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ARTICLE INFO ABSTRACT

Keywords: Mushrooms are traditionally used for various medicinal purposes in traditional oriental medicine.
L. edodes The Japanese and Chinese are familiar with the medicinal macro fungus Lentinula edodes (Shiitake
Obesity

mushroom). This study aims to evaluate the role of chemical compounds from L. edodes using

F network pharmacology and in-vitro studies for management of Obesity. Bioactive compounds in
Network pharmacology . . 7 .
Preadipocytes extracts of L. edodes were identified by GC-MS analysis. Compounds were later screened for their

drug-like property by Lipinski’s rule. In addition, public databases (SEA, STP, Omim and Dis-
Genet) were searched to identify genes associated with selected molecules and obesity, as well as
genes that overlap obesity target genes with genes related to L. edodes. Additionally, analysis was
performed using Enrichr KG to predict the disease targets of L. edodes. Finally, network was
constructed between the overlapping genes and bioactive molecules using Rstudio. Further in-
vitro studies were carried out using 3T3-L1 cell line. The genes related to the selected compounds
and obesity were identified and overlapped. The disease targets of L. edodes was predicted by
enrichment analysis and was found to be linked to obesity. Furthermore, the hub gene was found
to be fatty acid amide hydrolase, and the key bioactive compound was hexadecanoic acid methyl
ester. The in-vitro cell culture studies confirmed the inhibition of adipogenesis in mushroom
extract-treated 3T3-L1 cells and the augmentation of adiponectin. The study suggests that the hub
gene fatty acid amide hydrolase might alleviate obesity by inhibiting arachidonoyl ethanolamide
signaling, which would enhance the action of fatty acid amide hydrolase and limit appetite in
L. edodes extract.

1. Introduction

Mushrooms have attracted a growing amount of interest for their potential pharmacological effects in recent years, and it has been
suggested that some mushrooms are like miniature pharmaceutical factories that produce compounds with miraculous biological
properties. Moreover, mushrooms are traditionally used as a nutritious food due to their medicinal and nutritional properties.
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According to the edibility factor, they are categorized into three groups: edible mushrooms, inedible mushrooms, and poisonous
mushrooms [1]. Edible mushrooms are an elixir for treating major metabolic disorders such as diabetes and obesity. The low-fat
content, high polysaccharides, and dietary fiber in mushrooms possess anti-inflammatory and immunomodulatory properties,
posing positive health risks to the body [2,3]. The secondary metabolites (polysaccharides, lipids, proteins, carbohydrates, and ter-
penoids) present in the mushroom play a crucial role in the regulation of glucose homeostasis, inflammatory factors for improving lipid
metabolism and insulin resistance, and in assisting the actions of glucose transporter IV [4,5]. According to Wang et al., 2020 [6],
L. edodes can be used to treat a number of illnesses, including diabetes, cancer, the flu, heart disease, high blood pressure, and
weakness. It can do this by boosting the immune system, fighting free radicals, bacteria, and high cholesterol. Moreover, it has been
reported to reduce gut dysbiosis, which results in reducing insulin resistance [7].

Additionally, network pharmacology is a well-organized, systemic, and useful bioinformatic method used to study how bioactive
substances, proteins, genes, and diseases of interest interact with each other [8,9]. It is possible to decode compound mechanisms by
looking at network pharmacology from a multifunctional point of view, emphasizing how multiple factors interact instead of just one
compound for a given target [10]. Therefore, network pharmacology is a useful way to find possible key compounds (from natural
sources) that can stop the development of several diseases and, more often than not, to figure out how they work together with other
bioactive compounds [11]. Li and Zhang, 2013 [12] reported that network-based drug discovery has dramatically improved as a result
of rapid advances in bioinformatics and system biology. A similar study using network pharmacology was carried out by Oh et al., 2021
[13] to evaluate the bioactive ingredients and mechanism of Phellinus linteus mushroom on type 2 diabetes mellitus.

In the present study, network pharmacology was applied to determine whether L. edodes mushroom was effective and to predict its
activity against obesity. Later in the study, different L. edodes extracts were tested to see if they could slow down the process of
adipogenesis using differentiated 3T3-L1 cells.

