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Global medicine is undergoing a major transformation, shifting 
from a focus on disease treatment to health promotion and evolv-
ing from standardized universal regimens to personalized preci-
sion interventions. In response to this trend, there is a clear need 
to develop Chinese population medicines (CPMs). CPMs are 
medicines that are optimized on the basis of population genetics 
and physical constitutions of the Chinese population, developed
through the integration of traditional Chinese medicine (TCM)
knowledge, and designed to achieve high compatibility with the
conformational polymorphism of drug targets in the Chinese pop-
ulation. The CPMs emerge as a class of innovative medicines that
follows the global trend toward population-specific precision
medicine.

CPMs proposed here are distinguished from related concepts. 
TCM is a comprehensive medical knowledge system that encom-
passes theoretical frameworks, diagnostic principles, and thera-
peutic practices developed over millennia. Chinese patent 
medicines are industrially manufactured formulations derived 
from established TCM prescriptions and are primarily intended 
for clinical use and standardized production. Modern Chinese med-
icine generally refers to TCM products enhanced through contem-
porary scientific technologies, such as standardized extraction and
quality control, but it does not necessarily incorporate population-
specific genetic data or artificial intelligence (AI)-assisted rational
design. Ethnicity-specific therapeutics in pharmacogenomics pri-
marily involve adapting existing drugs or stratifying populations
based on genetic differences.

The research and development (R&D) of CPMs is conceptualized 
as a proactive drug development framework that integrates three 
key elements: ① population-specific genetic information, particu-
larly conformational polymorphisms of drug targets in the Chinese 
population; ② system-level therapeutic strategies informed by
TCM principles, including holistic regulation and personalized
diagnosis and treatment; and ③ technology-enabled approaches,
including mechanism-embedded AI and the holographic digital
mannequin. Compared with existing frameworks, this concept
proactively integrates population genetics into the earliest stages 
of drug discovery and design, rather than introducing it only dur-
ing clinical stratification, while also offering a pathway to translate
TCM knowledge into testable and computable components within
the R&D process.

Historically, international drug development has depended 
heavily on biological data from Western populations [1]. However, 
advances in pharmacogenomics and population genetics have 
uncovered systematic ethnic differences in drug metabolism, tar-
get engagement, and disease mechanisms, reflecting population-
related pharmac ogenomic variability. These differences create sig-
nificant uncertainty regarding the efficacy and safety of many glob-
ally marketed drugs in the Chinese population [2]. Therefore, the 
development of CPMs is by no means merely localized production; 
its essence lies in using cutting-edge technologies to establish a 
drug development model that is quantitatively assessable, mecha-
nistically explicit, and clinically translatable. This model must be 
grounded in a comprehensive understanding of the genetic and 
physiological characteristics, as well as the disease patterns, of
the Chinese population. The practical strategies embodied in TCM
compound formulas, which produce systemic modulation of com-
plex diseases through multi-component, multi-target synergistic
actions, provide a strong evidence-based foundation for the devel-
opment of CPMs.

Building on this foundation, this paper addresses three central 
aspects: the theoretical basis for developing CPMs; the cognitive 
boundaries in the life sciences that must be overcome to create 
novel multi-target drugs; and the construction of a new drug
development paradigm capable of addressing the complexity of life
and disease. Through an initial exploration of these questions, this
paper aims to advance innovative drug discovery.

1. Population-specific conformational polymorphism of drug 
targets and associated pharmacogen omic variability: A
population-genetic basis for CPMs

The molecular conformational polymorphism of drug targets 
refers to population-related variations in the spatial conformations 
and/or drug-binding properties of key target proteins that interact
with drug molecules. Such differences may arise, at least in part,
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from population-specific genetic variants in the corresponding 
genes. This polymorphism may contribute to the observed hetero-
geneity in drug responses among populations, thus providing a
theoretical basis for the development of CPMs (Fig. 1). 

1.1. Ethnic differences in drug efficacy

Genetic variation across populations profoundly affects drug 
metabolism, target engagement, and disease-driving mechanisms, 
providing a biological basis for the limited applicability of Western 
‘‘one-size-fits-all” drugs in the Chinese population. From a phar-
macokinetic perspective, genetic polymorphisms in key metaboli c
enzymes, such as cytochrome P450 family 2 subfamily C member 9
(CYP2C9) and cytochrome P450 family 2 subfamily D member 6
(CYP2D6), show distinct interethnic differences in their distribution
[3,4], which directly affect systemic drug exposure and metabolic 
rates. For example, clopidogrel requires metabolic activation by 
cytochrome P450 family 2 subfamily C member 19 (CYP2C19), 
and East Asian populations have a markedly higher prevalence of
the poor-metabolizer phenotype for this enzyme. This situation
results in inadequate production of the active metabolite and
diminishes therapeutic efficacy in Chinese patients, thus increasing
the risk of recurrent cardiovascular events [5]. 

