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Purpose: There is an urgent need to develop antidiabetic medications with minimal side effects and low toxicity. Ganoderma
lucidum, a food-medicine homologous in China, has been used to treat diabetes. This study was aimed to explore the active ingredients
and mechanism of G. lucidum in the treatment of diabetes.

Materials and Methods: Relevant compounds and targets of Ganoderma were collected from the TCMSP database, BATMAN-
TCM database, relevant literature and PubChem. A diabetes-related target database was constructed using TTD, BATMAN-TCM, and
Uniprot. A PPI network and H-C-T-P network were constructed to analyze interactions among these targets. GO and KEGG
enrichment analyses were performed using WebGestalt. Molecular docking of the core compounds and key targets was carried out
using AutoDock Vina. The predicted key targets were verified via qRT-PCR in PA-induced HepG2 cells, using GLAE (ethanol extract
of Ganoderma lucidum) as the treatment.

Results: A total of 58 compounds were screened out in G. lucidum, of which 17 had predicted targets. G. lucidum was involved in
metabolic processes, such as lipid binding, insulin secretion, and other pathways. Molecular docking results showed that the core
component f-sitosterol had strong binding activity with key targets CASP3, PRKACA, and PGR. Based on the results of network
pharmacology, the top 10 targets related to glucose and lipid metabolism were selected for validation. The results indicated that in
a high-fat environment, glucose and lipid metabolism in HepG2 cells was improved, with decreased mRNA expression of CASP3,
PRKACA, CYP19A1, NR3Cl1, JUN, and increased expression of PGR and RXRA.

Conclusion: Glucose and lipid metabolism are important for the anti-diabetic activity of G. lucidum. A strong interaction of -
sitosterol with CASP3, PRKACA, and PGR, which may be related to cell apoptosis, gluconeogenesis and insulin secretion, etc. This
study lays the foundational groundwork for future drug development and therapeutic optimization.
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Introduction

Diabetes mellitus is one of the most common chronic diseases worldwide, with the increase in obesity due to lifestyle
changes leading to its continued rise. According to the International Diabetes Federation (IDF) report from 2021, the
estimated prevalence of Diabetes mellitus in the global population aged 20—79 was 10.5% (536.6 million people) in 2021
and is projected to rise to 12.2% (783.2 million people) by 2045." Currently, the main medications to treat Diabetes

mellitus available on the market include rosiglitazone, liraglutide, and dapagliflozin, etc. Long-term use of these drugs
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can lead to serious side effects and complications, such as diabetic macular oedema and retinopathy.” There is an urgent
need to develop antidiabetic medications with minimal side effects and low toxicity.

Ganoderma Ilucidum, a traditional Chinese medicine (TCM), is regarded as a food-medicine homologous in China
since 2023.>* It shows antidiabetic effect in vitro and in vivo by effectively improving insulin resistance, hyperglycemia,
and oxidative stress, which are important factors in the occurrence and progression of diabetes.” ' Based on clinical
research, G. lucidum can reduce plasma insulin levels and the homeostasis model assessment of insulin resistance
(HOMA-IR). Additionally, it can enhance antioxidant capacity and regulate redox balance in the body, thereby improving
insulin secretion.'' Some bioactive molecules in G. lucidum, such as polysaccharides, glycoproteins, proteins, triterpe-
noids and adenosine, are reported to perform hypoglycemic activity by regulating glucose and lipid metabolism,
decreasing inflammation levels, reversing gut dysbiosis and improving antioxidative effect.”'?

Nowadays, “one key, one lock” mode is insufficient to decipher the drug actions, especially in those complex
medicines, like traditional Chinese medicine, and complex diseases, such as diabetes. Network pharmacology uses
computational power to analyze drugs and drug targets in a systemic manner, attempting to understand drug actions and
interactions with multiple targets.'® The key ideas of network pharmacology, multicomponent, multichannel, and multi-
objective synergies, sharing much with the basic disciplines of TCM, make it a well-suited tool for the systematic and
comprehensive analysis of the mechanisms of TCM.'* Therefore, network pharmacology is useful to discover new drug
leads and targets and to repurpose existing drug molecules for different therapeutic conditions by allowing an unbiased
investigation of potential target spaces.'”

In this study, we utilized network pharmacology to predict the active ingredients and targets of G. lucidum treating
diabetes mellitus. An in vitro model of metabolic syndrome was induced by palmitic acid (PA) in HepG2 cells, while the
ethanol extract of Ganoderma lucidum (GLAE) was used as a therapeutic agent. We assessed the expression of predicted
key targets after GLAE treatment. This study offers detailed insights into the active components and mechanisms of
G. lucidum, providing a basis for targeted and effective diabetes treatments. It could also lead to new avenues for drug
development and therapeutic optimization.

Material and Methods

Collection and Filtration of Bioactive Components in G. Lucidum

The components of Ganoderma lucidum were collected from TCMSP (TCMSP — Traditional Chinese Medicine Systems
Pharmacology Database and Analysis Platform (tcmsp-e.com)) databases, BATMAN-TCM (HomePage — BATMAN
(ncpsb.org.cn)) databases and literatures, then were filtered according to the ADME attribute values by setting the
parameters of OB (oral bioavailability) >30%, DL (drug likeness) >0.18, and Caco-2 (Caco-2 cell permeability) >-0.4."¢
The components meeting the screening criteria were considered as potential active components. At last, the structures of
the potential bioactive components were confirmed in PubChem (PubChem (nih.gov)) Database.