2. Materials and methods
2.1. Collection of fruiting body and chemicals

Dried L. edodes was procured from local market in Mumbai, India. The mushrooms were ground and passed through sieve no. 45 to
obtain a fine powder. The powder was stored in an airtight container. LC-MS-grade methanol and acetonitrile were procured from
Thomas Bakers Pvt. Ltd., Mumbai, India and S.D. Fine Chemicals Ltd, Mumbai, India. The 3T3-L1 adipocytes were procured from
NCCS, Pune, India (Request Number: 868/2021-22). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), anti-
biotic (penicillin-streptomycin solution), Oil Red O, formalin, dexamethasone, insulin, 3-isobutyl-1-methylxanthine (IBMX), and
isopropanol were provided by HiMedia, India. Other chemicals used were of analytical grade and obtained from S.D. Fine Chemicals
Ltd, Mumbai, India.

2.2. Extraction of L. edodes fruiting body

For extraction, 10 g of mushroom fruiting body powder was extracted using reflux method for 3 h with 100 mL of aqueous, ethanol,
a mix of ethanol and aqueous in the ratio of 50:50, 25:75, 75:25 and methanol as solvents. The alcoholic extracts were further
evaporated by rotary evaporator and aqueous extracts by lyophilization to obtain yield and stored for further use.

Lipid extraction was carried out using “Folch” wash method described by Marekov et al., 2012 [14] and Zhou et al., 2015 [15]. 1 g
of mushroom extract was dissolved in 10 mL of methanol. To the above solution, 20 mL of chloroform was added and stirred for 30
min. The organic layer was evaporated. The extract was re-dissolved in 12 mL of mixture of chloroform-methanol (2:1) and was
subjected to folch wash (3 mL of 0.88% KCl in aqueous). After removing aqueous layer, the organic layer was rewashed with 3 mL
methanol-saline (1:1). The resulting solution was centrifuged, and aqueous layer was discarded. The organic layer was collected and
dried. The lipid extract was dissolved in 2 mL of chloroform-methanol (2:1) and was subjected to analysis for GC-MS.

2.3. GC-MS analysis

The GC-MS analysis was carried out to identify the chemical compounds from L. edodes mushroom. Shimadzu GCMS- QP2010 Ultra
was used to carry out the analysis. The GC was equipped with a 30 m x 0.25 mm x 0.25 pm capillary column. Initially, a temperature of
100 °C was maintained for a period of 3 min and was further raised to 300 °C at a rate of 10 °C/min. The temperature was then
maintained for 17 min at the end of this period. The samples were injected in split mode. The injection port temperature and the helium
flow rate were 260 °C and 1.21 mL/min. The MS scan range was set at 40 m/z — 650 m/z. The NIST Library MS database was used to
compare the fragmentation pattern of the mass spectra [14].

2.4. Construction of database and drug-likeness filtering of myco-chemicals obtained from L. edodes

Based on the GC-MS analysis of myco-chemicals obtained from L. edodes, Lipinski’s rule was applied through SwissADME (http://
www.swissadme.ch/) [16] to identify their drug-like property. After the Lipinski’s rule was able to assess the screen evaluation as
“acceptable,” the molecules were sorted out as potential bioactive ingredients. To identify SMILES (Simplified Molecular Input Line
Entry System) of molecules, the Pub-Chem program was utilized (https://pubchem.ncbi.nlm.nih.gov/).
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2.5. Searching of target genes associated to bioactive ingredients and obesity

SMILES was used to select target genes related to the active molecules through both Similarity Ensemble Approach (SEA) (http://
sea.bkslab.org/) [17] and Swiss Target Prediction (STP) (http://www.swisstargetprediction.ch/) [18] by applying “Homo Sapiens”
mode. Genes associated with obesity were extracted using DisGeNET (https://www.disgenet.org/) and Online Mendelian Inheritance
in Man (https://omim.org). Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/) was used to categorize and visualize the genes
overlapping with selected molecules and obesity target genes [13].

2.6. Disease investigation of overlapping genes

Enrichr - KG [19] was used for disease investigation of overlapping genes using the DisGenet database. Based on DisGenet disease
results, possible disease targets for L. edodes were derived.