From a pharmacodynamic perspective, genetic variations in 
genes encoding target proteins show distinct ethnic specificity, 
which can directly affect target engagement and clinical effi-
cacy. For example, polymorphisms in the b1-adrenergic receptor 
(ADRB1) and the G protein-coupled receptor kinase 5 (GRK5 )
have been reported to influence the therapeutic efficacy of
b-blockers. Differences in the frequency of relevant alleles
between African and European populations may contribute to
interethnic heterogeneity in clinical responses to this drug class
[6]. 

Ethnic differences are especially pronounced in the mechanisms 
underlying disease progression. For example, in non-small cell lung 
cancer, the frequency of epidermal growth factor receptor (EGFR)-
sensitizing mutations is significantly higher among Asian patients
Fig. 1. Scientific basis of CPMs R&D. This figure illustrates the two scientific foundation
showing how genetic characteristics specific to the Chinese population may result in d
mechanisms, thus underscoring the need to move from passive validation to the active 
advantages of TCM, including its holistic philosophy, individualized treatment appr
framework, and thousands of years of accumulated clinical data. The central arrows indic
from universal drugs to population-specific medicines and provide a logical starting poi
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with adenocarcinoma who have never smoked than among their 
Western counterparts. This pattern has reinforced the clinical 
importance of EGFR-targeted therapies in patients with EGFR-
mutant non-small cell lung cancer [7]. Findings such as this sug-
gest that using disease models developed from Western popula-
tions may be insufficient to identify and address the key 
pathogenic pathways relevant to the Chinese population. These
differences are observed in standard therapeutic agents across
multiple therapeutic areas, including cardiovascular, oncological,
metabolic, and other major disease categories (Table 1 [5,8–14]). 
This further supports the conclusion that universal drugs devel-
oped primarily using data from European-ancestry or Western 
(White) populations are insufficient to meet the diagnostic and
therapeutic needs of the Chinese (East Asian) population.

On this basis, China’s drug R&D must shift from a ‘‘passive ver-
ification” paradigm to a ‘‘proactive design” philosophy. This transi-
tion should prioritize original innovation throughout the entire 
drug development chain, from target discovery and molecular 
design to clinical evaluation, based on the population genetics 
and physiological characteristics of the Chinese population. 
Accordingly, disease-specific cohorts, biobanks, and multi-omics 
data from the Chinese population must be elevated from merely 
auxiliary reference materials used to support validation conclu-
sions to core assets that actively drive innovation. From a regula-
tory perspective, current US Food and Drug Administration (FDA)
and European Medicines Agency (EMA) frameworks, largely based
on the International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use (ICH) E5(R1)
guideline, acknowledge the importance of ethnic factors in drug
development and primarily depend on pharmacokinetic bridging
studies and ethnic sensitivity analyses to evaluate the acceptability
of foreign clinical data.

1.2. Traditional medicine resources and the R &D rationale for CPMs

Complementing modern biomedical data resources, TCM con-
stitutes a unique type of data repository developed over millennia.
s of the proposed framework. The left panel presents the population genetics basis, 
ifferences in pharmacokinetics (PK), pharmacodynamics (PD), and disease-driving 
design of population-specific drugs. The right panel highlights the unique resource
oach, multi-target regulatory strategies, context-based individualized treatment
ate the strategic synergy between these two inputs, which together support the shift
nt for the development of CPMs.

move_f0005
move_t0005


B. Cong and W. Wang Engineering 64 (2026) 76–83

Table 1 
Population-specific differences in commonly used drugs between Asian and White populations.

No. Drug name Indication Population-specific differences in PK/PD/safety Underlying mechanism Refs. 

1 Clopidogrel Acute coronary 
syndrome, coronary 
heart disease

Higher rates of clopidogrel resistance in Asian (17.2%–81.6%) than in
White populations (5%–44%)

Population-specific variation in 
CYP2C19 genetic polymorphisms

[5] 

Thromboembolic 
diseases 

Population-specific variations in 
VKORC1 and CYP2C9 genetic
polymorphisms

2 Warfarin Narrow therapeutic window; requires a 34% lower maintenance 
dose in Asian (Chinese) than in White populations

[8] 

3 Omeprazole Peptic ulcer At equivalent doses, higher plasma AUC, lower oral clearance,
greater acid suppression in Asian (Chinese) populations

Population-specific variations in 
CYP2C19 genetic polymorphisms

[9] 

4 Rosuvastatin Dyslipidemia Systemic exposure was 1.7–1.8 times higher in East Asian than in
White populations

Population-specific variations in 
ABCG2 genetic polymorphisms

[10] 

