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Bulk: Broad coverage (1000+),

high throughput. Best for:

Biomarker discovery.

Single-cell: Resolves intercellular

heterogeneity (50-200
metabolites). Best for: Rare cell
subpopulations.

Spatial: Micron-scale resolution
(MALDI/DESI-MSI), preserves
tissue context. Best for: Tumor

heterogeneity mapping.
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Multi-Omics Integration:
Toward Systems Biology

Al-Driven Data Intelligence:
Paradigm Shift in Analytics

Origins of Metabolic Profiling
+ GC-MS/LC-MS enabled initial metabolite I
identification and quantification, establishing
metabolomics as a discipline.

metabolomics, resolution and
throughput continuously advanced.

Formal Definition of Metabolomics

—

s Nicholson et al. formally defined "metabolomics”,
emphasizing dynamic metabolic networks.

Standardization of Analytical Technologies

—

+ NMR/HRMS expanded metabolite coverage to over 1,0000
compounds, enabling large-scale metabolic profiling.

Emergence of Single-Cell & Spatial Metabolomics

—

« Single-cell and spatial omics have emerged and gradually made
breakthroughs, leading to the precision of metabolomics.
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Clinical Closed-Loop

Metabolomics bridges mechanism
discovery, biomarker identification,
and precision intervention

Multi-Omics Integration: Toward Systems Biology -

Y

-

« Systematically deciphers dynamic biological networks and reveals /
multidimensional regulatory mechanisms underlying diseases.

Application of Non-Classical Omics

» Expanding the boundaries of biological research and
uncovering complex biological processes beyond

classical omics.

/

L4

Al Empower Advancing Personalized Oncology

« Autonomously designed experiments and slashing drug
development cycles to 8 years.

Interdisciplinary Collaboration: Synergistic Innovation

«+ Interdisciplinary teams integrated biology, data science, and clinical
expertise to address technical and translational challenges.

Figure 1 The evolution of metabolomics: paradigm shift toward multi-omics integration.



Genomics (WGS) Reveals g.en.etlc basis &

stable variations.
Transcriptomics Captures gene expression
(RNA-seq) dynamics.

: Detects direct functional
Proteomics (M) linkages & modifications.
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Figure 2 Multi-omics integration in disease research.
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<4 Al-Driven Metabolomics-Centric Multi-Omics Integration

'}93 Nobel Prize 2024
g Enable ML with artificial neural networks
b
Detection optimization o
® NetWOI‘k-Based (eg ) SNF, CIMLR) FuseS Enhance detection sensitivity; Reduce background noise; E
c Design intelligent quality control strategies =
_ . . ke
sample similarity networks; robust to noise. g
£
« 4o . . . g | tabolit tation; Statistical modeling;
* Statistics & Matrix Factorization (e.g., o|  integratemutiomcs data
S
mixOmics, MOFA): Unified statistical .
Data interpretability and visualization
framework for linear relationships.
* DL'Based (e.g., MOGONET, Subtype—GAN) é Discover diagnostic biomarkers; [ 3
g Disease classification
Advanced neural architectures for modeling & -
i e =
. . . . £ Promote personalized healthcare; =
complex, non-linear cross-omics relationships. ©|  pynamic monitoring
* User-Friendly Platforms (e.g., BiomiX):
Workflow-driven interfaces for exploratory Figure 3 Al-driven metabolomics: from neural network

analysis. foundations to precision medicine implementation.



Key Milestones in Al and Omics Applications
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Figure 4 Key milestones in Al development and

its application areas in omics fields.
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Conclusion & Future Perspectives

Key Takeaways

Digital Twin: AIVC functions as a digital twin of a real biological cell.
dMetabolomics as Anchor: Provides the closest readout of phenotype to

constrain model predictions.

dGoal: Enable predictive modeling, personalized therapeutic design,

and clinical deployment.
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