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INTRODUCTION
Diabetes is a significant global health challenge as its 

prevalence steadily rises annually. The global prevalence of type 
2 diabetes mellitus (T2DM) in adults is anticipated to increase 
from 8.8% in 2017 to 9.9% by 2045, with a more rapid increase 

in low- and middle-income countries than in high-income 
countries [1,2]. Indonesia, for instance, is expected to see its 
diabetes prevalence surge from 9.19% in 2020 to 16.09% by 
2045 [3]. Most diabetes cases are T2DM (90%–95%), marked 
by insulin resistance, leading to dyslipidemia, endothelial 
dysfunction, elevated inflammatory markers, hyperglycemia, 
hypertension, and atherosclerosis [4,5].

Insulin resistance remains a key factor in the 
development of T2DM. Numerous research has investigated 
the involvement of insulin target tissue such as adipose tissue in 
the etiopathogenesis of T2DM. Adipose tissue is an important 
insulin target as it regulates lipid and glucose metabolism and 
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ABSTRACT
This study assessed the effect of an oyster mushroom ethanolic extract on lipid accumulation, Cebpa and Slc2a4 gene 
expression, and methylation level on Slc2a4 promoter during 3T3-L1 adipocyte differentiation. The oyster mushrooms 
were extracted using the maceration method with ethanol. 3T3-L1 preadipocytes were cultured and differentiated 
using methylisobutylxanthine, dexamethasone, and insulin cocktail-containing DMEM. Twenty-four hours after 
seeding, the cells were incubated with 25, 50, or 100 µg/ml of the oyster mushroom ethanolic extract for 12 days. 
The media were replaced every 2 days. On day 12 after differentiation induction, oil red O staining and quantitative 
RT-PCR were performed to analyze lipid accumulation and to measure the mRNA expression of Cebpa and Slc2a4, 
respectively. The methylation level on the Slc2a4 promoter was measured using pyrosequencing of bisulfite-treated 
DNA samples. Treatment with the oyster mushroom ethanolic extract increased the mRNA expression of Cebpa and 
Slc2a4 in a dose-dependent manner. The highest expression of Cebpa and Slc2a4 was observed with the addition 
of the 50-μg/ml oyster mushroom ethanolic extract (about two-fold and fifty-fold higher than that of the control, 
respectively). Moreover, lipid accumulation increased after the addition of the oyster mushroom ethanolic extract. 
Interestingly, the oyster mushroom ethanolic extract slightly reduced the Slc2a4 methylation level on one of the CpG 
sites analyzed, in a dose-dependent manner. The oyster mushroom ethanolic extract increased the lipid accumulation 
and the Cebpa and Slc2a4 expression, while reducing the methylation level in the Slc2a4 gene promoter region.
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including activating glucokinase, stimulating insulin spikes, 
and inhibiting glycogen synthase kinase, which increases 
glycogen synthesis [26]. Another study by Asrafuzzaman et al. 
[27] suggested that oyster mushroom powder supplementation 
improves insulin sensitivity by increasing AMP-activated 
protein kinase phosphorylation and GLUT4 expression in 
muscle and adipose tissues, enhancing the glucose uptake in 
diabetic rats [27]. This effect is consistent with the findings of 
several in vivo studies stating that a Pleurotus ostreatus ethanolic 
extract and the polysaccharides contained in P. ostreatus have 
anti-diabetic effects [25,28]. Xiong et al. [29] found that the 
ergosterol content in P. ostreatus can act as a hypoglycemic 
agent by modulating the insulin signaling pathway, thus 
stimulating the translocation and expression of GLUT4 in the 
L6 cell line [29]. However, the effect of the oyster mushroom 
ethanolic extract on the genes involved in glycemic control in 
the adipose tissue is unknown.