Targets Collection Corresponding to Active Components of G. Lucidum

The targets corresponding to potential active components filtered above were predicted by the TTD (TTD: Therapeutic
Target Database (idrblab.net))!” and BATMAN-TCM database on account of a similarity-based target prediction method
based on chemical similarity to the known drug—target interactions by setting the parameter of Score cutoff >20.
Afterward, the obtained targets were matched to the UniProt database platform (UniProt) for normalization with
a gene format of Homo sapiens, and redundancy and non-Homo sapiens were deleted.

Targets Screening Related to Diabetes and Putative Therapeutic Targets of G. Lucidum
Diabetes mellitus related target proteins were mined from Genecards databases (GeneCards — Human Genes | Gene
Database | Gene Search) with the searching keyword “Diabetes mellitus” and then filtered by the threshold of the exceed
median “Relevance score”. Then, Diabetes mellitus related targets and components related targets were mapped by Venn
2.0 (Venny 2.1.0 (liuxiaoyuyuan.cn)), and the mutual targets are deemed as putative therapeutic targets of Ganoderma
lucidum in treatment Diabetes mellitus.
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The Network Construction of Protein-Protein Interaction (PPI)

Protein—protein interaction (PPI) gets involved in various cellular biochemical reaction processes such as bio-signal
transmission, gene expression regulation, energy and substance metabolism and cell cycle regulation. PPI network and
transcriptional regulation network are of great significance for regulating cells and their signals. Systematic analysis of
the PPI is of great significance for understanding the biological response processes of specific pathological state of
disease altering by drugs, furtherly elucidating the mechanism of treatment. The interaction of 67 potential therapeutic
targets of Ganoderma lucidum in Diabetes mellitus treatment was analyzed and visualized on Gene MANIA online
platform (GeneMANIA).

Gene Function and Pathway Enrichment Analysis

The Web Gestalt (WebGestalt (WEB-based GEne SeT AnaLysis Toolkit)) is a popular analysis web tool for the
interpretation of gene lists and functional enrichment. It can provide multiple types of interactive and result visualizations
of publication-ready figures freely and user-friendly.'® Gene function and pathway enrichment analysis of the therapeutic
target proteins and genes of Ganoderma lucidum in Diabetes mellitus treatment were performed on the Web Gestalt
online platform with the newest version. The relevant parameters were set as follows, Organism: homo sapiens, Method:
Over-Representation Analysis (ORA), Functional Database: Gene Ontology (GO) and the Kyoto Genetic and Genomics
Encyclopedia (KEGG) database, Select reference set: genome protein-coding, significance level: FDR with 0.05. Keep
the other default values and then submit.

Construction of “Herb-Bioactive Compound-Target-Pathway” Network

In order to further understand the intricate relationship among herb, bioactive components, targets and disease, a “herb-
bioactive components-target-pathway network” (H-C-T-P) construction was performed as follows: firstly, pairing of
Ganoderma lucidum and filtered bioactive components, bioactive components and corresponding targets, the targets and
their related enrichment pathways were linked together and listed in a worksheet sequentially. Secondly, the “H-C-T-P”
network of Ganoderma lucidum was constructed and visualized using the software Cytoscape 3.6.0.'° Cytoscape is an
open-source software platform for complex network construction, analysis and visualization. It can present the relations
between elements intuitively via the form of connection, nodes and network on the whole. In addition, it can provide
different algorithms to analyze the constructed network, and more important nodes in the network can be screened from
multi-angles via setting related parameter. Degree is an index which represents the number of edges between a node and
another node in the network. In the present work, degree was applied to evaluate every node in the “H-C-T-P” network,

Network Topological Feature is the larger the degree value, then larger node icon.

Filtration of Key Targets
In order to further understand the target proteins that play a major role in the protein—protein network, a total of 12
different algorithms and related indices were applied to filter key targets among the 67 putative therapeutic targets using
Cytoscape software plugins cytoHubba. The 12 indices are “maximum clique centrality” (MCC), “the density of the
maximum neighbor component” (DMNC), “maximum neighbor component” (MNC), Degree (The connection degree of
node), Closeness, “Edge permeate component” (EPC), BottleNeck, EcCentricity, Radiality, Betweenness, “Stress and
Clustering Coefficient”, respectively. The level of these 12 indices had a positive association with the importance of node
in the network and so can be used to filter the hub targets in the PPI network. The top 10 targets were selected by each
algorithm and regarded as candidate key targets from protein—protein network, then 120 key targets under 12 algorithms
were obtained, counted and sorted by frequency.

Through Comparison of the top 10 key targets filtered from “H-C-T-P” network by degree value and the PPI network
by 12 different algorithms, the intersection of the two groups of candidate key protein targets was taken as the key

therapeutic targets of Ganoderma lucidum in Diabetes mellitus treatment.
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Molecular Docking

From the “H-C-T-P”, core components were obtained. The key targets were identified from the intersection of the top 10
targets from “H-C-T-P” and “PPI”. The molecular docking was conducted on the core components and key targets through
“Autodock Vina”. The 3D structure of B-sitosterol was obtained from the PubChem database. The 3D structures of CASP3,
PRKACA, and PGR were retrieved from the Protein Data Bank (PDB). The B-sitosterol molecule was subjected to the
removal of water molecules and the addition of hydrogen atoms, followed by an analysis of the resulting structure.