Gout and
hyperuricemia

Increased carrier frequency of the 
HLA-B*58:01 allele in East Asian
populations

5 Allopurinol Four-fold higher risk of severe cutaneous adverse reactions in East
Asian than in White populations

[11] 

GLP-1 receptor 
agonists

Type 2 diabetes and
obesity

6 Greater relative risk reduction for major adverse cardiovascular 
events, with absolute risk reductions of 2.9% and 1.4% in Asian and
White populations, respectively

Possible differences in body fat 
distribution and glucose metabolism
among populations

[12] 

Non-small cell lung
cancer

Differences in tumor mutational 
profiles (e.g., EGFR, TP53, and STK11)
may partially contribute to this
disparity

7 Atezolizumab Longer median overall survival in Asian than in White populations
(18.7 vs 11.1 months, respectively)

[13] 

8 Irinotecan Gastrointestinal 
tract cancers

Higher risk of severe diarrhea in Asian than in White populations UGT1A1*6 allele frequency is 
significantly higher in East Asian than
in White populations (14.6% vs 0.8%)

[11,14] 

Higher carrier frequency of the HLA-
B*15:02 allele in East Asian
populations

9 Carbamazepine Epilepsy Risk of severe cutaneous adverse reactions is ten times higher in East
Asian than in White populations

[11] 

GLP-1: glucagon-like peptide-1; PK: pharmacokinetics; PD: pharmacodynamics; AUC: area under the curve; VKORC1: vitamin K epoxide reductase complex subunit 1; ABCG2: 
ATP-binding cassette subfamily G member 2; HLA-B*58:01: human leukocyte antigen-B*58:01; TP53: tumor protein p53; STK11: serine/threonine kinase 11; UGT1A1*6: UDP
glucuronosyltransferase family 1 member A1*6; HLA-B*15:02: human leukocyte antigen-B*15:02.
Rooted in its distinctive philosophy of life and clinical practice, 
TCM systematically documents the adaptive methods of the Chi-
nese population to long-term evolutionary challenges and disease
threats [15]. Its core principles closely align with the R&D priorities 
of CPMs as reflected in the three key dimensions below.

First, the holistic perspective and systems-based regulatory 
thinking of TCM provide a methodological foundation for overcom-
ing the limitations of single-target approaches. TCM views disease 
as a disruption of the body’s dynamic homeostasis, and herbal 
compound formulas modulate complex disease networks through 
multi-component, multi-target synergistic interventions. This 
paradigm closely corresponds with modern medicine’s recognition 
of ‘‘multi-pathway dysregulation” in chronic diseases and with 
systems biology research on network perturbations. Furthermore, 
Article 16 of the Drug Administration Law of the People’s Republic 
of China explicitly provides that ‘‘The State supports innovation in 
drug development which is guided by clinical value and has clear 
or specific therapeutic effect on human diseases, encourages 
research and development of new drugs with new therapeutic
mechanisms, treats serious life-threatening or rare diseases, makes
use of targeted and systemic regulatory interventions for humans,
and promotes technological advancement in drug development.”
This provision supports the broader scientific direction of targeted
and systemic regulatory interventions in drug development, which
is conceptually compatible with the systems-oriented therapeutic
rationale underlying CPMs. In recent years, the ‘‘formula–compo-
nent–target–pathway” interaction networks revealed by network
pharmacology have made it possible to preliminarily and scientif-
ically clarify the systemic regulatory mechanisms of classic TCM
formulas, such as Tianma Gouteng Decoction and Xiaoyao San
[16,17]. Recent advances have further highlighted the integration 
of network pharmacology with AI for more precise, mechanism-
oriented TCM research and have demonstrated its value in clarify-
ing the mechanisms of compound interventions in complex disease
contexts [18,19]. 

Second, insights derived from personalized diagnosis and treat-
ment help guide the advancement of precision therapies. The prin-
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ciple of customized treatment based on the individual, the season, 
and the environment (known as considering seasons, environment, 
and body constitution in disease treatment, or the Three Factors 
Principle), together with the systematic classification theory of 
TCM constitution, constitutes a foundational approach to precision 
medicine. This framework breaks down population heterogeneity 
into actionable classification units and assigns corresponding tar-
geted intervention strategies to different subtypes. Such accumu-
lated data provide empirical support for the R&D of CPMs. TCM-
informed patient stratification has been shown to support differen-
tiated therapeutic strategies for specific patient groups, such as
those with phlegm-dampness hypertension or Yin-deficiency
chronic atrophic gastritis [20,21]. Additional evidence from other 
disease areas also supports the clinical relevance of constitution-
based stratification. For example, in Chinese populations, the 
phlegm-dampness constitution has been reported to be indepen-
dently associated with nonalcoholic fatty liver disease, while con-
stitution-related traits such as Qi depression, Yang deficiency,
phlegm-dampness, and blood stasis have also been linked to age-
related cognitive decline or mild cognitive impairment in elderly
populations [22,23]. These observations further underscore the 
value of TCM constitution classification as a practical framework 
for identifying responsive subpopulations in the development of 
CPMs. These observations also provide preliminary empirical evi-
dence for a differentiated R&D pathway for CPMs using constitu-
tion as a biomarker to enable precise stratification of responsive
populations and improve therapeutic efficacy.