This study was conducted using 3T3-L1 
preadipocytes, which exhibited Cebpa and Slc2a4 gene 
expression and promoted the differentiation of preadipocytes 
into adipocytes after induction by pro-adipogenic factors 
consisting of methylisobutylxanthine, dexamethasone, and 
insulin (MDI) [30]. This study aimed to evaluate the effect of 
the oyster mushroom ethanolic extract on lipid accumulation, 
mRNA expression of Cebpa and Slc2a4, and methylation level 
on Slc2a4 promoter during 3T3-L1 adipocyte differentiation, 
which could provide valuable insights into their therapeutic 
potential for insulin resistance in T2DM.

MATERIALS AND METHODS

Preparation of oyster mushroom ethanolic extract
The oyster mushrooms were obtained from 

agricultural sources in Lembang, West Java, Indonesia. 
They were formally identified by Joko Kusmoro from the 
Department of Biology, Faculty of Mathematics and Natural 
Sciences, Universitas Padjadjaran, Indonesia (identification 
number: 465/LBM/IT/XI/2024). In all, 80 g of dried oyster 
mushroom powder underwent extraction via the maceration 
method, repeated three times in 800 ml of ethanol for 4 hours 
each time. The extract was filtered using Advantec No. 5c filter 
paper (Advantec MFS, USA) and then evaporated. Following 
evaporation, an oily residue weighing 1.68 g was obtained and 
diluted in dimethyl sulfoxide (DMSO, Sigma, USA) to create 
extracts with concentrations of 25, 50, and 100 μg/ml. The 
DMSO concentration in the solution was limited to 0.5% for 
all experiments.

Cell culture and oyster mushroom ethanolic extract treatment
3T3-L1 preadipocytes were a gift from Dr. Afiat 

Berbudi (Department of Biomedical Sciences, Faculty of 
Medicine, Universitas Padjadjaran, Indonesia), and the usage of 
this cell line in this study was approved by The Research Ethics 
Committee of Universitas Padjadjaran (number 1186/UN6.KEP/
EC/2024). The culture and differentiation protocol followed 
the method developed by Ariyanto et al. [31]. Cells were 
seeded into four different media in 12-well plates with varying 
treatments: a negative control medium and media containing the 

homeostasis [6]. Gustafson et al. [7] stated that adipose tissue 
expansion through hyperplasia can prevent insulin resistance. 
This occurs because adipose tissue expansion via hyperplasia 
can prevent adipocyte hypertrophy, which is associated with 
insulin resistance [7]. In an in vivo study, inhibiting adipose 
tissue hyperplasia in lipoatrophic or lipodystrophic animal 
models actually led to significant insulin resistance, ectopic 
liver fat accumulation, and reduced glucose tolerance, similar to 
what is observed in human lipoatrophic/lipodystrophic diabetes 
[8]. Adipose tissue hyperplasia occurs through adipogenesis, 
resulting in adipocytes containing lipids. Thus, lipid droplets 
become the dominant feature of the cells [9].

The genes involved in controlling glycemic 
homeostasis and insulin resistance in adipose tissue are Cebpa 
and Slc2a4 [gene encoding glucose transporter type 4 (GLUT4) 
protein]. The overexpression of Cebpa has been known to be 
able to promote adipogenesis in cultured fibroblasts, activate 
insulin receptors (IRs), and increase insulin signaling genes 
such as Aebp1, Adra1d, Cfd (adipsin), Igfbp, Prkcg, Retn 
(resistin), and Ucp1 in female rats induced with a high-fat 
diet [10,11]. Conversely, the repression of Cebpa expression 
is known to inhibit adipogenesis and lower insulin signaling, 
leading to insulin resistance [12–14]. Cebpa is known to 
increase the expression of the Slc2a4 gene and GLUT4 protein, 
a glucose transporter protein responsive to insulin [15]. The 
downregulation of the GLUT4 expression in adipose tissue 
is linked to insulin resistance and T2DM [16,17]. Thus, 
interventions targeting the Cebpa and Slc2a4 gene expression 
in adipocyte differentiation hold promise for insulin resistance 
management in T2DM.

Gene expression can also be influenced by epigenetic 
processes, including DNA methylation, which can affect 
the expression of methylated genes without altering DNA 
sequences [18]. DNA methylation often occurs on cytosine 
within cytosine-guanine dinucleotides (CpG sites). Genomic 
regions with the highest CpG density, known as CpG islands, 
are frequently clustered at gene regulatory locations such as 
promoter regions [19,20].