Cell Cultures

Human hepatic HepG2 cells (Cell Bank of the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of
Sciences, Shanghai, China) were cultured in DMEM/high glucose supplement with 10% FBS, penicillin G (100 U/mL),
and streptomycin (100pg/mL) at 37°C in a humidified atmosphere with 5% CO,. The cells were subcultured and seeded
into 6/24/96-well plates when the cell density in the T25 culture flasks reached 85%-95%. The experimental units were
randomly allocated to the control and treatment groups, and then the principle of experimental blinding was applied.
After the cells have adhered to the wells, the treatment groups are administered with the corresponding concentrations of
GLAE and pre-treated for 24 hours. Following this, the induction is carried out by adding 0.2 mm PA for another
24 hours according to the group assignments. The experimental groups were as follows: Control, Model (0.2mM PA),
and low, medium, high concentration (20 pg/mL, 40 ug/mL, 80 ug/mL) GLAE treatment groups.

Cell Viability Assay

HepG?2 cells are seeded into a 96-well plate and are allowed to attach, reaching a density of 50-60%. Then, the cells are
treated individually with PA (0.1-1.6 mm) and GLAE (1-100 pg/mL), as well as pre-treated with GLAE for 24 hours.
Following the instructions of the CCKS kit, 10 pL of 10% CCKS solution is added to each well and incubated at 37°C
with 5% CO, for 30 minutes. The absorbance at 450 nm is measured using a microplate reader to determine cell viability.
Cell viability is calculated using the following formula: Cell Viability (%) = (treated group/control group) x 100%.

Glucose Consumption Assay

Cells were grouped according to the experimental design and treated with the corresponding drugs for a specified period.
Afterward, the cell culture medium was collected, and the glucose content in the medium was measured using a glucose
detection kit (Nanjing Jiancheng, Cat#A154-1-1). The remaining amount of glucose in the medium was calculated
following the instructions provided with the kit. The original glucose content was subtracted from the remaining amount
to determine the amount of glucose consumed by the cells. Use the CCKS assay to assess cell viability in a 96-well plate,
calibrating by dividing the amount of glucose consumed by the CCKS8 readings.

Determination of Total Triglyceride and Cholesterol

For TG/TC measurement, the TG and TC assay kits (Nanjing Jiancheng, Cat#A110-1-1/A111-1-1) are used. Cells were
seeded into 6-well plates and treat them according to the model establishment and treatment steps described above, five
groups of cell samples are collected: control group, model group, and low/medium/high-dose treatment groups. The
samples are then prepared according to the instructions provided, and the concentrations of TG and TC in the samples are
measured. The results obtained will be compared with the control group to calculate the differences between each group
and the control group.

Immunofluorescence Assays

Immunofluorescence staining was used to observe the total amount of GLUT2 protein and its translocation on the membrane
of HepG2 cells. HepG2 cells were plated on 10 mm glass coverslips in a 24-well plate. The cells were modeled and treated
according to the method described in “Cell cultures”. Upon completion, the cells were gently washed 3 times with PBS. Cells
were fixed in freshly prepared 4% paraformaldehyde at room temperature for 25 min. Coverslip was rinsed with PBS 3 times
for 3 min each. For 30 min, 10% goat serum was used to block at room temperature, and then the goat serum was discarded.
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Anti-GLUT?2 antibody (PTM Bio, Cat#PTM-6209) was added, and the cells were incubated at 37°C for 1 h protected from
light. After washing, cells were incubated with the Alexa Fluor 488-conjugated Donkey anti-Goat IgG (H+L) at 37°C for
1 h protected from light. The coverslips were mounted on microscope slides and sealed with an antifade solution, and nuclei
were stained with DAPI. Images were captured using a fluorescence microscope (Leica DM 4000, Germany).>°

RNA Extraction and qRT-PCR Analysis

Cells were inoculated in a 6-well plate with an appropriate density were modeled and treated according to the method
described in “Cell cultures”. Total RNA was extracted from the treated cells using an RNA extraction kit, and
complementary cDNA was synthesized using a reverse transcription kit according to the manufacturer’s instructions.
Quantitative detection of gene expression was performed using the BIO-RAD CFX96 Real-Time PCR Detection System.
The PCR amplification process was as follows: 95°C for 30 seconds, followed by 40 cycles of 95°C for 5 seconds and

2—AACt

60°C for 30 seconds. Data were analyzed using the relative expression method.

Statistical Analysis

All experiments were performed with at least three replicates per sample. The data analysis was performed using
GraphPad Prism version 9.4.1. First, the data was subjected to the Shapiro—Wilk normality test. Data that conformed to
a normal distribution were expressed as mean £ SD. One-way analysis of variance (ANOVA) was used to compare
differences between sample groups, and Tukey’s post-hoc test was conducted for pairwise comparisons between groups.

A p-value of less than 0.05 (P<0.05) was considered to indicate statistical significance.
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Figure | The workflow of present network pharmacology and molecular docking.
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Results

Bioactive Compounds and Corresponding Targets of G. Lucidum in Diabetes
Treatment

The data collection, analysis, and processing for the network pharmacology and molecular docking study of Ganoderma

lucidum in the treatment of Diabetes mellitus were carried out according to the experimental process shown in Figure 1.

