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Ganoderma species are promising sources of bioactive natural products with substantial phar-
macological potential and have long been valued in traditional Chinese medicine (TCM) for
their diverse therapeutic properties. However, their complex multi-component, multi-target
nature presents significant challenges in elucidating pharmacodynamic mechanisms and op-
timizing clinical applications. Recent advances in network pharmacology (NP) and artificial
intelligence (AI) offer innovative strategies to address these challenges. NP integrates com-
pound-target-pathway-disease networks, while Al enhances predictive modeling, target pri-
oritization, and the analysis of large-scale pharmacological data. Together, these approaches
facilitate mechanistic interpretation, rational formulation, and personalized use of Ganoderma-
derived medicines. This review highlights recent progress in applying NP and Al to identify
key bioactive constituents and therapeutic pathways of Ganoderma spp., while also address-
ing limitations related to data quality, standardization, and clinical translation. By emphasiz-
ing the synergy between traditional TCM theory and modern computational technologies, this
integrative approach advances natural medicine research and holds promise for strengthen-

ing the scientific foundation and global acceptance of Ganoderma-based therapeutics.

1. Introduction

Network pharmacology (NP) is an effective analytical frame-
work that integrates systems biology and computational model-
ing . Hopkins first introduced NP in 2008 as an approach that
combines systems biology, computational modeling, and large-
scale data analysis to explore the complex interactions among
bioactive compounds, molecular targets, and disease mechan-
isms °. Unlike traditional pharmacology, which emphasizes single-
drug, single-target interactions, NP provides a systems-level per-
spective on how sets of compounds interact within biological net-
works. This enables the elucidation of disease-gene-target-drug
associations and facilitates drug repurposing °. The core concept
in NP is that disease arises from disruptions in the equilibrium of
biological networks; thus, restoring network protein balance is
essential for therapeutic efficacy *. This strategy is particularly ef-
fective for complex diseases such as cancer, metabolic disorders,
and neurodegenerative conditions, which involve multi-pathway
and multi-component regulation °. Although NP is predominantly
used in the development of synthetic drugs, it is equally vital for
multi-component herbal medicines containing one or more bio-
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active molecules that act on multiple pathways °. As a multitarget
therapeutic system, traditional Chinese medicine (TCM) is highly
consistent with the principles of NP. For instance, in the complex
mixtures of Ganoderma spp., NP facilitates the elucidation of syn-
ergistic interactions, the identification of therapeutic targets, and
the modernization of TCM ’.

TCM has played a major role in treating numerous diseases in
China for millennia, and its therapeutic applications are gaining
increasing global recognition °. TCM’s diagnostic and therapeutic
principles are grounded in the concept of Qi (vital energy) and
the Yin-Yang theory of balance. TCM encompasses diverse modal-
ities, including massage, dietary therapy, herbal medicine, and
acupuncture. These methods, refined over centuries of clinical
use, are employed both to treat a wide array of diseases and to
promote general health, drawing upon extensive empirical know-
ledge °. TCM also constitutes a significant source of natural
products in drug discovery and development. Between 1981 and
2019, more than 60% of small-molecule drugs approved by the
FDA were derived directly or indirectly from natural sources .

Among the diverse TCM herbs, Ganoderma spp. have been
used as a medicinal remedy in TCM and across many Asian coun-
tries for over two millennia ''. Ganoderma is a genus of polypore
macrofungi that grows on decaying logs and tree stumps. Gano-
dermataceae, one of the largest families of polypores, comprises

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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fourteen accepted genera '“ . First described by Karsten in
1881, this genus comprises over 300 species of white-rot, wood-
degrading fungi with the capacity to decompose lignocellulose.
The medicinal use of Ganoderma can be traced back to 100 B.C. '*.
Its fruiting bodies exhibit glossy surfaces due to thick-walled pilo-
cystidia embedded in an extracellular melanin matrix. The colors
of Ganoderma fruiting bodies-red, black, blue, white, yellow, and
purple-are influenced by geographic origin and cultivation condi-
tions ',

Ganoderma is a well-recognized medicinal genus that has
long been valued for enhancing vitality, promoting longevity, and
supporting overall health. Modern studies have confirmed its
broad therapeutic potential, which is attributed to more than 450
secondary metabolites identified in Ganoderma spp.As illus-
trated in Fig. 1, these bioactive compounds, including polysac-
charides, triterpenes, and sterols, are responsible for diverse
pharmacological activities, including immunomodulatory, anti-
bacterial, antitumor, anti-inflammatory, lipid-lowering, antiath-
erogenic, antifungal, and antiviral effects '"*’. However, signific-
ant interspecies variation within the Ganoderma genus results in
differences in bioactive profiles and therapeutic efficacy, under-
scoring the necessity of species-specific evaluation for clinical
and pharmacological applications *’.

In the 1990s, TCM and NP began to converge, with TCM-NP
research formally initiated in 1999 when Li Shao of Tsinghua Uni-
versity proposed linking TCM to biomolecular networks at the
annual meeting of the China Association for Science and Techno-
logy *. Subsequent research has demonstrated that NP shares
fundamental characteristics with TCM. The systems-based meth-
odology of NP aligns closely with TCM’s holistic philosophy, ren-
dering the two approaches highly complementary ****. A compre-
hensive literature review covering the past 20 years was conduc-
ted using the keywords "NP", "TCM NP", and "herb NP" in reput-
able databases including Web of Science, PubMed, and CNKI. The
findings indicate that NP has been widely employed to investig-
ate and elucidate the pharmacological mechanisms underlying
TCM ***’. Among TCM herbs, Ganoderma spp. have attracted con-
siderable attention due to their extensive pharmacological prop-
erties. NP has provided an effective platform for deciphering
the complex mechanisms responsible for their therapeutic poten-
tial **,

Research on Ganoderma spp. has evolved from basic phyto-
chemistry to systems-level analyses of intricate networks in-
volving targets, compounds, and pathways *’. Given the non-lin-
ear nature of these interactions, sophisticated computational
methods are required to manage high-dimensional omics data
and uncover underlying pharmacological mechanisms *. Contem-
porary TCM research increasingly employs artificial intelligence
(AI) to address the growing complexity of compound-target-
pathway interactions in Ganoderma spp. Through large-scale
mining of pharmaceutical and biomedical databases, Al facilit-
ates the identification of bioactive compounds and therapeutic
targets in Ganoderma. Applications of Al in Ganoderma-focused
TCM research include herbal compound detection *" **, novel
drug discovery **, disease diagnosis ** **, elucidation of pharma-
cological mechanisms *°, and NP ¥, These advances have been
accelerated by recent improvements in Al algorithms and access
to large datasets *°"**, leading to enhanced target prediction ac-
curacy, deeper insights into multi-compound interactions, and
expanded therapeutic potential of Ganoderma spp. in modern
TCM research “**. Concurrently, the integration of Al with multi-
omics sequencing technologies offers new support for precision
TCM. A primary methodological challenge in NP is the transition
from the conventional machine learning (ML) paradigm, which
emphasizes object characteristics, to approaches that capture re-
lationships among features, thus expanding the feature space and
facilitating feature augmentation *°.
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This review proposes that NP provides a systematic ap-
proach to understanding the multi-component and multi-target
nature of TCM. It emphasizes the use of computational tools and
integrated databases to identify bioactive compounds, predict
molecular targets, and construct herb-compound-target-disease
networks. The review further elaborates on how Al can enhance
NP analysis through techniques such as target prioritization, net-
work toxicology, and network relationship mining. The complex
pharmacological effects of Ganoderma spp. are comprehensively
elucidated by integrating NP and Al, highlighting their signific-
ance in modern herbal medicine and drug development.

