses. In L929 
cells, a lower concentration might be sufficient to downregulate 
specific genes without appreciably affecting lipid metabolism, 
while in 3T3-L1 cells, higher concentrations may be 
necessary to influence both gene expression and lipid content 
significantly. EGCG might affect various cellular mechanisms 
in different cell types in L929 cells, it could be more effective in 
modulating gene expression pathways, such as those involved 
in cell proliferation, differentiation, or stress response, without 
impacting lipid content. In 3T3-L1 cells, EGCG might act 
more prominently on lipid metabolic pathways, leading to a 
reduction in lipid accumulation. Differences in experimental 
conditions, such as culture media, serum concentration, and 
incubation times, can also influence the outcomes. These 
conditions might affect the availability, stability, and uptake 
of EGCG in different cell types, thereby leading to varied 
results. The importance of considering cell-specific factors 
and dose-response relationships when interpreting the effects 
of compounds like EGCG are important. Further investigation, 
including detailed mechanistic studies, could help clarify the 
underlying reasons for these observed differences.

[21]. However, high concentrations of EGCG can alter cellular 
metabolism, leading to proliferation inhibition, apoptosis, and 
clastogenic induction. Additionally, EGCG’s oxidative reaction 
with molecules in the culture medium generates toxic H2O2 and 
other oxidation products, causing mitochondrial dysfunction, 
oxidative stress, and apoptosis [29–31].

The distinct origins of cells impart various properties, 
including adipocyte differentiation capacity, cell size, and lipid 
droplet volume. External factors also play a pivotal role in 
shaping cellular characteristics. As depicted in Figure 2, 3T3-L1 
cells exhibited larger lipid droplets compared to those observed 
in L929 cells. The adipocyte induction medium for 3T3-L1 cells 
typically contains high concentrations of insulin, growth factors, 
and cytokines, facilitating the maturation of adipocytes over a 
2-week period. These induction substances are recognized as 
crucial factors contributing to the enlargement of lipid droplets 
and are associated with insulin resistance in mature adipocytes 
[32–35]. Lipid droplet size and cellular composition also vary 
significantly between adipose tissue types. Brown-like adipose 
tissue (BeAT), often found in subcutaneous white fat depots, is 
characterized by numerous small lipid droplets and abundant 
mitochondria in the cytoplasm. This unique composition 
enhances its sensitivity to EGCG, which may influence its 
metabolic activity and lipid dynamics. Conversely, white adipose 
tissue (WAT) accumulates larger lipid droplets, contains fewer 
mitochondria, and exhibits lower metabolic activity, resulting 
in greater resistance to higher concentrations of EGCG [15]. 
These distinctions between BeAT and WAT have been shown 
to affect metabolic rate, adipogenesis, and adipolysis. The 
interplay between lipid droplet size, mitochondrial content, and 
adipose tissue type has been extensively documented as critical 
factors in these processes [36–38].

The effects of EGCG on adipogenesis inhibition in both 
cell types were corroborated by the heterogeneous expression 
levels of specific genes. Two distinct groups of genes were 
assessed: (1) adipocyte differentiation genes, including PPARγ, 
C/EBPα, and Pref-1; and (2) lipid metabolism genes, such as aP2. 
During adipocyte differentiation, PPARγ and C/EBPα are induced 
and upregulated, subsequently targeting fatty acid synthase and 
aP2 activation, leading to cytoplasmic lipid accumulation. Pref-1 
serves as a regulatory molecule for both PPARγ and C/EBPα; its 
down-regulation is essential for the expression of C/EBPα and 
PPARγ, thereby facilitating adipogenesis [39]. Pref-1, also known 
as DLK1, is a key regulator in adipogenesis. Understanding its 
function is crucial for contextualizing studies on adipocyte 
differentiation. It inhibits the maturation of preadipocytes into 
adipocytes, preventing the accumulation of lipid droplets and the 
expression of adipogenic markers [40–42]. Pref-1 functions by 
binding to specific receptors on the cell surface and activating 
signaling pathways that inhibit the expression of key adipogenic 
transcription factors and this inhibition blocks the terminal 
differentiation of preadipocytes. The expression of Pref-1 
decreases as preadipocytes differentiate into mature adipocytes 
[40–42]. This downregulation is necessary for the differentiation 
process to proceed. High levels of Pref-1 are associated with 
maintaining cells in an undifferentiated state. Pref-1’s role in 
regulating adipogenesis has implications for metabolic disorders, 
such as obesity and diabetes. Abnormal expression of Pref-1 
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While the image-based methodology offers efficiency, 
it may overlook detailed biochemical insights into lipid 
composition and turnover. Combining this approach with 
traditional biochemical assays could provide a more holistic 
view of lipid metabolism and adipogenesis. Moreover, it 
is important to note that this study presents a preliminary 
model intended as a practical screening tool. For more precise 
experimental outcomes, complementary investigations utilizing 
additional methodologies are essential.

