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Purpose: This study aims to provide new insights into the potential of oyster mushroom (Pleurotus ostreatus) ethanolic extract in
preventing obesity through the inhibition of Pparg expression and modulation of methylation level on Pparg promoter during 3T3-L1
adipocyte differentiation.

Methods: This in vitro quantitative experimental study was conducted by treating the 3T3-L1 cell line differentiated using 0.5 mM
methyl-isobutyl-xanthine, 1 uM dexamethasone, and 10 pg/mL insulin-containing medium with oyster mushroom ethanolic extract.
The extract was obtained from 80 g of dried oyster mushroom powder extracted three times with 800 mL of ethanol, filtered,
evaporated, and reconstituted in dimethyl sulfoxide (DMSO) to final concentrations of 0, 25, 50, and 100 pg/mL, with DMSO limited
to 0.5% in all solutions. Pparg mRNA expression was quantified by qRT-PCR analysis and Pparg promoter methylation levels were
measured quantitatively by pyrosequencing of bisulfite-treated DNA samples.

Results: The addition of 25 pg/mL oyster mushroom ethanolic extract significantly suppressed Pparg mRNA expression with no
significant change in the Pparg promoter methylation levels.

Conclusion: Oyster mushroom ethanolic extract inhibited Pparg mRNA expression without altering Pparg promoter methylation,
suggesting reduced adipocyte differentiation. This study emphasizes the potential of oyster mushroom in the prevention or treatment of
obesity by inhibiting adipocyte differentiation.
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Introduction

Obesity is defined as an abnormal or excessive accumulation of adipocyte tissue.' According to the WHO, 2.5 billion
adults worldwide are overweight with at least 890 million people being obese and the prevalence of obesity has increased
by 200% since 1990.> The imbalance of daily energy intake and expenditure precipitates obesity, a multifactorial disease
characterized by abnormal accumulation of adipose tissue that might result in adipocyte dysfunction. An increased risk of
adipocyte dysfunction is associated with genetic background, overconsumption habits, inadequate physical exercise, and
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unhealthy lifestyles. The dysfunction leads to adipocyte tissue enlargement including elevated adipogenesis and increased
adipocyte size.>* Besides its concerning number of prevalence, obesity often leads to severe complications, mostly
cardiovascular diseases and type 2 diabetes, which may result in disability or even death. These complications arise from
ectopic fat accumulation in metabolic organs, which causes chronic inflammation.>*

Adipogenesis is the term that describes the process by which mesenchymal stem cells (MSCs), particularly
preadipocytes, undergo differentiation into adipocytes, the primary cell that constitutes adipocyte tissue.”® Peroxisome
proliferator-activated receptor gamma (PPARy) and CCAAT/enhancer binding proteins alpha (C/EBPa) are the principal
regulators of the transcription of various adipogenic genes in adipogenesis, including glucose transporter type 4
(SLC244), adipocyte fatty acid-binding protein 2 (4P2), and adiponectin (ADIPOQ).”®

Pparg also plays a major role in the pathophysiology of obesity, specifically due to its regulatory role in fat deposition
which is associated with the expansion of adipose tissue in obese individuals. A positive correlation has also been
reported between upregulated Pparg mRNA expression in the serum of obese patients and triglycerides (TG), low-
density lipoprotein (LDL), and BMI in increasing lipid accumulation.’ Jayaprakash and Das confirmed the down-
regulation of Pparg using the CRISPR CAS-9 tool following oyster mushroom treatment (0-300 pg/mL) to inhibit
adipocyte lipogenesis. '’

Recent studies indicate that various natural substances, including bee pollen and bee bread, curcumin, and ginger may
act as potential remedies for obesity prevention. Bee pollen and bee bread are rich in bioactive compounds, such as
flavonoid and polyphenols. Both bioactive compounds exhibit anti-oxidant activity and may reduce appetite by increas-
ing leptin and reducing ghrelin hormone levels.'" In contrast, curcumin does not act by suppressing appetite but instead
increases basal metabolic rate, leading to enhanced energy expenditure. This effect is mediated through the browning of
inguinal white adipose tissue (WAT) via the norepinephrine-B3 adrenergic receptor (B3AR) pathway.'?> Ginger, on the