Various therapeutic approaches have been used for 
T2DM management, including promoting insulin secretion by 
the pancreas, improving insulin sensitivity to target receptors, 
or increasing glucose uptake in adipocytes [21]. This includes 
the utilization of natural compounds as therapeutic agents for 
TDM2, and among them is the oyster mushroom (Pleurotus 
ostreatus), a widely consumed plant worldwide [22]. Oyster 
mushroom contains low fat, high fiber, and high protein, making 
it ideal for preventing hyperglycemia in T2DM. It also contains 
various bioactive compounds including phenolics, flavonoids, 
alkaloids, tannins, lectins, laccase, vitamin C, ergosterol, and 
polysaccharides such as β-glucan, making it a plant with a 
wide range of pharmacological effects, including antidiabetic, 
hypolipidemic, hypoglycemic, antioxidant, anti-inflammatory, 
antitumor, antibacterial, nephroprotective, and hepatoprotective 
activities [23–25].

Choudhury et al. [26] demonstrated that adding 3 g of 
oyster mushroom powder to food for 3 months can reduce fasting 
glucose levels and HbAc1 levels in 27 T2DM and hypertension 
patients. This effect was achieved through several mechanisms, 
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oyster mushroom ethanolic extract at concentrations of 25, 50, 
and 100 μg/ml, respectively. The 3T3-L1 cells were grown in 
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, USA, cat 
no. 11995065) with 10% fetal bovine serum (FBS, Sigma, USA) 
and 1% penicillin–streptomycin at 37°C with 5% CO. Cells were 
allowed to grow for 48 hours or until reaching 100% confluence.

After attaining confluence, the cells were incubated in 
DMEM for an additional 48 hours. To induce differentiation, 
an MDI cocktail containing 0.5-mM methylisobutylxanthine 
(Sigma, USA, cat no. 15879), 1-µM dexamethasone (Sigma, 
USA, cat no. D4902), and 10-µg/ml insulin (Sigma, USA, cat 
no. I0516) was added to the well plate, which was considered day 
0 of the experiment. The cells were then cultured in a medium 
containing MDI and DMEM for 48 hours. Thereafter, the wells’ 
media were replaced with 10-μg/ml insulin-containing DMEM. 
The cells were cultured under the same conditions until day 12 
of the experiment. The media were replaced every 48 hours 
throughout the experiment. The oyster mushroom ethanolic 
extract was added according to the concentration of each well 
plate from 24 hours after cell seeding until day 12 experiment. 
On day 12, oil red O (ORO) staining, RNA extraction, and DNA 
isolation were performed for lipid accumulation measurement, 
quantitative RT-PCR (qRT-PCR) analysis, and pyrosequencing, 
respectively.

ORO staining
The 3T3-L1 cells were stained using ORO on day 12 

of differentiation, following the method previously described 
by Ariyanto et al. [31]. In brief, the cells were fixed with 4% 
formaldehyde in phosphate-buffered saline  for 10 minutes and 
were stained in a freshly prepared ORO solution (0.18% (wt/
vol) ORO in 60% isopropanol) for 15–20 minutes; then, the 
stain was removed. The lipid accumulation was observed both 
macroscopically and microscopically (using Olympus CK40) 
with 40× and 100× magnification [31].

qRT-PCR and gene expression analysis 
qRT-PCR was used to assess the mRNA expression of 

Cebpa and Slc2a4. Quick-RNA™ cDNA Synthesis Kit (Bioline 
Reagents Ltd., UK) was used to extract total RNA from the 
3T3-L1 cell line, following the manufacturer’s instructions. 
Subsequently, qRT-PCR was performed using the SensiFast™ 
SYBR® No-ROX kit (Bioline Reagents Ltd., UK) as per the 
manufacturer’s protocol. Polymerase activation was carried out 
at 95°C for 2 minutes, followed by 40 cycles of denaturation at 
95°C for 5 seconds and annealing or extension at 60°C–65°C 
for 20 seconds. The expression of the Cebpa and Slc2a4 gene 
was analyzed using the Livak method with the formula 2-ΔΔCt 