2. Methods and strategies of reviewing

To gather literature on Ganoderma spp., a comprehensive
search was conducted in PubMed, Web of Science, Scopus, Scien-
ceDirect, and Google Scholar. Eligible sources included original
English-language research articles, reviews, books, theses, dis-
sertations, patents, and reports addressing NP, Al, phytochem-
istry, toxicity, and global dissemination. The most relevant stud-
ies were selected for synthesis after records were identified,
screened, and assessed for eligibility according to the PRISMA
methodology. Reference lists of key articles were also examined
to identify additional sources not captured in database searches,
ensuring a thorough and rigorous analysis of the available evid-
ence.

2.1. Understanding Databases and Data Analysis Strategies in NP

Large biological databases containing diverse data on drug-
gene-disease interactions form the foundation of NP research. Al-
though these databases were developed with distinct yet related
objectives, they serve as essential resources for NP-based invest-
igations “°. Within the TCM framework, the integration of sys-
tems biology has become increasingly significant for clarifying
pharmacological mechanisms, therapeutic efficacy, and safety
profiles. This systems-level approach is pivotal in transitioning
TCM from an experience-based practice to an evidence-based
medical paradigm. NP, as an interdisciplinary methodology, facil-
itates comprehensive analysis of complex herbal formulations
and their interactions with biological networks ***, TCM-related
resources are accessible via the Web **.

Several specialized databases support drug development re-
search, offering comprehensive coverage from compound identi-
fication to clinical interpretation, as summarized in Table 1. For
compound and target exploration, TCMSP, ChEMBL, DrugBank,
SwissTargetPrediction, and NPASS provide data on bioactive mo-
lecules, drug-target interactions, and in silico predictions *~'.
Additional protein-related information can be extracted from
UniProtKB and the Protein Data Bank (PDB), while curated or
predicted protein-protein interactions (PPIs), critical for under-
standing molecular mechanisms, are available through OPHID,
STRING, BioGRID, and HPRD. Drug target identification tools such
as PDTD, TTD, and PharmGKB enable investigation of therapeut-
ic targets and their associations with drugs and diseases ** **.
Pathway analysis databases, including Kyoto Encyclopedia of
Genes and Genomes (KEGG), Reactome, and Signalink, supply
data on molecular networks and signaling pathways. OMIM, COS-
MIC, and HPO link genomic, phenotypic, and mutation data to
human disorders, providing access to disease-related informa-
tion ***°. Furthermore, SwissADME and pkCSM support ADME
profiling and toxicity prediction, aiding pharmacokinetic and
safety evaluation *’.

TCM-Mesh, a more recent TCM database, embodies the
foundational concept of TCM-NP. By leveraging these biological
databases and clinical trial data, researchers can analyze the
"herbs-compounds-proteins/genes-diseases” interaction net-
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Fig. 1 Functional bioactive compounds derived from Ganoderma spp.

work from a systems biology perspective, thereby elucidating
how herbs influence disease states °*. Moreover, NP tools and al-
gorithms are crucial for knowledge mining within these datasets.
The Random Walk method, for example, isa widely used net-
work clustering technique that constructs a "drug-target-disease”
network by assessing the similarity between a random node
(drug, target, or disease) and its neighboring nodes *. Addition-
ally, the PRINCE strategy * prioritizes disease genes and infers
protein complex associations by imposing smoothness
straints on the prioritization function across the network and in-
corporating prior information. Visualization is a critical compon-
ent of NP, enhancing the intuitiveness of networks beyond mere
data collection and processing. Cytoscape, an open-source tool,
enables the display of biological pathways and molecular interac-
tion networks and allows integration with annotations, gene ex-
pression profiles, and other state data. Pajek is another advanced
network analysis tool suited for examining complex non-linear
networks °’.

Within this systems-level, database-driven research frame-
work, TCM continues to draw upon a broad spectrum of botanic-
al and fungal species with centuries of traditional use. Among
these, medicinal fungi hold a prominent position, with genera
such as Ganoderma, Cordyceps, Lentinula, Inonotus and Phellinus
distinguished by their extensive historical applications and grow-
ing relevance in modern NP studies, as illustrated in (Fig. 2).
Renowned for their rich pharmacological profiles, including im-
munomodulatory, antiinflammatory, antioxidant, and anticancer
properties, these fungi have played central roles in traditional
formulations 7*”°.

While G. lucidum is the most extensively studied species, re-
searchers are increasingly focusing on Ganoderma spp. native to
Himalayan tree trunks *. The high-altitude environment, charac-
terized by extreme temperature fluctuations and nutrient-poor
soils, has driven the evolution of Ganoderma spp. with unique
metabolic adaptations and potentially enhanced therapeutic
properties. By applying NP tools and systems biology approaches,
researchers are beginning to decipher the complex molecular

con-

561

mechanisms through which these Himalayan Ganoderma species
exert their medicinal effects *". This integrative approach not only
validates the traditional TCM uses of Ganoderma butalso ex-
pands the potential for discovering novel natural therapeutics *.

Recent NP-based investigations have comprehensively ex-
amined various medicinal fungi within the TCM context, identify-
ing their bioactive compounds, molecular targets, disease associ-
ations, and the computational tools employed in these analyses,
as detailed in Table 2, reflecting the expanding scope of this re-
search field.

