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raditional Chinese medicine?

Zhilin Song,†ab Guanxing Chen†c and Calvin Yu-Chian Chen *abdef

For centuries, Traditional Chinese Medicine (TCM) has been a prominent treatment method in China,

incorporating acupuncture, herbal remedies, massage, and dietary therapy to promote holistic health

and healing. TCM has played a major role in drug discovery, with over 60% of small-molecule drugs

approved by the FDA from 1981 to 2019 being derived from natural products. However, TCM

modernization faces challenges such as data standardization and the complexity of TCM formulations.

The establishment of comprehensive TCM databases has significantly improved the efficiency and

accuracy of TCM research, enabling easier access to information on TCM ingredients and encouraging

interdisciplinary collaborations. These databases have revolutionized TCM research, facilitating

advancements in TCM modernization and patient care. In addition, advancements in AI algorithms and

database data quality have accelerated progress in AI for TCM. The application of AI in TCM

encompasses a wide range of areas, including herbal screening and new drug discovery, diagnostic and

treatment principles, pharmacological mechanisms, network pharmacology, and the incorporation of

innovative AI technologies. AI also has the potential to enable personalized medicine by identifying

patterns and correlations in patient data, leading to more accurate diagnoses and tailored treatments.

The potential benefits of AI for TCM are vast and diverse, promising continued progress and innovation

in the field.
1. Introduction

Traditional Chinese Medicine (TCM) has played a signicant
role in the treatment of various illnesses in China1–8 for centu-
ries. TCM lies in the concept of Qi (vital energy) and the theory
of Yin-Yang balance, which are pivotal in its approach to diag-
nosing and treating illnesses.9,10 TCM encompasses various
practices such as acupuncture, herbal remedies, massage, and
dietary therapy. These practices are rooted in ancient knowl-
edge and have been rened over centuries of use in treating
various illnesses and promoting overall wellness.11 TCM makes
up a large proportion of natural products which serve as
important sources for drug discovery and development. From
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1981 to 2019, over 60% of the small-molecule drugs approved by
the FDA were directly or indirectly derived from natural prod-
ucts.12 So TCM has the potential to provide a wealth of new
drugs for a variety of diseases while also offering patients
different options to choose from depending on their individual
needs and preferences.13–16

AlphaFold3,17 a cutting-edge AI system for predicting protein
structures, offers signicant potential for advancing TCM
research. TCM's complexity, characterized by multi-component
herbal formulations, necessitates a thorough understanding of
how active ingredients interact with specic target proteins in
the body. Integrating AlphaFold3 into TCM research will not
only accelerate drug discovery and optimize TCM formulations
but also drive the modernization of TCM. This integration
ensures that TCM evolves with the latest scientic advance-
ments while preserving its traditional roots. The problems that
TCM modernization faces include the insufficiency in data
standardization, integrity, and precision of existing TCM-
related databases.18–20 Besides, a bottleneck problem is that
the TCM formulations, which oen consist of multiple ingre-
dients with synergistic effects make it difficult to isolate and
understand the specic mechanisms of action for each
component.21 Therefore, TCM databases have become essential
in improving the effectiveness and accuracy of TCM research. By
providing comprehensive information on TCM ingredients,
including their chemical structures, pharmacological effects,
and targets, the TCM databases offer researchers a centralized
resource that signicantly aids in their studies.22,23 This
© 2024 The Author(s). Published by the Royal Society of Chemistry
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comprehensive resource greatly streamlines manual data
collection and analysis, signicantly reducing the time and
resources required for TCM research. Furthermore, the avail-
ability of TCM ingredient databases has also encouraged more
interdisciplinary collaborations between traditional medicine
practitioners and modern scientic researchers.24 By sharing
knowledge and resources, these collaborations have resulted in
a better understanding of TCM's therapeutic potential and
contributed to its integration into mainstream healthcare
practices. Overall, the emergence of TCM databases has revo-
lutionized the way in which TCM research is conducted. It has
not only facilitated the acquisition of crucial information, but
also encouraged greater collaboration among different elds of
study, ultimately leading to advancements in TCM moderniza-
tion and research.

With the rapid advancements in Articial Intelligence (AI)
algorithms and the increasing availability of high-quality,
extensive databases, the development of AI in the eld of
TCM has accelerated signicantly.25–28 These advancements
have enabled more sophisticated analyses and enhanced the
potential for AI to revolutionize TCM research, leading to more
accurate diagnostics, a better understanding of complex herbal
interactions, and the development of innovative treatment
strategies.29,30 The integration of AI into TCM is opening new
avenues for research and clinical applications, marking
a transformative period in the eld. As shown in Fig. 1, the
integration of AI in TCM encompasses a systematic workow
starting from data mining of extensive TCM databases. These
databases provide foundational knowledge that is crucial for
identifying active herbal ingredients. AI technologies then
analyse these ingredients to drive advancements in various
domains including drug discovery, diagnosis, and under-
standing of pharmacological actions. The integration of AI and
TCM has greatly changed the research paradigm of TCM and
promoted the development of TCM in disease treatment. The
application of AI in TCM spans across diverse areas such as
Fig. 1 Workflow of the integration of AI in TCM research and applications
historical and contemporary data on various herbs. These herbs are th
subjected to AI-driven analysis for various applications including chemi
planning, network pharmacology, and elucidating pharmacological actio
such as drug compatibility, diagnostic strategies, and personalized treatm

© 2024 The Author(s). Published by the Royal Society of Chemistry
herbal screening,31–33 new drug discovery,34 diagnostic35–37 and
treatment principles,38 pharmacological mechanism39 and
network pharmacology,40–43 as well as the incorporation of
innovative AI technologies. AI shines in data mining, pattern
recognition, and predictive analysis, skills crucial in unravelling
the intricate formulations and treatment strategies unique to
TCM44,45 Compared to Western medicine, TCM has advantages
in personalized medicine because its diagnostic approach
focuses on the individual's response to pathogenetic factors and
internal maladjustments rather than solely on pathological
mechanisms.46 By harnessing large databases and machine
learning algorithms, AI can help identify patterns and correla-
tions in patient data that would be difficult or impossible for
human practitioners to detect.47 This can lead to more accurate
diagnoses and tailored treatments that take into account each
patient's unique characteristics and health history. Further-
more, AI's analysis of TCM databases sheds light on the
mechanisms behind various herbal medicines and formula-
tions. AI-based network pharmacology is employed to unravel
the active ingredients and potential targets of TCM formula-
tions in treating ailments like Type 2 diabetes and COVID-
19.48,49 Meanwhile, AI can play a vital role in analyzing drug
incompatibilities in TCM, which is essential for ensuring
patient safety.50 Given the complexity and widespread use of
herbal compounds in TCM, accurate analysis of potential
interactions is critical, and AI's advanced capabilities can
signicantly enhance this process. AI's impact is also profound
in improving diagnostic accuracy in TCM. Advanced models
enhance syndrome differentiation and diagnosis in TCM, using
deep learning and neural networks to analyse complex patient
data – a leap from traditional subjective assessments.51,52

Despite these strides, integrating AI fully into TCM research
presents challenges. The intricacy of TCM formulations, the
necessity for standardized data, and ensuring AI models align
with TCM philosophy are signicant obstacles. As AI evolves,
future research in this eld aims to develop more advanced AI
. The process begins with data mining of TCM databases, which collate
en analysed to identify their key ingredients, which are subsequently
cal component identification, drug discovery, personalized treatment
ns. The outcome of these analyses informs various TCM applications
ent plans.

Chem. Sci., 2024, 15, 16844–16886 | 16845
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models tailored to the complexities of TCM data, upholding its
foundational principles. The synergy of AI and TCM heralds
a new era in healthcare, where ancient wisdom is enhanced by
modern technology. This integration not only deepens our
understanding of traditional practices but also paves the way for
innovative treatments and therapies. As AI technology prog-
resses, its role in TCM is set to grow, heralding a future where
traditional methods are bolstered by cutting-edge technology
for the betterment of global health.

To provide a clear roadmap for our discussion, the structure
of this paper is as follows: Section 2 introduces the development
status and features of TCM databases; Section 3 discusses the
challenges of TCM modernization and the opportunities for
integration with AI; Section 4 provides an overview of AI tech-
nologies applied in TCM research; Section 5 delves into the
specic applications of AI in analyzing TCM chemical data;
Sections 6–12 comprehensively detail the applications of AI
across various TCM elds, including drug discovery, ingredient
analysis, and diagnostic treatment; Section 13 explores AI's role
in elucidating the pharmacological mechanisms of TCM;
Section 14 summarizes the current challenges and future
development prospects; nally, Section 15 offers a concluding
summary of the entire paper.
2. TCM databases: data quality,
features, and AI-driven analysis
2.1 TCM database

2.1.1 TCMbank. Expanding on our TCM Data-
base@Taiwan,53 we have released TCMBank54 (https://
TCMBank.CN/), a comprehensive Chinese medicine database
in 2023. TCMBank is free to access and offers standardized
information on herbs, ingredients, targets, diseases, and
various other valuable resources. At present, TCMBank is the
largest free database that furnishes standardized information
on targets and diseases and it is automatically updated by
using an intelligent document identication module (IDIM)
that continuously retrieves and recognizes TCM-related infor-
mation from newly published literature and books. TCMBank
offers a user-friendly interface and provides access to a vast
amount of TCM-related data, including literature-driven rela-
tionship mapping between herbs/ingredients and genes/
diseases. Besides, the TCMBank provides a powerful function
for medicinal chemists to search for a series of traditional
Chinese herbs containing some certain ingredients. Addition-
ally, TCMBank features an ensemble learning-based drug
discovery protocol for identifying potential leads and drug
repurposing, aiming to accelerate drug discovery in the eld of
TCM. It can be accessed at https://TCMBank.CN.

2.1.2 ETCM v2.0. The ETCM (Encyclopaedia of Traditional
Chinese Medicine) v2.0 (ref. 55) is an updated TCM database. In
response to the increased availability of a wider range of data,
the update based on ETCM56 ensures a more extensive and
integrated collection of TCM big data. ETCM v2.0 includes
information on TCM formulas, Chinese patent drugs, Chinese
medicinal materials, and ingredients. It also offers a method for
16846 | Chem. Sci., 2024, 15, 16844–16886
target identication and prediction, as well as an enhanced
JavaScript-based network visualization tool for exploring multi-
scale biological networks. Overall, ETCM v2.0 has been
designed with the overarching objective of enhancing the
identication of bioactive constituents and quality markers of
TCM. Additionally, it aims to provide extensive support for the
research and development of novel drugs, facilitate the expe-
dited repurposing of existing drugs, and streamline the inves-
tigation and application of TCMs in clinical settings. ETCM v2.0
is accessible at http://www.tcmip.cn/ETCM2/front/#.

2.1.3 BATMAN-TCM 2.0. BATMAN-TCM (Bioinformatics
Analysis Tool for Molecular Mechanism of Traditional Chinese
Medicine) 2.0 (ref. 57) is an enhanced integrative database that
focuses on known and predicted interactions between TCM
ingredients and target proteins. BATMAN-TCM 2.0 collected 17
068 known and 2 319 272 predicted TTIs, together with 54 832
formulas, 8404 herbs and 39 171 ingredients, which are much
larger than the previous version BATMAN-TCM 1.0.58 It is
designed to address the need for a higher coverage TCM
ingredient–target protein interaction (TTI) dataset and to use
omics data to screen active TCM ingredients or herbs for
complex disease treatment. The database boasts the most
holistic known and predicted TTI dataset, and it added new
features for exploring TCM ingredients and their targets
simultaneously for pharmacology research, as well as TCM
ingredients binding to target proteins for drug discovery.
Besides, BATMAN-TCM 2.0 offers signicantly increased TTI
coverage and the website has been redesigned to provide
a better user experience and faster speed. The database can be
accessed at http://bionet.ncpsb.org.cn/batman-tcm.

2.1.4 TM-MC. TM-MC59 is a database of medicinal mate-
rials and chemical compounds in Northeast Asian traditional
medicine. It contains information on about 14 000 compounds
from 536 medicinal materials, and provides links to the articles
from which each medicinal material and chemical compound
was extracted. The database aims to provide comprehensive
information on the chemical compounds of medicinal mate-
rials used in Northeast Asia and is accessible at http://
informatics.kiom.re.kr/compound.

2.1.5 LTM-TCM. LTM-TCM (Linking of Traditional Chinese
Medicine with Modern Medicine at molecular and phenotypic
levels)60 is a comprehensive database that links TCM with
modern medicine at both molecular and phenotypic levels. It
contains high-quality data integration from fourteen TCM
authoritative databases, 40 000 TCM clinical treatment records,
and 213 ancient Chinese medical books. LTM-TCM provides
information on symptoms, prescriptions, herbs, ingredients,
targets, and their interactions. It offers online computational
pipelines for virtual screening of ingredient-related targets and
predictive analysis services for ADME properties. The aim of
LTM-TCM is to provide a comprehensive and reliable database
that aids in understanding the mechanisms of TCM at a system
level. It seeks to support research, validate the effectiveness of
TCM, facilitate medical research and mechanism prediction,
and contribute to the modernization and popularization of
TCM. It can be accessed through https://cloud.tasly.com/
#/portalHome.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.1.6 TCM-suite. TCM-suite61 is a comprehensive platform
for TCM component identication and network pharmacology
analysis. It consists of two sub-databases, Holmes-suite and
Watson-suite, which cover TCM biological ingredient identi-
cation and downstream network pharmacology investigation.
The platform offers a user-friendly interface, search engines,
and a holistic pipeline for exploring and visualizing TCM-
related resources. TCM-suite aims to facilitate TCM-based
drug discovery and repurposing and is freely accessible at
http://TCM-Suite.AImicrobiome.cn.

2.1.7 HIT 2.0. HIT (Herb Ingredients' Targets) 2.0 (ref. 62)
was developed to focus on the targets of herbal ingredients and
covers PubMed literature from 2000 to 2020. Compared to HIT
1.0 (ref. 63) released in 2011, HIT 2.0 incorporates advanced text
mining algorithms and rigorous curation methods. HIT 2.0
includes an extensive update by adding literature from 2010 to
2020. This expansion has resulted in nearly double the amount
of data available compared to the previous version. HIT 2.0
contains 10 031 compound–target activity pairs which have
quality indicators and are derived from 2208 targets and 1237
ingredients sourced from over 1250 well-regarded herbs. It
provides information on genes/proteins that are directly/
indirectly activated/inhibited, protein binders, and enzyme
substrates or products. Additionally, it offers features such as
automatic Target-mining and My-target curation, which allow
users to explore the latest literature from PubMed and retrieve
abstracts containing potential targets for specic compounds.
HIT 2.0 can be accessed at http://hit2.badd-cao.net.

2.1.8 SuperTCM. SuperTCM64 is a biocultural database that
combines biological pathways and historical linguistic data of
Chinese Materia Medica for drug development. It provides
comprehensive information on TCM derived from medicinal
plants, including pharmacological recipes, chemical
compounds, and active ingredients. The database covers 6516
herbs, 5372 botanical species, and 55 772 active ingredients
against 543 targets in 254 KEGG pathways associated with 8634
diseases. SuperTCM exhibits the following features: it differ-
entiates between scientic and non-scientic common names
to prevent confusion arising from the use of multiple names for
the same species. Additionally, the database incorporates KEGG
Global Maps to identify the ingredients and targets of indi-
vidual drugs and blended “herbs” or recipes, offering
a comprehensive view of their impacts on pathways. SuperTCM
aims to facilitate the study of TCM drugs and expand their
applications and is freely available online at http://
tcm.charite.de/supertcm.

2.1.9 TCMSID. TCMSID,65 the Traditional Chinese Medi-
cine Simplied Integrated Database, is a high-quality and
comprehensive database that offers the following features: (a)
integration of 499 TCM herbs and 20 015 unique herbal ingre-
dients, which lls the gaps in previous databases; (b) in-depth
information for each ingredient, including signicance
degree, ADME/T-related properties, structural classication,
and reliability; (c) inclusion of reliable potential targets for each
ingredient predicted by multiple target-prediction platforms.
(d) Availability of bioassay data for herbal ingredients, enabling
© 2024 The Author(s). Published by the Royal Society of Chemistry
the study of hidden activity-related information using chem-
informatics methods. (e) Establishment of an herb–compo-
nent–target–drug multilevel interaction network, facilitating
a deeper understanding of the mechanisms of action in TCM.
Notably, the comprehensive data for each eld was consoli-
dated from other pertinent databases, as well as through text
mining of published articles and the use of prediction tools like
ADMETlab.66,67 Besides, TCMSID provides ingredient structural
classication which is not available in most of the existing TCM
ingredient databases. The ingredient structural classication of
all ingredients was rened layer-by-layer using the ClassyFire
web server,68 an automated chemical classication web tool.
TCMSID also offers a user-friendly interface for easy access and
analysis of the data, making it a valuable resource for TCM
research and drug discovery. TCMSID can be accessed at https://
tcm.scbdd.com.