A total of 60 compounds of Ganoderma lucidum were screened out by the threshold of filtration criteria, of which, 2

Table | The Attribute Values of Potential Active Components of Ganoderma Lucidum

Mol ID PubChemCID | Molecule Name Structure OB DL | Caco-
(%) 2
MOLOI1129 | 21633085 Methyl lucidenate F 3267 | 0.81 | —0.21
MOLOI1137 | 5283669 Campesta-7,22E-dien-3beta-ol 4351 | 072 | 1.33
MOLOI 1159 | 56676695 Ergosta-4,6,8 (14),22-tetraene-3-one 4832 | 0.75 | 1.51
MOLOI1171 | 14015440 Ganoderal B 42.56 | 0.81 | 0.43
///‘\\
AY
MOLOI1189 | 11784642 Ganoderic acid DM 38.8 0.83 | 0.36
DL
MOLOI1235 | 471008 Ganoderiol F 38.12 | 0.82 | 0.35
Yy
A 3"\\.
&
MOLOI 1241 | 73294 Ganodermanondiol 37.64 | 0.8 0.46
L1/ 4
A \//T;\f\—f%
MOLOI1256 | 15602283 Ganolucidic acid E 3285 | 0.82 | —0.15
(Continued)
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Table | (Continued).

Mol ID PubChemCID | Molecule Name Structure oB DL | Caco-
(%) 2
MOLOI1267 | 10343868 Lucialdehyde B 43.12 | 0.81 | 0.53
2605
A \\\
MOLO11268 | 10366713 Lucialdehyde C/(24E)-3 beta-hydroxy-7-oxo-5 alpha-lanosta }7%/! 4226 | 0.81 | 0.5
-8,24-dien-26-al (R,
AL
b
MOLO11270 | 14109375 Lucidenic acid A 30.34 | 0.79 | —0.2
Ly~ i
_%X HA
Ve !-'\_{

MOLO11287 | 71453988 Lucidone A 3722 | 0.64 | —0.13
MOLOI11290 | 475410 Lucidumol A (Lanost-8-ene-3,7-dione, 24.25-dihydroxy-, 3475 | 0.8 0.28
24S)- e
(245)-) Hf

A .,,/\"},\7%
MOLOI1309 | 11271456 Methyl (4R)-4-[(5R,7S,10S,13R,14R,15S,17R)-7,15-dihydroxy 30.19 | 0.81 | —0.36
-4,4,10,13,14-pentamethyl-3, | | -dioxo-2,5,6,7,12,15,16,17- K
octahydro- | H-cyclopenta[a]phenanthren-17-yl] pentanoate A o
(Methyl lucidenate Q)
MOL000279 | 10181133 Cerevisterol 3796 | 0.77 | 0.28
e
MOL000282 | 5283628 Stellasterol 4351 | 0.72 | 1.32
,:‘ N
MOL000358 | 222,284 B-sitosterol 3691 | 075 | 1.32
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Disease

Figure 2 The Venn diagram of targets both in Diabetes mellitus highly associated targets and Ganoderma lucidum active components targets.
compounds which cannot be confirmed in PubChem Database then was deleted. Among the 58 confirmed compounds, 17

compounds are predicted to interacted with 114 targets (Table 1), while other 41 components have no related targets.
Among the 17 compounds, there were 11 triterpenoids and 6 alcohols.

Table 2 67 Putative Therapeutic targets of Ganoderma Lucidum in Diabetes Mellitus Treatment

No | Gene Uniprot | Protein Name No | Gene Uniprot | Protein Name
Name ID Name ID
| FADSI 060427 Acyl-CoA (8-3)-desaturase 35 SLC8AI P32418 Sodium/calcium exchanger |

2 ATPIA3 P13637 Sodium/potassium-transporting 36 SLC6A4 P31645 Sodium-dependent serotonin transporter
ATPase subunit alpha-3

3 SHBG P04278 Sex hormone-binding globulin 37 BCL2 P10415 Apoptosis regulator Bcl-2

4 PONI P27169 Serum paraoxonase/ arylesterase | | 38 RXRA P19793 Retinoic acid receptor RXR-alpha

5 FXYD2 P54710 Sodium/potassium-transporting 39 | ATPIAI P05023 Sodium/potassium-transporting ATPase subunit

ATPase subunit gamma alpha-1
6 RARB P10826 Retinoic acid receptor beta 40 NR3ClI P04150 Glucocorticoid receptor
7 ADRAIA | P35348 Alpha-|A adrenergic receptor 41 CASP8 Q14790 Caspase-8
8 KCNH2 Q12809 Potassium voltage-gated channel 42 NR113 Q14994 Nuclear receptor subfamily | group | member 3

subfamily H member 2

9 RDH5 Q92781 Retinol dehydrogenase 5 43 FADS2 095864 Acyl-CoA 6-desaturase
10 NOTCH2 | Q04721 Neurogenic locus notch homolog | 44 PPIA P62937 Peptidyl-prolyl cis-trans isomerase A
protein 2
11 CYPI9AI | PILISII Aromatase 45 AGTRI P30556 Type-| angiotensin Il receptor
12 PTGS2 P35354 Prostaglandin G/H synthase 2 46 | ADRB2 P07550 Beta-2 adrenergic receptor
13 BMP2 P12643 Bone morphogenetic protein 2 47 CASP3 P42574 Caspase-3
14 PDE3A Q14432 cGMP-inhibited 3',5-cyclic 48 ELOVL4 Q9GZR5 | Elongation of very long chain fatty acids protein 4

phosphodiesterase A

15 ESRI P03372 Estrogen receptor 49 | VDR P11473 Vitamin D3 receptor

(Continued)
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Table 2 (Continued).