2.2. NP in Ganoderma spp. with experimental approach

The pharmacological effects of Ganoderma spp. are largely at-
tributed to the synergistic interactions among their diverse bio-
active compounds. In this review, compound synergy was ana-
lyzed using the Network Target-Based Identification of Multi-
component Synergy algorithm, which quantifies interactions
through a Topology Score and Agent Score to generate a Synergy
Score representing the combined therapeutic potential *’. Mo-
lecular structures of these compounds were retrieved from Pub-
Chem and Chemical Book and converted to PDB format using
Open Babel. Energy minimization of these structures was per-
formed using HyperChem. Potential target proteins were identi-
fied via TCMSP and DrugBank, with their 3D structures sourced
from the PDB '*. Molecular docking was performed using Auto-
Dock 4.2.6 and AutoDock Tools for protein-ligand preparation
and optimization, followed by docking simulations with the
Lamarckian genetic algorithm (LGA). The lowest-energy con-
formation was selected for subsequent analysis. KEGG pathway
and Gene Ontology (GO) enrichment analyses were conducted us-
ing DAVID with a significance threshold of P < 0.05. Additionally,
databases including HIT, TCMSP, TCM Database, and TCM-PTD
were used to screen active compounds from Ganoderma spp.
based on drug-likeness (2 0.18) and oral bioavailability (OB >
0.3) '”. Identified-compound-target and predicted-compound-
target networks were constructed, as shown in (Fig. 3), and their
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Table 1 Integrative computational and database resources for pharmacological and bioinformatics research.
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Website/Tool Primary L .
Category Resource Name Type Application Data Classification Key Features Access Link Reference
Bioactive
. compounds, R Specializing in
Databases TCMSP Online ADME properties, Compound-Target TCM https://tcmsp-e.com/ 62
Database Data
and target pharmacology
prediction
online Drug-target Includzrsl;lmlcal
DrugBank interactions and Drug-Target Data - https://go.drugbank.com/ 63
Database R experimental
pharmacokinetics
drugs
. In silico target _— Ligand-based
SwissTargetPrediction Computational prediction for Target Prediction target http://www.swisstargetprediction.ch/ 64
Tool Models hah
small molecules prediction
. Protein-protein . . Experimental
STRING Online interaction Ot PrOteIn i edicted https://string-db.org/ 65
Database Interaction
networks PPI data
Online patlf:vl;}c/t::;;ing Pathway & VEElal e
Pathway analysis KEGG Database and enrichment . Network Data disease https://www.kegg.jp/ 66
. pathways
analysis
Biological
Reactome Dilhine pigﬁzﬁlzd IRy & Humz'rclk:/\(;;used https://reactome.org/ 67
Database . . Network Data P y ps: org
interaction database
analysis
Structure-based Molecular Open-source https://autodock.scripps.edu/download-
Molecular docking AutoDock Software  molecular docking . pen ps: SCrIPPs: 68
. X Docking Models  docking tool autodock4/
simulations
s . ADME profiling s Includes BBB
Blracoiicey SwissADME Compizitorel and bioavailability Pharmaco.kl.netlcs permeability http://www.swissadme.ch/ 69
& ADME Tool - & Toxicity -
prediction predictions
Protein sequence, Comprehensive
Gene & protein UniProt Online structure,and  Protein Function protein https://www.uniprot.org/ 70
data Database function & Annotation P ps: “uniprotorg,
- knowledge base
annotations
. Gene-specific . .
Online X b Gene Function & Integrates multi- .
GeneCards Database blomedllcal and Annotation omics datasets https://www.genecards.org/ 71
genomic data
NPASS (Natural Bioactive natural Integrates
Nutraceutical Product Activity & Online Natural Products  chemical and e Q 5
databases Species Source Database sp:idelgcsts;ncis Database biological Wil e RS 2
Database) P activity data
Comprehensive Focuses on
SuperNatural II Online collection of ~ Natural Products bioactive https://bioinf- 73
p Database natural Database natural applied.charite.de/supernatural_new/index.php
compounds molecules
Disease- Integrates
Dlseasg-t.arget DisGeNET Online associated gene  Disease-Target various human https://www.disgenet.org/ 74
associations Database and target Data R
. : disease datasets
information
- . High-
L. . Predictive toxicity L.
TOX}C‘.ty ToxCast it data for chemical Tox_u:lty throu_gl_1put https://comptox.epa.gov/dashboard 75
prediction Database Screening Data toxicity
compounds X
screening

topological properties were evaluated using betweenness cent-
rality (BC), closeness centrality (CC), and degree (De). Hub nodes
were determined using threshold values of Avg (BC), Avg (CC),
and Avg (De). Overlapping nodes between the two networks
were proposed as potential biomarkers for evaluating the effic-
acy of Ganoderma extract ''” '"'. This integrated approach pro-
vides a comprehensive understanding of bioactive compounds,
their molecular targets, and the synergistic mechanisms underly-
ing Ganoderma spp. pharmacology.

To experimentally validate key components predicted by NP
tools, Hepal-6 cells were cultured in DMEM supplemented with
10% FBS and penicillin-streptomycin, and tumor-bearing C57BL/
6 mice were used to model the effects of Ganoderma spp. '**. Mice
were randomly assigned to three groups: control, model, and G.
lucidum extract (GLE). Tumor volumes were measured every
three days, and mice received oral administration of sodium
chloride solution for 28 days, with dosing adjusted using a human-
to-mouse conversion factor. Tumor formation was confirmed by
histopathological examination using H&E staining, and tissue sec-
tions were analyzed with a pathological image analysis system.
Quantitative real-time polymerase chain reaction (QRT-PCR) was
performed to quantify mRNA expression, with ACTB serving as
the housekeeping gene. Western blotting was used to assess pro-
tein expression of key biomarkers, including NR3C1, NR3C2, AR,

562

PGR, ESR1, and CHRM2, in tumor tissues. Proteins were separ-
ated by SDS-PAGE and detected via immunoblotting using
primary and secondary antibodies. Protein concentrations were
determined using the BCA assay. This multidisciplinary computa-
tional and experimental approach has yielded a detailed under-
standing of the bioactive compounds in Ganoderma spp. and their
therapeutic effects on tumor growth and molecular targets ',

2.3. Multi-target mechanisms and disease-associated gene predic-
tion of Ganoderma spp.

To systematically evaluate the pharmacological potential of
Ganoderma spp., we employed an integrated “effect-compound-
target-biomarker” model inspired by the Q-marker appro-
ach "', This framework emphasizes the identification of qual-
ity markers that reflect both therapeutic efficacy and safety '*°.
Rooted in Q-marker theory, the approach advances toward the
discovery of functional biomarkers by considering their pharma-
cological relevance and disease-specific targeting ''°.

According to TCM theory, biomarkers are measurable indic-
ators that reflect therapeutic efficacy and safety through the in-
teraction between active ingredients and biological responses.
Their definition adheres to five core principles: (1) they must be
present in herbs, extracts, or formulations; (2) they must be de-
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Fig. 2 Overview of major medicinal fungi used in TCM and their principal therapeutic activities.

Table 2 Cases integrating NP with its associated disease.