2.7. Network visualization between bioactive molecules and overlapping genes

Using STP, SEA, and a network visualization tool, Rstudio (ver. 2023.03.0 + 386), we analysed the connections between com-
pounds and overlapping genes. Configuring “degree values” of molecules and genes that were predicted by exploring network topology
led to identifying the key active ingredients of L. edodes against obesity. On the network scale, compound or gene degree values
represent the number of edges each compound or gene has [20]. In general, compounds or genes with a higher degree value are more
valuable for the therapeutic effects of L. edodes against obesity [13].

2.8. Cell culture and differentiation

The 3T3-L1 preadipocytes were cultured in DMEM supplemented with 10% FBS and 1% antibiotic at 37 °C. The preadipocytes were
maintained in the same medium for two days until growth arrest (day 0). Two days later, after full confluency, the cells were shifted to
differentiation medium for another two days (day 2) containing 0.5 mM IBMX, 1 pM dexamethasone, and 10 pg/mL insulin. After two
days, the cells were re-fed with complete medium containing 10 pg/mL insulin (differentiation progression medium). After two days,
the differentiation progression medium was withdrawn (day 4) and the cells were maintained in the post differentiation medium until
day 8 [20,21]. At this stage, the cells were treated with a concentration of 1 mg/mL for both the extract and the standard, and 250 pL of
this solution was introduced to cells within a medium volume of 1.25 mL, resulting in a total volume of 1.5 mL in the well.

2.9. Oil Red O staining of cells

The differentiated and treated adipocyte cells were assessed for lipid accumulation by Oil Red O staining. Eight days post differ-
entiation, cells were washed twice with PBS and fixed with 10% formalin at room temperature for 30 min. The fixed cells were again
washed three times with distilled water and were stained using Oil Red O (60% Oil Red O solution) for 30 min. The cells were again
washed three times with distilled water and microscopic images were taken for visualizing the lipid droplets in the cells. The cellular
lipid content was measured by dispensing isopropanol into the cells. After 30 min, the supernatant was collected and measured at 490
nm using a microplate reader [22,23].

2.10. Measurement of adiponectin

The cellular adiponectin content was measured using Mouse ADP/Acrp30 (Adiponectin) ELISA kit (Wuhan Fine Biotech Co. Ltd.,
China). Briefly, the differentiated cells were washed three times with ice cold PBS and then scraped and centrifuged. The cell pellet was
lysed and centrifuged at 10,000 rpm for 10 min. The supernatant was collected and used as whole-cell lysate and adiponectin content
was determined using the ELISA kit as per the instruction given by the manufacturer.

2.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 8.0. All the data were presented as the mean + standard error of
the mean (SEM) of triplicates. The p values < 0.05 were considered statistically significant.

3. Results and discussion
3.1. Potential active ingredients of L. edodes

The GC-MS analysis of different extracts of L. edodes (Supplementary Figure S1a—f) revealed 46 chemical compounds in aqueous
extracts, 67 chemical compounds in ethanolic extract, 29, 37 and 48 chemical compounds in various hydroalcoholic extracts (50:50,
25:75, 75:25), and 46 chemical compounds in methanolic extract. Lipinski’s rule further confirmed the drug-like characteristics of
these molecules. Based on SEA and STP databases, 31, 55, 17, 23, 39, and 33 active ingredients (i.e., compounds that interacted with
genes such as FAAH, CNR1, PPARG, PPARD, ALOX5) were selected respectively for aqueous, ethanolic, hydroalcoholic (50:50, 25:75
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and 75:25) and methanolic extracts (Supplementary Table S1).

3.2. Target genes related to the active molecules and obesity

Based on SMILES, genes from SEA and STP associated with compounds were extracted. Based on the Venn diagram, the two da-
tabases contain 63 genes from aqueous extract, 137 genes from ethanolic extract, 61, 87, and 82 genes from hydroalcoholic extracts
(50:50, 25:75, 75:25), and 71 genes from methanolic extract that overlap (Fig. 1). The two public databases, OMIM and DisGeNet,
provided 400 genes associated to obesity (Supplementary Table S2). Based on the Venn diagram, the number of genes that shared
overlapping regions among 400 obesity-related genes and the overlapping genes was 12, 15, 9, 20, 14 and 12 genes in the respective
extracts (Fig. 2). The overlapping genes associated with the disease are enlisted in Supplementary Table S3.