No | Gene Uniprot | Protein Name No | Gene Uniprot | Protein Name
Name ID Name ID

16 PTGER4 P35408 Prostaglandin E2 receptor EP4 50 | GABRAI | PI4867 Gamma-aminobutyric acid receptor subunit alpha-1
subtype

17 TRPVI QS8NERI Transient receptor potential 51 RXRG P48443 Retinoic acid receptor RXR-gamma (Nuclear
cation channel subfamily receptor subfamily 2 group B member 3) (Retinoid
V member | X receptor gamma)

18 TSPO P30536 Translocator protein 52 CASP9 P55211 Caspase-9

19 | JUN P05412 Transcription factor AP-1| 53 RDHI2 Q96NR8 | Retinol dehydrogenase 12

20 NR3C2 P08235 Mineralocorticoid receptor 54 MAP2 PIT137 Microtubule-associated protein 2

21 SRD5AI P18405 3-oxo-5-alpha-steroid 55 OPRMI P35372 Mu-type opioid receptor
4-dehydrogenase |

22 PGR P06401 Progesterone receptor 56 NOXI Q9Y5S8 NADPH oxidase |

23 CYPI7AI1 | P05093 Steroid |7-alpha-hydroxylase 57 RADSI Q06609 DNA repair protein RAD5| homolog |
/17,20 lyase

24 PIK3CG P48736 Phosphatidylinositol 58 PDE8B 095263 High affinity cAMP-specific and IBMX-insensitive
4.5-bisphosphate 3-kinase 3',5'-cyclic phosphodiesterase 8B
catalytic subunit gamma isoform

25 GABRAS P31644 Gamma-aminobutyric acid 59 HSDIIBI | P28845 Corticosteroid | |-beta-dehydrogenase isozyme |
receptor subunit alpha-5

26 PRKACA | P17612 cAMP-dependent protein kinase 60 PTGSI P23219 Prostaglandin G/H synthase |
catalytic subunit alpha

27 RBP3 P10745 Retinol-binding protein 3 6l TGFBI POI137 Transforming growth factor beta-1 proprotein

28 CHRM3 P20309 Muscarinic acetylcholine receptor | 62 RBPI P09455 Retinol-binding protein |
M3

29 HTR2A P28223 5-hydroxytryptamine receptor 2A | 63 AR P10275 Androgen receptor

30 LRAT 095237 Lecithin retinol acyltransferase 64 BAX Q07812 Apoptosis regulator BAX

31 DRDI P21728 D(1A) dopamine receptor 65 PRKCA P17252 Protein kinase C alpha type

32 TGFB2 P61812 Transforming growth factor beta- | 66 SCN5SA Q14524 Sodium channel protein type 5 subunit alpha
2 proprotein

33 | ANXAI P04083 Annexin Al 67 | SI00A9 P06702 Protein S100-A9

34 RLBPI P12271 Retinaldehyde-binding protein |

Targets Screening Related to Diabetes and Putative Therapeutic Targets of Bioactive

Components of G. Lucidum
A total of 2907 targets related to Diabetes mellitus were obtained through searching from GeneCards and filtering by

median score. By mapping these targets with 114 predicted targets of Ganoderma lucidum, a total of 67 mutual targets

were obtained as putative therapeutic targets of Ganoderma Ilucidum in Diabetes mellitus treatment. The 67 putative

therapeutic targets were showed in Figure 2 and listed in Table 2.
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Protein—Protein Interaction Network Analysis

In the present work, a list of the 67 putative therapeutic targets was inputted into the search bar on GeneMANIA within
the selected datasets of Homo sapiens. The protein—protein interaction network was constructed, collated and analyzed.
Among the 67 targets and their interacting proteins, 39.29% displayed similar co-expression characteristics, 17.10%
showed co-localization and 12.33% exerted physical interactions, etc. (Figure 3).

Gene Function and Pathway Enrichment Analysis
To investigate the potential mechanisms by which Ganoderma lucidum may improve Diabetes mellitus, GO functional
enrichment analysis and KEGG pathway analysis were conducted using a Web Gestalt database. The results indicate that
Ganoderma lucidum is involved in biological regulation, metabolic process, multicellular organismal process, developmental
process, cellular component organization, cell proliferation, and reproduction, and other Biological Processes (Figure 4). It
also participates in the regulation of cellular components such as membrane, protein-containing structure, nucleus, cell
projection, mitochondria, etc. Molecular functions including protein binding and lipid binding, among others.

A total of 71 pathways were enriched significantly with FDR-value less than or equal to 0.05 and of which 50
pathways were most significantly enriched with FDR-value less than or equal to 0.01 (Figure 5, Supplementary Table 1).
The therapeutic effect of Ganoderma lucidum in Diabetes mellitus treatment were achieved through AGE-RAGE

Co-expression 39.29%
Co-localization 17.10%
Physical Interactions 12.33%
Predicted 9.95%
Shared protein domains 8.82%
Pathway 8.70%

Genetic Interactions 3.80%

Figure 3 The network diagram of protein—protein interaction.
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Figure 4 GO enrichment analysis of Ganoderma lucidum-related therapeutic target genes in the treatment of Diabetes mellitus. Y-axis represents the Ganoderma lucidum-
related therapeutic target gene count of each GO term, and the X-axis represents the categories in the Biological Process (red bar), Cellular Component (blue bar) and
Molecular Function (green bar) respectively. All the categories were screened using the criteria of FDR value < 0.01.
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Figure 5 The Bar chart of part most significantly enriched pathways.