Third, millennia of accumulated clinical observations from TCM 
provide valuable real-world insights into gene–environment–dis-
ease interactions in the Chinese population, which can help inform 
similar population-specific studies in other ethnic groups. TCM has 
effectively conducted a comprehensive ‘‘real-world study”: It has 
systematically observed and documented the responses and clini-
cal trajectories of the Chinese population during infectious disease
epidemics and shifts in the chronic disease spectrum, across
diverse geographic, climatic, and social contexts. This empirical
system, shaped through the Chinese population’s long-term evolu-
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tionary adaptation, serves as a valuable repository of information 
that captures specific gene–environment–disease interactions. In 
recent years, the discovery of artemisinin, an antimalarial com-
pound inspired by an ancient Lingnan medical classic [24], and 
the development of component-based TCM for viral pneumonia
guided by warm-disease theory [25] have both demonstrated the 
direct value of this ‘‘natural history” resource in driving new drug
discovery.

2. Overcoming cognitive boundaries in the developmen t of
novel multi-target drugs

The core of building the cognitive ladder is a hierarchical pro-
gression of cognition, moving from descriptive characterization 
to correlation analysis and ultimately to predictive modeling. This 
approach uses population-specific genetic variation as its funda-
mental coordinate, creating a systematic bridge between TCM clin-
ical knowledge and modern life sciences. It starts by mapping the 
structural landscape of biological systems, then clarifying their
functional interaction frameworks, and finally revealing the
dynamic laws governing the maintenance and evolution of these
systems. This systematic decoding process seeks to go beyond
the cognitive limits associated with biological complexity, thus
providing clear R&D pathways together with theoretical support
for original breakthroughs in CPMs (Fig. 2). 

2.1. Panoramic profiling of the cellular spatial architecture

Cells are the fundamental functional units of life. The composi-
tion of their types, spatial distribution, and molecular characteris-
tics provide the initial foundation for understanding disease
mechanisms and identifying potential targets for CPMs. The pri-
mary task at this stage is to systematically identify all human cell
Fig. 2. Three-tier cognitive ladder for the modernization of TCM. This figure illustrates t
drugs. The upward arrow on the left indicates the direction of cognitive advanceme
architecture—the ‘‘basic topographic map” of life—through cell type identification a
establishment of spatial context for mechanistic studies. Level 2 (middle tier) addres
encompassing spatial adjacency maps of intracellular components, functional interacti
Level 3 (the top tier) focuses on dynamic homeostasis, the core of life system reprogram
locking and system reprogramming, and the principles of system regulation. The horizont
from understanding ‘‘what the structure is” to ‘‘how the function works” to ‘‘how to reg
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types, map their precise spatial distribution within tissues and 
organs, and integrate multi-omic data, including transcriptomic, 
proteomic, and epigenomic data. This effort aims to create a 
high-resolution ‘‘basic topographic map” of life that provides spa-
tial coordinates for the subsequent decoding of functional relation-
ships and dynamic principles. The Human Cell Atlas (HCA)
initiative, together with relevant major scientific infrastructures
in China, is actively contributing to the construction of this map
[26]. This development provides a microscale empirical perspec-
tive for TCM theories, allowing researchers to directly observe 
and analyze the specific cell populations that underlie the physio-
logical functions of Zang-Fu organs. Consequently, it translates tra-
ditional macroscopic narratives into scientifically testable and 
quantifiable hypotheses at the levels of cell–cell communication
pathways and tissue microenvironments. The cellular spatial map
established at this tier provides the structural foundation and spa-
tial coordinates for subsequent decoding of functional molecular
associations at the next tier.