28 https: Journal of Experimental Pharmacology 2025:17



Ariyanto et al

other hand, contains an active compound, called 6-gingerol. This compound can reduce adipocyte size by downregulating
adipogenic factors, including PPARy, C/EBPa, and Fatty Acid Binding Protein 4 (FABP4)."

14716 and has various health benefits

Similarly, the oyster mushroom (Pleurotus ostreatus) is widely cultivated in Asia
including regulating the immune system, hypolipidemia, and hypoglycemia, as well as antioxidant and anti-inflammatory
potential.'” % An in vitro study using rat liver tissue suggests that oyster mushroom ethanolic extract inhibits lipid
peroxidation which is associated with obesity. Furthermore, it is low-fat, low-energy, and easily consumed, therefore
suitable for human consumption to prevent obesity.> Additionally, some bioactive compounds in oyster mushrooms,
such as alkaloids and flavonoids, modulate the expression of Pparg and Cebpa, as well as lipid formation.'”

Various models have been developed to study the molecular pathway of Pparg in adipogenesis, for instance using
3T3-L1 cell line for in vitro study. The 3T3-L1 cell line is murine embryonic fibroblast and one of the most commonly
used models to study the cellular mechanism of obesity.** It has also been used in transcriptional studies including the
expression of C/EBP and PPAR in promoting adipogenesis.’®?’ It expresses Pparg and Cebpa when induced by the MDI
differentiation cocktail, initiating the adipogenic differentiation phase.”® The increase in glucose absorption and trigly-
ceride synthesis causes 3T3-L1 to undergo lipid accumulation.*

The oyster mushroom Pleurotus eryngii increases DNA methylation, inducing hypermethylation to reduce gene
expression.> It has been reported that hypermethylation of the CpG island on the Pparg promoter downregulates Pparg
expression.”' % Therefore, this study was designed to explore the effect of an oyster mushroom ethanolic extract on
Pparg promoter methylation during adipocyte differentiation using the 3T3-L1 cell line. This cell line was used due to its
widespread usage as an in vitro adipogenesis model to depict human preadipocytes because of the similarities in the
adipogenesis pathway.”” This study determined whether oyster mushroom ethanolic extract can increase Pparg promoter
methylation, acting as an epigenetic mechanism to decrease Pparg expression during adipocyte differentiation using the
3T3-L1 cell line.

Materials and Methods

Research Design

This in vitro quantitative experimental analytical study used the 3T3-L1 cell line and was conducted in the Cell Culture
and Cytogenetics Laboratory and Molecular Genetics Laboratory, Faculty of Medicine, Universitas Padjadjaran. Pparg
mRNA expression was quantified by qRT-PCR and pyrosequencing was performed to assess Pparg promoter methylation

levels. The experiments were performed in triplicate to ensure the study’s reliability.

Materials

The oyster mushrooms were obtained from an oyster mushroom farm in Lembang, West Java. It was formally identified
by Joko Kusmoro from the Department of Biology, Faculty of Mathematics and Natural Sciences, Universitas
Padjadjaran, Indonesia (identification number: 465/LBM/IT/X1/2024) and the collection number was 6-13-63-P-1
(which was referred to University of Michigan Herbarium Catalog Collection). The 3T3-L1 cell line was a gift from
Dr. Afiat Berbudi (Department of Biomedical Sciences, Faculty of Medicine, Universitas Padjadjaran, Indonesia), and the
utilization of this cell line in this study was approved by The Research Ethics Committee of Universitas Padjadjaran
(number 1186/UN6.KEP/EC/2024). Other materials used included MDI cocktail medium (Sigma, USA), fetal bovine
serum (FBS) (Gibco, USA, cat no. 10270-106), phosphate buffer saline (PBS) (Gibco, cat no. 70011004), Quick-DNA™
Miniprep Plus DNA Isolation Kit (Zymo Research, USA), EZ DNA Methylation-Lightning™ DNA Bisulfite Conversion
Kit (Zymo Research), Quick-RNA™ c¢DNA Synthesis Kit (Bioline Reagents Ltd., UK), SensiFast™ SYBR"™ No-ROX
Kit (Bioline Reagents Ltd)., PyroMark PCR Kit (Qiagen, Hilden, Germany), and Pyrosequencing Kit (Qiagen).