[31]. The Cebpa and Slc2a4 mRNA expression levels were 

normalized to the housekeeping gene Gapdh. Due to sample 
constraints, qRT-PCR experiments were conducted in duplicate 
rather than triplicate. However, each sample was run in parallel 
under consistent experimental conditions to ensure technical 
precision. We acknowledge that triplicate measurements are the 
standard for reproducibility and have noted this as a limitation 
in the study. Table 1 presents the list of primer sequences used 
in qRT-PCR.

Pyrosequencing analysis
Pyrosequencing was performed to measure the DNA 

methylation level on the Slc2a4 promoter. DNA isolation from 
the cells was conducted using the Quick-DNA™ Miniprep 
Plus kit (Zymo Research, USA), following the manufacturer’s 
instructions. EZ DNA Methylation-Lightning™ Kit (Zymo 
Research, USA) was used to perform the bisulfite conversion of 
DNA, followed by amplification via PCR with one biotinylated 
primer. PCR amplification utilized the PyroMark PCR kit 
(Qiagen, Hilden, Germany). Initial PCR activation was set at 
95°C for 15 min, followed by 45 cycles of denaturation at 94°C 
for 30 seconds, annealing at 56°C for 30 seconds, extension at 
72°C for 30 seconds, and final extension at 72°C for 10 minutes. 
Then, 2% agarose gel electrophoresis was used for confirming 
the PCR reactions and the sizes of the product. Biotinylated 
PCR products (10 µl) were combined with streptavidin-coated 
sepharose beads (1 μl) and a PyroMark binding buffer (40 µl) 
for a total reaction volume of 80 µl. The PCR products were 
then purified by passing the mixture through PyroMark Q96 
Vacuum Workstation (Qiagen). Subsequently, the purified 
PCR products were combined with an annealing buffer that 
contained the sequencing primer. Following annealing, the plate 
was placed in the PyroMark Q96 MD instrument (Qiagen). The 
proportion of DNA methylation at the CpG sites was quantified 
using the PyroMark software. The PyroMark assay design 
program (v.2.0; Qiagen, Germantown, MD, USA) was used 
for constructing specific primers. The region between −325 
and −1 in the proximal Slc2a4 promoter was the target for the 

Table 1. Primer sequence in qRT-PCR.

No. Primer name Sequences

1 Cebpa - Forward 5′-AGATGAGGGAGTCAGGCCGT-3'

2 Cebpa - Reverse 5′-CGGAAAGTCTCTCGGTCTCAA-3′

3 Slc2a4 - Forward 5′-TAACTTCATTGTCGGCATGGG-3′

4 Slc2a4 - Reverse 5′-TGAAGAAGCCAAGCAGGAGG-3

5 Gapdh - Forward 5′-CATCAGCAATGCCTCCTGC-3′

6 Gapdh - Reverse 5′-ATGGACTGTGGTCATGAGTCC-3′

Table 2. Primer and sequence to analyze used for pyrosequencing analysis. 

No. Primer name Sequences

1 PCR-Forward 5′-TTTGGTTAATGGGTGTTGTGAA-3′

2 PCR-Reverse (biotinylated) biotin-5′-AATAAAACTCACTACCACAACC-3′

3 Sequencing primer 5′-ATGGGTGTTGTGAAG-3′

4 Sequence to analyze 5′-GGYGTGTTTTATGGYGGGGYGGGAGTGGGG AGGTGGTTTTAGTTT-3′
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methylation level. Percentages of methylation indicate the ratio 
of signal intensities for C and T at every C within a CpG site. 
Pyrosequencing was performed in triplicate. Table 2 presents 
the primers and sequences for analysis by pyrosequencing.