signaling pathway in diabetic complications, Insulin secretion, Calcium Signaling Pathway, Endocrine Resistance,
Serotonergic Synapse, and Adrenergic Signaling in Cardiomyocytes. Mapping of Pathways in “Insulin secretion”
regulated by Ganoderma lucidum in Diabetes mellitus was shown in Figure 6. In pancreatic B-cells, Ganoderma lucidum
may promote glucose entry into cells by regulating GLUT proteins, facilitating the transfer of glucose to the mitochon-
dria for the TCA cycle. This increases intracellular ATP levels, leading to the closure of ion channels and resultant
cellular depolarization. This process modulates CAMK to enhance insulin release. The calcium signaling pathway also
targets the endoplasmic reticulum, activating CAMK to stimulate insulin secretion. Additionally, PKA is activated by
cAMP and then promotes insulin secretion through CREB and PDX-1.
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Figure 6 Targets labeling diagram of Ganoderma lucidum in regulating Diabetes mellitus related pathways. The targets regulated by Ganoderma lucidum in Diabetes mellitus
treatment were labeled by red mark. Distribution of target proteins of Ganoderma lucidum on pathway.

“Herb-Bioactive Components-Target-Pathway” Network Analysis

The “H-C-T-P” network included 175 nodes and 665 edges and showed that the components of B-sitosterol, lucidone A,
Lucialdehyde C, Ganoderiol F, lucidumol A, Ganodermanondiol, ganoderic acid DM and Lucialdehyde B had much
higher degree value, and may be the main bioactive components of Ganoderma lucidum for treatment of Diabetes
mellitus (Figure 7). The most important target proteins were PRKCA, PRKACA, CASP3, BAX, BCL2, CASP9,
ATP1A1, ATP1A3, NR3C2, PGR and so on.

Key Targets Analysis
The top 10 key targets in each group filtered by the corresponding algorithm were listed in Supplementary Table 2. The

frequency detail of total 120 candidate key targets filtered by 12 algorithms from the protein—protein interaction network
was showed in Figure 8. It showed that the most important top 10 key candidate targets are PTGS2 (targeted by
components of MOL011189, MOL011268, MOL011290 and MOL000358), NR3C1, JUN (targeted by compound of
MOLO000358), CASP3, PRKACA, CYP19A1 (targeted by compound of MOL011267), AR, ESR1, PGR, RXRA
(targeted by compound of MOL011235) in order of importance. By comparing the candidate key targets as described
in “material and method”, three targets of PGR, PRKACA and CASP3 were filtered to be the key therapeutic targets of
Ganoderma lucidum in Diabetes mellitus treatment.

Molecular Docking Analysis

[-sitosterol was conjugated with CASP3, PRKACA, and PGR by Autodock Vina. The docking analysis (Table 3)
revealed that the binding energies of B-sitosterol with CASP3, PRKACA, and PGR were —9.3 kcal/mol, —9.3 kcal/mol,
and —8.8 kcal/mol, respectively, all of which are less than —5.0 kcal/mol, indicating strong binding activity.>' Its binding
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Figure 7 The network diagram of “H-C-T-P” of Ganoderma lucidum in Diabetes mellitus treatment.
Notes: golden yellow circle represent Ganoderma lucidum, magenta triangle represent bioactive compound, aurantia bold V represent putative therapeutic target, and the
blue diamond significant enrichment pathways.

with PRKACA and PGR was primarily through Alkyl and Pi-Alkyl interactions. The binding with CASP3 was also
mainly via Alkyl and Pi-Alkyl interactions (Figure 9C-9F), but it also involved other interactions, including Pi-Sigma
interaction with TYR200 and Carbon Hydrogen Bond interaction with LYS140 (Figure 9A and 9B).

Effects of Different Concentrations of PA and GLAE on the Viability of HepG2 Cells
The effects of different concentrations of PA and GLAE on the viability of HepG2 cells were individually assessed. PA
with the concentration of 0.1-0.2 mm had no significant effect on cell viability (Figure 10A), and GLAE with the
concentration from 1 pg/mL to 100 ug/mL showed no significant effect on cell viability as well (Figure 10B). To
minimize the influence of drug-induced inhibition of cell viability under the PA-induced condition, we further studied the
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Figure 8 The frequency distribution diagram of important targets filtered by twelve different parameters.

effect of 20 pg/mL, 40 pg/mL, and 80 pg/mL (as low, medium and high dose) of GLAE on the cell viability when the
cells were treated with 0.2 mm PA (Figure 10C). The results showed that GLAE with low, medium and high dose had no
effect on the cell viability.

GLAE Increases Glucose Consumption in PA-Induced HepG2 Cells

To investigate whether GLAE improves glucose uptake by promoting the translocation of GLUT2, thereby alleviating
hyperglycemia, we examined the expression of GLUT2 using immunofluorescence. As shown in Figure 11A, compared
to the model group, the green fluorescence was more pronounced in the control and treatment groups, and the cell edge
outlines were clearer, indicating that the protein was aggregated on the cell membrane. The fluorescent quantitative
analysis revealed that the intensity of the PA-induced group was significantly reduced, and this phenomenon was
markedly alleviated in the medium- and high-dose GLAE treatment groups (Figure 11B). The glucose consumption in
the PA-induced group was much lower than that in the control group, while that in the medium- and high-dose GLAE
treatment group was significantly increased compared to the model group (Figure 11C). Therefore, it was concluded that
high-fat conditions inhibit the expression of GLUT2 protein on the cell membrane of HepG2 and cause its translocation
from the membrane to the cytoplasm. GLAE treatment significantly improved this phenomenon, thereby restoring
glucose uptake in HepG2 cell.