2.1.10 TCMIO. TCMIO69 (Traditional Chinese Medicine on
Immuno-Oncology) is the rst comprehensive database that
integrates TCM data with immuno-oncology data. It contains
over 120 000 small molecules against 400 immuno-oncology
targets, extracted from public databases and literature. The
database provides cheminformatics and bioinformatics tools
for exploring the chemical ingredients and ligands against
immuno-oncology targets, as well as pathway enrichment
analysis for TCM or prescription. TCMIO aims to accelerate
natural product drug discovery for cancer treatment and expand
the understanding of traditional medicine. It is publicly acces-
sible at http://tcmio.xielab.net.

2.1.11 HERB. HERB70 is a high-throughput experiment-
and reference-guided database of TCM, with its Chinese name
as BenCaoZuJian. It integrates multiple TCM databases and
contains a comprehensive list of herbs and ingredients. HERB
reanalysed 6164 gene expression proles from 1037 high-
throughput experiments evaluating TCM herbs/ingredients
and generated data-driven connections between TCM herbs/
ingredients and modern drugs. By leveraging database mining
and statistical inference techniques, HERB provided connec-
tions between 12 933 targets, 28 212 diseases, 7263 herbs, and
49 258 ingredients. These data-driven associations serve as
valuable evidence, linking TCM and contemporary medicines.
HERB outlines the evidence-based connections between TCM
and modern medicines, offering compelling support for addi-
tional pharmacological research on TCM as a crucial compo-
nent of contemporary drug discovery endeavors. It is accessible
through http://herb.ac.cn/.

2.1.12 TCM-ID. TCM-ID,71 the Traditional Chinese Medi-
cine Information Database, is a comprehensive resource
providing quantitative information about TCM. It includes
details on TCM prescriptions, constituent herbs, herbal ingre-
dients, molecular structures, functional properties of active
ingredients, therapeutic and side effects, clinical indications,
and related matters. The database contains information for
7443 prescriptions, 2751 herbs, and 7375 herbal ingredients. It
serves as a valuable tool for studying and exploring TCM and is
accessible online at https://bidd.group/TCMID/.

2.1.13 SymMap V2.0. SymMap72 is an integrative database
of traditional Chinese medicine enhanced by symptom
Chem. Sci., 2024, 15, 16844–16886 | 16847
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mapping. It provides a comprehensive collection of information
on TCM symptoms, herbs, ingredients, targets (genes), and
diseases. SymMap integrates TCM with modern medicine at
both the phenotypic and molecular levels, making it a valuable
resource for evidence-based pharmaceutical research and drug
discovery. The database can be accessed at http://
www.symmap.org/and https://www.bioinfo.org/symmap.

2.1.14 TCMID 2.0. TCMID 2.0 (ref. 73) is a comprehensive
resource for Traditional Chinese Medicine. The database
TCMID (Traditional Chinese Medicine Integrated Database),74

initially released in 2013, was designed as a thorough database
with the goal of modernizing and standardizing TCM. It is
a database that provides information on TCM prescriptions,
herbs, ingredients, diseases, drugs, and targets. The latest
release, TCMID 2.0, has signicantly expanded the database
with additional herbal ingredients, prescriptions, related
targets, drugs, diseases, and new connections between them. It
also includes data on herbal mass spectrometry (MS) spectra
related to herbs and ingredients. TCMID 2.0 aims to facilitate
TCM's modernization and enhance the exploration of the bio-
logical processes related to the pharmacologic actions of TCM.
TCMID 2.0 is accessible through http://www.megabionet.org/
tcmid.

2.1.15 TCMSP 2.3. TCMSP,75 which stands for Traditional
Chinese Medicine Systems Pharmacology, is a database
designed to facilitate drug discovery from herbal medicines. It
provides comprehensive information on Chinese herbs, their
ingredients, targets, associated diseases, and ADME-related
properties. The database aims to promote the integration of
modern medicine and traditional medicine for drug discovery
and development. TCMSP is freely available at https://tcmsp-
e.com/tcmsp.php/ and offers tools for visualization and
analysis of the data, making it a valuable resource for
chemists, biologists, and pharmacologists.
2.2 Data quality and features

The databases vary in terms of data quality, characteristics, and
features. As shown in Fig. 2, most databases contain ve
elements: TCM prescriptions, herbs, chemical ingredients,
targets and diseases. Among them, TCMbank, HIT 2.0,
SuperTCM, TCMSID, HERB, SymMap and TCMSP 2.3 lack TCM
prescriptions, while ETCM v2.0, BATMAN-TCM 2.0, LTM-
TCMand TCMID 2.0 have a large number of that. LTM-TCM,
HIT 2.0, TCMSID and TCMIO lack data of diseases. Speci-
cally, TCMbank has the highest number of herbs, and TCM-
suite has the highest number of chemical ingredients (704
321). TCMbank, ETCM v2.0, and BATMAN-TCM 2.0 offer
comprehensive and standardized information on herbs, ingre-
dients, targets, and diseases. They use advanced algorithms and
data retrieval methods to ensure data quality and accuracy. TM-
MC provides information on medicinal materials and chemical
compounds in Northeast Asian traditional medicine, contrib-
uting to the diversity of TCM data. LTM-TCM integrates data
from fourteen TCM authoritative databases, ancient Chinese
medical books, and TCM clinical treatment records, ensuring
a comprehensive and reliable database. TCM-suite and HIT 2.0
16848 | Chem. Sci., 2024, 15, 16844–16886
offer comprehensive platforms for TCM component identica-
tion, network pharmacology analysis, and exploring TCM
ingredients and their targets. SuperTCM combines biological
pathways and historical linguistic data of Chinese Materia
Medica for drug development, providing comprehensive infor-
mation on TCM derived from medicinal plants. TCMSID offers
a multilevel interaction network and in-depth information for
each ingredient, ensuring data reliability and structural classi-
cation of ingredients. TCMIO integrates TCM data with
immuno-oncology data, contributing to the expansion of TCM
research into the eld of cancer treatment. HERB provides high-
throughput experiment- and reference-guided data of TCM,
ensuring data-driven connections between TCM and modern
drugs. SymMap V2.0 integrates TCM with modern medicine at
both the phenotypic and molecular levels, providing valuable
evidence for evidence-based pharmaceutical research and drug
discovery. TCMID 2.0 has signicantly expanded the database
with additional herbal ingredients, prescriptions, related
targets, drugs, diseases, and new connections between them.
TCMSP 2.3 offers comprehensive information on Chinese
herbs, their ingredients, targets, associated diseases, and
ADME-related properties, facilitating drug discovery and
development from herbal medicines.

Each database has unique characteristics as shown in
Table 1. Some databases focus on specic areas, such as inte-
grating TCM data with immuno-oncology data (TCMIO),
providing high-throughput experiment- and reference-guided
data of TCM (HERB), and enhancing TCM with symptom
mapping (SymMap V2.0). The databases offer a wide range of
features, including comprehensive information, advanced text
mining algorithms, and integration with modern medicine and
advanced technologies. In summary, the databases vary in
terms of data quality and characteristics, but collectively they
contribute to the advancement of TCM research by providing
comprehensive, reliable, and diverse information, as well as
specialized tools for drug discovery and integration with
modern medicine. These databases offer a wide range of
features, including comprehensive information, user-friendly
interfaces, advanced text mining algorithms, and integration
with modern medicine and advanced technologies.
2.3 AI-based integration and analysis of herbal chemical
data

The application of machine learning and natural language
processing (NLP) in integrating and analysing data from various
TCM databases enables autonomous processing and interpre-
tation of vast amounts of unstructured and semi-structured
data, identifying previously unrealizable patterns, relation-
ships, and insights. This capability is crucial for synthesizing
knowledge from historical texts, experimental data, and clinical
ndings, thereby advancing the understanding and application
of TCM.76,77 AI technologies help uncover deep correlations
between chemical components, diseases, and targets within the
eld of herbal medicine. Through pattern recognition and
predictive models, AI reveals the complex interactions and
efficacy pathways of TCM components, aiding in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison of the TCM prescriptions, herbs, chemical ingredients, targets, and diseases that the databases contain.
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development of new treatment strategies and personalized
medical approaches. AI-driven deep analysis not only acceler-
ates the discovery of new compounds and formulations but also
enhances the precision and effectiveness of TCM
treatments.78,79

The integration of AI technologies signicantly enhances the
querying capabilities of TCM medicine databases. Intelligent
search functions supported by machine learning algorithms
provide semantic understanding and personalized recommen-
dations, making it easier for researchers to navigate and extract
© 2024 The Author(s). Published by the Royal Society of Chemistry
relevant information. Huang et al.80 developed a TCM
prescription data collection mini-program, using NLP for
intelligent information extraction. Semantic search engines
interpret the intent and contextual meaning of queries, thus
improving the accuracy and relevance of search results. AI-
based tools are revolutionizing the way TCM chemical data is
analysed. These tools support advanced analytical functions
such as complex querying, data visualization, and interactive
analysis platforms. Utilizing deep learning and NLP, these tools
can process and analyse large datasets, revealing patterns and
Chem. Sci., 2024, 15, 16844–16886 | 16849
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Table 1 The characteristics of major TCM databases

Database Latest update year Pros and cons Unique data/function Website

TCMbank 2023 It provides standardized
information about TCMs,
ingredients, diseases,
targets, and their
relationships. Continuously
updated via intelligence text
mining. But it lacks the
information of TCM
prescriptions

Intelligent document
identication, EL-based
drug discovery protocol

https://tcmbank.cn

ETCM v2.0 2023 It includes information on
TCM prescriptions and 9872
Chinese patent drugs. It also
offers a method for target
identication and prediction

Chinese patent drugs, drug
similarity evaluation,
network visualization tool

http://www.tcmip.cn/
ETCM2/front/#

BATMAN-TCM 2.0 2023 It focuses on known and
predicted interactions
between TCM ingredients
and target proteins. But it
lacks quantitative
information about the
components in each formula

Compound–target pairs,
predicted TCM ingredient–
target protein interactions

http://bionet.ncpsb.org.cn/
batman-tcm

TM-MC 2023 Provides comprehensive
information on the chemical
compounds of medicinal
materials used in Northeast
Asian traditional medicine.
But the amount of herbal
data is limited

The largest number of
medicinal materials using
the chromatographic
method

http://
informatics.kiom.re.kr/
compound

LTM-TCM 2022 It links TCM with modern
medicine at both molecular
and phenotypic levels. But it
lacks disease data

ADME of ingredients and
target prediction

https://cloud.tasly.com/
#/portalHome

TCM-suite 2022 It's a comprehensive
platform for TCM
component identication
and network pharmacology
analysis. It aims to facilitate
TCM-based drug discovery
and repurposing

TCM biological ingredient
identication and network
pharmacology search

http://tcm-
suite.aimicrobiome.cn

HIT 2.0 2021 It focuses on the targets of
herbal ingredients and
covers PubMed literature
from 2000 to 2020. It has
incorporated advanced text
mining algorithms and
rigorous curation methods.
But it lacks disease data

Compound–target pairs https://hit2.badd-cao.net

SuperTCM 2021 It combines biological
pathways and historical
linguistic data of Chinese
Materia Medica for drug
development. It provides
comprehensive information
on TCM derived from
medicinal plants

Drug–target–pathway
visualization

http://tcm.charite.de/
supertcm

TCMSID 2020 It offers integration of TCM
herbs and herbal ingredients
and provides in-depth
information for each
ingredient, including
bioassay data and multilevel
interaction network. But it
lacks disease and TCM
prescriptions data

ADME/T properties for all
ingredients, potential targets
of ingredients, the structural
reliability of all ingredients

https://tcm.scbdd.com/
home/index

16850 | Chem. Sci., 2024, 15, 16844–16886 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Database Latest update year Pros and cons Unique data/function Website

TCMIO 2020 It integrates TCM data with
immuno-oncology data. It
contains over 120 000 small
molecules against 400
immuno-oncology targets.
But it lacks disease data

400 unique IO targets, 157
195 ligand–target
interactions, network
pharmacology analysis

http://tcmio.xielab.net

HERB 2020 It integrates multiple TCM
databases and provides
high-throughput
experiment- and reference-
guided data and connections
between TCM herbs/
ingredients and modern
drugs. But it lacks TCM
prescriptions data

High-throughput
experimental evidence

http://herb.ac.cn

TCM-ID 2019 It provides quantitative
information about TCM,
including details on TCM
prescriptions, constituent
herbs, herbal ingredients,
molecular structures, and
therapeutic and side effects.
But it lacks updates

Human healthy/disease
samples

https://bidd.group/TCMID

SymMap v2 2018 It integrates TCM with
modern medicine at both
the phenotypic and
molecular levels. But it lacks
updates

TCM symptom-herb and
TCM symptom-MM
symptom associations

https://symmap.org

TCMID 2.0 2018 It signicantly expanded the
database and includes data
on herbal mass spectrometry
(MS) spectra related to herbs
and ingredients. But it lacks
updates

MS spectra data,
computationally predicted
TCM ingredient–target
protein interactions

http://47.100.169.139/tcmid

TCMSP 2.3 2014 It excels in identication of
drug–target and drug–
disease networks, and
potential to uncover the
mechanisms of action in
Chinese herbs. But it lacks
updates

Computationally predicted
TCM ingredient–target
protein interactions

https://tcmsp-e.com/
tcmsp.php
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insights that promote drug discovery and understanding of
TCM pharmacological mechanisms.81,82 The integration of AI
with TCM databases has led to successful chemical data anal-
ysis and drug discovery projects. Bai et al.83 utilized AI to analyse
the quality markers of TCM materials using ultra-high perfor-
mance liquid chromatography and near-infrared spectroscopy
(NIRS), providing intelligent strategies for quality assessment
based on these markers. Wang et al.24 used AI to analyse spec-
troscopic data, identifying and quantifying complex chemical
structures and components in TCM, enhancing the reliability
and accuracy of compound identication. Li et al.84 combined
chatGPT technology for medical data mining, integrating
machine learning with historical TCM data to analyse and
identify ancient TCM prescriptions from the Song Dynasty.
FordNet is an AI-based system that integrates phenotypic and
molecular information for TCM formulation recommendations,
© 2024 The Author(s). Published by the Royal Society of Chemistry
signicantly improving hit rates and formulation precision.43

Combining advanced liquid chromatography and mass spec-
trometry with AI-driven data processing signicantly improves
the accuracy and efficiency of TCM formulation analysis. This
integrated approach provides a detailed characterization of the
chemical foundations of TCM, better understanding its
components and their interactions, which are crucial for quality
control and formulation optimization.85 Data fusion techniques
in TCM research involve integrating data from various analyt-
ical techniques (including spectroscopy and chromatography)
to create a more accurate and comprehensive view of TCM
compounds. This method enhances the identication and
analysis of complex interactions in TCM formulations,
promoting more precise and predictive models for TCM
research and development.86
Chem. Sci., 2024, 15, 16844–16886 | 16851
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2.4 Challenges and solutions

The quality and standardization of data in these databases are
critical for their effective use in research and development.
These challenges hinder the efficiency and reliability of
research outcomes, necessitating stringent quality control
measures to ensure the integrity of data used in TCM research.87

The integration of AI in analysing and rening these data
ensures high-quality, reliable datasets that can be used for drug
discovery, clinical trials, and a broader understanding of TCM
mechanisms. The application of AI in data management and
analysis highlights the importance of high-quality data in
obtaining meaningful insights from TCM research.88 Interop-
erability among different TCM databases presents challenges
primarily due to differences in data formats, terminologies, and
standards. These differences hinder seamless data exchange
and integration, limiting comprehensive analysis of TCM
components and their efficacy. The complexity arises from the
diversity of data sources, including traditional texts, experi-
mental results, and clinical observations, each encoded in
various formats and structures.89,90 Enhancing interoperability
and data sharing among TCM databases is critical for fostering
collaborative research and maximizing the utility of collected
data. Rening data sharing protocols and establishing common
standards are initiatives benecial for aggregating and
comparing data from different sources, enhancing the
comprehensiveness and depth of TCM research.91,92 AI facili-
tates these processes through automated data integration and
analysis, ensuring that TCM databases remain at the forefront
of modern medical research.
3. Traditional Chinese medicine
modernization
3.1 The challenges and opportunities of TCMmodernization

As TCM integrates more deeply with modern scientic meth-
odologies, it becomes essential to address the broader context
in which these advancements take place. The path to modern-
ization is fraught with challenges but also brimming with
opportunities that could redene the future of TCM. In this
section, we will explore the key hurdles that TCM faces in its
modernization journey and the potential avenues for over-
coming these challenges. Some stumbling blocks hinder the
progress of TCM in a scientic manner:

(a) Some individuals opt for TCM over Western treatments
due to a fear of surgical procedures or injections.