Ganoderma spp. NP tool used Extract type Protein/ target gene Diseases association References
. . . (HSPB1, PDGFRB, PRKCB, PRKCA, .
G. lucidum DisGeNET Ethanolic extract MAPK14, RELA. and PLA2G4A Atherosclerosis 83
G. lucidum Gene Cards, OMIM, PharmGkb Ethyl acetate CRICHRNZY E:E%GNRRSCL NRSG2 Anticancer 84
Caspase-3 (CASP3), caspase-8
G. lucidum GeneCards and OMIM databases Ethanolic extract (CASPS8), caspase-9 (CASP9) and B- Gastric cancer 85
cell lymphoma-2 (BCL2)
. . . SRC, MAPK1, MAPK3, HSP90AA1, . S
G. lucidum DisGeNET and GeneCards Ethanolic extract TPS3, PIK3CA, and AKT1 Chronic metabolic disease 86
G. lucidum, o SwissTargetPrediction, DisGeNET, Ethanol extract, ethyl CYP24A1 and TERT Anticolorectal cancer 87
sanghuangporus vaninii and GeneCards acetate extract
. Gene Cards, OMIM, PharmGkb, Lung cancer and the
& latitim TDD, and Drugbank ANDRYEY, IR, SMERE, et TR immune infiltrating cells. &
G. lucidum TTD, BATMAN-TCM, and Uniprot Ethanolic extract CASP3, PRKACA],UCNYP19A1, NR3C1, Diabetes mellitus 89
) Swiss Target Prediction and TCMSP TNF, CASP3, JUN, and .. .
G. lucidum databases - HSP90WAL Anti-insomnia effect 90
G. lucidum Swiss Target Prediction and TCMSP ; P53, TNF, CASP3, and IL6. Optic atrophy 91
databases
INS, TP53, AKT1, SRC, MAPK3, Endometrial
G. lucidum GeneCards, DisGeNET Ethanolic extract MAPK1, ESR1, IL6, HRAS, and 92
Cancer
CASP3
SwissTargetPrediction TNF, IL6, B-cell lymphoma 2,
G. leucocontextum Phaf:nl\a/[age ereSTCIT(()ZH’ Ethanolic extract cellular tumor antigen p53, Caspase-  Lung inflammation 93
Pper, 3 subunit p12, JUN, IL1B
Cordyceps sinensis Sw1ssTargetP11;;dclétlon, SIRING) Aqueous extract AKT1, TNF, IL6, TP53, VEGFA Diabetic Nephropathy 94
Cordyceps cicadae SwissTargetPrediction, STRING, : ALB, GAPDH, CASP3, MAPK1, FN1, lschemi;;s;nealerfusion 95
yeep GeneCards and IL-10 nep
Injury
Grifola frondosa Metascape, Cytoscape, GeneMANIA Aqueous extract Gck, Scd, Abcb4, and Cyp3a9 Antidiabetic 96
Lentinula edodes SEA, STP, OMIM, and DisGeNET Ethanolic extract FAAH, TNF, l;;i‘:‘;i PPARD, and Obesity 97
Phellinus igniarius STITCH and TCMSP Ethanolic extract Bax, Bad, PARP, Caspase-3, Bcl-2 Antitumor 98
. _— HSP90AA1, AKT1, STAT3, EGFR,
Inonotus hispidus TCMSP,Si\?/%s(:sgaagrli;il;idlctlon, Aqueous ethanol extract ESR1, PIK3CA, HIF1A, ERBB2, Antitumor 99
’ TERT, EP300 and HSP90AB1
Armillaria ostoyae mycelia GeneCards,lglr;—g:lS(a}r:(l; DISCENER Ethanolic extract EGFR, SCR, and IL6 Gastric cancer 100
. X . Methanolic, aqueous SRC, RHOA, HSP90AA1, VEGFA, .. .
Ophiocordyceps sinensis Metscape, STRING extract ITGB1, PRKCA, and ITGA1 Antiinfluenza properties 101
Antrodia camphorata KEGG - Tnfa, 116, and Ppary Antidiabetic activity 102
) . NR1I2, PTGS1, PTGS2, PLA2G4A, .
Morchella esculenta NPASS, GeneCards, DisGeNET Ethanolic extract MAPK1, CYP3A4, and TLR4 Anti-inflammatory 103
e TNF, MAPK3, CASP3, VEGFA, and Immunomodulatory
Cordyceps militaris TCMSP database Aqueous extract STAT3 Activity 104
NR1H2, MMP13, CHRNB4, CA2,
Pleurotus osteratus KEGG Ethanolic extract CSF1R, HMGCR, COMT, ROS1, Anticancer activity 105
FABP3, SHBG, TKT
SuperPred,
. PharmMapper, . AKT1, ESR1, SRC, ERBB2, EGFR, .
Chroogomphus rutilus g o rareetprediction, and Target  hanolicextract oo\ ' DR, PTGS2, MET, and AR. Siegeaneey s
Net
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Fig. 3 Flowchart illustrating the network pharmacology analysis of Ganoderma spp. bioactive compounds, including target prediction, molecular docking, and pathway en-

richment (P < 0.05).

tectable via qualitative or quantitative methods; (3) they must
correlate with biological effects relevant to safety and efficacy;
(4) they must align with TCM principles, such as compatibility
theory and syndrome differentiation; and (5) they must be trace-
able throughout production and preparation. These criteria en-
able the integration of traditional knowledge with modern phar-
macological validation and quality control """, When combined
with advanced technologies, this scientific quality assurance sys-
tem is particularly effective in ensuring the efficacy and safety of
TCM products .

NP analyses reveal that Ganoderma spp. constituents simul-
taneously engage multiple targets and signaling pathways, under-
pinning their broad pharmacological effects. Recurrently pre-
dicted protein targets include kinases, transcription factors, re-
ceptors, and cytokines. For example, studies have identified
kinases such as SRC, mitogen-activated protein kinase 1/3
(MAPK1/3), protein kinase B 1 (AKT1), and PIK3CA (phos-
phatidylinositol 3-kinase, PI3K) as key nodes in signaling cas-
cades modulated by Ganoderma triterpenes, particularly within
the PI3K-AKT pathway, which plays a pivotal role in metabolic
regulation and cancer progression. In the context of type 2 dia-
betes (T2DM), triterpenes were predicted to modulate SRC,
AKT1, MAPK1/3, insulin secretion pathways, and endocrine res-
istance mechanisms '*'.

Additionally, Zhao et a
pounds of G. lucidum and predicted 116 targets from public data-
bases. An identified-compound-target network was constructed
(Fig. 4A), followed by a predicted-compound-target network us-
ing the screened compounds (Fig. 4B). Network parameters, BC,
CC, and De, were calculated, yielding 18 hub targets, including
ABCB1, ACHE, AR, CHRM1, CHRM2, CHRM3, CHRNA2, ESR1,
F2R, GABRA1, GABRA2, HTR2A, NR3C, OPRK1, OPRM1, PGR, and
PRSS1 (Fig. 4C). These hub targets may be critical for evaluating
G. lucidum properties. Based on overlapping nodes between the
identified and predicted compound-target networks, six hub tar-
gets, NR3C, AR, PGR, ESR1, and CHRM2, were identified (Fig. 4D)
and proposed as potential indicators for assessing the efficacy of
GLE in tumor therapy. Collectively, these findings provide an ini-
tial mechanistic understanding of GLE pharmacology, suggesting
its potential as a therapeutic and chemopreventive agent against

1. ''* screened 122 effective active com-

cancer, as illustrated in Fig. 4.

Furthermore, in models of neurodegenerative and cognitive
disorders, Ganoderma extracts demonstrated cognitive-enhan-
cing effects. Network analysis of a learning/memory impairment
(LMI) model identified 21 active compounds, notably B-sitoster-
ol, lucidenic acids, and lucidumol A, targeting 59 genes involved
in synaptic signaling, with Alzheimer's disease and tumor necros-
is factor (TNF)/nuclear factor kB (NF-kB) inflammatory path-
ways prominently enriched. TNF emerged as the most significant
protein associated with cognitive effects. A visual network link-
ing Ganoderma compounds (yellow) to LMI-related targets
(green) highlights the multi-target action '*’.

Key inflammatory mediators, including TNF, interleukin-6
(IL-6), caspase-3 (CASP3), and PTGS2 (COX-2), are consistently
implicated across inflammatory, metabolic, and neurodegenerat-
ive models. In an optic nerve atrophy network analysis, TNF,
CASP3, IL-6, and p53 (TP53) ranked as top nodes, while a dia-
betes-related study identified overlapping roles for CASP3/9,
BCL2, and JUN '*"'**, pathway enrichment analyses frequently
converge on several core signaling systems, including PI3K-AKT,
MAPK/ERK, apoptosis, and inflammatory pathways. For instance,
53 G. lucidum triterpenoids were linked to PI3K-AKT, Rap1, and
lipid/atherosclerosis pathways in a T2DM network. Similarly, in-
sulin secretion, AGE-RAGE (diabetic complications), and adrener-
gic signaling were significant in one diabetes study. Immune-re-
lated pathways (NF-kB, cytokine signaling) and neurodegenerat-
ive pathways (Alzheimer's disease signaling) also emerged in CNS-
focused investigations "*'7** 1,