CONCLUSION
In summary, our study demonstrated that the combined 

use of L929 cells and image-based assays offers a rapid and 
reliable approach for experiments related to adipogenic 
responses. This method eliminates the need for an adipogenic 
induction process and does not require a biochemical evaluation 
of lipid accumulation. The non-adipogenic induction process for 
L929 cells significantly shortens the processing time compared 
to the conventional 3T3-L1 method, which requires up to 14 
days of induction. In contrast, L929 cells differentiated into 
mature adipocytes within just 5 days. Although the sensitivity 
to EGCG differed between L929 and 3T3-L1 cells due to their 
distinct cellular characteristics, the overall response to EGCG in 
terms of anti-adipogenesis and gene expression was consistent 
across both cell types. This study underscores the efficacy 
of L929 cells as a viable alternative model for adipogenesis 
research, streamlining the screening process while maintaining 
robust and reproducible results.
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Numerous studies have demonstrated that EGCG 
regulates a plethora of genes involved in adipogenesis, 
lipolysis, beta-oxidation, and thermogenesis [43–45]. In male 
C57BL/6J mice fed with 0.2% or 0.5% EGCG (w/w) for 8 
weeks, the mRNA levels of adipogenic genes, such as PPARγ, 
C/EBPα, aP2, LPL, and FAS, were significantly decreased 
[46]. Treatment with 5 µM EGCG for 3 and 9 days in 3T3-
L1 cells also reduced lipid accumulation by approximately 
84.1% compared to the control [47]. Green tea containing 
EGCG mediated adipocyte differentiation by suppressing 
the expression of Pref-1, PPAR-γ, C/EBPα, and C/EBP-β in 
perirenal fat [48]. The observed gene expression patterns in 
both L929 and 3T3-L1 cells, influenced by EGCG, indicate 
the interference with adipocyte differentiation and subsequent 
lipid accumulation, highlighting a consistent response to 
EGCG across both cell types at the gene expression level.

In the realm of adipogenesis research, a challenge 
lies in selecting techniques that swiftly and accurately screen 
fat accumulation in cells. While a myriad of methodologies 
exists, the key is finding approaches that balance simplicity 
with robustness in quantifying adipogenic outcomes. At times, 
substances have been observed to induce or inhibit the formation 
of fat droplets, yet there remains a lack of a rapid tool to effectively 
quantify the resulting fat accumulation numerically. Image 
analysis software such as ImageJ provides a promising solution 
by leveraging sophisticated image processing algorithms to 
enable precise quantification of cellular parameters [49]. This 
allows for objective and reproducible assessment of adipogenic 
responses. Additionally, our research introduces the utilization 
of L929 cells in conjunction with image-based analysis, 
offering a time-efficient and cost-effective approach with 
reasonable validity. By utilizing cell lines that bypass induction 
protocols and boast accelerated differentiation timelines, we 
streamline the screening process. Validation results confirm 
the feasibility and effectiveness of this approach, highlighting 
its potential as a valuable screening tool. Nonetheless, it is 
crucial to acknowledge potential limitations inherent to this 
methodology, such as imaging artifacts or background noise. 
These challenges can be mitigated by standardizing imaging 
conditions and optimizing parameters to minimize technical 
issues [50]. Additionally, the study relies solely on L929 cells, 
which, while efficient for adipocyte differentiation, may not 
fully replicate the adipogenesis process observed in other 
cell types. Validation of findings in additional models, such 
as primary pre-adipocytes or other cell lines, is necessary to 
ensure broader applicability.

Another limitation is the assessment of EGCG’s 
effects primarily in non-induced adipocytes, which may not 
fully represent the complex differentiation process occurring in 
pre-adipocytes. Investigating EGCG’s impact during the early 
stages of adipogenesis could provide a more comprehensive 
understanding of its mechanisms. Furthermore, the study 
lacks an in vivo component, which is essential for evaluating 
the systemic effects of EGCG, including its bioavailability, 
metabolism, and long-term impact on metabolic health. Future 
studies should employ more complex in vivo models to confirm 
these findings and explore the sustained effects of EGCG 
treatment.
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