(b) The scarcity of uniformly qualied TCM practitioners has
resulted in patient fatalities stemming from delayed Western
medical intervention. Additionally, some TCM practitioners
surreptitiously incorporate Western medications into TCM
formulations.

(c) Numerous renowned TCM practitioners rely on secret
family recipes, hindering transparency and standardization.

(d) Certain TCM herbs pose toxicity risks.
(e) Some TCM practitioners staunchly maintain the

uniqueness of TCM, resisting modernization through scientic
methods even though, many TCM educational programs now
16852 | Chem. Sci., 2024, 15, 16844–16886
integrate Western subjects such as biochemistry and
physiology.

At the same time, we think there are several chances for the
modernization of TCM, which can be summarized as follows:

(a) The long history of successful TCM treatments in the East
underscores the efficacy of certain formulas with robust clinical
evidence.

(b) Acupuncture and specic TCM formulations show
promise for modernization efforts.

(c) Collaborative efforts with Western-trained scientists,
exemplied by initiatives like GP-TCM led by Professor Tai-Ping
Fan of the University of Cambridge and the Globalization of
Chinese Medicine (CGCM) advocated by Academician Yong-Qi
Zheng of Yale University, have fostered a scientic approach
to TCM in the Western world, promoting its progress.

Addressing these challenges and capitalizing on these
opportunities requires a concerted effort from both the TCM
and scientic communities. In the following sections, we will
explore specic strategies and steps being taken to modernize
TCM, with a focus on integrating modern technology and
scientic methodologies.
3.2 The next step of TCM modernization

Building upon the challenges and opportunities discussed, the
next phase in the modernization of TCM focuses on leveraging
advanced technological frameworks to accelerate research and
development. We are currently trying to construct the roadmap
for TCM modernization (Fig. 3). Aer establishing the world's
largest Traditional Chinese Medicine database (TCMbank),93 we
will then proceed to build a cloud-based drug screening system
(iScreen),94 and an integrated portal for TCM and systems
biology (iSMART).95 iScreen is the rst cloud-computing plat-
form dedicated to virtual screening and de novo drug design
based on a TCM database. This system leverages molecular
docking, chemoinformatics, and virtual screening technologies
to help researchers rapidly identify potentially active
compounds and perform preliminary drug design. iSMART is
an integrated cloud computing web server designed to merge
TCM with systems biology. It supports online virtual screening,
de novo evolution, and drug design. iSMART combines complex
biological networks and a large-scale database of TCM compo-
nents, providing a powerful tool to help researchers understand
the mechanisms of TCM and develop new therapeutic
approaches. Next, we will establish a TCM metabolome data-
base, combining vast disease-related signaling pathways and
the complex interactions of compounds in Traditional Chinese
Medicine formulas within the body. Only by considering all
three aspects can we fully understand the mechanisms of TCM.
The integration of these three requires the use of modern
technologies such as big data. Big data is characterized by the
4V: volume, velocity, variety, and veracity. It is evident that we
need to apply big data techniques to the vast amount of formula
data, which reaches up to 140 000 entries. Currently, we are
working towards the integration of the latest technologies like
big data, cloud computing, biochemical data, extensive TCM
formula database, vast TCM ingredient database, and a large-
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04107k


Fig. 3 The road map of TCM modernization. This diagram outlines the integration of computational methods and databases in modernizing
TCM. Starting with disease analysis, it utilizes gene ontology and signaling pathways to explore metabolic and gene targets. These inform the
regulation of TCM-linked metabolic pathways, analyzed through TCMbank and metabolome databases. Virtual drug screenings via iScreen and
big data analysis refine TCM formulas, integrating modern technology to advance TCM applications.
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scale TCM metabolome database. We rmly believe that these
methods can be realized in the near future.
3.3 The outlook of TCM modernization

Currently, Chinese medicine network research mostly aims to
prove Chinese medicine theories and is lacking in terms of
dening network design and optimization principles. Rational
prescription design can be divided into two types: top down and
bottom up. The top down approach designs new prescriptions
based on old prescriptions96 whereas the bottom up approach
does not take old prescriptions into consideration when
designing completely new prescriptions based on disease
networks.97 We combined various feasible methods for
designing networks and rst dened several common top down
optimization formulas models that will be most common in the
future (Fig. 4). A commonality between the top down and
bottom up design approaches is that they both establish rele-
vance based on biological networks. According the analysis of
degree of freedom, all the variable (N) can be calculated to be N-
1 for analytical solution instead of numerical solution. Their
differences lie in their considerations of current prescriptions
and Chinese medicine theories. Before Chinese medicine
theories are expressed quantitatively, novel formulas designed
without taking old formulas into considerations will have
greater chances of contradicting Chinese medicine principles
than those designed using the top down approach.
© 2024 The Author(s). Published by the Royal Society of Chemistry
In recent years, Chinese medicine has continually trended
towards the categorization and organization of natural prod-
ucts. Therefore, under the support of our analysis results, TCM
has much in common with natural product. In the face of over-
development by humans, enormous species is endangered, it is
why we suggest it is necessary to establish a method for calcu-
lating the correlation between natural products and individual
entities of TCM species, as well as use highly reliable models to
rapidly screen prescription ingredients that are replaceable,
those that can be optimized, and those that can be removed.
Therefore, a novel formula design of prescriptions will surely
become a core area of research that will bring a high level of
sustainability to herbal medicine.
4. AI technologies in TCM: principles
and general applications
4.1 Emerging AI technologies in TCM

The integration of advanced AI technologies into TCM heralds
a new era in healthcare. Cutting-edge technologies like graph
neural networks (GNNs), deep learning, and multi-modal AI
approaches are revolutionizing TCM, offering novel insights
and enhancing efficacy. GNNs have shown great promise in
TCM, particularly in understanding complex herbal interac-
tions and patient data. GNNs are adept at processing non-
Euclidean data, making them ideal for analysing the intricate
Chem. Sci., 2024, 15, 16844–16886 | 16853
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Fig. 4 Overview of TCM prescription network design and optimization approaches. (A) Five basic elements that prescription networks are composed
of. (B) Three fundamental natural processes that prescriptions are composed of. (C) Four basic models for operating on targets. (D) Prescriptions can
be simplified into three elements in order to facilitate design: highly contributed nodes (HCN), lowly contributed nodes (LCN), and intermediate (which
fall in between the previous two); two types of conditions appear in non-ideal networks: one is contributions being capable of balancing the network,
and the other is trending towards HCN and not being able to become balanced; non-ideal networks can be sub-divided into various sub-networks.
Prescription design is divided into (E) bottom up formulas design and (F) top down formulas design. Top down formulas design can be further divided
into five basic design models: replacement, addition, enhancement, reduction, and removal. Both top down and bottom up prescription design has
the potential to (G) be able to take different Chinese medicine theories into consideration when engaging the adjustment and control of different
disease networks and abnormal nodes. (H) Natural product categorization and organization is capable of expanding the designable range ofmost TCM
prescription optimizations. Biological data, providing a holistic view of patient health and enhancing the precision of TCM treatments.
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networks in TCM. Some studies98,99 have employed GNNs to
investigate potential inhibitors and auxiliary diagnosis in TCM,
exemplifying their potential in identifying novel therapeutic
pathways and enhancing diagnostic accuracy.
16854 | Chem. Sci., 2024, 15, 16844–16886
Deep learning, a subset of AI, is signicantly contributing to
TCM, especially in diagnosis and treatment planning. CNNs
and recurrent neural networks (RNNs), as applied in
studies,100,101 have shown efficacy in classifying TCM formulas
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and analysing medical records. These technologies allow for the
processing of vast amounts of data, ranging from patient
records to images, thus enabling more accurate and efficient
TCM practices. Multi-modal AI approaches, which integrate
various data types, are emerging as powerful tools in TCM.
These approaches, as demonstrated in the work,102,103 combine
image, text, and AI technologies have been instrumental in drug
discovery and genome sequencing within the scope of TCM. The
studies104,105 highlight AI's role in genome sequencing and drug
development. AI's capability to rapidly process genetic data and
simulate drug interactions is accelerating the discovery of new
medicinal compounds from TCM. AI's application in TCM
syndrome differentiation and treatment recommendation is
a signicant advancement. The AI models facilitate the analysis
of complex symptom patterns and recommend appropriate
TCM prescriptions, thereby personalizing treatment strate-
gies.44,106 Emerging AI technologies are enhancing TCM diag-
nostics, with tools like automated image recognition and
symptom entity classication. Some AI models has been
developed for identifying herbal medicines and classifying
symptoms, greatly improving diagnostic accuracy and efficiency
in TCM.107,108
Table 2 Innovative AI models and techniques in TCM research. It prov
shaping the field of TCM research. The specific applications of these A
explored and validated these models

AI model Innovative aspect TCM ap

Graph attention networks Applying attention
mechanisms on graph-
structured data

Herb rec
TCM

Representation learning Learning representations of
data for easier information
extraction

TCM kn
construc

Generative adversarial
network (GAN)

AI framework for generating
data using two neural
networks

TCM pre
recomm

Transfer learning Leveraging a pre-trained
model on a new, related
problem

Image re

Hybrid-Scales graph
contrastive learning

Learning graph
representations by
contrasting different scales
of graph structures

TCM for

Transformer-based models Models based on
transformer architecture for
handling sequential data

Inpatien
recomm

Deep crossing neural
network

Architecture for handling
sparse, high-dimensional
categorical data

TCM pre

© 2024 The Author(s). Published by the Royal Society of Chemistry
With the advancement of AI technologies, there is an
increasing demand for high-quality data from databases to
support accurate machine learning models and predictive
analytics. This trend places additional pressure on database
providers to enhance the quality, consistency, and standardi-
zation of the chemical structure data they offer. For instance,
some databases, such as TCM-ID and TCMID 2.0, provide
chemical structures in SMILES format, while others, like ETCM
2.0 and TCMSID, offer molecular formulas. TCMBank supplies
data in mol2 format, which includes three-dimensional struc-
tural information, and BATMAN-TCM 2.0 provides the IUPAC
names of chemical ingredients. As AI continues to evolve and
play a more signicant role in TCM research, improving the
quality of chemical structure data will be essential for fully
harnessing the potential of these technologies.
4.2 AI models in TCM chemical data analysis

Table 2 illustrates various AI models reshaping TCM research,
highlighting their innovative aspects and applications. In the
realm of TCM, AI models are innovating the approach to
understanding complex chemical interactions within traditional
ides an insight into the innovative AI models and techniques that are
I technologies in TCM are detailed, along with key studies that have

plication Key ndings Key study

ommendation in Used for recommending
herbs based on their
interactions and effects,
facilitating personalized
TCM treatments

Jin et al.9

owledge graph
tion

Employed for building TCM
knowledge graphs, enabling
better data organization and
retrieval for research and
practice

Shi et al.109

scription
endation

Developed for generating
TCM prescription
recommendations,
contributing to personalized
treatment plans

Rong et al.110

cognition in TCM Utilized for efficient image
recognition in TCM,
particularly in the
identication of herbal
medicines

Xing et al.111

mula discovery Used for discovering
regularities in TCM
formulas, facilitating the
understanding of herbal
combinations

Wu et al.112

t TCM prescription
endation

Implemented for
recommending inpatient
TCM prescriptions,
enhancing decision-making
in clinical settings

Zhang et al.113

scription algorithm Utilized for recommending
TCM prescriptions, enabling
more accurate treatment
suggestions

Zhang et al.103
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practices. The application of graph attention networks (GANs)
has rened the herb recommendation process, tailoring treat-
ment plans by analysing the intricate chemical relationships
between various herbal constituents. This approach underscores
the importance of personalized healthcare, ensuring that
patients receive chemically synergistic and personalized herbal
concoctions.9 Representation learning has streamlined the
process of TCM knowledge acquisition, serving as a cornerstone
for constructing comprehensive TCM knowledge graphs that
facilitate efficient data organization and retrieval, essential for
both research and clinical practice.109 Meanwhile, the innovative
use of generative adversarial networks (GANs) for TCM
prescription generation represents a breakthrough in creating
tailored treatment plans, taking into account the vast chemical
data encoded within traditional remedies.110 Transfer learning
has shown signicant potential in the identication of herbal
medicines, where the nuanced chemical signatures of herbs are
accurately recognized, thereby improving the integrity and
effectiveness of TCM treatments.111 In the realm of formula
discovery, hybrid-scales graph contrastive learning has emerged
as a powerful tool for uncovering the regularities in TCM
formulas, revealing the underlying chemical principles that
govern effective herbal combinations.112 Finally, Transformer-
Based Models and Deep Crossing Neural Networks are pioneer-
ing personalized inpatient care and prescription algorithms in
TCM. These models adeptly handle the vast chemical datasets to
improve the quality of healthcare delivery.103,113
4.3 Large language models in TCM chemical data analysis

The application of LLM in TCM represents a transformative
development in the integration of AI technologies within the
Fig. 5 Case study of AI integration in TCM formula classification using L
input from TCM experts, and compilation of experimental data into train
LLMs, including pre-trained models such as ChatGLM-130b and Int
ChatGLM2-6b for TCM application. The workflow demonstrates how e
experts evaluating the final outcomes.

16856 | Chem. Sci., 2024, 15, 16844–16886
domain of medical herbalism. Wang et al.114 utilized various
LLMs including ChatGPT, Tsinghua University's General
Language Model (GLM), and Shanghai Articial Intelligence
Laboratory-InternLM, ChatGLM-6b and ChatGLM2-6b to classify
TCM prescriptions into predened efficacy groups, as depicted in
Fig. 5. The process involves ne-tuning these models using
specialized prompt templates that encapsulate complex TCM
prescription information, including prescription name, ingredi-
ents, efficacy, and indications. They compiled an extensive data-
set of 2308 TCM formulas derived from authoritative sources like
the Chinese National Medical Insurance Catalog and various
TCM textbooks. LLMs were initially trained on a common dataset
to learn from a broad language background and subsequently
ne-tuned on a specialized dataset of TCM prescriptions. The
ne-tuned model showed a signicant improvement in accuracy,
reaching 71% accuracy for the ChatGLM2-6b model. These
results highlight the potential of the LLM to transform TCM
practice by providing a more precise and efficient tool for clas-
sifying prescriptions. The ZhongJing model115 is a custom-
developed LLM that operates effectively within the TCM
context, nely tuned to integrate domain-specic knowledge
crucial for medical diagnosis and educational training. The
introduction of the TCMEval method has enabled this model to
demonstrate signicant enhancements in performance by
generating responses that are highly relevant to TCM, thereby
addressing some of the unique challenges associated with the
integration of such domain-specic information. TCM-GPT116

leverages a vast corpus of TCM-focused texts to foster a deeper
understanding and categorization of complex medical literature
typical of TCM. This model's domain-specic pre-training allows
for substantial improvements in task performance, illustrating
LM. (A) Illustrates the data collection from textbooks of TCM formulas,
ing, test, and validation datasets. (B) Depicts the utilization of various

ernLM-20b, and fine-tuning specific models like ChatGLM-6b and
xperimental data feeds into model training and validation, with TCM

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the critical role of tailored pre-training in enhancing the accuracy
and reliability of medical applications within TCM. The Qibo
model117 emerges as an innovative solution specically designed
for the unique theoretical framework of TCM compared to
modern medicine. Through stages from pre-training to super-
vised ne-tuning, the model uses a specialized corpus to encap-
sulate the extensive knowledge and nuanced details of TCM,
making it invaluable in clinical and educational settings.