Therapeutically, Ganoderma spp. have been associated with
multiple disease areas. Their antitumor potential remains the
most prominent, with network studies in hepatocellular car-
cinoma (HCC) and colorectal cancer (CRC) implicating steroid
hormone receptors (AR, ESR1, PGR) and apoptosis regulators as
key targets (Fig. 5). In HCC, Ganoderma extract modulated tumor
growth by targeting AR, ESR1, NR3C, and PGR, with enriched
pathways including "Pathways in cancer” and "apoptosis" ", I
tegration with transcriptomic analysis further revealed the regu-
lation of IncRNAs and cell cycle pathways. In CRC, NP combined
with multi-herb formulations implicated immune-cell regulation
and oncogenes such as CCND1 '*,

n-
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To enhance the clinical relevance of NP-Al predictions, sever-
al case studies have been critically evaluated. Rheumatoid arthrit-
is (RA) is a chronic autoimmune inflammatory disease character-
ized by joint inflammation and destruction, and resveratrol ex-
hibits anti-inflammatory and immunomodulatory potential as a
therapeutic agent. In a recent study, NP and Al platforms were in-
tegrated to elucidate resveratrol's mechanisms in RA. Using the
GSE205962 dataset, 2202 differentially expressed genes (DEGs)
were identified, and 47 putative therapeutic genes (PT-genes)
were determined by intersecting DEGs with resveratrol pharma-
cophore targets predicted by PharmMapper and visualized in
Cytoscape. Functional annotation (GO and KEGG) revealed PT-
gene involvement in metabolic pathways, insulin signaling,
chemokine signaling, and cancer pathways, with 36% overlap
between resveratrol targets and DEGs. A PPI network and cyto-
Hubba MCC algorithm identified nine key therapeutic genes
(ABL1, ANXA5, CASP3, HSP90AA1, LCK, MAP2K1, MAPKI1,
PIK3R1, RAC1). AlphaFold-based Al-assisted protein structure
prediction and molecular docking further confirmed strong res-
veratrol binding to these targets (binding energies: -6.4 to -8.4
kcal-mol ™), demonstrating an integrated NP-Al approach to un-
cover resveratrol's mechanisms and therapeutic targets in RA '*°.

Likewise, T2DM is a serious condition with severe complica-
tions, and celastrol shows promise in reversing insulin resistance.
In a recent study, combined with Al was used to explore the
mechanisms of celastrol. Analysis of 618 DEGs from blood
samples of patients with type 2 diabetes mellitus (T2DM) identi-
fied nine hub genes, including HBB. Pharmacophore-based NP
screening identified 228 potential celastrol targets, which were
overlapped with the DEGs to reveal key therapeutic genes, such
as S100A11, HBB, and BMP7, and nine signaling pathways, includ-
ing TGF-B. AlphaFold2-assisted structure prediction and molecu-
lar docking further supported the binding of celastrol to these
targets. This NP-AI approach suggests that celastrol acts through
hub genes and signaling pathways, providing mechanistic in-
sights and supporting its potential clinical application '*’.

Similarly, Xiaokewan, a TCM used for diabetes treatment,
contains multiple natural compounds and glibenclamide. Using
an Al-supported NP strategy, five major hypoglycemic constitu-
ents, puerarin, daidzein, formononetin, deoxyschizandrin, and
glibenclamide, were identified in vivo. NP analysis indicated these
compounds act on PI3K, PTP1B, MAPK, AKT, TNF, and NF-kB tar-
gets, modulating B-cell function and inflammation. Hypoglycemic
activity was confirmed in a zebrafish diabetic model, with deoxy-
schizandrin exhibiting the strongest effect. This work demon-
strates that integrating intelligent mass spectrometry recogni-
tion, NP, and computer-aided target prediction is effective for
elucidating TCM mechanisms and identifying lead compounds '**.

When combined with clinical or experimental validation,
these findings show how the AI-NP When combined with clinical
or experimental validation, these findings illustrate how the Al-
NP approach can reliably predict therapeutic targets and path-
ways, thereby strengthening the foundation for clinical transla-
tion. Discrepancies in hub gene identification, pathway enrich-
ment, and compound efficacy across studies highlight the need
for rigorous dataset selection, appropriate algorithmic choices,
and experimental verification to maximize the translational ap-
plicability of NP-AI predictions '**"*°. Concurrently, applying NP-
Al outcomes to clinical practice requires overcoming regulatory
and practical challenges. Regulatory approval pathways demand
stringent safety assessments, reproducibility, and standardiza-
tion of NP formulations, particularly for multi-component natur-
al products or TCM-derived molecules. Practical implementation
also entails coordination with conventional therapies, optimiza-
tion of dosing and delivery, and ensuring pharmacokinetic con-
sistency across diverse patient populations.
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2.4. Exploring the clinical studies based on Ganoderma spp.

Unlike the traditional reductionist one-drug-one-target
paradigm, NP facilitates the mapping of diverse phytochemicals
to multiple biological targets and disease pathways. TCM fungi
rich in polysaccharides, triterpenoids, and sterols are particu-
larly amenable to NP-guided research due to their pleiotropic
pharmacological actions. Recent studies have shown that NP not
only predicts the therapeutic potential of these fungi but also in-
forms clinical validation strategies, thereby bridging traditional
wisdom with modern biomedical science. For example, a study
conducted by Zhao et al. ''* identified compounds from GLE, in-
cluding ganoderic acids (A, B, D, H, Y), genistein, and ergosterol.
Molecular docking revealed direct compound-target interactions,
while database-driven analyses predicted 122 effective com-
pounds and 116 targets. By integrating the identified and pre-
dicted compound-target networks, six hub targets were high-
lighted: AR, CHRM2, ESR1, NR3C1, and PGR. Among these, ESR1
and PGR were significantly upregulated, and AR was significantly
downregulated in GLE-treated Hepal-6-bearing C57BL/6 mice,
as validated by qRT-PCR and Western blotting. Additionally, GLE
treatment effectively suppressed tumor growth in vivo, support-
ing its anticancer potential.

Similarly, recent studies have applied this framework to
evaluate the pharmacodynamics of various Ganoderma spp. Qian
etal. "' investigated the therapeutic effects of GLE against silicos-
is using NP, molecular docking, and animal experiments. A total
of 76 compounds were identified by UPLC-QE-MS, with 36 meet-
ing drug-likeness criteria and 67 potential targets linked to anti-
inflammatory activity. Network analysis emphasized interleukin
and cytokine signaling pathways, particularly involving TNF, IL-
6, IL-1P, and Caspase-3. Glycyrrhetinic acid and ganoderic acid
DM showed strong binding affinity in molecular docking. In vivo,
an experiment in silica-exposed mice demonstrated that GLE re-
duced lung inflammation, fibrosis, and significantly suppressed IL-
6 expression, although TNF-a and IL-1f remained unchanged.
These findings suggest that GLE acts through multi-component,
multi-target immunoregulatory mechanisms, particularly via IL-6
suppression. These case examples indicate the translational ap-
plicability of NP-based predictions and underline TCM fungi’s
growing clinical credibility, as seen in Table 3. Although it
provides an overview of clinical investigations involving TCM
medicinal fungi, the translational bridge between in silico predic-
tion and clinical validation remains insufficiently addressed. Most
mechanistic insights, such as PI3K/AKT, VEGF, or SIRT1/AMPK
modulation, are inferred from computational or preclinical mod-
els, while outcomes largely emphasize symptomatic or biomark-
er improvements rather than mechanistic confirmation. More-
over, inconsistencies in formulation standardization and trial
design limit reproducibility and translational reliability. Future
studies integrating pharmacokinetic modeling, biomarker-guided
validation, and multi-omics correlation are essential to streng-
then mechanistic insights and clinical continuums for TCM fungal
therapies.