3.3. Possible disease targets of L. edodes

All the extracts of the mushroom target diseases such as diabetes mellitus, obesity, metabolic syndrome X, non-alcoholic fatty liver
disease, steatohepatitis, bulimia nervosa, and dyslipidemias (Supplementary Figure S2a—f). Agunloye & Oboh, 2022 [24] showed that
Pleurotus ostreatus and Letinus subnudus can help people with diabetes by lowering blood sugar and lowering the activity of enzymes
that break down carbohydrates and enzymes that are linked to high blood pressure. Moreover, both the mushrooms can protect the
body from ROS produced by hyperglycaemic conditions in diabetes, suggesting that consuming Pleurotus ostreatus and Letinus subnudus
may help prevent diabetes from progressing. Similarly, Yu et al., 2016 [25] found that Lentinula edodes mushroom reduced
lipidemia-related factors in rats regardless of their sex, and that L. edodes-induced reductions in lipophilic antioxidant capacity may
reflect an improved metabolic profile as a result of a lower prooxidative state.

Our findings indicate that all the possible disease targets associated with the genes of L. edodes extracts are indirectly and directly
corelated with the metabolic syndrome, targeting insulin secretion, breakdown of glucose, glucose uptake, gluconeogenesis lipo-
genesis, antioxidant targeting and other factors related to obesity. However, it can be deduced that L. edodes may regulate lipid
metabolism and catabolism, fatty acid metabolism and biosynthesis and the inflammatory response to reduce obesity.

3.4. Bioactive molecules of L. edodes and hub genes associated with obesity

Finally, the overlapping genes interacted with respective molecules and their interactions were visualized with the network
containing various nodes and edges (Fig. 3). We assessed the genes associated with obesity for L. edodes extract based on “degree
value”. The level of compounds in all the extracts (Supplementary Table S4) showed that hexadecanoic acid methyl ester was highly
concentrated except for the hydroalcoholic (50:50) and methanolic extracts and connected to a maximum of 11 genes. In addition,
FAAH interacted with most compounds (41 in total) in all of the L. edodes extracts. This meant that FAAH was thought to be the key
gene in L. edodes that fights obesity (Table 1).

A study discovered that hexadecanoic acid could change most of the proteins and the P13K-Akt pathway, which in turn improved
metabolism [26]. FAAH is an enzyme associated with membranes and responsible for degrading endocannabinoids. The role of FAAH
and endocannabinoid system in lipid metabolism, oxidative stress, and inflammation have been studied by Batkai et al., 2004 [27,28].

SER waler I SEA ethanol STP ethanol

. b. c

SEA75:25 STP 75:25 SEA methanol STP methanol

SEA 50:50 STP 50:50

SEA 25:75 STP 25:75

368
(58.9%)
d‘ e. f.

Fig. 1. Overlapping genes between compound-related genes of, a: 100% aqueous extract; b: 100 % ethanolic extract; c: 50:50 hydroalcoholic
extract; d: 25:75 hydroalcoholic extract; e: 75:25 hydroalcoholic extract; f: methanolic extract, from SEA and STP database.
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Fig. 2. Overlapping genes between compound related genes of, a: 100% aqueous extract; b: 100 % ethanolic extract; c: 50:50 hydroalcoholic
extract; d: 25:75 hydroalcoholic extract; e: 75:25 hydroalcoholic extract; f: methanolic extract, and 400 Obesity related genes from two public
databases, OMIM and DisGenet.

Fig. 3. Network linked to compounds in L. edodes and target genes related to Obesity; a: 100% aqueous extract; b: 100 % ethanolic extract; c: 50:50
hydroalcoholic extract; d: 25:75 hydroalcoholic extract; e: 75:25 hydroalcoholic extract; f: methanolic extract.

Biernacki et al., 2018 [29] demonstrated that fatty acid amide hydrolase inhibitor administration disrupts redox balance by lowering
ROS levels and altering antioxidant capacity, resulting in oxidative modifications of proteins and lipids in the organs.