Furthermore, in China, the “Shuzhibencao” LLM developed
by Tasly Pharmaceutical Group Co., Ltd and Huawei Cloud,
harnesses a vast array of data including 100 000 TCM formulas
and over 40 million literature summaries. This model demon-
strates groundbreaking advances in mining and summarizing
large-scale TCM texts, signicantly improving the chemical data
analysis and optimization of TCM formulations. The “Ben-
caozhiku” LLM initiative represents a collaborative effort led by
the Chengdu University of TCM, creating a digital repository
that holds over 15 million genetic records of herbal species and
40 million compounds. This platform is integral in bridging the
gap between core TCM research data and key industrial
processes, enhancing the overall quality and safety of TCM
products. Lastly, the “Shuzhiqihuang” LLM, a collaborative
development by prestigious institutions such as East China
Normal University, uses pre-training and ne-tuning tech-
niques along with enhanced retrieval capabilities. It serves key
roles in TCM by supporting functionalities such as prescription
Table 3 AI-based TCM application scenarios and fields. It provides a com
TCM, highlighting the specific diseases or conditions focused on and t
various AI models and methods are being employed across different
differentiation, and prescription recommendation

Application scenario AI model Disease/

Herbal medicine
identication

Automated image
recognition

General

Syndrome differentiation BiLSTM-CRF,
transformer models

Chronic

Prescription
recommendation

GAN, deep crossing
neural network

Various
and acu

Pharmacological analysis Network pharmacology,
FordNet

Drug dis
complex

Knowledge graph
construction

Representation learning General

TCM formula discovery Hybrid-scales graph learning Herbal f

© 2024 The Author(s). Published by the Royal Society of Chemistry
recommendations and syndrome diagnosis, thus fostering
innovation and the preservation of TCM cultural heritage.
These models illustrate the profound impact that specialized
LLMs can have on the eld of TCM, transforming traditional
practices by leveraging modern AI capabilities to improve data
processing, diagnostic accuracy, and the educational dissemi-
nation of TCM knowledge. Through focused adaptation and
advanced training within the TCM domain, these models not
only enhance current practices but also ensure the continuity
and evolution of TCM in the modern era.

4.4 AI-driven TCM application scenarios in chemical data
analysis

Table 3 provides a comprehensive overview of AI applications
across different aspects of TCM. AI technology is being skilfully
applied in various scenarios of TCM, from herbal identication
to syndrome differentiation and treatment. Each scenario
affects the chemical basis of this eld. In herbal identication,
automated image recognition signicantly improves the speed
and accuracy of herbal classication, which is an integral part of
formulating chemically accurate TCM solutions.107 Syndrome
differentiation benets from the customized methods provided
by BiLSTM-CRF and Transformer models, which analyse patient
data to classify TCM syndromes, directly affecting personalized
treatment by considering the chemical composition of the
patient's condition.52,118 This precise classication is critical for
prehensive summary of AI-based application scenarios and fields within
he advantages brought by AI applications. The table showcases how
aspects of TCM, including herbal medicine identification, syndrome

condition focus Advantages of AI application Key study

TCM practice Enhances accuracy and
speed in identifying various
herbs, leading to more
precise formulations

Chen et al.107

diseases, cancer Facilitates personalized
treatment by accurately
categorizing TCM
syndromes based on
symptoms and patient data

Deng et al.;118

Liu et al.52

chronic
te conditions

Enables tailored herbal
prescriptions by analysing
patient proles and
historical treatment data

Rong et al.;110

Zhang et al.103

covery,
diseases

Aids in understanding the
multi-target and multi-
pathway actions of herbal
compounds in TCM

Jin et al.;9

Zhou et al.119

TCM knowledge Enhances the organization,
retrieval, and interpretation
of vast TCM knowledge,
supporting research and
education

Shi et al.109

ormula optimization Assists in discovering
effective herbal
combinations and
understanding their
synergistic effects

Wu et al.112
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chronic disease and cancer treatment, where chemical data can
guide the selection and combination of herbs to develop effec-
tive personalized medicine strategies.

Prescription recommendation is another area where AI has
been greatly enhanced, using models such as GANs and deep
cross neural networks. These AI tools consider historical treat-
ment data and patient proles (oen including detailed
chemical and pharmacological information) to recommend
customized herbal prescriptions. Such AI applications ensure
that proposed treatments are not only chemically suitable for
patients but also consistent with past successful interven-
tions.110 In pharmacological analysis, AI models such as
network pharmacology and FordNet help describe the multi-
target and multi-pathway effects of herbal compounds. They
navigated the complex chemical data involved in TCM drug
discovery, elucidating the complex interactions of herbal
compounds in treating complex diseases.9,43 Finally, in knowl-
edge graph construction, representation learning enhances the
organization, retrieval, and interpretation of large amounts of
chemical data in TCM knowledge bases, supporting ongoing
research and education.109 Likewise, mixed-scale graph learning
provides valuable insights into the optimization of herbal
formulations, helping to discover effective herbal combinations
by analysing their chemical composition and interactions.112
5. AI analysis of TCM chemical data
5.1 AI processing of chemical data

Herbal medicine databases are crucial for TCM research and
applications, offering deep insights into the history and global
inuence of TCM and facilitating drug discovery and pharma-
cological research. Particularly in preserving information on
Fig. 6 AI analysis of TCM chemical data and analysis of application ex
complexity and diversity of herbal chemical components, machine learnin
extraction and analysis of herbal chemical data, ultimately predicting bio
Predicting associations between meridians and TCM using cost-sensitiv

16858 | Chem. Sci., 2024, 15, 16844–16886
medicinal materials, chemical components, and efficacy, these
databases havemade signicant contributions to herbal research
and application.70 Fig. 6 shows the general process and applica-
tion of TCM chemistry data analysis. Due to the complexity and
diversity of herbal chemical components, these databases face
challenges that require sophisticated data analysis methods to
extract meaningful information.120 AI technologies, especially
machine learning and neural networks, have been applied to pre-
process, extract features from, and analyse herbal chemical data
(Fig. 6A). This includes data cleansing, normalization, and
transformation to facilitate subsequent analysis, as well as feature
extraction and complexity reduction for more effective analysis.121

Furthermore, AI models can identify patterns and cluster similar
compounds, which aids in predicting biological activity and
identifying new drug candidates.122 Predictive models built using
AI can forecast the pharmacological activities of compounds in
TCM, thus facilitating the discovery of novel therapeutic drugs.
These models utilize the vast and complex datasets in TCM
databases, applying advanced analytics to identify potential drug
candidates with desired biological activities.43
5.2 Case studies and challenges

Deep learning technologies like convolutional neural networks
(CNNs) have signicantly advanced the eld of chemical structure
analysis. These technologies assist in understanding the func-
tions of compounds through accurate chemical structure anal-
ysis. CNNs can process images of chemical structures to identify
patterns and features that are difficult to discern using traditional
methods, thereby enhancing the drug discovery process.123,124

NLP techniques, including advanced models like Generative Pre-
trained Transformers (GPT), help mine chemical and pharma-
cological information from TCM literature and databases. These
amples. (A) AI-driven TCM chemical data analysis workflow. For the
g and neural networks have been applied to the preprocessing, feature
logical activities and identifying new drug candidates. (B) Case study.

e graph convolutional neural networks.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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AI models can extract valuable data from textual information,
thus facilitating a deeper understanding of TCM compounds and
their potential therapeutic effects.81,125 Yeh et al.126 explored the
application of graph convolutional neural networks (GCNs) to
classify TCM meridians by analysing the topological features of
molecular compounds (Fig. 6B). This study utilized TCM-MESH
database information where compounds were encoded into
SimpliedMolecular Input Line Entry Specication (SMILES) and
transformed into binary and neural ngerprints. Extended-
connectivity ngerprints (ECFPs) were used for traditional
machine learning methods, which included a variety of models
such as boosting and random forests to construct feature
matrices and predict meridian associations. Deep learning
approaches were employed using GCNs to analyse the neural
ngerprints derived from SMILES. This dual approach allowed
for comprehensive modelling of TCM compound interactions
and signicantly improved the prediction of TCM meridian
classications, demonstrating the efficacy of combining tradi-
tional and advanced AI methods in TCM research. Zhao et al.127

proposed PreGenerator, a hybrid neural network architecture for
TCM prescription recommendation based on retrieval and
generation methods. It combines a novel hierarchical retrieval
mechanism and deep neural networks, demonstrating its ability
to recommend effective TCM prescriptions, including useful
herbs not listed on prescription labels. Bai et al.128 enhanced TCM
entity relation extraction by combining CNNs with a segmented
attention mechanism, improving the ability to extract local
semantic features from TCM texts.

The integration of AI in the analysis of herbal chemical data
faces challenges related to data quality, model accuracy, and
interpretability.129 Addressing these issues requires the devel-
opment of more sophisticated AI models and data processing
techniques. Furthermore, interdisciplinary collaboration
between AI technicians and TCM researchers is crucial for fully
utilizing AI's potential to uncover new insights from TCM
databases.130,131 The application of AI in TCM chemical data
analysis not only enhances understanding of traditional
formulations but also paves the way for new therapeutic
discoveries. As AI technology continues to evolve, its application
in TCM research is expected to expand, offering new opportu-
nities for the integration of traditional and modern medical
practices. The synergistic interaction between TCM and AI has
the potential to unlock the full potential of ancient wisdom
through the lens of contemporary science, fostering innova-
tions that could signicantly impact global healthcare. The
future of AI in TCM research is poised for advances in algorithm
innovation and computational platforms. These developments
will enable more comprehensive analysis of TCM compounds,
thereby discovering new drugs and therapeutic strategies.
6. AI in the analysis and identification
of TCM chemical components
6.1 AI analysis of TCM chemical components

Advancements in AI have had a signicant impact on the
analysis of chemical components, offering sophisticated tools
© 2024 The Author(s). Published by the Royal Society of Chemistry
for deciphering the complex chemical matrix inherent in TCM.
These AI-driven methods are crucial for enhancing the preci-
sion and efficiency of chemical analyses, thereby aiding in
a deeper understanding of the pharmacological actions and
mechanisms of TCM.129,132 The integration of AI technologies in
herbal medicine research is expected to signicantly enhance
the analysis of chemical components, providing pathways for
the discovery of new compounds and elucidating the complex
interactions within TCM formulations. This potential is rooted
in AI's ability to handle large datasets, identify patterns, and
make high-precision predictions, thus opening new avenues for
drug discovery and personalized medicine.82 Fig. 7 shows the
general process machine and its application cases for TCM
chemical component identication. CNNs have shown excep-
tional promise in identifying complex chemical structures from
spectroscopic and chromatographic data. These models excel in
analysing chemical images and spectroscopic data, assisting in
the high-precision, rapid identication of TCM components.133

AI's role in analysing spectroscopic data, such as mass spec-
trometry and nuclear magnetic resonance spectra, underscores
its ability to decipher complex chemical signals, enabling the
rapid and accurate identication of TCM compounds.134 AI aids
in the analysis and comparison of chemical ngerprints, a key
aspect of identifying and classifying specic components in
TCM formulations (Fig. 7A). This application of AI enhances the
ability to distinguish similar compounds and identify unique
chemical markers.135
6.2 Structure–activity relationships in TCM chemical
components

AI's application in establishing relationships between chemical
structures and their biological activities is a key research area.
Machine learning methods, including deep learning, have been
used to predict the pharmacological activity of compounds,
thus deepening the understanding of their therapeutic poten-
tial.136 AI technologies facilitate data mining to reveal previously
unknown relationships between chemical components and
their activities. This approach not only aids in new drug
discovery but also enhances the understanding of TCM's
multifaceted effects on biological systems.137 The fusion of
different AI models and algorithms provides a robust frame-
work for a more comprehensive analysis of TCM chemical
components. Integrative learning approaches that combine the
strengths of various AI technologies can improve the accuracy of
identifying and understanding the multifaceted nature of TCM
compounds. This interdisciplinary approach explores the
complex relationships between chemical structures and their
biological activities, aiding in a deeper understanding of TCM's
therapeutic potential.138 AI's role inmerging chemical data from
different techniques, such as mass spectrometry, nuclear
magnetic resonance spectroscopy, and chromatography,
enhances the accuracy and reliability of identifying TCM
components. Through data fusion, AI algorithms effectively
integrate and analyse data from multiple sources, rening the
identication process and providing a more comprehensive
understanding of the chemical components in TCM
Chem. Sci., 2024, 15, 16844–16886 | 16859
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Fig. 7 AI analysis and application cases of TCM chemical composition identification. (A) AI-driven pattern recognition workflow for TCM
compound analysis. From data collection to integration and analysis of complex chemical structures and their biological activities. (B) Case
analysis. An example of computer identification of hepatotoxic components of TCM, including the process of data collection from the TCM
database to model validation and virtual screening of hepatotoxic herbs.
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formulations. This approach highlights AI's potential to over-
come traditional barriers in data analysis, providing pathways
for more precise and reliable insights into TCM's complex
chemical landscape.139
6.3 Case studies and challenges

Machine learning and deep learning are employed to screen
complex TCM chemical components to identify those with
potential therapeutic effects. By using predictive models to
assess the biological activity of compounds, AI aids in the rapid
screening of a large number of substances, highlighting those
with signicant medicinal value. This process not only accel-
erates the discovery of bioactive components but also enhances
the efficiency of drug development efforts, showcasing AI's key
role in modernizing research and application of TCM.140 AI's
application in TCM formula screening underscores its trans-
formative impact on the discovery of pharmacologically active
compounds and new drug development. Through high-
throughput data analysis, AI signicantly improves research
efficiency and can quickly identify promising drug candidates.
This streamlined drug discovery approach exemplies the
synergy between AI and TCM, paving the way for utilizing the
rich heritage of traditional medicine in innovative therapies.141

Wu et al.142 utilized AI and machine learning to enhance the
prediction and analysis of hepatotoxic compounds within TCM.
Using a dataset comprised of 619 hepatotoxic and 1857 non-
hepatotoxic compounds sourced from comprehensive adverse
reactions databases like SIDER, the researchers employed
consensus modelling techniques integrating articial neural
network (ANN), support vector machine (SVM), random forest
(RF) and k-nearest neighbors (kNN) algorithms. This approach
was applied to scrutinize the TCMSP database, effectively
identifying compounds with potential hepatotoxic effects. The
16860 | Chem. Sci., 2024, 15, 16844–16886
machine learning models, rened through rigorous training
and testing phases as depicted in Fig. 7B, enabled a deeper
exploration into the hepatotoxic mechanisms of TCM, culmi-
nating in a systems pharmacology analysis that identied the
top 10 potentially hepatotoxic herbs. This study highlights the
power of integrating AI to predict and understand complex
pharmacological phenomena in TCM, offering a robust frame-
work for safety evaluations in herbal medicine. Liu et al.143

performed UPLC/Q-Orbitrap-MS/MS to identify the preliminary
chemical characterization of Kangshuai Lao Pian. A total of 138
compounds were identied based on retention time, accurate
mass, and characteristic MS/MS fragment patterns, including
ginsenosides, phenylethanol glycosides, iridoids, alkaloids,
ionones, and others. Gao et al.136 explored key biomarkers for
quality control of Lianhua Qingwen capsules, a TCM formula-
tion used to treat H1N1 inuenza virus infections, through
a bioassay-based approach. This study emphasizes the inte-
gration of AI with traditional medicine to ensure quality and
efficacy. Lu et al.134 developed a method for analysing chemical
third-order data (such as uorescence excitation–emission time
data), enhancing the analysis of complex samples in TCM
research. The method was applied to uorescence excitation–
emission time data to analyse epinephrine and norepinephrine
in urine samples and data fusion of excitation–emission
matrices, NMR and liquid chromatography to determine the
mass spectra of ve target components.