2.2. Interpreting molecular network associations

Building on the cellular spatial map, we must investigate the 
spatial architecture and functional associations of intracellular 
components. A cell is not only a collection of organelles but a 
highly organized and complex system: membrane-bound orga-
nelles such as mitochondria, the endoplasmic reticulum, and the 
Golgi apparatus are interconnected through membrane contact
sites; biological macromolecules, including proteins and nucleic
acids, form regulatory networks through specific interactions;
and all these processes occur within a ‘‘cellular chemical field”
shaped by electrolytes, pH, osmotic pressure, and other parameters
[27]. The objective of this tier of the cognitive ladder is to develop
both ‘‘spatial adjacency maps” and ‘‘functional interaction maps” of
he hierarchical progression of cognition required for developing novel multi-target 
nt. Level 1 (bottom tier) establishes a comprehensive profile of cellular spatial 
nd spatial mapping, integration of multi-omics molecular information, and the 
ses molecular network correlations—a functional interaction framework of life—
on networks of biomacromolecules, and computational–experimental integration.
ming, including the spatiotemporal dynamics of signaling pathways, pathological
al arrow at the bottom indicates the corresponding progression of scientific inquiry:
ulate the function.”

move_f0010
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intracellular molecules and organelle components. Accomplishing 
this goal requires integrating cryo-electron microscopy (cryo-EM) 
to determine the atomic structures of macromolecular complexes, 
super-resolution live-cell imaging to track organelle dynamics and
interactions, and spatial proteomics to quantitatively profile pro-
tein distributions and associations within their native
microenvironment.

Research at this stage emphasizes the close integration of ‘‘dry 
lab” approaches, including computational modeling and network 
analysis, with ‘‘wet lab” experimental validation to systematically 
uncover the modular organization, hierarchical regulation, and 
inherent robust mechanisms of living systems at the fundamental 
structural level. This effort provides a strong theoretical foundation 
for understanding multi-target disease mechanisms at the molec-
ular and cellular levels, as well as the pharmacological mechanisms 
underlying networked interactions among bioactive components
andmultiple targets. It also offers a systems biology-based theoret-
ical framework and empirical evidence for mechanistically
explaining the synergistic ‘‘multi-component, multi-target” action
principle of TCM formulas. The functional interaction framework
elucidated at this tier also provides the foundation for investigating
how these molecular networks evolve dynamically across spatial
and temporal dimensions, which is the focus of the next cognitive
tier.

2.3. Revealing the spatiotemporal dynamics of molecular networks

Building on the static structural characterization established in 
the previous tier, it is essential to further explore the principles 
governing the movement, interaction, and evolution of biomole-
cules and organelles across spatial and temporal dimensions. The 
foundational theoretical framework for this investigation is spa-
tiotemporal dynamic homeostasis (hereafter referred to as 
dynamic homeostasis): Living organisms restrict stochastic micro-
scopic fluctuations to within the bounds of macroscopic functional 
stability through multilayered regulatory networks. Cellular sig-
naling pathway activity is marked by variability rather than con-
stancy, exhibiting distinct dynamic oscillatory or response
patterns over time. When these pathways become dysregulated,
they may lock the network state into a pathological steady state
that manifests as a disease phenotype. This concept offers a new
framework for understanding medical intervention: Therapeutic
modalities can be viewed as ‘‘directed perturbations” applied to
the dyshomeostatic state of the body’s biological network, guiding
the transition from a diseased dyshomeostatic state back to a
healthy homeostatic state.

In the context of the Chinese population, target selection and 
dose optimization for such perturbation strategies must incorpo-
rate population-specific conformational polymorphism of drug tar-
gets as a prerequisite constraint. Conformational differences in the 
same target protein exist across populations, and phase-dependent 
allosteric changes may affect the accessibility of targeted domains 
(cryptic pockets) within the same individual over time. These fac-
tors may lead to distinct induced-fit effects from the same regula-
tory strategy, ultimately resulting in differences in drug efficacy. 
This perspective also offers a scientific foundation for the TCM
principles of ‘‘harmonizing Yin and Yang” and ‘‘achieving balance
as the therapeutic goal.” In this context, Yin–Yang balance can be
understood as the coordinated functioning of biological systems
within dynamic homeostasis, whereas therapeutic intervention
seeks to redirect dysregulated networks toward physiological bal-
ance. The multi-component synergy of TCM compound formulas
can thus be regarded as a form of system reprogramming through
the coordinated modulation of multiple targets and pathways. To
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further demonstrate how the proposed framework can function 
across scales, the case of rheumatoid arthritis (RA) treated with 
Guizhi Shaoyao Zhimu Decoction serves as a representative exam-
ple. At the level of cellular spatial architecture, disease-relevant 
cell populations and their microenvironmental distribution can 
be characterized to define the structural context of inflammatory 
lesions. At the level of molecular network association, circadian 
regulatory and inflammatory pathways can be integrated into a 
functional interaction framewor k centered on key nodes such as
nuclear receptor subfamily 1 group D member 1 (NR1D1) and
the NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3)-
related network. At the level of dynamic homeostasis, disruption
of this rhythm–immune network may contribute to the persistence
of the pathological state, whereas a multi-component intervention
may restore system balance through coordinated modulation of
multiple targets and time-dependent responses [28]. 