Oyster Mushroom Ethanolic Extract
The oyster mushroom ethanolic extract was derived from 80 g of oyster mushroom dry powder extracted thrice in
800 mL ethanol for 4 hours each. The extract was filtered through Advantec Grade No. 5C filter paper and evaporated.
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Figure | Culture and differentiation of the 3T3-LI cell line.
Abbreviations: DMEM, dulbecco’s modified eagle medium; MDI, methylisobutylxanthine, dexamethasone, and insulin; RNA, ribonucleic acid; qRT-PCR, quantitative reverse
transcription polymerase chain reaction; PCR, polymerase chain reaction.

The oily residue (1.68 g) was obtained diluted in dimethyl sulfoxide (DMSO, Sigma, USA, cat no. D8418) to 25, 50, and
100 pg/mL concentrations. The DMSO concentration in the solution was limited to 0.5% for all experiments.

Culture and Differentiation of 3T3-L| Adipocytes

The 3T3-L1 cell line was cultured in 10% DMEM (Gibco, cat no. 11995065) containing 1% penicillin/streptomycin at 37°C
in 5% CO, (Figure 1). The cells were seeded into 12-well plates at a density of 12x10* cells/well and grown until 100%
confluent. The confluent cells were induced using an MDI cocktail containing 0.5mM methyl-isobutyl-xanthine (Sigma, cat
no. 15879), 1 uM dexamethasone (Sigma, cat no. D4902), and 10 pg/mL insulin (Sigma cat no. 10516) to commence
adipocyte differentiation.®’ The medium was replaced with 10 pug/mL insulin and DMEM after 48 hours of cell culture for
48 hours and then medium was changed with DMEM every 48 hours from day 4 until day 12 to maximize glucose
absorption and lipogenesis. The cells were treated with the oyster mushroom ethanolic extract (0, 25, 50, and 100 pg/mL)
48 hours after cell seeding until day 12. DNA was isolated on day 12 for PCR analysis and pyrosequencing.*>

Quantitative Reverse Transcription PCR (qRT-PCR)

Total RNA was extracted from the cells using the Quick-RNA™ cDNA Synthesis Kit for gqRT-PCR performed using the
SensiFast™ SYBR™ No-ROX Kit according to the manufacturer’s instructions and gene-specific primers (Table 1). The
cycling conditions were 95°C for 2 minutes, followed by 40 cycles of 5 seconds of denaturation at 95°C, and annealing
or extension for 20 seconds at 60—65°C. All mRNA expression was normalized to the housekeeping gene, Gapdh. Pparg

mRNA expression data was quantified using the Livak method formula of 2044V 34

Pyrosequencing

The DNA was isolated from cells using the Quick-DNA™ Miniprep Kit according to the manufacturer’s protocol.>> DNA
bisulfite conversion was performed using the EZ DNA Methylation-Lightning™ Ki*® and the DNA template was
amplified for pyrosequencing using the PyroMark PCR Kit.*” The amplification was initiated with an initial denaturation

Table | Primer Sequences for qRT-PCR

No. | Primer Name Sequences

| Pparg-Forward 5'-CAA GAA TAC CAA AGT GCG ATC AA-3’