2.5. Challenges and development in TCM-Based NP

TCM NP holds great promise for understanding the complex,
multi-target action of herbal medicines, butit is currently af-
fected by several major obstacles. The multifaceted and complex
chemical composition of TCM formulations, which typically con-
tain hundreds of bioactive molecules, makes it impossible to
identify, characterize, and model one or more synergistic effects
using traditional pharmacological procedures "°. Furthermore,
the discipline lacks standardized, integrated, and regularly
updated databases. Available resources, such as TCMSP, TCMID,
and HERB, while beneficial, exhibit scarce compound-target
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Table 3 Summary of clinical investigations involving TCM medicinal fungi.
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Fungal spp.  Bioactive compound Mechanism insight Clinical outcomes Therapeutic focus ~ References
. Ganoderic acids, Predicted modulation of PI3K/Akt and Clinical trials showed improved immunity and Immunomodulation, o qan
G. lucidum . X R . . PR . . 132,133
polysaccharides immune signaling; quality of life in cancer patients adjunct cancer therapy
G. lucidum Pl Giamek Induction of apopt051s‘ via c.aspase—3 and ) Enhan.ced response to (‘:hemotherapy anq Apoptosis induction, lung 134,135
Bax/Bcl-2 signaling improved immune indices in lung cancer patients cancer
. Ganoderic acids, Inhibition of VEGF, COX-2, and EGFR Tumor size reduction and 1r.npr0ved survivalas Anti-angiogenesis,
G. lucidum . . . X complementary therapy in hepatocellular . 136,137
triterpenoids signaling . hepatocellular carcinoma
carcinoma (HCC)
cordyceps Cordycepin, adenosine, Regulation of oxidative stress and Improved renal biomarkers and stamina in CKD Antioxidant, renal . .
SV X ) ; : ‘ ‘ : SN 138,139
sinensis and polysaccharides mitochondrial function (e.g., SIRT1, AMPK) and aging patients protection, antidiabetic
Lentinula Lentinan (8-glucan) TLR2/4 aqd IL-10 Pathway modulation, Enhancefj survival as an 1mmunoad]}1vant in Immune support in 140, 141
edodes enhancing host immune response gastric and colorectal cancer patients cancer therapy
Grifola p-glucans (D-fraction) Predicted immune che.ckpomt regulationand  Increased I\.IK cell activity a.nd l(?wereld blood Immun.o.stlml%lant, 142,143
frondosa glucose metabolism enhancement glucose in cancer and diabetic patients antidiabetic
He.nclum Erinacines, hericenones NGF pathway stimulation, .neuropr.otectlve Improved cogn_ltlve .performan.ce in mild cognitive Cognitive enhanc.ement, 144,145
erinaceus and neurodegenerative activity impairment patients neuroprotection
ot Ant.hraqumfme, Antl-mﬂan"fmattl)ry e hepa}toprotectlve Reduced liver enzyme levels in hepatitis B patients Hepatoprotection 146,147
camphorata triterpenoids signaling modulation
Inonotus Betulinic acid, Suppression of inflammation and tumor Reported reduction in inflammatory markers and Anti-inflammatory, 148,149
obliquus polysaccharides proliferation pathways enhanced antioxidant capacity in patients antioxidant support ’

mappings, limited clinical data, and conflicting ontological mod-
els *"**, Another key hurdle is the lack of credible absorption,
distribution, metabolism, excretion, and toxicity (ADMET) pro-
files for the majority of TCM substances, which hampers accurate
drug-likeness prediction and safety assessment '**,

Furthermore, many computational predictions in NP remain
theoretical and lack experimental confirmation, reducing transla-
tional significance. Additionally, most NP research relies on stat-
ic, linear models that fail to capture the dynamic, individualized,
and holistic perspectives inherent in TCM theory. TCM clinical
practice is heterogeneous, with prescriptions typically individual-
ized and context-dependent, which further limits reproducibility
and model standardization.

Although classical NP focuses on the identification of bioact-
ive compounds, targets, and pathways through experimental and
computational methods, itsintegration with Al provides en-
hanced predictive capability, efficiency, and scalability **"**. To
address this gap, a comparative framework is presented in
Table 4.

While conventional NP has its uses, its effectiveness and
scalability are limited by several inherent constraints ', The
time-consuming and manual nature of typical NP techniques
hinders the discovery process. However, Al accelerates data man-
agement and reduces human error by enabling the automated in-
tegration of diverse datasets, including multi-omics, clinical, and
literary sources ', While Al employs ML and deep learning (DL)
algorithms to uncover hidden patterns, enhance predictive reli-
ability, and rank drug-targetinteractions with improved spe-
cificity, conventional NP approaches frequently suffer from poor
prediction accuracy due to their reliance on static network infer-
ences 777", By efficiently constructing and evaluating large-scale
dynamic biological networks, Al overcomes the significant com-
plexity of representing multi-target and multi-disease interac-
tions in traditional NP systems, leading to more comprehensive
insights into disease systems and polypharmacology. This trans-
formation is further illustrated in Fig. 4, which depicts the work-

Table 4 Advancing NP through Al: comparative insights.

flow of Al integration into the NP pipeline.
2.6. Al interpretability and clinical Trust

Interpretability of Al systems is a critical issue in natural
product research, particularly when integrating prediction with
TCM and clinical application ’°. DL models, and most Al ap-
proaches generally, are "black boxes," producing outputs without
transparent explanations of their decision-making processes .
Such opacity can hinder clinician confidence, regulatory approv-
al, and the real-world deployment of healthcare interventions. In
NP-AI case studies such as resveratrol in RA, celastrol in T2DM,
and Xiaokewan, interpretability methods can provide confidence
in predicted targets, pathways, and compound efficacy *****. To
address this issue, various strategies have been developed. Model-
agnostic techniques such as Shapley Additive Explanations
(SHAP) and Local Interpretable Model-Agnostic Explanations
(LIME) can identify which features, such as specific compounds,
targets, or pathways, most heavily contribute to predictions "’
In addition, visual representation of network-based compound-
target-pathway interactions enables intuitive understanding of
mechanistic relationships '*. By integrating such interpretability
tools, NP-Al research can provide more transparent and explain-
able predictions, facilitating clinical decision-making, regulatory
approval, and, most importantly, the safe and effective transla-
tion of Al-augmented natural product science to patient care ”°.