The primary challenges in using AI for TCM chemical
component analysis include the quality of TCM data and the
interpretability of AI models. Techniques such as transfer
learning and novel data representation methods are being
explored to address these issues. Interdisciplinary collaboration
among AI researchers, chemists, and TCM practitioners is
crucial to fully realizing AI's potential in TCM research. This
© 2024 The Author(s). Published by the Royal Society of Chemistry
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collaborative approach can help tackle the complexities of TCM
and fully leverage AI's potential for innovative discoveries. The
prospects for AI in TCM chemical component analysis are
broad, with potential advancements including the development
of more complex AI models to improve prediction accuracy, the
creation of comprehensive TCM databases for AI training, and
the integration of AI into personalized medical approaches.
7. Applications of AI in herbal
medicine
7.1 Analysis of herbal chemical components

AI has become a key technology in enhancing the research and
application of herbal medicine, particularly in chemical
component analysis, pharmacological research, and new drug
discovery. AI's ability to handle complex datasets, recognize
patterns, and conduct predictive analyses surpasses the limi-
tations of traditional methods. This advanced technology,
combined with the knowledge of TCM, not only unleashes the
therapeutic potential of herbal treatments but also signicantly
enhances our understanding and utilization of these natural
resources for more effective therapeutic purposes.
Fig. 8 AI analysis and application cases of TCM herbal ingredients. (A) AI
herbal input to complex chemical profile analysis and finally the intrinsic m
study of Qiang Huoshengshi decoction – intelligent chemical analysis s
TCM compound. Apply UHPLC-Q-TOF/MS analysis to detailed steps for i
models, enabling precise chemical analysis quantitation. (C) Case analys
COVID-19 from TCM. Through molecular docking and network pharmac
high-frequency TCM and main drugs is demonstrated.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The complexity of herbal medicine, involving multiple
components with intricate interactions affecting the human
body, makes AI an essential tool. The complexity highlights the
necessity of integrating AI with traditional herbal knowledge, as
herbs typically involve mixtures with complex interactions and
effects on the human body.144 Fig. 8A illustrates the overall
process of AI-based analysis of TCM herbal medicine. AI is
essential for the identication and classication of herbal
chemical components. In particular, machine learning tech-
niques are highly effective in analyzing and interpreting the
complex chemical properties of herbs. These technologies
enable detailed analysis of herbal components, deepening
understanding of their potential therapeutic effects, and aiding
in the standardization and quality control of herbal products.145

Additionally, the application of AI effectively addresses the
challenges of managing the vast and diverse data involved in
herbal medicine research, showing unique strengths in
addressing complex chemical issues in herbs.146

AI's integration extends beyond the chemical analysis of
herbs; it also impacts the classication and recognition of
herbs, bringing a new dimension to the eld of herbal medi-
cine. By adopting systematic, precise, and data-driven
-based TCM herbal medicine analysis process. AI starts from the initial
echanism of the herbal medicine through AI and data mining. (B) Case
trategy guides the accurate quantification of multiple components of
dentifying herbal species-specific chemical classes using deep learning
is of using a data-driven approach to identify potential treatments for
ology research, the utilization process of TCM prescription database to
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approaches, AI signicantly improves the accuracy and effec-
tiveness of diagnostics and treatments. Advances in AI, espe-
cially in classifying based on the physical and chemical
properties of herbs, play a crucial role in revealing deeper
insights into the therapeutic potentials of herbs.147 Further-
more, AI technologies such as machine learning and deep
learning enable researchers to identify complex data patterns
that might not be immediately apparent to human researchers.
These technologies play a key role in understanding complex
herbal combinations, and through data mining and network
pharmacology approaches, AI-driven analyses help reveal the
intrinsic mechanisms of herbal combinations, showing how
different herbs interact and collectively contribute to thera-
peutic effects.148,149 Additionally, AI-assisted network pharma-
cology provides a comprehensive framework for understanding
the multi-target and multi-pathway actions of herbal formula-
tions, particularly important in treating complex diseases
involving multiple physiological systems.49,150
7.2 Case studies and challenges

Guo et al.151 leveraged advanced deep learning and UHPLC-Q-
TOF/MS methodologies to rene the chemical proling and
quantication of the Qiang Huosheng Stone Soup (QHSS). Their
process, illustrated in Fig. 8B, began with the development of
a deep-learning model tailored for mass defect-based classi-
cation of QHSS compounds. This model facilitated the herb-
specic categorization of coumarins and chromones, crucial
for distinguishing compounds with similar structures. Subse-
quently, characteristic ions and neutral losses were analysed to
identify multiple phytochemicals, enhancing the precision of
the herbal analysis. The chemical ngerprints derived from
these steps enabled the accurate, multi-target quantitative
analysis using a sensitive UHPLC-sMRM technique. This
comprehensive strategy signicantly advanced the quality
assessment of QHSS, proving essential for ensuring the efficacy
and safety of this traditional formula. Lee et al.152 utilized
systems pharmacology to understand the pharmacological
actions of herbal treatments, employing AI to explore the gene
expression proles induced by these treatments. This approach
provided a comprehensive view of themolecular mechanisms of
action of Chinese medicine, showcasing AI's capability to
interpret complex biological data. By identifying potential
interaction networks of drugs, this method enhanced under-
standing of the multi-target efficacy of herbal medicine in
treating complex diseases. Zhang et al.153 developed a novel
computational pipeline to assist in de novo identication of
protein targets of herbal components. This method, combining
pharmacophore comparison and reverse ligand–protein dock-
ing simulations, effectively identied known targets of Chinese
medicine components, facilitating the discovery of new molec-
ular structures and elucidating the mechanisms of action,
signicantly aiding drug discovery from natural products. Tang
et al.154 rst developed a network-based approach to quantify
the interactions among herbal combinations in TCM. By con-
structing a protein–protein interaction network, it analyzes 349
197 pairs of herbs, revealing that commonly used herb pairs
16862 | Chem. Sci., 2024, 15, 16844–16886
have shorter network distances, indicating a higher likelihood
of inuencing adjacent proteins. The research highlights the
signicance of central components in herbal interactions,
providing a theoretical foundation for the modernization of
herbal combinations. Zuo et al.155 developed a robust integrated
strategy based on LC-MS systems for the comprehensive char-
acterization and quantication of multiple components in
herbal medicine. Using Gouji as an example, 147 components
were identied, demonstrating the power of AI in enhancing the
understanding of herbal components. Yang et al.146 focused on
Gouji extract, using an integrated analysis strategy independent
of real standards to explore the pharmacokinetics of herbal
medicine in vivo. It demonstrated the capability to evaluate
herbal pharmacokinetics through novel analytical methods,
providing insights into the bioactive components of Gouji.
Herbal omics is an approach that combines metabolomics with
herbal medicine, using AI to assess the efficacy of herbal
treatments, providing a holistic view of their impacts on bio-
logical systems.156 Wang et al.157 quantied interactions within
herbal components by constructing protein–protein interaction
networks, aiding in more effectively exploring herbal combi-
nations. This method utilized network topology to identify
synergistic compound interactions, greatly aiding in under-
standing the complex relationships within Chinese medicine
formulations. Yi et al.158 used hyperspectral imaging and
machine learning algorithms including support vector
machine, extreme learningmachine, CNN, and recurrent neural
network to identify counterfeit herbs and determine the content
of bioactive components. This approach addressed issues of
quality control in Chinese medicine by making predictions for
large sample analyses more reliable. Guo et al.159 focused on
Clematis, developing an integrated platform that uses metab-
olomics and chemometrics to characterize and predict Chinese
medicinal materials with multiple plant sources. This approach
employed genetic algorithms and support vector machines for
accurate species prediction, enhancing the traceability and
quality control of Chinese medicine products.

Herbal medicine played a signicant role in COVID-19. Ren
et al.160 developed a robust screening system to identify poten-
tial TCM-based treatments for COVID-19, as depicted in Fig. 8C.
Their approach utilized data mining to extract prevalent
medicinal materials and prescriptions from ancient texts. This
was followed by molecular docking studies to assess the inter-
actions between the main active ingredients of frequently used
TCMs and the vital targets of the SARS-COV-2 virus. The inte-
gration of network pharmacology allowed for the exploration of
these interactions at the molecular level, uncovering potential
mechanisms of action against the virus. This methodology not
only highlighted key compounds in common remedies like
licorice and skullcap but also facilitated a deeper under-
standing of their potential as natural therapeutic agents against
COVID-19, underscoring the capability of AI-enhanced network
pharmacology in advancing TCM research and application.
Zhang et al.161 evaluated the adjunctive therapeutic efficacy of
Natural Herbal Medicine (NHM) combined with Western
medicine in treating COVID-19. The results indicated that NHM
in combination with standard Western medicine signicantly
© 2024 The Author(s). Published by the Royal Society of Chemistry
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shortened the duration of fever and improved other clinical
symptoms, demonstrating the effectiveness of NHM in treating
COVID-19 patients. Shi et al.162 conducted a systematic review
and meta-analysis to assess the impact of oral traditional
medicine on immunogenicity during COVID-19. The study
found that traditional medicine as an adjunctive drug could
improve immune responses and shorten the time for clinical
symptom relief, highlighting the potential of traditional medi-
cine as an adjunctive immunotherapy for disease mitigation
and symptom relief. Ang et al.163 conducted a systematic review
and meta-analysis to evaluate the efficacy and safety of herbal
medicine in treating COVID-19. The study indicated that adding
herbal medicine to standard treatment produced benecial
effects, suggesting potential benets in treating COVID-19
symptoms.

Despite these advancements, challenges such as data
heterogeneity, the complexity of herbal formulations, and the
need for clinical trials to validate AI predictions remain. Future
research should focus on enhancing AI models to improve
accuracy, integrating different data sources for comprehensive
analysis, and conducting rigorous clinical validations to ensure
the safety and efficacy of AI-predicted herbal treatments. The
application of AI in herbal research not only simplies the
discovery and analysis of herbal components but also opens
new avenues for understanding complex mechanisms and
potential synergistic actions within herbal formulations. As AI
technology continues to evolve, its integration with herbal
Fig. 9 AI analysis of TCM drug discovery and its application cases. (A) A
virtual screening from Chinese medicine databases to target and identify
and in vitro validation. (B) Case study of effective clues to gain insight
Screening is carried out using structure-based and ligand-based method
finally validated through molecular dynamics simulations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
research is expected to usher in an innovative era, offering
profound insights into ancient practices through the lens of
modern science.
8. Applications of AI in drug discovery
in TCM
8.1 AI analysis and screening of TCM chemical components

AI plays a transformative role in the eld of drug discovery,
particularly accelerating the research of TCM chemical
components and the development of new drugs. The potential
and value of combining TCM databases and chemical analysis
with AI in drug discovery processes are immense. Fig. 9A shows
the general process of AI-based TCM drug discovery. AI tech-
nologies can quickly identify novel compounds and elucidate
their mechanisms, offering a promising avenue for innovative
drug development.164,165 AI utilizes deep learning to process
complex chemical data, facilitating the rapid identication and
classication of chemical components in TCM. The application
of AI in high-throughput screening processes enhances the
efficacy of identifying chemical components with potential
therapeutic effects. This method enables rapid screening of
large compound libraries against various targets, signicantly
accelerating the discovery phase of drug development.166

AI aids in predicting potential targets of TCM chemical
components, using machine learning models to analyse and
I-based TCM drug discovery process. Apply AI technology to perform
active chemical ingredients, followed by new compound identification
s into Alzheimer's disease through the use of multiple AI algorithms.
s, then AI and QSAR models are developed to continue screening, and
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forecast interactions between molecules and biological targets.
This predictive capability is crucial for identifying new thera-
peutic pathways and understanding the pharmacodynamics of
TCM compounds.167 AI also plays a role in the validation of
identied targets, using bioinformatics and data analysis to
support experimental validation efforts. This ensures that pre-
dicted targets are biologically relevant and can lead to effective
therapeutic interventions.168 AI technologies are fundamentally
changing the eld of drug discovery, especially within the realm
of TCM. By leveraging TCM databases and advanced chemical
analysis methods, AI can rapidly identify, classify, and validate
bioactive compounds and their targets.

8.2 Pharmacological mechanisms and pathways

AI plays a key role in revealing the action mechanisms and
pharmacological pathways of TCM chemical components.
Particularly, network pharmacology, which uses AI to integrate
multi-source data, provides a holistic view of how TCM
compounds interact within biological systems. This approach
aids in understanding complex interactions, offering insights
into the synergistic effects of TCM components and their ther-
apeutic potential.169 AI assists the drug design process, using
computational chemistry and molecular modelling to optimize
drug structures for enhanced efficacy. By predicting how
molecules interact with biological targets, AI can ne-tune drug
properties, developing more effective and safer therapeutic
drugs.170 Utilizing AI to integrate data from various TCM data-
bases, including chemical, pharmacological, and clinical data,
signicantly enhances the drug discovery process. AI algo-
rithms can analyse and synthesize data from diverse sources,
identifying new candidate drugs and clarifying their potential
therapeutic applications.171 AI's role in merging herbal chem-
ical, genetic, and pharmacological data is crucial for advancing
drug discovery. By analysing multidimensional data, AI aids in
a comprehensive understanding of herbs, improving the accu-
racy and efficiency of identifying new therapeutic
compounds.140 The integration of AI in the drug discovery
process, especially under a TCM context, represents a paradigm
shi in pharmaceutical research. Utilizing TCM databases and
chemical analyses, AI helps to gain deeper insights into
complex herbal compounds, simplifying the drug design
process, and paving new pathways for the discovery of novel
therapeutic drugs.

8.3 Applications in predicting TCM drug toxicity and side
effects

AI plays a crucial role in predicting the toxicity and side effects of
TCM components, which is essential for ensuring safety in drug
development. AI models, including machine learning algorithms
and deep learning architectures, analyze vast datasets to predict
the toxic effects and adverse reactions of TCM compounds,
signicantly reducing the risk of late-stage failures in drug
development. Recent advancements in AI-based drug toxicity
prediction have improved the accuracy and efficiency of identi-
fying potentially toxic effects of new compounds before they
reach clinical trials, thereby saving time and resources.172 AI
16864 | Chem. Sci., 2024, 15, 16844–16886
methods have also been developed to predict severe toxicities,
such as drug-induced liver injury (DILI), by integrating gene
expression data and other biological information.173Moreover, AI
models employing deep learning techniques have demonstrated
superior performance in predicting adverse drug reactions
(ADRs), further enhancing the safety assessment process in TCM
drug discovery.174 These models can predict a wide range of side
effects by analyzing drug chemical structures and integrating
diverse datasets.175 In summary, the integration of AI in TCM
drug discovery not only accelerates the identication of bioactive
compounds but also enhances safety assessments by predicting
potential toxicities and side effects early in the drug development
process. This approach ensures that TCM compounds are both
effective and safe for therapeutic use.
8.4 Case studies and challenges

He et al.176 utilized a series of machine learning and deep
learning models to screen and analyse the bioactivity of
potential compounds derived from TCM for treating Alz-
heimer's Disease (AD). Employing molecular docking tech-
niques, the study pinpointed active compounds targeting
GSNOR, C3b, Factor D, and PERK proteins. This approach, as
shown in Fig. 9B, integrates AI-driven predictions with ligand-
based feature analysis to rene the selection of multi-target
inhibitors. The use of 3D-QSAR models facilitated the exami-
nation of molecular interactions, enhancing the understanding
of potential inhibition mechanisms. Furthermore, molecular
dynamics (MD) simulations conrmed the stability of these
ligand–target complexes throughout the simulation period,
with particular attention to the cle closure mechanism
observed in the Nodioridin A-PERK complex. This compre-
hensive use of AI and molecular modelling tools not only vali-
dated the potential therapeutic effects of the identied
compounds but also underscored the effectiveness of inte-
grating AI in the traditional drug discovery process, showcasing
a novel therapeutic approach for AD using TCM ingredients. Li
et al.177 combined network pharmacology, machine learning,
deep learning and molecular dynamics simulation to study
long-lived and effective lead drugs, and successfully screened
GS-3, conanine, and isofebrigine as candidate compounds.
Antipyretic bicolor grass, antidysentery rhubarb grass, and Gelse-
mium eternalis containing these compounds may be effective
TCMs targeting two targets. Gong et al.178 used machine
learning regression models of regression algorithms such as
support vector machines, bagging, and random forests, as well
as deep neural network models to predict candidate
compounds targeting dipeptidyl peptidase 4 protein. The
2007_4105 compound obtained from the nal screening was
nally veried by molecular dynamics simulation. The ne
fruity aroma of this compound as its main component may be
a potential and effective herbal medicine for the treatment of
diabetes. Feng et al.179 developed a new strategy using ultra-
high-performance liquid chromatography tandem mass spec-
trometry to discover pharmacologically active components in
complex biological samples. By effectively identifying metabo-
lites, this method enhanced understanding of the mechanisms
© 2024 The Author(s). Published by the Royal Society of Chemistry
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of action of TCM, showcasing the potential of AI in elucidating
the pharmacodynamics of herbal medicine. Hassanzadeh
et al.170 highlighted the key role of AI in analysing biological or
genetic information, advancing drug discovery, and predicting
the behaviour of small molecule modulators or rare molecules.
They noted signicant improvements in therapeutic outcomes
brought by AI, especially through reverse target identication
and predictive modelling, emphasizing AI's expanding role in
TCM and modern pharmacology.