Collectively, we can predict that the extracts of L. edodes can be highly efficient for bioactivity of L. edodes against obesity due to the
higher degree value of hub gene (FAAH) which might act on signaling pathways (endocannabinoid signaling, PPAR signaling, ROS
signaling) that can activate insulin secretion, glucose uptake, lipid metabolism and other metabolic pathways responsible for man-
agement of metabolic syndrome and obesity.

3.5. In-vitro cell culture

3T3-L1 pre-adipocytes are undifferentiated fibroblasts that can be induced to differentiate into adipocytes, while adipocytes are
mesenchymal cells that store energy in the form of lipids. Lipid buildup is a critical sign of adipogenesis. In fully developed cells,
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Table 1

Degree value of genes related to different extracts of L. edodes.

Heliyon 10 (2024) e27363

Aqueous ext

Ethanolic ext Hydroalcoholic ext Hydroalcoholic ext

Hydroalcoholic ext Methanolic ext

(50:50) (25:75) (75:25)
Gene Degree Gene Degree Gene Degree Gene Degree Gene Degree Gene Degree
Value Value Value Value Value Value
FAAH 21 FAAH 41 FAAH 10 FAAH 16 FAAH 26 FAAH 23
CNR1 9 CNR1 25 CYP19A1 4 CNR1 7 CNR1 14 CNR1 10
NR1H4 8 PPARG 17 PTPN1 4 NR1H4 7 GPBAR1 10 GPBAR1 9
CYP19A1 5 THRB 16 NR1H4 4 PTPN1 6 THRB 7 NR1H4 7
PTPN1 4 PPARA 15 NR3C1 3 PPARG 5 PPARG 7 PPARG 6
PPARG 3 PPARD 13 FABP4 2 CYP19A1 5 PPARA 7 PPARA S5
PPARA 3 PLA2G1B 13 HTR2A 2 ALOXS5 4 ALOX5 6 THRB 5
FABP4 3 GPBAR1 13 HTR2C 2 FABP4 4 NR1H3 6 ALOXS5 4
FABP2 3 NR1H4 13 ACE 2 FABP2 4 PRKCH 5 FFAR1 4
RBP4 2 FFAR1 12 HTR2C 4 FFAR1 5 PPARD 4
MAPKS8 2 FABP4 12 PPARA 3 PPARD 5 NR1H3 4
ALOX5 2 ALOX5 12 HTR2A 3 TNF 3 FFAR4 1
NR1H3 9 NR3C1 3 FFAR4 1
FFAR4 3 RBP4 2
TNF 3 MAPKS8 2
DRD4 2
ACE 2
CCKBR 2
HDAC3 1
ADRA2B 1

mushrooms prevented lipid droplets from forming, as demonstrated by microscopy (Fig. 4). At 490 nm, an ELISA reader was used to
measure the amount of cellular lipids. The findings demonstrated that L. edodes extracts and metformin reduced lipid build-up
compared to the control (untreated cells). It has been established that the aqueous and ethanolic extract of mushroom inhibited
3T3-L1 adipocytes’ ability to differentiate (Fig. 5). The network pharmacology analysis showed that hexadecanoic acid methyl ester
from the extracts interacts most with the overlapping genes. This was controversial to the study investigated by Lin et al., 2021 that
revealed palmitic acid methyl ester enhances adipogenesis [30]. This seemingly paradoxical finding demands careful consideration
and may open avenues for hypothesis regarding the complex interplay of compounds within the mushroom extract. It is essential to

Pre-adipocytes Adipocytes Treatment

Metformin

Water ext

Ethanolic ext

Hydroalcoholic ext 2 .
(50:50)

Hydroalcoholic ext
(25:75)

Hydroalcoholic ext
(75:25)