2.7. Emergence of Al solutions

Over the last decade or two, Al has emerged as a solution to
many of the challenges listed above. Al, particularly ML and DL,
excels at extracting, integrating, and interpreting large amounts
of diverse data from chemical, biological, clinical, and text
sources. Random forests, support vector machines, and graph
neural networks (GNNs) are examples of ML algorithms that sig-
nificantly enhance compound-target-disease prediction accuracy

Feature Traditional NP Al-enhanced NP Key advantages of Al References
Data sources Restricted to known databases, literary ~ Real-world datasets, literature, high-throughput screening, and Integrates complex datasets for 156-158
curation, and experimental bioassays multi-omics (genomics, proteomics, and metabolomics) more comprehensive analysis
Compound . . . . . .
o — Docking, either s'emljautomated or manual, D e e iy meds Higher accuracy and identifies 159-161
N and in-vitro assays novel targets
prediction
Network Utilising known interactions between Al-assisted network modeling, dynamic simulations, predictive Identifies hidden links and ranks 162-164
construction  proteins or compounds and their targets network inferences important nodes and routes
Pathway Static pathways enrichment using curated ~ Al-guided pathways prioritization, multi-pathway integration, Identifies novel mechanisms and 165.166
analysis databases system-level modeling synergistic interactions ’
C.on*fp.our?d Based on bioactivity, literature support Al-driven models, predictive efficacy, and toxicity evaluation More efficient and predlct_lve for 167,168
prioritization lead compound selection
Validation e s i vi e e In silico validation (docking, simulation) followed by targeted = Reduces time and experimental 169,170

experimental validation)

workload
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Fig. 4 Workflow diagram for the integration of Al in NP.

compared to traditional similarity-based or statistical inference
methods '*. Al also enables in silico prediction of pharmacokinet-
icand toxicological properties for understudied herbal sub-
stances, expediting early-phase screening and reducing reliance
on costly wet-lab trials '*'. Finally, Al-based decision support sys-
tems are gradually evolving to offer precision medicine tech-
niques that distinguish between an individual’s constitution and
syndrome, aligning with TCM’s individualized treatment philo-
sophy. Overall, by overcoming structural, computational, and epi-
stemological barriers, Al integration is revolutionizing TCM NP
and producing more reliable and translational research.

2.8. Al and bioinformatics in advancing TCM and Ganoderma-based
therapies

Researchers studying herbal medicine can uncover profound
relationships between chemical components, diseases, and tar-
gets using Al tools '". By illustrating the complex relationships
and efficacious pathways of TCM components through pattern re-
cognition and predictive models, Al facilitates the development of
innovative therapeutic approaches and personalized medical
treatments '*. Al-driven deep analysis accelerates the discovery
of new compounds and formulations while improving the preci-
sion and effectiveness of TCM treatments '™,

In addition to enhancing drug discovery, Al integration has
significantly improved the search capabilities of Ganoderma-re-
lated TCM databases. ML algorithms enable intelligent semantic
searches that can rapidly retrieve pertinent chemical, pharmaco-
logical, and clinical information, interpret user intent, and pro-
duce context-aware recommendations '*’. These enhanced tools
support researchers in navigating large datasets, expediting the
exploration of Ganoderma’s medicinal potential.

Applications of Al are also found in analytical chemistry,
where liquid chromatography and mass spectrometry are
coupled with Al-driven data analysis to screen TCM preparations.
The synergy between these sophisticated techniques and Al-driv-
en data enhances the efficiency and precision of identifying herb-
al constituents and their interactions, which is critical for formu-
lation fine-tuning, quality control, and mechanism elucidation **.
The combination of chemical profiling and Al not only stren-
gthens characterization but also enables predictive modeling of
herb-compound-target interactions '’

Bioinformatics and Al are also essential in the functional
evaluation and screening of Ganoderma spp. '"". Grienke et al. '*’
applied computational methods to predict which bioactive com-
ponents of G. lucidum could be applied in nutraceuticals and func-
tional foods. The authors built a database of biological activities
and chemical structures from 279 Ganoderma constituents and
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employed in silico screening to simulate interactions of these
compounds with biological targets related to viral infection and
metabolic syndrome. Using 3D pharmacophore modeling, they
elucidated how these compounds interact with specific targets
and identified key molecular interaction properties. The
searchers also used 3D molecular docking to predict the binding
affinity of bioactive compounds to their targets, a widely used
method for predicting molecular interactions in bioinformatics.
Additionally, genome mining methods, such as screening fungal
genomes for biosynthetic gene clusters (BGCs), are employed to
identify those responsible for producing bioactive secondary
metabolites '*’. Another study by Cao et al. "' employed bioin-
formatic modeling of enzymes to predict g-cadinene-producing
enzymes, a terpene molecule. The investigation aimed to identify
and model the terpene synthases of G. lucidum and G. sinensis, in-
cluding g-cadinene synthases. The researchers predicted and con-
firmed three g-cadinene synthases using bioinformatics tools. Us-
ing conserved amino acid patterns, they developed an initial en-
zyme model (model 1), which was refined into model 2 after
screening 67 corresponding sequences from the NCBI database.
Five sequences were empirically confirmed as g-cadinene syn-
thases, and bioinformatics analysis showed that the conserved
regions of both models were highly similar. This approach was
also applied to other enzymes, such as (-)-a-bisabolol synthases
from green plants and A6-protoilludene synthases from fungi .

In addition, molecular docking coupled with Al and ML has
been effective in identifying bioactive molecules from Gano-
derma spp. that exhibit therapeutic potential. Yang et al. used mo-
lecular docking and ML to predict the antitumor activity of com-
pounds derived from G. lucidum. Molecular docking predicts
binding affinity and activity by simulating the interaction betw-
een drug candidates and target biological proteins. The analysis
achieved 86% accuracy; the combination of ML and molecular
docking accelerates antitumor drug development and prioritizes
candidates for experimental validation. Riahi et al. '** improved
the hot water extraction of G. lucidum polysaccharides using su-
pervised machine-learning methods. To enhance the yield and
bioactivity of the extracted polysaccharides by 10% and 20%, re-
spectively, this study utilized supervised learning to optimize ex-
traction parameters. This illustrates how ML can augment tradi-
tional bioprocessing.

Altogether, the integration of Al and bioinformatics with con-
ventional medicine and Ganoderma research has transformed the
discovery, assessment, and manufacture of therapeutic
lecules. These technologies enable rapid data analysis, com-
pound screening, mechanistic discovery, and bioprocess optimiz-
ation. Together, they constitute a critical step toward accelerat-
ing fungal pharmacology and modernizing natural product drug

re-
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discovery, making Al a prime driver of precision Ganoderma-
based phytotherapy and evidence-based innovation.

2.9. Technologies in the analysis of TCM-derived compounds

Research on natural products and drug development is being
revolutionized by advanced Al technologies in TCM . Complex
herbal formulations with diverse therapeutic properties, such as
Ganoderma spp., are a key component of TCM. However, tradi-
tional analysis is hampered by the structural complexity and
chemical diversity of these compounds '**.

Al tools such as ML and neural networks provide strong cap-
abilities for feature extraction, complexity reduction, and the
modeling of chemical structures, bioactivities, and therapeutic ef-
fects. This strategy integrates TCM databases, spectral informa-
tion, and predictive models, including ANN, SVM, and RF, to im-
prove compound identification and evaluate pharmacological po-
tential *>"°°. More advanced techniques, such as GNNs, DL, and
multi-modal Al, are improving the understanding of complex
herbal preparations by enabling analysis of the intricate interac-
tions among chemical constituents, biological targets, and patient-
specific factors '”. GNNs are particularly adept at learning non-
Euclidean structural data, suchas biological interaction net-
works and molecular graphs, to naturally represent complex
compound-target-pathway relationships inherent in TCM formu-
las "*®. A notable example is the application of such Al methods to
Ganoderma spp., a hallmark medicinal fungus in TCM known for
its rich triterpenoid content (e.g., ganoderic acid A, lucidenic
acid), polysaccharide content (e.g., ganoderan A/B), and sterols
with intricate structures and multi-target pharmacological pro-
ﬁles ]99»201.