The application of AI in new drug discovery in TCM faces
challenges related to data quality, model interpretability, and
the complexity of interdisciplinary collaboration. The develop-
ment of new algorithms and technological innovations, along
with innovative interdisciplinary research approaches, provides
signicant opportunities for AI in the TCM discovery eld. AI
has the potential to modernize and internationalize TCM,
enhancing its global acceptance and application. This trans-
formative impact could revolutionize traditional medicine,
providing more effective and personalized medical solutions.
The application of AI in the development of new drugs in TCM
exemplies the synergy between traditional knowledge and
modern technology, offering a hopeful path for the develop-
ment of new therapeutic drugs. Despite some challenges, AI's
potential to fundamentally change TCM and contribute to the
global pharmaceutical landscape remains vast.
9. AI in the chemical analysis of drug
incompatibilities in TCM
9.1 AI-based prediction of TCM drug incompatibilities

In TCM, the concept of drug–drug interactions (DDI) is crucial
for ensuring patient safety in clinical practice. Given the
Fig. 10 Application of AI in analysing HDIs. (A) General workflow for anal
TCM formulations to the prediction of herb–drug interactions (HDI) thr
effects and the integration of diverse data. (B) Case study of AI applic
molecular docking and verification, focusing on the application of graph
within HDIs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
complexity and widespread use of herbal compounds, under-
standing and predicting potential DDIs is essential to mitigate
adverse effects.180,181 Drug interactions in TCM, particularly
given the holistic approach oen involving combinations of
multiple herbs, are a critical issue. The concept of drug
incompatibility highlights potential adverse reactions from
specic herbal combinations, emphasizing the need for careful
selection and combination of TCM ingredients to avoid negative
interactions.182 Fig. 10A shows the general workow for ana-
lysing drug incompatibilities in TCM using AI. The inherent
complexity of multi-herbal combinations in TCM, oen
involving the concept of incompatibility underscores the urgent
need to carefully select and combine herbal ingredients to
prevent adverse interactions.50 Due to themultifaceted nature of
TCM formulations, traditional methods face signicant chal-
lenges in accurately predicting DDIs. These formulations typi-
cally involve numerous bioactive compounds with potential
synergistic or antagonistic effects, complicating the under-
standing of their interactions at the molecular level.183 The use
of modern tools such as systems pharmacology provides a more
systematic approach to elucidate bioactive compounds, predict
their targets, and clarify the molecular mechanisms of action,
which is crucial for understanding interactions within TCM.167

These modern integrative approaches, leveraging computa-
tional models capable of handling large datasets and complex
interaction networks, address the limitations of traditional
methods, offering a promising path for more accurate DDI
prediction and safer clinical application of TCM.184

AI, especially machine learning and deep learning, is revo-
lutionizing the eld of chemical data analysis, making signi-
cant advances in predicting drug interactions (DDI) and
optimizing drug safety. AI's role in enhancing the accuracy of
ysing drug incompatibilities in TCM using AI. It illustrates the steps from
ough AI-driven models, emphasizing the identification of antagonistic
ation in HDI analysis. It outlines the process from data collection to
embedding techniques like node2vec to predict new potential targets
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predicting complex interactions within drug combinations—
including drug–drug, drug–food, and drug–microbiome inter-
actions. Advanced AI algorithms utilize large datasets to predict
potential interactions and outcomes, rening drug compati-
bility and safety proles more accurately than traditional
methods.185 These AI-driven models are particularly benecial
in TCM, where formulations typically include multiple herbs
that may interact in unpredictable ways. By integrating data on
chemical properties, genetic information, and clinical data, AI
models provide a robust framework to predict DDIs, enhance
understanding of molecular interactions, and improve the
overall safety of drug prescriptions.186,187 Additionally, AI appli-
cations in TCM not only predict interactions but also help
design safer, more effective herbal formulations, potentially
reducing adverse reactions and enhancing therapeutic
outcomes.188

9.2 Prediction of interactions between Chinese and Western
medicines

Advancements in herbal–drug interaction (HDI) models and the
development of comprehensive databases are crucial for
improving the safety and efficacy of integrated Chinese and
Western medicine. TCM formulations oen contain multiple
herbs, whose complexity and interactions with synthetic drugs
pose signicant challenges. The use of AI and the compilation
of extensive databases help address these challenges. AI models
tailored for HDI use machine learning algorithms to predict
potential interactions between herbal and pharmaceutical
compounds. These models analyse historical data, chemical
properties, and biological pathways to predict interactions that
could lead to adverse reactions or therapeutic inefficacy.189 The
PHYDGI database integrates HDI's scientic data in a well-
structured form, including citations to scientic sources. It
provides the strength level of herbal entities and their interac-
tions as well as pharmacokinetic interactions. This database
can be used by health practitioners, botanical medicine and
food supplement manufacturers and should help reduce
potential HDI and develop safe use of botanical therapies or
supplements.190 Martins et al.191 designed an original hybrid
decision support system to identify herb–drug interactions,
applying AI technology to identify new possible interactions.
The system enables better and more accurate treatment deci-
sions and mitigates possible adverse events. The ongoing
development of HDI models and databases is essential for
safely integrating TCM into the global healthcare system. As AI
technologies advance, these tools will become increasingly
sophisticated, providing deeper insights and more reliable
predictions, thereby enhancing patient safety and optimizing
therapeutic outcomes. The challenge remains to ensure that
these models and databases keep pace with the rapid develop-
ment of herbal and pharmaceutical therapies, maintaining an
up-to-date and accurate repository of information.

9.3 Case studies and challenges

Integrating AI into the analysis of drug antagonisms in TCM
provides signicant insights into complex pharmacological
16866 | Chem. Sci., 2024, 15, 16844–16886
interactions. A key breakthrough in the eld is the application of
AI models to predict potential adverse drug–drug interactions
(DDI), making substantial contributions to patient safety and
treatment efficacy. Zhang et al.192 utilized node2vec graph
embedding technology to expand potential targets of herbal
chemicals in the context of HDIs. As shown in Fig. 10B, taking
Salvia miltiorrhiza (Danshen, DS) and Ligusticum chuanxiong
(Chuanxiong, CX) and related approved drugs for cardiovascular
diseases (CVD) as examples, the results were veried through
molecular docking and pharmacological experiments. Their
methodology transformed target identication into a link
prediction problem, utilizing node2vec along with other algo-
rithms like Adamic–Adar and Jaccard similarity coefficient to
enhance the predictive accuracy of chemical-target associations.
This approach was rigorously validated through tenfold cross-
validation, achieving robust AP and AUROC scores. This study
effectively expanded the interaction edges by incorporating
node2vec into an existing dataset, revealing new targets for 32
herbal chemicals, particularly volatile oils and diterpenoids at low
levels. The ndings not only demonstrate the efficacy of node2vec
in scaling HDI networks, but also provide a comprehensive
methodological framework for predicting and understanding
complex interactions between herbs and drugs. This can serve as
an important tool for clinical risk management and elucidation
of the mechanisms of action of traditional drugs. Zhu et al.193

proposed a novel supervised learning framework with attribute
regularization for prediction of patient absorption of incompat-
ible drug pairs. In this framework, theymodel the prediction task
as a nonnegative matrix three-factorization problem, where two
important herbal properties (potency and avor) and their
correlations are combined to characterize the incompatible rela-
tionships between herbs. This model is crucial for identifying
potential hazardous combinations before clinical application,
essential for preventing adverse reactions. Zhang et al.194 evalu-
ated the inhibitory potency of Jingyin granules (HEJG) on human
drug metabolizing enzymes and elucidated whether HEJG can
modulate the pharmacokinetic characteristics of Western medi-
cines in vivo. HEJG regulates the pharmacokinetics of CYP
substrate drugs by inactivating CYP3A, providing critical infor-
mation for clinicians and patients to use herbal–drug combina-
tions for antiviral therapy in a scientically sound manner. Ge
et al.195 explained the DDI and potential incompatibility mecha-
nisms between Aconitum carmichaelii Debx (Chuanwu, CW) and
Pinellia ternata (Thunb.) Breit (Banxia, BX) by using pharmaco-
kinetic and cocktail-based methods. The results showed that BX
not only enhanced the absorption of aconitine and benzoyl aco-
nitine, but also accelerated the metabolism of neoconitine,
benzoyl neoconitine, songolin and fuzilin.

Despite these advancements, integrating AI into TCM DDI
research still faces signicant challenges. The heterogeneity of
TCM data, the variability of herbal components, and the non-
standardized formulations of herbal compounds complicate
the training of robust and universal AI models. Additionally,
ethical issues related to data privacy, informed consent, and the
transparency of AI algorithms need to be addressed to gain
broader acceptance. The future of AI in TCM DDI research lies
in further integrating omics data, enhancing the interpretability
© 2024 The Author(s). Published by the Royal Society of Chemistry
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of AI models, and developing real-time DDI prediction tools that
can seamlessly integrate into clinical workows. Advances in AI
can lead to more personalized, safe, and effective TCM treat-
ments, broadening the scope of integrated Chinese and
Western medicine.196
Fig. 11 A comprehensive proposal for automatic clinical study system. Th
integrated system and fundamental study system. The clinical study syste
analysis, and data mining. This workflow aims to build a validation system
medicines and pharmacological substances. The integrated system ser
integration of disparate data sets through platforms such as HAZA@home
preliminary disease assessments using integrated network pharmacolo
mechanism of drug interactions. Themodule employs a variety of compu
simulations, and construction of molecular databases. Aims to elucidate
analysis and simulation modeling.

© 2024 The Author(s). Published by the Royal Society of Chemistry
9.4 Proposal of integrated clinical study of HDIs

In the eld of TCM, understanding the interactions between
herbal medicines and conventional drugs is crucial for ensuring
patient safety and treatment efficacy. This article integrates
TCM into clinical research and proposes an TCM-based
e framework is divided into three main modules: clinical study system,
mmodule includes stages such as surgical sample extraction, chemical
to rigorously test and confirm observed interactions between herbal

ves as a link between clinical and basic science data, facilitating the
. It supports comprehensive analysis at home, allowing users to perform
gy tools. The fundamental study system focuses on the theory and
tational and experimental methods, including target prediction, ADMET
the molecular basis of drug interactions through in-depth chemical
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automated clinical research proposal. This proposal outlines an
integrated clinical study system designed to explore these
interactions comprehensively. As shown in Fig. 11, this system
is structured into three main modules: clinical study system,
integrated system, and fundamental study, each focusing on
different aspects of chemical analysis and data integration to
predict and analyze drug incompatibilities.

The clinical study system primarily handles the collection
and analysis of clinical data to assess the pharmacokinetic and
pharmacodynamic properties of herbal and pharmaceutical
drug combinations. Utilizing advanced chemical extraction
methods and analytical techniques, this module aims to iden-
tify potential adverse interactions through rigorous clinical
testing and chemical analysis. Data mining and machine
learning algorithms are employed to process complex clinical
data, identifying patterns that predict the outcomes of drug
interactions.

Central to the integrated approach is the integrated system,
which features the HAZA@home platform. This innovative
system combines data from clinical studies and fundamental
research to provide real-time health monitoring and predictive
analyses directly to patients at home. It uses an extensive
database network and simulation tools to personalize health
assessments and drug interaction warnings, leveraging AI to
adapt recommendations based on individual patient data.

The fundamental study system module supports the inte-
grated system by focusing on the scientic basis behind drug
interactions. It involves in-depth chemical analysis and
computational modeling to predict drug targets and simulate
drug interactions. This includes using TCM and clinical drug
databases, ADMET prediction models, and the creation of small
molecule databases. These tools are instrumental in under-
standing the biochemical mechanisms of drug interactions,
Fig. 12 Application of AI in TCM diagnosis. (A) General workflow for AI a
enhance TCM diagnosis through disease prediction, risk assessment, earl
chemical data from TCM sources. (B) Case study on lung cancer diagnosi
for serological data analysis, network pharmacology, and experimental t

16868 | Chem. Sci., 2024, 15, 16844–16886
which is vital for developing preventive strategies against
potential adverse effects.

This proposal exemplies the integration of clinical and
fundamental scientic approaches in the study of herbal drug
interactions within TCM. By employing a combination of chem-
ical analysis, real-time data monitoring, and AI-driven predictive
modeling, the system not only enhances the understanding of
complex drug interactions but also pioneers new methodologies
for patient safety in the integration of herbal and pharmaceutical
treatments. This approach sets a benchmark for future studies
and applications in the realm of AI-enhanced pharmacology,
particularly within the unique context of TCM.
10. Applications of AI-assisted TCM
diagnosis and treatment
10.1 TCM diagnostic data analysis

The integration of AI with TCM diagnostics is transforming the
landscape of medical diagnostics, enhancing the interpretation
of chemical components and their correlation with symptoms,
improving symptom analysis and disease prediction, and
signicantly increasing diagnostic efficiency and accuracy. This
synergistic action enables a deeper understanding of the
complex patterns of TCM and the relationships between
chemical components and specic diseases, thus providing
a more rened and precise diagnostic process.35

Advances in TCM research highlight the signicant role of
chemical components in diagnosing specic diseases. Under-
standing these relationships lays the foundation for TCM
diagnostics, helping to identify disease biomarkers and thera-
peutic targets.140 The complexity of analysing chemical data in
TCM diagnostics presents several challenges. AI technology
helps overcome these challenges by using advanced algorithms
pplications in TCM diagnosis. It illustrates the process of utilizing AI to
y detection, intervention strategies, and precise diagnostics, leveraging
s and therapeutic insights. It shows the integration of an optimized SVM
echniques to uncover the mechanisms of wogonin in lung cancer.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to process and interpret complex datasets, making diagnostics
more efficient and accurate.197 Fig. 12A shows the general
process of AI-based TCM diagnostic analysis. Using machine
learning algorithms to identify disease characteristics and
biomarkers demonstrates its utility in diagnosing diseases. This
approach can identify subtle patterns that traditional analysis
methods may not reveal.198 AI predicts disease progression by
analysing chemical data, including the application of deep
learning technologies for disease prediction and risk assess-
ment, highlighting its potential in proactive healthcare
measures. These models greatly assist in early detection and
intervention strategies, customizing treatment plans based on
individual patient conditions.199 The combination of AI with
TCM diagnostics represents a signicant advancement in
medical diagnostics, offering a more detailed and comprehen-
sive approach to disease detection and understanding. By
leveraging large datasets in TCM databases and employing AI
for chemical data analysis, themedical community can enhance
diagnostic processes and improve patient treatment outcomes.
10.2 AI-based personalized TCM diagnostics

The combination of AI with chemical data analysis provides
a breakthrough method for delivering personalized TCM diag-
nostics and treatment recommendations. By analysing patients'
unique chemical signatures and health data, AI algorithms can
tailor treatment strategies that better match individual health
needs and conditions. This personalized approach not only
improves treatment efficacy but also minimizes potential side
effects, thereby enhancing patient treatment outcomes.197 AI's
role in analysing patient historical data, lifestyle habits, and
chemical sensitivities is crucial for devising more precise
treatment plans. By utilizing machine learning algorithms to
si through large amounts of data, AI can identify patterns and
correlations that may not be immediately apparent, allowing for
highly customized treatment plans that consider the unique
health conditions and predispositions of patients.200 Using AI to
integrate data from various TCM databases, including chem-
ical, clinical, and pharmacological data, signicantly enhances
the comprehensiveness and accuracy of diagnostics. This
holistic data analysis approach ensures that all relevant aspects
of patient health are considered, resulting in more informed
and effective diagnostic outcomes. The integration process
involves advanced data mining techniques and AI algorithms
capable of handling the complexity and diversity of TCM data.201

Multiple AI-driven TCM diagnostic tools and platforms have
been developed to assist healthcare professionals in making
more accurate disease diagnoses and treatment plans. These
tools use AI's capability to analyse and interpret complex data,
providing valuable insights that can guide physicians' decision-
making processes. The emergence of these tools represents
a signicant advancement in the eld of TCM, providing a more
objective and effective approach to diagnosis and treatment
based on comprehensive analysis of patient health data.80 The
integration of AI with TCM diagnostics heralds a new era of
personalized medicine, driven by the comprehensive analysis of
chemical data and patient information, tailoring treatment
© 2024 The Author(s). Published by the Royal Society of Chemistry
plans to individuals' unique health conditions. This method not
only increases the accuracy of TCM diagnostics but also paves
the way for more effective, patient-centered treatments. By
harnessing the power of AI and the rich data contained in TCM
databases, healthcare providers can gain deeper insights into
diseases and their treatments, ultimately leading to better
patient care and outcomes.
10.3 Case studies and challenges

Wang et al.202 employed an optimized SVM to develop
a serology-based diagnostic model for lung cancer (Fig. 12B).
They further explored the therapeutic impacts of wogonin,
derived from the herb Scutellaria baicalensis, known for its
potential anticancer properties. The research integrated sero-
logical data analysis using SVM, network pharmacology to
identify and analyse key targets of wogonin, and Western blot
techniques to conrm these targets. This multi-disciplinary
approach enabled the construction of a molecular regulation
model showcasing how wogonin interacts within lung cancer
pathways. Key ndings from the study demonstrated the ability
of wogonin to modulate signicant pathways such as PI3K-Akt,
contributing to its efficacy in inducing apoptosis in lung cancer
cells. The study underscores the effective use of AI and machine
learning in enhancing the precision of lung cancer diagnostics
and deepening the understanding of herbal medicine's role in
treatment, presenting a novel integration of technology and
traditional medicine for tackling complex diseases like lung
cancer. Lin et al.121 used neural network analysis to recommend
clinical prescriptions through big data resource analysis. The
applied DeepMedic soware identied medicinal materials
with the effect of replenishing qi and removing dampness as
recommended prescriptions, which accurately corresponded to
the TCM prescriptions used to treat colorectal cancer in the
clinic. This method can be used to provide accurate TCM
diagnosis and suggest prescriptions for the treatment of colo-
rectal cancer. To analyse the clinical and case characteristics of
herb-induced liver injury, Teschke et al.203 conducted a selective
literature search in the PubMed database. It was found that
HILI caused by TCM is rare and, similar to drugs, can be caused
by unpredictable specic reactions or predictable intrinsic
reactions. The clinical characteristics of liver injury caused by
TCM products vary, and specic diagnostic biomarkers such as
microsomal epoxide hydrolase, pyroprotein adducts, metab-
olomics, and microRNA are available for only a few TCM
products. Ji et al.204 developed a model based on latent Dirichlet
allocation to analyse symptoms and corresponding herbs,
revealing TCM pathogenesis related to TCM theory. This
approach supports more accurate diagnosis and treatment
planning by revealing hidden relationships in clinical data.
Jafari et al.205 integrated unsupervised learning and network
models to stratify TCM patients by clustering herbal ingredients
based on chemical properties. This approach provides insights
into the effectiveness of herbal treatments and supports the
development of personalized medicine strategies in TCM.