The shift from structural descriptions of spatial maps to the 
analysis of functional interaction frameworks, along with the 
unveiling of principles underlying dynamic homeostasis, forms a 
complete cognitive chain: a three-tiered cognitive ladder. Static 
maps address ‘‘what the structure is,” functional associations clar-
ify ‘‘how the function is performed,” and dynamic homeostasis 
reveals ‘‘how the function is regulated.” Reaching this cognitive
advancement means that the development of CPMs can move
beyond the simplistic ‘‘component–target–effect” mindset and
enter a stage of rational design centered on system dynamics.
However, effectively translating this cognitive capacity into R&D
practice requires a fundamental transformation of the research
paradigm itself.

3. A novel drug R&D paradigm adapted to the complexity of life
and disease

The three-tiered cognitive ladder enables a systematic enhance-
ment of the cognition of living systems, progressing from static 
structure to dynamic homeostasis and thus offering a clearly 
defined cognitive pathway for the R&D of CPMs. However, the
inherent multiscale, dynamic, and nonlinear complexity of living
systems limits the efficient translation of these cognitive insights
into therapeutic intervention design [29]. To address this bottle-
neck, it is essential to establish a novel research paradigm that 
structures R&D as a staged workflow, from population-specific
data acquisition and stratification to constraint-guided candidate
screening, simulation-based evaluation, and iterative validation
(Fig. 3).

3.1. Establishing the data-intensive scientific discovery paradigm and
its limitations

Modern life sciences have entered the ‘‘fourth paradigm” of 
data-intensive scientific discovery, marked by the generation of 
massive amounts of data through high-throughput platforms and
the extraction of inherent correlations and patterns using algo-
rithms [30]. Population genetics provides the foundational disci-
plinary framework for this data generation. The application of 
this paradigm in the R&D of CPMs is particularly reflected in two 
dimensions. First, at the data generation level, it is necessary to 
systematically build high-quality, disease-specific cohorts and bio-
banks for the Chinese population to obtain population-specific
source data. Second, at the level of data integration and value
transformation, it is essential to dismantle institutional and disci-
plinary barriers, establish interdisciplinary teams that combine life
sciences, clinical medicine, data science, and engineering technol-
ogy, and develop integrated analysis platforms capable of effi-
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Fig. 3. Intelligent engineering paradigm for the R&D of CPMs. The figure summarizes the proposed R&D architecture. A data-driven foundation, comprising Chinese 
population-specific cohorts and biobanks, multi-omics high-throughput data, and data computing and analytical support, together with knowledge-driven guidance, 
including biomedical mechanisms, TCM principles, and mechanism-embedded AI algorithm framework, converges on the holographic digital mannequin. This central 
platform enables multiscale simulation from molecules to the whole body, including molecular interaction simulation, network regulation simulation, and drug response
simulation. The rightward arrows indicate the major output streams, including candidate screening, efficacy prediction, risk assessment, and clinical simulation, while also
reflecting a shift from empirically driven retrospective interpretation to simulation-driven prospective design. Read in sequence, the figure depicts a staged workflow from
population-specific data acquisition and knowledge encoding to simulation-guided evaluation and clinically stratified translation.
ciently processing heterogeneous, high-dimensional data [31]. This 
is not only a critical step in translating the fourth paradigm from 
concept into practice but also an indispensable foundation for
any intelligent R&D vision.

However, the fourth paradigm faces three fundamental con-
straints in the R&D of CPMs. First, biomedical data are typically 
characterized by high dimensionality and small sample sizes. 
Excessive reliance on data-driven approaches can easily lead to 
model overfitting and limited generalizability. Second, drug devel-
opment requires rigorous causal evidence, whereas data-driven 
models primarily produce correlational predictions, and their 
black-box nature impedes the elucidation of underlying mecha-
nisms. Third, the theoretical knowledge accumulated in TCM—
including the holistic view, dynamic homeostasis, and compound
formula compatibility—cannot be fully captured by data correla-
tions alone. The ‘‘sovereign–minister–assistant–courier” principle
of TCM formulas reflects functional hierarchical relationships
rather than static statistical associations, a logic that purely data-
driven models cannot automatically grasp.