Statistical analysis
Statistical analysis was performed in SPSS version 26 

for Windows (IBM software, New York) and graphs were created 
using GraphPad Prism version 8.3 for Windows (GraphPad 
software, Inc., San Diego, CA). The Kruskal–Wallis or One-
Way ANOVA tests were used to analyze differences between 
groups after assessing normality with the Shapiro-Wilk test and 
homogeneity with the Levene test. Results were presented as 
mean ± SD. Statistical significance was defined as a p < 0.05.

RESULTS 

Oyster mushroom ethanolic extract increases lipid 
accumulation during adipocyte differentiation

The ORO staining of lipid droplets in the 3T3-L1 
cells was used for investigating the effect of oyster mushroom 
ethanolic extract on lipid accumulation during adipocyte 
differentiation. Macroscopically, samples treated with the 50- 
μg/ml oyster mushroom ethanolic extract contained the most 
lipid droplets, as shown by the red stain. Microscopically, the 
lipid accumulation observed under 40× and 100× magnification 
showed that samples treated with the 50-μg/ml ethanolic extract 

had the highest lipid accumulation. Lipid accumulation at 
concentrations of 25 μg/ml appeared to be less but still more 

Figure 1. Macroscopic and microscopic pictures of 3T3-L1 cells after ORO staining on day 12 following treatment with oyster 
mushroom ethanolic extract. Control (0 µg/ml): cells treated with the same concentration of ethanol without oyster mushroom extract.

Figure 2. The relative mRNA expression of (A) Cebpa and (B) Slc2a4 in 3T3-
L1 cell line on day 12 following treatment with oyster mushroom ethanolic 
extract. mRNA expression was measured using qRT-PCR and normalized to 
Gapdh. The experiment was performed in duplicate. Kruskal-Wallis analysis 
indicated no significant difference between treatment groups (p > 0.05). Data 
are presented as mean ± SD. 0 µg/ml (Control): cells treated with the same 
concentration of ethanol without oyster mushroom extract.
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than that in the case of the control (0 μg/ml) (Fig. 1). This finding 
indicated the ability of the oyster mushroom ethanolic extract 
to increase lipid accumulation during adipocyte differentiation.

Oyster mushroom ethanolic extract increased Cebpa and 
Slc2a4 gene expression

The mRNA expression of Cebpa and Slc2a4 was 
measured in samples treated with 0, 25, and 50 µg/ml of the 
oyster mushroom ethanolic extract. The results indicated that 
the oyster mushroom ethanolic extract increased the expression 
of the Cebpa and Slc2a4 gene in a dose-dependent manner. 
Treatment with the oyster mushroom ethanolic extract at the 
50-μg/ml concentration showed the highest Cebpa and Slc2a4 

mRNA expression levels (about two-fold and fifty-fold increase 
as compared to those observed in the case of the control, 
respectively) (Fig. 2). The significant difference in Cebpa and 
Scl2a4 expression between groups was statistically analyzed 
using Kruskal–Wallis. The statistical analysis showed no 
significant difference among all groups (p > 0.05).

Oyster mushroom ethanolic extract decreased methylation 
level on Slc2a4 promoter

The DNA methylation level on the Slc2a4 promoter 
was analyzed to investigate the involvement of epigenetic 
processes, particularly DNA methylation, in regulating the 
expression of the Slc2a4. Pyrosequencing was performed 

Figure 4. Percentage of DNA methylation on Slc2a4 promoter in 3T3-L1 on day 12 following treatment with 
oyster mushroom ethanolic extract. The methylation level in the Slc2a4 promoter region was determined by 
examining the methylation percentage at (A) CpG1, (B) CpG2, (C) CpG3, and (D) average across all CpG sites. 
The percentage of Slc2a4 methylation was measured using pyrosequencing and calculated as the proportion of 
high peaks of C and T at each CpG site after bisulfite conversion. The experiment was conducted in triplicate. 
Kruskal-Wallis and One Way ANOVA analysis indicated no significant difference between treatment groups (p > 
0.05). Data are presented as mean ± SD. 0 µg/ml (Control): cells treated with the same concentration of ethanol 
without the oyster mushroom extract.
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C/EBPα is an adipogenic transcription factor 
encoded by the Cebpa gene, which activates the transcription 
of many markers expressed by mature adipocytes, such as 
adiponectin, IRs, and fatty acid binding protein (FABP4). 
The Cebpa gene activates IRs that bind to insulin on the 
surface of adipocytes to initiate the insulin signaling cascades 
[9,10,35]. Upon insulin binding, IR autophosphorylates and 
activates IRS proteins [35]. Phosphorylated IRS proteins 
recruit and activate PI3K, which leads to the generation of 
phosphatidylinositol-3,4,5-trisphosphate. It activates Akt, a 
key mediator of insulin signaling. Akt activation stimulates 
the translocation of GLUT4 vesicles to the cell membrane of 
adipocytes [35].