The main challenges in applying AI to TCM diagnostics
include ensuring data privacy protection and addressing issues
Chem. Sci., 2024, 15, 16844–16886 | 16869
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of model interpretability. Developing models that practitioners
can transparently understand and trust is crucial. The future of
AI in TCM diagnostics is promising, with opportunities to
improve diagnostic accuracy, develop personalized treatment
approaches, and promote the internationalization of TCM. New
algorithm developments and innovative interdisciplinary
research methods are essential. Collaboration between AI
technologies, TCM knowledge, and chemical data analysis is
crucial for driving innovation and development in TCM diag-
nostics. Through collaborative efforts, signicant progress can
be made in creating more effective, efficient, and personalized
diagnostic and treatment methods. The integration of AI with
TCM diagnostics represents a signicant advancement in
personalized medicine, offering the potential to transform
traditional practices with modern technology.
11. Applications of AI in personalized
treatment planning
11.1 Chemical data in personalized medicine

The concept of personalized medicine represents a paradigm
shi in healthcare, moving from a one-size-ts-all approach to
customizing medical care based on an individual's unique
genetic makeup, lifestyle, and environmental factors. This
approach is particularly signicant in the eld of TCM, where
treatment is inherently personalized. Fig. 13A reveals the
general process for AI applications in personalized treatment
planning. The role of AI in analysing chemical data and utilizing
TCM databases is crucial for developing personalized treatment
Fig. 13 AI-enhanced personalized TCM treatment planning. (A) Genera
workflow illustrates how AI integrates patient-specific and TCM chemica
ultimately guiding the development of personalized treatment plans. (B
treatment planning. It depicts the use of genetic algorithms to analyse a
effectiveness and functional impact through systematic analysis.

16870 | Chem. Sci., 2024, 15, 16844–16886
plans and achieving more precise and effective medical inter-
ventions.206 The analysis of chemical components in TCM plays
a vital role in personalized treatment, where AI models predict
treatment outcomes based on chemical composition. Consid-
ering patients' unique physiological responses allows for the
identication of compounds most effective for individual
patients.207 Patient-specic data, including genetic information,
medical history, and lifestyle choices, are integral in craing
personalized treatment plans. AI algorithms analyse this data to
formulate treatment strategies that align with patients' unique
health conditions, thereby enhancing the efficacy of TCM
interventions. AI technology identies patterns in TCM chem-
ical data, aiding in disease characterization and biomarker
identication. This capability is crucial for diagnosing complex
conditions that traditional methods may fail to address.198 AI's
predictive modelling capabilities, by analysing chemical and
patient-specic data, predict disease progression and treatment
outcomes. This approach greatly contributes to proactive and
personalized healthcare management.208 AI combines chemical
data analysis with patient-specic information, providing
tailored TCM diagnostic and treatment recommendations. This
process involves a thorough analysis of genetic and clinical data
to determine the best treatment paths specically designed for
individual health needs.197 AI-enhanced analysis of patients'
historical data, lifestyle habits, and chemical sensitivities leads
to precise, personalized treatment plans. AI's ability to handle
complex datasets and identify key health indicators facilitates
this personalized approach.200 The integration of AI with TCM
personalized treatment plans represents a signicant advance
l process for AI applications in personalized treatment planning. This
l data to model disease progression and predict treatment outcomes,
) Case study on optimizing herbal formulas using AI for personalized
nd derive optimal herbal formulas from TCM datasets, validating their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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towards more effective, efficient, and patient-centered health-
care. By utilizing AI for chemical data analysis and integrating
patient-specic information, healthcare providers can devise
truly personalized treatment plans, thereby enhancing the
potential for successful outcomes and patient satisfaction.

11.2 Personalized TCM treatment tools

AI plays a key role in customizing treatment plans based on
specic patient conditions and chemical data. It aids in
selecting appropriate medications and adjusting dosages to
optimize treatment outcomes. By analysing vast amounts of
data, AI algorithms can identify patterns associated with effec-
tive treatment responses, thus facilitating the tailoring of
treatment strategies for individuals.207 AI-driven personalized
TCM treatment decision-support systems help healthcare
professionals make more accurate treatment decisions. These
systems analyse patient data, including genetic information
and medical history, as well as TCM principles, to recommend
personalized treatment plans. They play a crucial role in
bridging traditional knowledge with modern technology,
enhancing the accuracy and effectiveness of TCM practices.209

AI technology is an indispensable part of patient health
management and follow-up care, providing platforms for
ongoing monitoring and analysis of patient data to adjust
treatment plans as needed. These platforms ensure continuous
assessment of patients' responses to treatments, enabling real-
time adjustments and personalized care. By utilizing AI, these
platforms provide dynamic support for patient management,
promoting the adoption of more responsive and adaptive
approaches to treatment planning and execution.210 The inte-
gration of AI with personalized treatment plans and TCM
highlights the transformative shi towards more personalized
and effective healthcare solutions. By harnessing the power of
AI to analyse chemical data and patient-specic information,
healthcare providers can create personalized treatment plans
that signicantly improve patient treatment outcomes.

11.3 Case studies and challenges

Niu et al.211 introduced a novel method for predicting herbal
formulas called TCMFP, which leverages TCM expertise, AI, and
network science (Fig. 13B). This method was applied to devise
treatments for Alzheimer's disease, asthma, and atheroscle-
rosis. Using a network-based approach, TCMFP integrates
patient and herbal data to predict and validate the most effec-
tive herbal combinations. The process involves constructing
a “Target–Molecule–Herb” network, identifying high-value
herbal pairs, and calculating scores to evaluate herbal formu-
lations. A genetic algorithm optimizes the selection, focusing
on those with the highest efficacy scores. The effectiveness of
these formulas is then substantiated through detailed validity
and functional analyses, encompassing pathways and gene
ontology enrichments. This innovative approach underscores
the potential of integrating AI with traditional herbal practices
to rene and enhance treatment strategies for complex
diseases. Ahmed et al.207 proposed an enhanced deep learning
model for personalized cancer treatment that combines deep
© 2024 The Author(s). Published by the Royal Society of Chemistry
learning with genetic and drug response data to predict indi-
vidual responses to cancer treatment, emphasizing personali-
zation in oncology. The model provides high accuracy in
predicting drug response, which is critical for effective and
customized treatment strategies in cancer care. Tian et al.212

constructed the largest drug transcriptome platform ITCM
based on active ingredients of TCM to date, including 496 active
ingredients of TCM in unied high-throughput experiments.
Multi-scale biological analysis was performed to reveal the
mechanism of each active ingredient, and six state-of-the-art
feature search methods were integrated into the TCM-Query
screening strategy to identify potential active ingredients for
special diseases and achieve personalized TCM recommenda-
tion. Gao et al.213 dened a new concept of “active metabolite
combination therapy (AMCT)” rules to clarify how bioactive
metabolites of TCM produce synergistic effects. AMCT rules
clarify the mechanism of action of these combination therapies
in disease treatment by integrating multidisciplinary technol-
ogies such as molecular biology, biochemistry, pharmacology,
analytical chemistry and pharmacodynamics. AMCT rules
provide new ideas for the development of new active metabolite
combination drugs and promote personalized treatment of
TCM.

While AI shows tremendous promise in personalized treat-
ment plans, challenges remain in data privacy, algorithm
transparency, and the integration of AI systems with clinical
workows. Future advancements should aim to improve AI
algorithms for more accurate predictions, ensure ethical use of
patient data, and promote interdisciplinary collaboration to
fully realize AI's potential in personalized healthcare. The
integration of AI into personalized treatment plans represents
a signicant step towards more detailed and effective health-
care approaches, offering customized treatments that consider
genetic, lifestyle, and pathological differences among individ-
uals. As AI technology continues to evolve, its application in
personalized medicine is expected to deepen, bringing new
possibilities for patient care and treatment outcomes.
12. Applications of AI in network
pharmacology
12.1 Network pharmacology chemical data analysis

Network pharmacology, leveraging systems biology and
computational tools, has become a key method for elucidating
the complex mechanisms of TCM. It shis the research para-
digm from “single target, single drug” to “network targets,
multi-component therapy”, particularly suitable for analysing
the multi-component, multi-target treatment strategies of TCM.
The role of AI in this area is profound, enabling the analysis of
complex chemical data, unveiling mechanisms of action, and
optimizing therapeutic approaches with unprecedented preci-
sion and efficiency.214 Drug target networks aid in under-
standing how TCM compounds interact with biological targets,
thus deepening our understanding of the synergistic effects of
TCM formulations. By mapping these interactions, researchers
can reveal the complex interplay between TCM components and
Chem. Sci., 2024, 15, 16844–16886 | 16871

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04107k


Fig. 14 Applications of AI in network pharmacology. (A) General process for AI applications in network pharmacology. This workflow
demonstrates how AI integrates disease, genetic, and TCM chemical data to identify node importance, network modules, and ultimately
construct a comprehensive network model. (B) Case study on network medicine framework. It illustrates the use of a network medicine
framework to analyse the relationships between herbal prescriptions, patient symptoms, and genetic data to localize symptoms, identify key
patterns, and establish a network-based medicinal strategy.
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biological pathways, guiding the development of more effective
and balanced therapeutic solutions.215 Disease–gene–drug
networks play a crucial role in identifying the genetic basis of
diseases and potential TCM compounds that can modulate
these genetic factors. By integrating disease, gene, and drug
data, network pharmacology helps to gain a deeper under-
standing of disease mechanisms and identify new therapeutic
targets for TCM.216

Fig. 14A illustrates the general process for AI applications in
network pharmacology. AI excels at screening large chemical
datasets to identify and categorize active TCM compounds. This
process lays the foundation for building detailed pharmaco-
logical networks containing a wide range of potential drug
targets and therapeutic pathways.217 Utilizing AI to predict and
verify drug–target interactions enhances the efficiency of
network pharmacology studies. By employing algorithms
capable of handling complex biological data, researchers can
predict how TCM compounds interact with specic targets,
facilitating the discovery of new therapeutic pathways and
optimizing TCM formulations for increased efficacy and
safety.140 The rich network pharmacology facilitated by AI
provides a comprehensive framework for understanding the
multifaceted nature of TCM. Through the construction and
analysis of complex biological networks, this approach enables
a thorough understanding of drug actions, supports the
discovery of new therapeutic targets, and promotes the design
of multi-target synergistic drug combinations.
12.2 Chemical component network modeling and analysis

AI technologies are crucial for constructing more accurate drug–
target interaction networks and disease-related networks. These
models can analyse network topologies to identify key nodes and
16872 | Chem. Sci., 2024, 15, 16844–16886
connections representing therapeutic targets or disease mecha-
nisms. This detailed network construction allows for a ner
understanding of the complex interactions within TCM formu-
lations and their impacts on biological pathways.218,219 The
application of AI in network pharmacology extends to network
analysis, utilizing techniques such as node importance evalua-
tion and network module identication to unveil the complex
mechanisms of drug action. Through these methods, AI helps
clarify how different components of TCM act synergistically
within various biological networks, aiding in a deeper under-
standing of their therapeutic effects.215,220 AI plays a crucial role
in designing TCM treatment plans based on network pharma-
cology principles. By integrating data from various sources, AI
can help devise treatment strategies addressing multiple aspects
of a disease, enhancing the efficacy and balance of TCM treat-
ments. This approach aligns with the holistic nature of TCM,
aiming to treat diseases by addressing both the root causes and
manifestations within the entire biological network.169 Utilizing
AI for personalized TCM healthcare, by analysing vast amounts
of data including specic patient conditions and network phar-
macology analysis results, allows for treatment plans customized
to individual patient needs. This personalization ensures more
effective treatment plans with fewer side effects, signicantly
improving patient treatment outcomes. AI's ability to process
and analyse complex datasets makes it a valuable tool for
personalized TCM treatment, making treatments more targeted
and efficient.221 The integration of AI with network pharmacology
represents a signicant advancement in TCM research and
application. By constructing detailed networks and using
sophisticated AI techniques to analyse them, researchers can
uncover the complex interactions and mechanisms behind TCM
formulations.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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12.3 Case studies and challenges

AI technology has made signicant contributions to network
pharmacology, particularly in revealing the complex mechanisms
of action of TCM and optimizing treatment strategies. Gan et al.40

developed a network medicine framework to decipher the efficacy
of TCM through the lens of network pharmacology (Fig. 14B). By
analysing the interconnectedness of disease symptoms and herbal
targets within the human protein interactome, they established
a clear topological relationship that underpins TCM treatment
principles. This framework identies clusters of symptom-
associated proteins and examines their proximity to herbal
targets on the protein network. Their ndings suggest that the
closer a herb's targets to these symptom clusters, the more effec-
tive the herb in treating the associated symptoms. The study
utilized both empirical data and patient records to validate the
framework, demonstrating its potential in streamlining herb
discovery and repurposing. This innovative approach offers
a scientic basis for the traditional practice of symptom-focused
diagnosis and treatment in TCM, showcasing the integration of
modern network analysis with ancient herbal wisdom. Peng
et al.222 used network pharmacology, machine learning, molecular
docking, and experimental evaluation to explore the potential
mechanism of Qizhu Tangshen Recipe (QZTS) in the treatment of
diabetic kidney disease (DKD). The results show that the thera-
peutic effect of QZTS on DKD involves multiple targets and path-
ways, and is mainly concentrated in glucose and lipid metabolism
disorders, inammation and angiogenesis. Li et al.223 screened
potential biomarkers in different parts of coconut from the
perspectives of measurability and effectiveness based on nger-
printing, machine learning, and network pharmacology. Network
pharmacology results show that 11 ingredients, including dehy-
dropurocosic acid and 16a-hydroxydehydroapernic acid, have high
connectivity in the “component–target–pathway” network and are
the main active ingredients. The network pharmacology approach
provides a new strategy for exploring potential biomarkers and
explains the clinical application and rational development and
utilization of Poria cocos and Pi Poria cocos. He et al.224 used gas
chromatography-mass spectrometry (GC-MS), ultra performance
liquid chromatography coupled with quadrupole time-of-ight
mass spectrometry (UPLC-Q-TOF/MS), network pharmacology
analysis, and experimental validation to elucidate the potential
pharmacodynamic substances and mechanisms of Wuwei Musk
Pill (WPW) in treating rheumatoid arthritis (RA). The results show
that 11 ingredients, including sungolamine, collantine, sarconine
C, ursolic acid, arjunoic acid, piperacin, ellagic acid, and arju-
nogen ligand, may be the main active ingredients of WPW in
treating RA.