Table 3 f-Sitosterol with Corresponding Key Targets

Compound | Key Targets | PDB ID | Binding Energy (kcal/mol)

pB-sitosterol CASP3 7)L7 -9.3
PRKACA 7Y1G -9.3
PGR 9ENN —8.8
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Figure 9 Molecular models of B-sitosterol binding to its predicted protein target. (A) 3D model of CASP3 crystal structure docking. (B) CASP3 docking 2D model. (C) 3D
model of PRKACA crystal structure docking. (D) PRKACA docking 2D model. (E) 3D model of PGR crystal structure docking. (F) PGR docking 2D model.
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Figure 10 The effects of GLAE and PA on the viability of HepG2 cells. (A) The impact on cell viability after treating HepG2 cells with different concentrations of PA for 24 hours,
normalized against the control group (%). When the PA concentration reaches 0.4 mm, cell viability begins to decrease significantly compared to the control group. (B) The effect on
HepG2 cell viability of various concentrations of GLAE, normalized against the control group (%). When the GLAE concentration ranges from | to 100 ug/mL, cell viability is not
affected compared to the control group. (C) After pre-treating HepG2 cells with GLAE for 24 hours, the influence of GLAE on the cell viability of HepG2 induced by PA was
assessed, normalized against the control group (%). After GLAE treatment, cell viability shows no significant difference compared to the model group.

Notes: Data are presented as the means = SD. ns p >0.05, **** p < 0.0001.

GLAE Improves PA-Induced Lipid Accumulation

Studies have shown that excessive accumulation of body fat can mediate insulin resistance.”” Lipid accumulation in
HepG2 cells was induced by high fat. Figure 12A and 12B indicate that, after treatment with GLAE, there was
a significant reduction in TG/TC content compared to the model group. GLAE is capable of alleviating lipid deposition
in HepG2 cells induced by high fat.

GLAE Treatment Ameliorated Key Target Gene Expression in PA-Induced HepG2
Cells

Combining the results of network pharmacology, we used qPCR to detect the mRNA levels of 10 key genes. As shown in
Figure 13, compared with the control group, PA led to the abnormally elevated expression of five genes: CASP3,
PRKACA, CYP19A1, NR3Cl, and JUN, which improved after treatment with GLAE. The expression of PGR and
RXRA decreased after PA treatment, and GLAE restored their mRNA expression. The three gene tests PTGS2, AR and
ESR1 showed no expression. The primers used are listed in the Supplementary Information (Supplementary Table 3).

Discussion

G. lucidum is a medicinal food homologous herb that does not produce toxic side effects on the human body.>** Tt is
reported that G. lucidum could protect pancreatic B cells from damage and apoptosis induced by oxidative stress and
maintain the activity of pancreatic B cells. It ensures adequate insulin production, which may fundamentally assist in
controlling blood sugar levels.** In addition, G. lucidum is reported to improve glucose metabolism, and reduce lipid
accumulation in the liver.>'"* In this study, a total of 17 anti-diabetic compounds were screened with 114 predicted
targets from the TCMSP database, among which 11 were triterpenoids. A few reports suggest that G. lucidum
triterpenoids possess inhibitory activity against aldose reductase and alpha-glucosidase.”**® Based on our GO and
KEGG enrichment results, it appears that the treatment of Diabetes mellitus with G. lucidum is closely related to
metabolic processes,”’ mitochondria,*® lipid binding,®' the biosynthesis of unsaturated fatty acids,*® the AGE-RAGE
signaling pathway in Diabetes mellitus complications,* and insulin secretion.>*>® These functions and pathways are
closely related to the regulation of metabolic disorders, which are important factors in the onset of Diabetes mellitus.
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Figure |1 GLAE increases glucose consumption in HepG2 cells induced by PA. (A) Immunofluorescence staining was used to detect GLUT2 (green), cell nuclei were
stained with DAPI (blue). Scale bar, 16um. (B) GLUT2 Fluorescence Quantitative Analysis. (C) Glucose consumption. After PA stimulation, GLUT?2 fluorescence on the cell
membrane and glucose consumption significantly decreased. Following Ganoderma treatment, both the membrane green fluorescence and glucose consumption significantly
increased compared to the model group.

Notes: Data are presented as the means  SD. ns p >0.05, * p < 0.05, ** p < 0.0, *** p < 0.001, **** p < 0.0001, compared to the model group.

This also provides us with a new direction for research: Whether Diabetes mellitus treated by G. lucidum is through the
improvement of glucose and lipid metabolism disorders in the liver.

To validate this hypothesis, we used GLAE as a drug in a model of metabolic disorder and insulin resistance induced
by palmitic acid (PA) in HepG2 cells.’’ The research findings indicate that GLAE can effectively improve glucose
consumption disorders in HepG2 cells induced by PA, as well as lipid accumulation caused by excess TG/TC. Following
GLAE treatment, the fluorescence intensity of GLUT2 and glucose consumption in HepG2 cells increased, and GLUT2
translocation reduced. TG/TC levels significantly decreased in a concentration-dependent manner, thereby improving
insulin resistance to treat Diabetes mellitus. Glucose and lipids are essential nutrients for humans and serve as primary
sources of energy.*®*° This study addresses Diabetes mellitus by focusing on restoring hepatic glucose consumption and
improving hepatic lipid accumulation. It aims to enhance the liver’s glucose utilization, reduce hepatic gluconeogenesis,
mitigate glucolipotoxicity, and restore insulin sensitivity.