2 Pparg-Reverse 5-GAG CTG GGT CTT TTC AGA ATA ATA AG-3'
3 Gapdh-Forward 5'-CAT CAG CAATGC CTC CTG C-3'

4 Gapdh-Reverse 5'-ATG GAC TGT GGT CAT GAG TCC-3'

Abbreviations: qRT-PCR, quantitative reverse transcription polymerase chain reaction; Pparg,
peroxisome proliferator-activated  receptor gamma; Gapdh, glyceraldehyde-3-phosphate
dehydrogenase.
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Table 2 Primer Sequences for Pyrosequencing

No. | Primer Name Sequences

| PCR-Forward 5-TGGTTATTTTAGGAGGTGTGT-3'

2 PCR-Reverse 5-TGGTTATTTTAGGAGGTGTGT-3'

3 Sequencing 5-TATTTGGTATATATAGATAGTGGA-3'

4 Sequence to analyze | 5-ATATTATTYGGTTATTTAAAAAGATAGAGGTATTTATTATAA-3'

Abbreviation: PCR, polymerase chain reaction.

(95°C for 5 minutes), denaturation (45 cycles of 95°C for 30 seconds), annealing (58°C for 30 seconds), extension (72°C
for 30 seconds), and final extension (72°C for 10 minutes). Then, the DNA products were subjected to 2% agarose gel
electrophoresis to verify the PCR products. The biotinylated PCR products (10 pL) were incorporated with streptavidin-
coated Sepharose beads (1 pL) and PyroMark binding buffer (40 puL) before purification using the PyroMark Vacuum
Workstation and then combined with an annealing buffer containing the sequencing primer. The software then produced
a controlled dispensation sequence and deoxynucleotide triphosphate (dANTP) dispensation order according to the
sequence to be analyzed. Controls were also integrated in this order and all runs included a no-template control to
assess reaction performance. The methylation levels of the Pparg promoter region in chromosome 6 at 115,337,600—
115,339,801 nitrogen bases were analyzed using the PyroMark software (v.2.0: Qiagen, Germantown, MD, USA). One of
the primers (Table 2) was biotinylated to permit the immobilization of the streptavidin-coated beads.*® Finally,
pyrosequencing was performed using the PyroMark™ Q96 ID according to the manufacturer’s protocol.>

Statistical Analysis

The data were analyzed using SPSS Statistics version 27 (IBM software, New York) and the graphs were prepared using
GraphPad Prism version 9 (GraphPad software, Inc., San Diego, CA). The Kruskal Wallis Test and Dunn’s post hoc test
were applied to analyze the differences in Pparg expression levels between groups. Differences in Pparg methylation
levels between groups were evaluated by one-way ANOVA followed by Tukey’s post hoc test. A p-value <0.05 was
considered significant. The Kruskal-Wallis and one-way ANOVA tests were used as the study consists of more than 2
groups. Given that the data for Pparg expression levels did not follow a normal distribution, the Kruskal-Wallis test was
applied. Conversely, the data for Pparg methylation levels were normally distributed, justifying the use of the one-way
ANOVA test. Following post hoc tests were conducted to identify specific group differences.

Results

The oyster mushroom ethanolic extract (25 pg/mL, 50 pg/mL, and 100 pg/mL) reduced the median Pparg mRNA
relative expression compared to the negative control (0 pg/mL), though not in a dose-dependent manner. The strongest
reduction was observed after treatment of 25 pg/mL, followed by 50 pg/mL and 100 pg/mL that produced the weakest
effect. Significant decrease in the median of relative Pparg mRNA expression between the concentration of 25 pg/mL of
oyster mushroom ethanolic extract and the negative control was confirmed statistically (Figure 2).

The methylation level on the Pparg promoter slightly increased and aligned with the increased oyster mushroom
ethanolic extract concentrations. There was a slight increase in the mean Pparg promoter methylation level in the
samples induced with an MDI cocktail and treated with the 50 pg/mL of oyster mushroom ethanolic extract compared to
those treated with 25 pg/mL (Figure 3). However, there were no significant differences of mean Pparg promoter
methylation level between groups. The data was presented as the mean + SD (Figure 3).