Challenges in applying AI to network pharmacology research
commonly involve integrating data and ensuring model accu-
racy. Addressing these challenges requires standardized research
processes and assessment metrics. The future of AI in network
pharmacology looks promising to handle larger datasets and
enhance model interpretability. This advancement can signi-
cantly improve the precision and depth of TCM research.
Collaboration between AI technologies, TCM knowledge, and
network pharmacology is crucial for innovation and advancing
© 2024 The Author(s). Published by the Royal Society of Chemistry
TCM research. This interdisciplinary approach can propel TCM
from an empirically-based practice to an evidence-based science,
contributing to its modernization and global acceptance.
13. Applications of AI in elucidating
pharmacological actions
13.1 Analysis of chemical components in pharmacology

The integration of AI with pharmacology, particularly TCM,
marks signicant advancements in analysing complex chemical
data and unveiling the mechanisms of drug actions. Utilizing
TCM databases and chemical data analysis, AI technologies
have the potential to revolutionize the study of pharmacological
actions, aiding in a deeper understanding of drug interactions,
actions, and therapeutic outcomes.217 Fig. 15A illustrates the
general process for AI applications in elucidating pharmaco-
logical actions. The complexity of TCM, characterized by its
multi-component and multi-target approach, presents unique
challenges in understanding pharmacological actions. The
diversity and complexity of chemical components in TCM
compounds require advanced analytical techniques to decipher
their pharmacological potential.214 Traditional methods oen
fall short in handling the vast, complex datasets associated with
TCM. The limitations in processing large-scale chemical data
and elucidating complex pharmacological actions underscore
the need for AI-driven methods to enhance the efficiency and
accuracy of pharmacological research.225 Machine learning and
deep learning models, aid in identifying TCM chemical
components and predicting their potential activities. This
application of AI facilitates the exploration of new therapeutic
compounds, enhancing the drug discovery and development
process.226 AI extends to analysing the relationships between
chemical components and their pharmacological activities.
Utilizing data mining and pattern recognition technologies, AI
helps reveal the mechanisms through which TCM compounds
exert their therapeutic effects, paving the way for new drug
development and optimization strategies.227
13.2 AI-driven virtual bioequivalence prediction in TCM
research

AI-driven virtual bioequivalence (VBE) prediction offers a trans-
formative approach to the sustainable development and
modernization of TCM. By leveraging machine learning, deep
learning algorithms, chemoinformatics, and network pharma-
cology, AI can effectively screen for potential alternatives to rare
or expensive TCM materials. This approach is critical in iden-
tifying bioequivalent compounds that are more accessible and
cost-effective, ensuring the continued availability and efficacy of
TCM therapies without over-reliance on scarce herbal
resources. Recent advancements have demonstrated the
potential of AI to identify and predict bioequivalent substitutes
by analyzing the molecular structure, chemical components,
and targets of herbs. Liang et al. employed a totality-of-the-
evidence approach to evaluate the quality consistency of Scu-
tellariae Radix, highlighting how AI can be used to ensure bio-
equivalence between traditional decoctions and dispensing
Chem. Sci., 2024, 15, 16844–16886 | 16873
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Fig. 15 Utilization of AI in elucidating pharmacological actions. (A) General process for AI applications in elucidating pharmacological actions.
This showcases the workflow where AI integrates TCM chemical data to analyse multi-component and multi-target interactions, employ data
mining and pattern recognition techniques, and ultimately elucidate pharmacological mechanisms. (B) Case study on elucidating pharmaco-
logical actions through network pharmacology analysis. This diagram illustrates the detailed steps in network pharmacology analysis starting
from the TCMS database to the integration of various networks including herb-compound, compound-protein, gene ontology, and pathway
enrichment, contributing to the understanding of pharmacological actions.
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granules.228 This study underlines the importance of main-
taining therapeutic efficacy while exploring cost-effective alter-
natives. Similarly, Li et al. used a network pharmacology and
bioactive equivalence assessment strategy to discover quality
markers in Da-Cheng-Qi decoction, demonstrating how AI can
identify bioequivalent alternatives for expensive ingredients,
ensuring the formula's effectiveness against intestinal
obstruction.229 In the broader context of drug development,
Bego et al. highlighted the role of AI in virtual bioequivalence
studies, emphasizing its capability to predict pharmacokinetic
parameters and screen for viable alternatives to traditional
materials.230 Similarly, Jereb et al. demonstrated the effective-
ness of AI-driven physiologically-based biopharmaceutics
modeling (PBBM) in predicting bioequivalence across different
formulations, paving the way for identifying cost-effective
substitutes.231 In TCM, where many medicinal plants are rare
or endangered, AI's ability to analyze complex datasets and
predict molecular interactions is invaluable. Ren et al. illus-
trated this by using AI to discover bioequivalent small mole-
cules that could replace expensive or hard-to-source herbal
components, demonstrating how AI can maintain therapeutic
efficacy while ensuring sustainability.232 Furthermore, Loisios-
Konstantinidis et al. explored how AI can establish clinically
relevant bioequivalence, further illustrating the capability of AI
16874 | Chem. Sci., 2024, 15, 16844–16886
to identify and validate economic alternatives in TCM.233 The
integration of these AI-driven approaches into TCM research
not only enhances the drug development process but also
supports the sustainable use of herbal resources. By identifying
bioequivalent substitutes that are both effective and econom-
ical, AI contributes to the modernization of TCM, ensuring its
global relevance and accessibility.
13.3 Case studies and challenges

Huang et al.234 employed a novel approach that synergizes
network pharmacology and experimental methodologies to
investigate the therapeutic effects of the TCM formula Huan-
glian Jiedu Decoction (HLJDD) on liver cancer (Fig. 15B). The
research began with the construction of comprehensive
networks mapping herb–compound interactions and their
downstream effects on proteins, pathways, and genes. This
predictive model pinpointed liver cancer, specically hepato-
cellular carcinoma, as a primary therapeutic target for HLJDD,
highlighting the signicant role of inammation-related genes.
Subsequent validation of these network pharmacology predic-
tions was conducted through rigorous experimental procedures
using both in vitro cell models and in vivomouse models. These
experiments demonstrated HLJDD's capacity to inhibit tumor
© 2024 The Author(s). Published by the Royal Society of Chemistry
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growth, proliferation, and migration, and to induce apoptosis
in liver cancer cells. This integrative method of combining
computational predictions with empirical evidence effectively
underscores the potential of HLJDD in treating liver cancer and
validates the practical utility of AI-driven network pharmacology
in TCM research. Zhang et al.167 proposed a systems pharma-
cology approach to explore the molecular mechanisms of TCM.
This model integrated the identication of bioactive
compounds, target prediction, and elucidation of molecular
mechanisms through network pharmacology, highlighting its
utility in revealing synergistic effects and formulation analysis
in TCM. Wang et al.235 used computational systems pharma-
cology to focus on the TCM formula Tianma Gouteng Yin,
revealing its potential targets and pathways for treating Alz-
heimer's disease. This approach highlighted the neuro-
protective and anti-inammatory actions of the formula,
providing a new perspective on the correlation between TCM
and specic diseases. Yang et al.236 developed a machine
learning model to identify neuroprotective compounds in
Xiaoxuming Tang, a traditional formula used for stroke treat-
ment. This innovative application of phenotype-based machine
learning models for compound screening represents a signi-
cant advancement in the integration of AI with TCM research.
Qin et al.237 conducted a study on Shenkang, a TCM formula,
using network pharmacology to predict and validate its effects
on chronic kidney disease. This study illustrated how AI can
help elucidate the complex interactions of TCM components
and predict their impacts on chronic diseases.

Integrating different data types and ensuring the accuracy of
AI models are major obstacles that need to be addressed. To
overcome these issues, standardized research protocols and
robust evaluation metrics are crucial. This standardization not
only enhances the reproducibility of results but also strengthens
the validation process, ensuring that research ndings are reli-
able and applicable in a clinical setting. The future of using AI in
network pharmacology research appears promising to handle
larger datasets and enhance model interpretability. These
advancements could signicantly improve the precision and
depth of TCM research, providing insights into the complex
mechanisms of multi-component herbal formulations. As AI
technologies mature, they will be able to explore vast pharma-
cological networks, revealing subtle interactions between herbal
compounds that were previously obscured. Collaboration
between AI technologies, TCM knowledge, and network phar-
macology is essential for fostering innovation and advancing the
eld. By bridging these disciplines, TCM has the potential to
transition from an empirically-based practice to an evidence-
based scientic practice. This transformation is expected to
promote the modernization and global acceptance of TCM,
fostering a more integrated approach to health that combines
ancient wisdom with contemporary scientic practice.

14. Challenges and prospects
14.1 Challenges

The integration of AI in TCM presents both remarkable
opportunities and signicant challenges. Understanding and
© 2024 The Author(s). Published by the Royal Society of Chemistry
addressing these challenges is crucial for the successful appli-
cation of AI in TCM and for harnessing its full potential.

Current challenges in AI integration in TCM are as follow:
� Data quality and standardization: one of the primary

challenges in AI integration into TCM is the quality and stan-
dardization of data. TCM practices involve a wide range of
herbs, practices, and individualized treatments, which can lead
to inconsistencies in data. Xu et al.238 and Zhou et al.239 highlight
the need for standardized data collection methods to improve
the accuracy of AI applications in TCM.

� Complexity of TCM practices: the inherently complex nature
of TCM, with its emphasis on holistic treatment and the balance
of bodily systems, poses a challenge for AI models. AI systems
must be sophisticated enough to understand and interpret the
nuances of TCM, including the interactions between different
herbal compounds and their effects on the human body.98,217

� Integration with clinical practice: successfully integrating
AI into TCM clinical practice is a signicant hurdle. Practi-
tioners need to trust and understand AI outputs for them to be
effectively used in treatment planning. The importance of
developing user-friendly AI tools that can be seamlessly inte-
grated into the daily practice of TCM should be
emphasized.240,241

� Ethical considerations and patient privacy: as with all
applications of AI in healthcare, ethical considerations, partic-
ularly regarding patient privacy, are paramount. The increasing
use of patient data for AI applications in TCM necessitates
robust privacy protections and ethical guidelines.101,242

To address the challenges, future outlook and trends in AI-
enhanced TCM research should be given attention:

� Advanced AI models and algorithms: future trends in TCM
research will likely see the development of more advanced AI
models and algorithms capable of handling the complexities of
TCM data. These models will be more adept at pattern recog-
nition, predictive analytics, and simulating the holistic
approach of TCM.100,243

� Greater emphasis on personalized medicine: AI's role in
facilitating personalized medicine within TCM is set to grow.
With the capacity to analyse vast datasets and patient histories,
AI will enable more tailored treatment strategies.244,245 AI
models facilitate the analysis of complex symptom patterns and
recommend appropriate TCM prescriptions, thereby personal-
izing treatment strategies.44,106

� Integrative approaches combining TCM and Western
medicine: there will be an increasing trend towards integrative
approaches that combine TCM and Western medicine,
leveraging the strengths of both. AI will play a crucial role in this
integration, helping to bridge the gap between these two
systems.246,247

� Expanding the scope of AI applications in TCM: future
research will likely expand the scope of AI applications in TCM
beyond diagnosis and treatment to include areas like drug
discovery, preventive medicine, and patient education.106,248

The integration of AI in TCM research is poised for signi-
cant growth despite the current challenges. By addressing
issues related to data quality, complexity, clinical integration,
and ethics, AI can profoundly enhance TCM practices. The
Chem. Sci., 2024, 15, 16844–16886 | 16875
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future outlook for AI in TCM is promising, with advancements
in AI technology offering new opportunities for personalized
medicine, integrative approaches, and expanded applications.
As AI continues to evolve, it will undoubtedly play an increas-
ingly vital role in the development and modernization of TCM,
offering exciting possibilities for future healthcare innovations.
14.2 Perspectives and prospects

The integration of AI in TCM represents a signicant stride in
modernizing ancient practices with contemporary technology.
This fusion promise enhanced diagnostic precision, personal-
ized treatment plans, and a deeper understanding of pharma-
cological mechanisms, as seen in the advancements of TCM
diagnosis using AI tools.122,249

AI's capability to process and analyse large datasets has led
to signicant improvements in TCM diagnosis. AI's application
in treatment strategies, particularly in herbal medicine
prescription and syndrome differentiation, is noteworthy. AI
models have been instrumental in identifying effective herb
combinations, thus aiding in developing more targeted treat-
ment strategies.40,250

The role of AI in elucidating the pharmacological actions of
TCM formulations is particularly compelling. By employing
network pharmacology and AI algorithms, researchers have
gained insights into the complex interactions of herbal
compounds and their therapeutic pathways.148,224 These
advancements are pivotal in understanding the multi-target
and multi-pathway actions of TCM formulations, thereby
contributing to a more scientic basis for TCM practices.

Despite these advancements, the integration of AI into TCM
is not without challenges. The complexity of TCM formulations,
the need for standardized data, and the integration of AI into
clinical practice pose signicant hurdles.52,56 Furthermore,
ethical considerations, particularly in terms of patient data
privacy and the interpretability of AI models, remain critical
concerns that need addressing.113,240 The future of AI in TCM is
promising, with trends pointing towards more personalized
medicine and integrative approaches combining TCM and
Western medicine. The development of more sophisticated AI
models capable of interpreting the holistic and individualized
nature of TCM treatments is essential.119,251 Additionally,
expanding AI applications beyond diagnosis and treatment to
include preventive medicine and patient education is a poten-
tial area for growth.

The intersection of AI and TCM opens up new horizons in
healthcare, offering innovative approaches to diagnosis, treat-
ment, and pharmacological research. While challenges remain,
particularly in data standardization, model interpretability, and
ethical considerations, the potential benets of this integration
are substantial. Future research should focus on developing AI
tools that are more attuned to the nuances of TCM, thereby
ensuring that this ancient practice evolves in harmony with
modern technological advancements. The synergy between AI
and TCM not only enhances the efficacy and precision of TCM
but also contributes signicantly to the broader eld of
personalized medicine.
16876 | Chem. Sci., 2024, 15, 16844–16886
15. Conclusions

The exploration of TCM databases and the integration of AI
represent a transformative era in medical research and practice.
This review has delved into the vast potential and signicant
advancements that AI has brought to TCM, a eld steeped in
history and rich in holistic therapeutic wisdom. The union of AI
and TCM has not only redened our understanding of ancient
practices but has also unlocked new avenues in research
methodologies and treatment strategies.

A standout achievement in this fusion is AI's enhanced
ability to si through and make sense of the intricate data
housed in TCM databases. These repositories, brimming with
age-old herbal knowledge, treatment techniques, and patient
histories, have become the bedrock for AI systems to learn and
predict with remarkable efficacy. The spectrum of AI applica-
tions, from machine learning algorithms to sophisticated
neural networks, has been instrumental in pioneering drug
discovery, rening diagnostic accuracy, honing in on syndrome
differentiation, and craing personalized treatment plans.
Notably, AI's role in network pharmacology has shed light on
the intricate dance of herbal components, unraveling their
pharmacological secrets and therapeutic pathways.

Looking ahead, the horizon of research in this melding of
TCM and AI is as broad as it is fascinating. One promising
direction lies in craing AI algorithms specically tailored to
the unique diagnostic and treatment ethos of TCM. These could
involve advanced pattern recognition and predictive modeling
that honor TCM's holistic essence. Equally thrilling is the
potential integration of AI with cutting-edge elds like geno-
mics and metabolomics, deepening our understanding of
TCM's interaction at the molecular and cellular levels.
Expanding and enriching TCM databases withmore diverse and
comprehensive data will be crucial. This expansion is key not
only to enhancing the precision and relevance of AI applications
but also to ensuring their adaptability across various clinical
scenarios and patient backgrounds. As we tread this path,
maintaining data integrity, standardizing practices, and
upholding ethical AI use in healthcare will be of utmost
importance.

The application of AI in TCM transcends technological
progress; it's a cultural symphony, harmonizing age-old wisdom
with modern scientic innovation. As AI continues to evolve, its
synergy with TCM is poised to signicantly inuence the land-
scape of personalized medicine, offering treatment solutions
that are more effective, efficient, and tailored to individual
needs. This convergence of AI and TCM is poised to revolu-
tionize not just our perception of traditional medicine but also
our broader approach to healthcare. We stand at the beginning
of a thrilling journey where AI's role in elevating TCM research
and practice holds limitless potential for future breakthroughs.
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