3.2. From data-driven to mechanism-embedded intelligent science

A practical path to move beyond the limits of the fourth para-
digm is the full integration of knowledge-driven and data-driven 
approaches. At the core of this path is the development of mecha-
nism-embedded AI, which involves converting established 
biomedical principles—including biochemical reaction networks, 
signaling pathway logic, and TCM theories such as nature, flavor,
meridian tropism, and compatibility rules—into structured, com-
putable knowledge. This structured knowledge is incorporated as
prior constraints within algorithmic frameworks. Unlike purely
data-driven approaches, mechanism embedding integrates repre-
sentable and verifiable laws of molecular interaction, control prin-
81
ciples, and topological constraints into algorithms and models. This 
approach allows machine learning to move beyond the limitations 
of black-box trial-and-error methods that rely entirely on data,
enabling it to operate within defined rules and boundaries. As a
result, it can significantly reduce computational power and data
consumption [32]. 

Consequently, mechanism-embedded models provide three 
main advantages. First, they show greater sample efficiency 
because prior knowledge substantially constricts the hypothesis 
space. Second, they offer better interpretability because the rea-
soning process is based on fundamental biological principles. 
Third, they are inherently compatible with the TCM theoretical 
system because they allow formal algorithmic representation of 
concepts such as ‘‘sovereign–minister–assistant–courier” and 
‘‘harmonizing Yin and Yang.” For example, in optimizing the 
compatibility of classic TCM formulas, the ‘‘sovereign–minister– 
assistant–courier” formulation principle can be converted into 
computable structured constraints and embedded into AI mod-
els. Sovereign components target the core disease-driving path-
ways, while minister and assistant components work 
synergistically to regulate upstream and downstream compen-
satory pathways and reduce toxicity. Notably, courier compo-
nents optimize the pharmacokinetic properties of the active
ingredients. This design effectively narrows the model’s hypoth-
esis space, thus improving the accuracy and interpretability of
target prediction and formulation compatibility optimization.
This integration is not intended to replace the fourth paradigm
but rather to systematically expand its methodological bound-
aries. When data are abundant, the model can rely more heavily
on data-driven learning; conversely, when data are limited or
causal inference is required, knowledge constraints play a pre-
dominant role. Thus, these two approaches are complementary
rather than mutually exclusive.
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3.3. Embodied carrier of the mechanism-em bedded intelligent science
paradigm

Translating the mechanism-embedded intelligent scientific 
paradigm from methodology into engineering practice requires 
the use of an embodied technological carrier. The holographic dig-
ital mannequin, conceived as a multiscale virtual representation of 
the human body, is proposed as the basic form of this technological
carrier. It integrates biophysical and biochemical processes across
multiple scales, including molecules, cells, tissues, and organs
[33]. This mannequin can dynamically simulate the body’s transi-
tion from physiological homeostasis to pathological states, as well 
as its responses to interventions. Unlike traditional computational 
models, the defining feature of the holographic digital mannequin 
is its ability not only to handle multidimensional data but also to 
integrate mechanistic knowledge as the system’s operational rule 
engine. This distinction makes the simulation process itself an 
embodied expression of a dual ‘‘data + knowledge” drive. The ulti-
mate goal of the holographic digital mannequin is to create a ded-
icated virtual replica for each individual, serving as a ‘‘virtual 
testbed” for drug screening, efficacy prediction, and treatment
optimization. In the field of R&D of CPMs, the core value of this
platform is its ability to conduct large-scale simulations of drug
responses in virtual populations before actual clinical trials. This
approach is intended to enable the identification of cryptic pockets
within the phase-dependent allosteric conformations of target pro-
teins, enhance the induced-fit effects produced by regulatory
strategies, support faster and more accurate screening of candidate
compounds together with risk assessment, and potentially shorten
drug development cycles while reducing trial-and-error costs.

Its practical implementation can be understood through three 
key technical links. First, multiscale data integration is needed to 
connect heterogeneous information from genomics, multi-omics 
profiling, imaging, physiological monitoring, and clinical pheno-
typing into a unified computational representation. Second, mech-
anistic knowledge must be converted into computable rules, 
including signaling pathway logic, regulatory network constraints, 
and TCM-informed therapeutic principles, so that the mannequin 
functions not only as a data container but also as a mechanistically
guided simulation engine. Third, iterative calibration and valida-
tion are required to ensure that simulation outputs are consistent
with experimental observations and clinical evidence, thus
enhancing the reliability of candidate screening, response predic-
tion, and therapeutic optimization. Compared with recent
advances in AI-enabled network pharmacology and digital twin
technologies [34,35], the present framework incorporates popula-
tion-specific genetic polymorphisms, conformational differences 
in drug targets, mechanism-embedded constraints, and the holo-
graphic digital mannequin, thus extending existing approaches
toward a more population-specific and simulation-guided strategy.