Discussion

Adipogenesis refers to the differentiation and proliferation of adipocyte precursor cells to mature adipocytes, targeted
towards increasing adipocyte number for lipid storage.>® This process results in adipose tissue remodeling that may
result in adipocyte dysfunction,” inducing obesity and associated complications such as metabolic disorders including
diabetes mellitus and hypertension. During adipocyte dysfunction, Pparg, the principal regulator that activates
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Figure 2 Relative Pparg mRNA expression on day 12 of 3T3-LI cell line treated with oyster mushroom ethanolic extract. Note: Pparg mRNA expression was normalized to
Gapdh and quantified by qRT-PCR. The experiment was conducted in hexaplicates and the data are presented as median (min-max). *p<0.05.
Abbreviations: mRNA, messenger ribonucleic acid; Pparg, peroxisome proliferator-activated receptor gamma; Gapdh, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 3 Methylation of the Pparg promoter of 3T3-LI cell line treated with oyster mushroom ethanolic extract. The data is presented as mean * SD.
Abbreviations: Pparg, peroxisome proliferator-activated receptor gamma; SD, standard deviation.

adipogenesis, is stimulated and leads to obesity.” Darwish et al demonstrated that serum samples from obese patients had
elevated levels of Pparg compared to normal-weight patients. Higher levels of Pparg positively correlated with elevated
triglyceride levels as Pparg also regulates the transcription of genes which enhance triglyceride synthesis and cause
elevated lipid accumulation.”***! This finding supports that obesity leads to Pparg dysregulation, and it plays a crucial
role in the pathogenesis of obesity. Therefore, the downregulation of Pparg is a target to decrease the rate of
adipogenesis.

The oyster mushroom ethanolic extract reduces relative Pparg mRNA expression in the 3T3-L1 cell line. It is known
that oyster mushrooms contain bioactive compounds, namely alkaloids, flavonoids, terpenoids, and polysaccharides.'” It
has been suggested that alkaloids significantly inhibited adipogenesis of 3T3-L1 cells by suppressing Pparg and Cebpa
expression. The alkaloid-mediated inhibition of these genes during early or intermediate stages suppressed adipocyte-
specific genes and the formation of lipids at a later stage of adipogenesis.** A statistically significant inhibition of Pparg
mRNA relative expression was also noted in the present study at the concentration of 25 ug/mL. This therapeutic effect
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of low doses is known as hormesis and occurs by direct stimulation or following an initial disruption in homeostasis and
a mild overcompensation response, or as a “pre-" or “post-conditioning” strategy for the hormetic agent to block the toxic
effects of the harmful substance.*> Many studies have reported that flavonoids, also found in oyster mushrooms,
frequently cause hormetic dose responses in a wide range of biological models and outcomes.**

The results also revealed that the mean of Pparg methylation levels tended to increase even though it was statistically
insignificant. Lim et al reported that DNA methylation is associated with adipogenesis and obesity because it results in
a decline or rise in the regulation of gene expression. DNA methylation level was higher in the lean population’s
adipogenesis than in the obese population and hypomethylation of the Pparg DNA promoter increases Pparg
expression.*’ Pparg hypermethylation also reduces Pparg regulation, leading to a slower rate of adipogenic differentia-
tion, thus resulting in longer adipogenesis.*® One possible mechanism that can explain this phenomenon is the ability of
oyster mushrooms to induce overexpression of the Dnmt3a gene, a gene crucial for regulating the production of the
DNMT3A enzyme, which plays a significant role in DNA methylation. Consequently, Dnmt3a overexpression leads to
hypermethylation of Pparg, resulting in decreased Pparg expression, thus slowing the rate of adipogenic
differentiation.*®*’