Methanolic ext

Oil O red

Fig. 4. Representative cell images demonstrating lipid accumulation in 3T3-L1 cells.
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note that our study focused on the holistic network pharmacology perspective, and the observed anti-adipogenic effects may not be
solely attributed to hexadecanoic acid methyl ester in isolation. One plausible hypothesis is that the observed anti-adipogenic effect of
the mushroom extract could be the result of a synergistic interaction among various compounds present in the aqueous and ethanol
extract. In a study by Drori et al., 2017, it was reported that vitamin-D enriched L. edodes were able to exhibit a synergistic
anti-inflammatory effect in a diet-induced obesity murine model [31]. Similarly, in another study Pleurotus eryngii was reported to
exhibit synergistic effects in suppressing ghrelin and improving postprandial glucose levels [32]. In addition, the regular consumption
of the L. edodes as a dietary source is considered synergistic and has been reported to exhibit anti-cancer, anti-diabetic, anti-oxidant,
anti-atherosclerotic, anti-microbial and hepatoprotective effects [33]. Hence, the overall anti-adipogenic effect may be due to the
inhibition or interaction between obesity-related genes (FAAH, TNF, PPARG, PPARD, and PPARA, as stated in Supplementary
Table S3) and chemical compounds. Despite its known pro-adipogenic effects, hexadecenoic acid methyl ester might be counteracted
or modulated by other bioactive compounds, leading to an overall anti-adipogenic outcome.

Increased TNF-expression is correlated with adiposity and insulin resistance and is the first sign of obesity [34]. The PPARD plays a
significant part in the emergence of abdominal obesity. Additionally, PPARG expression can be increased by the transmembrane
protein 18 for the obesity-susceptibility gene to encourage adipogenesis [35]. N-acylethanolamines are mostly catabolized by FAAH,
which activates G-protein-coupled receptors in the endocannabinoid system. When a person is obese, FAAH is linked to an increase in
BMI, an increase in triglyceride levels, and a decrease in high-density lipoprotein cholesterol levels [36]. Therefore, the findings
suggests that obesity increases the expression levels of TNF, PPARD, and PPARG while decreasing the expression levels of FAAH in
mature adipocytes which may be significantly reversed by fruiting body of L. edodes extracts and metformin.

3.6. Effect of mushroom extracts on adiponectin levels

Adiponectin levels were tested to investigate mushrooms’ impact on adipocytes in more detail. Because of its anti-inflammatory,
anti-fibrotic, and antioxidant properties, the adipokine adiponectin, which is released by adipocytes, is a well-known homeostatic
factor for controlling glucose levels, lipid metabolism, and insulin sensitivity. Since, a reduction in lipid build up in cells was seen in all
the extracts, the adiponectin levels of these extracts were checked. The adiponectin levels were found to be significantly greater in
aqueous, ethanolic and methanolic extract except for all the hydroalcoholic extracts of the mushroom, compared to the control cells
(without treatment) (Fig. 6).

The endogenous cannabinoid (CB1) receptor ligand, anandamide, promotes increased food intake and energy storage. The hy-
pothalamus and brain stem are two areas of the central nervous system where activation of the ECS affects the regulation of hunger and
satiety [37]. Overactivation of the ECS is likely a factor in obesity because it is believed that the ECS’s primary physiological purpose of
the ECS is to change the energy balance in favor of energy storage [38]. The study results could be linked to the interaction between
chemical compounds of mushroom extracts and FAAH gene in adipocytes. The primary FAAH enzyme when increased/elevated, helps
in breakdown of anandamide, which in turn reduces calorie intake and suppresses the food intake. The aqueous, ethanolic and
methanolic extract of L. edodes carries molecules such as hexadecanoic acid, linoleic acid, and methyl stearate, which may be
responsible for decreasing anandamide signaling by boosting the activity of the FAAH enzyme and increasing adiponectin levels.

4. Conclusion

L. edodes is rich in valuable ingredients and is regarded as a potential source with miraculous biological properties. However, this
study investigated the potential bioactive molecules of L. edodes and their interaction with obesity associated genes. The findings
suggest that L. edodes might ameliorate the effects of obesity due to the presence of compounds responsible for breakdown of lipids.
Moreover, network pharmacology can be widely used to predict bioactive compounds and their gene targets for alleviating the disease.
Subsequently, an in-vitro cell-based experiment was carried out to verify the results of network pharmacology and it was discovered
that the aqueous extract of L. edodes has been shown to exhibit lesser lipid accumulation and a greater adiponectin level, thereby
indicating its potential application in regulating obesity. Future studies are geared towards isolating and identifying the myco-
compounds responsible for the anti-obesity effects.
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Fig. 6. Adiponectin level of the extracts in comparison to control. The metformin, aqueous and ethanolic extracts were found to be statistically
significant while hydroalcoholic extracts and methanolic extract were found to be non-significant.
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