GLUT4 is a highly expressed protein in both 
adipose tissue and skeletal muscle, encoded by Slc2a4. The 
translocation of GLUT4 to the cell membrane facilitates 
glucose absorption into adipocytes [36,37]. The uptake of 
glucose into adipocytes induces ChREBP expression and 
de novo lipogenesis (the production of fatty acids from 
glucose) [38]. GLUT4 is also essential for maintaining 
overall glucose homeostasis and insulin sensitivity. 
Changes in the GLUT4 expression are associated with 
insulin resistance, a major factor in the pathogenesis of 
T2DM. It has been found that GLUT4 expression levels 
are decreased in adipose cells in insulin-resistant and pre-
diabetic obese subjects, as well as in subjects with T2DM 
[39,40]. A study carried out by Yang et al. [41] revealed 
that specific adipose Slc2a4 knockout mice show secondary 
insulin resistance in muscle and liver through increased 
serum retinol-binding protein-4 levels [41]. Conversely, 
excessive Slc2a4 expression enhances glycemic control in 
diabetic mice [42]. This emphasizes the importance of the 
Slc2a4/GLUT4 expression in adipose tissue in body glucose 
control. Thus, modulating the Cebpa and Slc2a4 expression 
might be a potential therapeutic target for insulin resistance 
management and prevention in T2DM.

According to the current study, the oyster mushroom 
ethanolic extract increased the Cebpa and Slc2a4 gene 
expression as compared to that in the control cells, which were 
only treated with MDI stimulation, although the increase is not 
statistically significant (Fig. 2). It is also supported by another 
study that showed that Cebpa increases Slc2a4 gene expression 
and GLUT4 protein via ESR1 activation, following estradiol 
(E2) treatment during 3T3-L1 differentiation [15]. Hispolon, 
a phenolic acid that may be present in oyster mushrooms, is 
known to elevate the serum levels of 17β-estradiol or E2 [43]. 
Thus, it is hypothesized that increased Cebpa gene expression 
may occur by the hispolon bioactive.

The results of the current study also suggested that 
the oyster mushroom ethanolic extract increased the mRNA 
expression of Slc2a4 depending on the dose administered 
(Fig. 2B). Therefore, the oyster mushroom ethanolic extract 
had a direct effect on the adipose Slc2a4, leading us to 
hypothesize that the oyster mushroom ethanolic extract 
might regulate glucose homeostasis and insulin sensitivity. 
Aligned with the findings of previous studies, bioactive 
compounds contained in P. ostreatus could increase the 
GLUT4 expression by modulating the insulin signaling 

in samples treated with 0-, 25-, 50-, and 100-μg/ml oyster 
mushroom ethanolic extracts. Three CpG sites were identified 
on the Slc2a4 promoter within the designed sequence range: 
CpG1, CpG2, and CpG3 (Fig. 3).

A methylation level analysis was performed by 
analyzing the percentage of methylation at each CpG site 
separately and averaging the methylation percentage across 
all sites (Fig. 4). The pyrosequencing results showed that 
the percentage of methylation at CpG1 tended to decrease 
after treatment with the oyster mushroom ethanolic extract 
at concentrations of 25, 50, and 100 μg/ml, in a dose-
dependent manner (Fig. 4A). After conducting normality 
and homogeneity tests, statistical analysis using One-Way 
ANOVA was performed to determine the mean differences for 
treatment groups analyzed for methylation at CpG1. Statistical 
tests revealed no significant differences between treatment 
groups (p > 0.05).