3.4. From empirical description to a simulation-driven design

In the context of modernizing TCM, the holographic digital 
mannequin also has profound paradigmatic implications. The 
essential characteristics of TCM compound formulas are defined 
by their ‘‘multi-component, multi-target, systemic regulation” nat-
ure. However, their compatibility rules, represented by the ‘‘sover-
eign–minister–assistant–courier” hierarchy, have long been 
limited to empirical description. The underlying reason for this 
limitation is the lack of an experimental platform capable of quan-
titatively simulating the network effects of formulas at a systemic
level. The holographic digital mannequin is proposed as a promis-
ing platform for helping to address this gap: It enables researchers
to construct disease models in a virtual space, using dose, time, and
multi-component synergy as independent variables and network
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state evolution as the dependent variable. This makes it possible 
to systematically examine a formula’s ability to ‘‘reprogram” 
pathological homeostasis. Such a technical approach is expected
to shift the R&D paradigm of TCM compound formulas from expe-
rience-driven retrospective interpretation to simulation-driven
prospective design.

4. Challenges and prospects for the development of CPMs

Although the proposed framework for CPMs offers a promising 
path for population-specific drug innovation, its practical imple-
mentation still faces several important challenges that should be 
addressed objectively. First, technical bottlenecks remain in multi-
scale data integration and mechanism embedding. High-dimen-
sional and heterogeneous multi-omics data from Chinese 
populations are often limited by relatively small sample sizes, 
which may increase the risk of overfitting in AI models. In addition, 
translating TCM theoretical principles, such as the ‘‘sovereign– 
minister–assistant–courier” logic and dynamic homeostasis regu-
lation, into structured and testable computational constraints 
remains methodologically challenging. Second, data-related barri-
ers continue to hinder the development of large-scale, high-quality 
Chinese population-specific cohorts and biobanks. Although rele-
vant national initiatives are progressing, challenges involving data 
standardization, interoperability, and long-term follow-up remain 
insufficiently addressed. These limitations may restrict the integra-
tion of genomic, clinical, pharmacological, and constitution-related
data within a unified framework. Third, ethical, regulatory, and
translational issues require careful attention. The use of popula-
tion-specific genetic data raises important concerns about privacy
protection, data governance, and the potential misuse of genetic
information. At the same time, current regulatory frameworks
from the FDA and EMA, largely based on the ICH E5(R1) guideline,
as well as the technical requirements used by the Center for Drug
Evaluation, National Medical Products Administration of the Peo-
ple’s Republic of China for overseas clinical data, primarily focus
on pharmacokinetic bridging studies and ethnic sensitivity analy-
ses rather than the integrated, simulation-driven paradigm pro-
posed here, thus posing challenges for validation, safety
assessment, and regulatory review [36,37]. Industrial translation 
will also depend on the scalability, reproducibility , and manufac-
turability of multi-component therapeutic strategies.

Still, these challenges also highlight themain priorities for future 
development. Progress will require the coordinated development of 
standardized data resources specific to the Chinese population, the 
formation of interdisciplinary teams that integrate life sciences, 
clinical medicine, data science, and engineering, the creation of 
transparent and interpretable evaluation frameworks for mecha-
nism-embedded and simulation-assisted drug discovery, and the 
design of international multicenter clinical validation studies to
assess population-specific therapeutic strategies across diverse set-
tings. As progress is made in these areas, the proposed framework
may gradually develop from a strategic concept into a more practi-
cal pathway for population-informed therapeutic innovation.

5. Conclusio ns

Population-specific conformational polymorphism of drug tar-
gets, together with insights derived from TCM, may provide dual 
scientific foundations for the R&D of CPMs. The former supports 
a population-oriented approach to precision R&D, guided by 
genetic differences among populations; the latter, with its holistic
perspective, personalized diagnosis and treatment, and extensive
practical data accumulated over millennia, offers a unique resource
for addressing the limitations of ‘‘one-size-fits-all” drugs. Building
on this foundation, the three-tier cognitive ladder—from cellular
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spatial maps and molecular network associations to the regulation 
of life’s ‘‘dynamic homeostasis”—may provide a modern biological 
interpretation of the network–molecular interaction mechanisms 
underlying drug efficacy, as well as TCM concepts such as ‘‘harmo-
nizing Yin and Yang” and ‘‘multi-component synergy.” The inte-
grated paradigm centered on mechanism-embedded AI and the 
holographic digital mannequin moves network pharmacology 
and TCM compound formula research from empirical description 
to a simulation-driven model, enabling the quantitative elucida-
tion of compatibility rules. The synergy between TCM’s holistic
approach and Western medicine’s micro-analytical approach not
only overcomes the fragmented limitations of reductionist
research but also translates traditional experience into computable
and verifiable scientific propositions. The R&D of CPMs provides a
data-driven innovation pathway grounded in Chinese population
genomics. This framework may serve as a scalable model for
ethnicity-specific drug development worldwide, contributing to
the global advancement of precision therapeutics.
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