Al-based cheminformatics methods, including QSAR model-
ing and GNNs, employ chemical fingerprints and SMILES strings
to perform structural classification, compound grouping, and bio-
logical activity prediction. DL tools such as DeepChem and Chem-
BERTa enhance initial screening by forecasting the drug-likeness,
bioavailability, and ADMET properties of Ganoderma compo-
unds *’>*”. Compound-target interaction prediction platforms
like DeepTarget, DeepDTI, and Mol2Vec have revealed multi-tar-
get regulatory activities of major compounds such as ganoderic
acid A, which modulates the PI3K/AKT and MAPK pathways im-
plicated in inflammation, cancer, and metabolic disorders ****",
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Al-enhanced NP systems and knowledge graph frameworks
enhance our capacity to model and analyze the intricate pharma-
cological networks of Ganoderma-based products. Kaliaperumal
et al. *” employed HPLC and NMR spectroscopy to identify and
characterize secondary metabolites produced by Penicillium ver-
ruculosum. Molecular docking was used to predict metabolite in-
teractions with biological targets, supported by precise chemical
structure characterization. The authors demonstrated that the
anticancer activity of these metabolites opens new prospects for
functional food applications. Collectively, these studies reflect the
broad potential of bioinformatics-based methods in the food sec-
tor, particularly in quality control. For screening and characteriz-
ing bioactive peptides in fungal extracts, mass spectrometry
coupled with bioinformatics spectrum library searches was em-
ployed. High-resolution mass spectrometry enables comprehens-
ive structural analysis of peptides. Concurrently, bioinformatics
tools can predict potential biological activities such as antimicro-
bial effects, making them widely applicable in food preservation.
Beyond food preservation, these methods also support taste en-
hancement and functional food development, with bioactive com-
pounds discoverable through genome mining, molecular docking,
and ML technologies ***. The identification of natural antimicrobi-
als, antioxidants, preservatives, and other bioactive compounds
that enhance food quality, safety, and nutritional value similarly
relies on these approaches.

Dong et al. *”’ used NIR spectroscopy and DL to predict the
polysaccharide content of Lentinula edodes. The study demon-
strated, with 95.5% accuracy, that 1D-CNN models outperformed
alternatives such as siPLS. This work offers new options for the
food industry, particularly in quality control and nutrient profil-
ing of edible mushrooms, ensuring products consistently meet
consumer expectations. To differentiate bolete mushroom spe-
cies, FT-NIR spectroscopy and DL, specifically residual neural
networks (ResNets), were employed. ResNets utilize residual
connections to optimize deep network training, enabling more ef-
ficient and rapid learning. The approach achieved 100% accuracy,
highlighting the potential of DL for enhanced species identifica-
tion. Additionally, Wang et al. *'° utilized Fourier Transform Near-
Infrared (FT-NIR) spectroscopy to develop a DL approach for pre-
dicting the shelf life of Phlebopus portentosus. Coupled with two-
dimensional correlation spectroscopy (2DCOS) and ML, the meth-
odology provided rapid, non-destructive, and highly precise as-
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Fig. 5 Al-driven workflow for chemical component identification and therapeutic effect prediction in Ganoderma spp.
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sessments of freshness. With its potential for prompt and accur-
ate mushroom freshness analysis, this technology holds signific-
ant promise for improving food safety and minimizing waste. The
integration of Al with conventional quantitative methods would
further enhance the precision of detecting key chemicals in Gano-
derma spp. samples, thereby improving in-depth profiling and
quality control.

2.10. Challenges and future perspectives

The integration of NP and Al into TCM research, particularly
concerning Ganoderma spp., offers both substantial opportunit-
ies and significant challenges. Notably, various constraints, in-
cluding database reliability and algorithm selection, affect NP
predictions, which depend on the quality and completeness of
underlying databases; different algorithms can yield divergent
results. For example, the common use of oral bioavailability and
drug-likeness as criteria for selecting active ingredients may
overlook important compounds, potentially leading to incom-
plete and biased mechanistic insights ****"%,

Data quality and standardization: The primary challenge in
integrating Al into TCM is data quality and standardization. TCM
treatments encompass a broad range of medicines, treatment
protocols, and individualized therapies, which can result in non-
uniform data. Al models trained on such inconsistent datasets
may produce unreliable predictions, limiting their applicability in
research and practice. Xu et al. °** and Zhou et al. *** emphasize
the need for standardized data collection methods to improve the
accuracy of Al applications in TCM.

The complexity and subtlety of TCM further complicate Al
and NP integration. Herbal interactions are context-dependent,
with effects on the human body arising from multi-component
synergies that are difficult to model. Without accounting for these
non-linear, system-level interactions, Al predictions may misrep-
resent true pharmacological effects “***'°. Finally, clinical integra-
tion remains a practical limitation. Even accurate Al outputs re-
quire interpretability and usability for practitioners to incorpor-
ate them into patient care. Lack of transparency or a user-friendly
interface can hinder adoption in routine TCM practice.

Despite these challenges, the future is highly promising. With
the advancement of multi-omics technologies, dynamic quantitat-
ive NP models, and deep learning algorithms, researchers will be
better equipped to unravel the pharmacological complexity of
Ganoderma spp. Integration of Al with ADMET modeling, gut mi-
crobiome interactions, and real-time simulation tools can help
optimize compound screening, improve druggability predictions,
and enhance personalized therapy. Furthermore, Al-guided syn-
drome differentiation and patient-specific prescription modeling
in TCM can enable precise, individualized treatments. The contin-
ued development of robust, unified databases and the standardiz-
ation of analytical methods will ensure more reliable outcomes.
In the context of chronic disease management, neurodegenera-
tion, metabolic disorders, and cancer, Ganoderma spp., suppor-
ted by Al and NP tools, hold great promise as scientifically valid-
ated, multi-target therapeutic agents aligned with the future of
personalized and integrative medicine.

3. Conclusion

The integration of NP and Al in the study of Ganoderma spp.
marks a transformative advancement in the fields of TCM and
herbal pharmacology. This synergistic approach enables a holist-
ic understanding of the intricate interactions between bioactive
compounds, molecular targets, and disease pathways, thereby
unraveling the multi-target and multi-component nature of Gano-
derma’s therapeutic effects. By leveraging advanced computation-
al tools and high-quality biological databases, researchers can ef-
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ficiently identify active constituents, predict their pharmacologic-
al targets, and construct complex herb-compound-target-disease
networks. The incorporation of Al further enhances data mining,
refines target prediction, and facilitates the discovery of syner-
gistic relationships, accelerating drug discovery and supporting
the scientific validation and modernization of TCM.

While challenges such as data inconsistency, model inter-
pretability, and limited experimental validation remain, ongoing
advances in dynamic modeling, omics integration, and machine
learning offer promising solutions. Future research should focus
on developing standardized, high-quality databases, improving
Al model transparency, validating computational predictions ex-
perimentally, and integrating patient-specific data to enable pre-
cision herbal medicine. Investigating Ganoderma effects in com-
plex disease contexts, such as neurodegeneration, metabolic dis-
orders, and cancer, while incorporating real-time pharmacokin-
etic and gut microbiome interactions, will further enhance trans-
lational potential.

Ultimately, the fusion of NP and Al in Ganoderma research
not only bridges traditional knowledge with modern biomedical
science but also paves the way for precision herbal medicine. It
holds great potential for treating complex diseases and for enhan-
cing the global credibility, standardization, and clinical integra-
tion of TCM in contemporary healthcare systems.
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