The oyster mushroom ethanolic extract concentrations 
of 25, 50, and 100 μg/ml also tended to decrease the percentage 
of Slc2a4 methylation at CpG2 and CpG3 as compared to the 
control (0 μg/ml), although not in a dose-dependent manner 
(Fig. 4B and C). Statistical analysis was conducted using the 
non-parametric Kruskal–Wallis test after performing normality 
and homogeneity tests. There were no significant differences 
between treatment groups (p > 0.05). 

DISCUSSION
This study evaluated the potential effects of an oyster 

mushroom ethanolic extract on lipid accumulation and the 
expression of Cebpa and Slc2a4 genes during 3T3-L1 adipocyte 
differentiation, as well as its impact on insulin sensitivity. 
Moreover, we explored the influence of the epigenetic process 
of DNA methylation on the promoter region, which was 
believed to play a role in gene expression regulation.

The importance of subcutaneous adipose tissue 
expansion in safely accommodating excess lipids has been 
clearly demonstrated in several studies. Kim et al. [32] stated 
that despite profound subcutaneous obesity due to adiponectin 
overexpression, mice with hyperplastic “healthy” adipose 
tissue still maintain insulin sensitivity comparable to that 
of their lean littermates [32]. The hyperplasia of adipocytes 
can prevent insulin resistance because it prevents adipocyte 
hypertrophy [7]. Hyperplasia can be a sign of the expansion 
of “healthy” adipocytes, marked by the accumulation of lipid 
droplets in the cells. We found that the oyster mushroom 
ethanolic extract increased lipid levels macroscopically at 
concentrations of 25 and 50 μg/ml. The microscopic analysis 
at 40× and 100× magnifications corroborated these findings, 
with the 50-μg/ml concentration showing the highest increase 
in the 3T3-L1 cell lipid levels among the groups considered 
(Fig. 1). Another fungus, Pleurotus citrinopileatus, has 
been shown to reduce serum triglycerides, cholesterol, and 
low-density lipoprotein [33]. This could be attributed to the 
reduction of FAM3A in mice, which induces adipogenesis. 
In the 3T3-L1 cell line, the FAM3A expression increases 
during adipogenesis, potentially explaining the enhanced 
lipid accumulation observed with the oyster mushroom 
extract [34].
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pathways. Xiong et al. [29] found that the ergosterol content 
in P. ostreatus acts as a hypoglycemic agent by stimulating the 
GLUT4 translocation and expression modulated by the PI3K/
Akt and PKC pathways in L6 cells [29]. In line with a study 
conducted on streptozotocin-induced diabetic rats, Pleurotus 
ostreatus polysaccharide administration has antidiabetic 
effects by increasing glycogen storage via activating the GSK3 
phosphorylation and the GLUT4 translocation in the muscles, 
reducing hyperglycemia and hyperlipidemia levels, and 
improving insulin resistance [28]. Other in vivo studies have 
also revealed that a P. ostreatus ethanolic extract significantly 
reduces the blood glucose levels in alloxan-induced diabetic 
rats [26].

Epigenetic mechanisms, particularly DNA 
methylation, play a critical role in regulating gene expression. 
DNA methylation does not modify the DNA sequence, but it 
can alter the expression of methylated genes. Previous research 
has shown that when DNA hypermethylation occurs in the 
gene promoter region, it is related to transcriptional repression, 
whereas DNA hypomethylation is associated with transcriptional 
activation [44,45]. The data show that an oyster mushroom 
ethanolic extract reduces the level of Slc2a4 methylation, 
although the reduction is not statistically significant. Decreases 
in the Slc2a4 methylation percentage were observed at the three 
CpG sites on the analyzed Slc2a4 promoter: CpG1, CpG2, and 
CpG3 (Fig. 4). The discovery of a decreased Slc2a4 methylation 
level supported the previous qRT-PCR results, where there was 
increased Slc2a4 mRNA expression with increasing doses. This 
finding aligned with the theory that DNA hypomethylation 
correlates with transcriptional activation [44]. By inducing the 
hypomethylation of the Slc2a4 promoter, the oyster mushroom 
ethanolic extract seemed to be involved in the epigenetic 
regulation of the Slc2a4 expression in differentiated adipocyte 
cell lines.