Through the screening and analysis of key targets and ingredients, we found that the active component TOP1 B-
sitosterol (MOL000358) in H-C-T-P can simultaneously and strongly interact with CASP3, PRKACA, and PGR, which
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Figure 12 The effect of GLAE on alleviating lipid accumulation in HepG2 cells induced by PA. (A) Triglyceride accumulation. (B) Cholesterol accumulation. After PA
stimulation, TG/TC significantly increased. Following GLAE treatment, TG/TC significantly decreased compared to the model group.
Notes: Data are presented as the means * SD. ¥ p < 0.001, ¥ p < 0.0001, compared with the model cells.

are in the TOP10 of the Protein—Protein Interaction (PPI) network. CASP3 is a caspase that regulates apoptosis through
both intrinsic and extrinsic pathways.*® Apoptosis occurs more frequently in pancreatic islets and liver of diabetic
patients, with higher baseline levels of CASP3 in their plasma. This may be due to mitochondrial dysfunction and
downstream activation of CASP3 caused by glucotoxicity.*'**> In this study, after treatment with G. lucidum, the
expression level of CASP3 was downregulated, accordingly glucose consumption increased, glucotoxicity reduced in
the blood. The PRKACA gene encodes one of the catalytic subunits of Protein Kinase A (PKA). PKA, dependent on
cAMP for protein phosphorylation, plays an important role in various cellular processes such as differentiation,

43743 such as hepatic

proliferation, and apoptosis, consequently regulates the body’s energy metabolic response processes,
gluconeogenesis.*® Activation of the cAMP-dependent Ser PKA phosphorylates the cAMP-response element (CRE)-
binding protein (CREB) serine 133, leading to the transcriptional activation of gluconeogenic genes. In this study, PA led
to upregulation of PRKACA expression in HepG2 cells. After treatment with G. lucidum, the expression of PRKACA
was significantly reduced, thereby alleviating gluconeogenesis to achieve therapeutic effects on diabetes. As
a progesterone activated transcription factor, PGR mediates the physiological of progesterone, playing critical effects
on the endocrine system and immune system. Progesterone modulates glucose homeostasis by increasing insulin
secretion and processing, enhancing hepatic insulin signaling, and reducing gluconeogenesis. The expression of PGR
can be effectively regulated by G. lucidum, which may result from a certain substance acting on this target, thereby
improving Diabetes mellitus through this pathway.*’ "

Studies have shown that,>* under conditions of glucotoxicity and lipotoxicity, NR3Cl is activated in pancreatic p-cells,
leading to harmful excessive autophagy, which ultimately results in Diabetes mellitus. JUN is a transcription factor AP-1 that
plays a significant role in type 2 diabetes. AP-1 is crucial for regulating insulin resistance and lipid metabolism. Studies have
indicated that PA increases JUN expression in HepG2 cells, which may be a result of the inflammatory response.” >’
Mutations or abnormal expression of the CYP19A1 gene may lead to an imbalance in sex hormone levels, and changes in sex
hormone levels can affect insulin sensitivity. Its genetic polymorphism is also related to insulin resistance.”® RXRA is
involved in the regulation of energy balance, including food intake and energy expenditure. Imbalances in energy metabolism
can lead to weight gain and obesity, which are important risk factors for type 2 diabetes.> These genes are closely associated

with the occurrence and progression of Diabetes mellitus, and G. lucidum has shown to effectively improve their expression.
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Figure 13 GLAE increases glucose consumption in HepG2 cells induced by PA. (A) Caspase3 mRNA expression. (B) PGR mRNA expression. (C) PRKACA mRNA
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Notes: Data are presented as the means  SD. ns p >0.05, * p < 0.05, ** p < 0.0, *** p < 0.001, **** p < 0.0001, compared to the model group.
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Conclusion

Our results suggested that glucose and lipid metabolism are important for the anti-diabetic activity of G. lucidum by
using an integrated approach based on network pharmacology combined with experimental validation. Molecular
docking showed a possible interaction of B-sitosterol with CASP3, PRKACA, and PGR, which may be related with
cell apoptosis, gluconeogenesis and insulin secretion, etc. In PA-induced HepG?2 cells, glucose and lipid metabolism were
improved by G. lucidum via increasing hepatic glucose utilization, reducing gluconeogenesis and mitigating glucolipo-
toxicity, with decreased mRNA expression of CASP3, PRKACA, CYP19A1, NR3Cl1, JUN, and increased expression of
PGR and RXRA. In conclusion, G. lucidum is predicted to target a variety of pathways to form a network of systemic
pharmacological effects to regulate glucose and lipid metabolism in diabetes intervention. The significant benefits for
health of G. lucidum, coupled with its low toxicity and minimal side effects, make it suitable for consumption as a dietary
supplement in daily life. However, the targets and pathways were only explored in vitro in this study, and it will be
verified in animal experiments and clinical trials in the future. This study provides detailed insights into the active
components and mechanisms of G. lucidum in diabetes intervention. It lays the foundational groundwork for future drug
development and therapeutic optimization for diabetes and its complications.
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