Reduced Pparg expression may result from various epigenetic mechanisms, including post-translational histone
modifications and non-coding RNS (ncRNA).*® Nucleosome, the fundamental unit of chromatin, comprises DNA base
pairs wrapped around a histone octamer. The N- and C-terminal tails of these histone proteins undergo post-translational
modifications through acetylation, methylation, phosphorylation, SUMOylation, and ubiquitylation, which influence
chromatin structure and gene expression.*’ Acetylation and methylation are the most extensively studied histone
modifications. Histone acetylation allows the chromatin to be a looser and more accessible conformation for transcrip-
tion, while histone methylation often results in gene silencing.*® Malodobra-Mazur et al reported that lower histone
methylation and acetylation are correlated with reduced Pparg expression.”

Recent reports revealed that microRNAs (miRNAs) influence a variety of biological processes including
adipogenesis.’' This class of endogenous short ncRNAs with an average length of 19-23 nucleotides may be crucial
in controlling posttranscriptional gene expression of Pparg.>® For instance, Pparg mRNA and protein expression were
decreased by miR-128-3p overexpression which also inhibited the expression of adipogenic marker genes, hence
suppressing 3T3-L1 preadipocyte differentiation and lipid accumulation. These results suggest that miR-128-3p acts as
a negative regulator during preadipocyte differentiation and adipogenesis, thus it may play a role in the inhibition of
Pparg expression.™

There might be other molecular pathways besides DNA methylation that could regulate Pparg mRNA expression in
this system. Oyster mushroom extract is thought to initiate the activation of adenosine monophosphate-activated protein
kinase (AMPK)'® which inhibits the synthesis of fatty acid via phosphorylation of acetyl-CoA carboxylase and down-
regulation of lipogenic enzyme gene transcription.* A study has proven that 3T3-L1 cells treated with flavonoids,
compounds found in oyster mushrooms, showed significantly high AMPK phosphorylation levels and downregulation of
adipogenic key transcription factors including Cebpa, Cebpb, and Pparg.>*>>

The findings of this study align with a similar study conducted by Li et al using Agaricus bisporus mushroom. -
glucan that was derived from the mushroom showed the ability to inhibit Pparg expression which allow adipogenesis
inhibition.’® Jayaprakash and Das also performed a similar study using oyster mushroom. One of its bioactive
compounds, anthraquinone, downregulated Pparg expression, leading to reduced adipocyte differentiation.
Anthraquinone also stimulates AMPK, causing enhanced glucose uptake and inhibits adipocyte differentiation.
However, those studies did not examine the methylation level on Pparg promoter.'’

Despite the beneficial effects of oyster mushrooms, they may contain toxic compounds, such as ostreolysin and
orellanine.’” Ostreolysin is an acidic protein that may cause a temporary increase in the arterial blood pressure followed
by a gradual decrease to mid-circulatory pressure, along with bradycardia, ventricular extrasystole, and myocardial
ischemia. Hyperkalemia may also be seen which resulted from the hemolytic activity of this toxic compound. Orellanine
is a bipyridine N-oxide that can produce oxygen radicals and inhibit protein synthesis.’® However, the adverse effects of
both compounds have only been demonstrated through in vitro and in vivo studies, with no reported cases in human
studies. A study by Rahimah et al evaluated a wide range of doses of oyster mushroom ethanolic extract, from 10 mg/kg
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to 5000 mg/kg, in mice. None of the mice exhibited any signs of intoxication or adverse effects following administration
of the extract. Notably, the maximum tested dose of 5000 mg/kg, equivalent to 5000 pg/mL, was well-tolerated,

supporting the safety of the extract at this dose level.””

Conclusion

Oyster mushroom ethanolic extract inhibited Pparg mRNA expression without altering the methylation of the Pparg
promoter, suggesting reduced differentiation of adipocytes. Therefore, oyster mushroom ethanolic extract has the
potential to combat obesity by inhibiting adipocyte differentiation.
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