The result of a previous study suggested that DNA 
hypomethylation can develop as a result of decreased levels 
of S-adenosyl-l-methionine (SAM), increased levels of 
S-adenosylhomocysteine (SAH), lower SAM/SAH ratio, 
and decrease in the DNA methyltransferase (DNMT) activity 
[46–48]. The hypomethylation of the Slc2a4 promoter may 
also occur because of the capacity of the oyster mushroom 
ethanolic extract to inhibit the activity of DNMTs because 
of its quercetin content [48,49]. DNMTs function to catalyze 
DNA methylation, so the absence or inactivity of DNMTs 
leads to DNA demethylation and subsequently increases gene 
expression [50].

In this study, we only examined the Cebpa expression 
at the mRNA level. Another study showed that the C/EBPα 
expression levels were upregulated because of compensating 
for the lack of C/EBPβ. This compensation occurred at the 
Cebpa protein level, suggesting a post-transcriptional or post-
translational regulatory mechanism [51]. Thus, assessing 
the C/EBPβ expression and C/EBPα at the protein levels is 
recommended. Insulin sensitivity improvement may also 
occur through various molecular pathways. Therefore, it is 
recommended to explore other genes responsible for insulin 
sensitivity regulation, such as genes involved in insulin 
signaling pathways in the adipose tissue. 

We acknowledge our limitation due to the absence 
of mechanistic experiments to confirm that oyster mushroom 
extract affects Cebpa and Slc2a4 gene expression via epigenetic 
modulation. Therefore, we recommend exploring other 
epigenetic mechanisms related to gene expression regulation, 
including post-translational modifications of histones such 
as histone methylation and acetylation, non-coding RNAs, 
and the epigenetic regulation of Cebpa and Slc2a4. We also 
suggest assessing the DNMT activity to elucidate the molecular 
mechanisms underlying the reduction in gene methylation and 
investigating specific bioactive content in the oyster mushroom 
ethanolic extract. 

Although the findings of this study did not reach 
statistical significance, the trends in lipid accumulation and 
gene expression suggest a potential modulatory effect of the 
oyster mushroom ethanolic extract on pathways relevant to 
insulin resistance. This lack of significance may be attributed 
to the exploratory nature of the study, with a limited sample 
size (e.g., gene expression analysis conducted in duplicates) 
that may not have fully captured the therapeutic potential 
of the extract. While technical precision was maintained by 
running each sample in parallel under consistent conditions, 
triplicate measurements would provide greater statistical 
reliability. A dose-dependent decrease in Slc2a4 promoter 
methylation was observed at CpG1, indicating a possible 
epigenetic response to the oyster mushroom extract. 
However, this pattern was not evident at CpG2 and CpG3. 
We believe this inconsistency reflects biological variability, 
which could influence the methylation dynamics at different 
CpG sites. Future studies with larger sample sizes may help 
clarify these relationships by better accounting for this 
biological variability. 

Additionally, while Gapdh was used as the 
housekeeping gene, validating multiple reference genes 
would enhance normalization accuracy. Future studies should 
evaluate the stability of multiple reference genes under 
different treatment conditions to improve the robustness of 
gene expression analysis. Despite these recommendations, this 
study showed the potential use of an oyster mushroom ethanolic 
extract as a preventive measure against insulin resistance and to 
reduce the risk of T2DM.

CONCLUSION
The oyster mushroom ethanolic extract promoted 

lipid accumulation, upregulated the expression of Cebpa 
and Slc2a4, and reduced the methylation level of the Slc2a4 
gene promoter. However, these effects were not statistically 
significant.
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