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core risk factor for neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease. Conventional tissue
studies are constrained by cellular heterogeneity, making it difficult to uncover cell-specific molecular events and key
regulatory mechanisms associated with brain aging. Single-cell multi-omics and spatial transcriptomics (ST) serve as
transformative technologies that provide the foundation for overcoming this challenge. This review summarizes advances in
brain aging research through to 2025, elucidating the core value of these technologies in deciphering aging mechanisms,
identifying intervention targets, and evaluating therapeutic strategies. It explores emerging paradigms integrating Al with
causal perturbation techniques, providing a comprehensive overview on related fields. In mechanism analysis, single-cell
multi-omics overcomes the limitations of bulk tissue analysis, enabling high-resolution profiling of aging dynamics across
distinct brain cell populations. Studies confirm impaired differentiation capacity in oligodendrocyte precursor cells (OPCs),
altered expression of myelin-related genes, and a shift toward a pro-inflammatory phenotype with phagocytic dysfunction in
microglia. In neurons, dysregulation of synapse-related genes, along with chromatin accessibility and transcriptional
regulatory network reorganization, drives aging. Spatial transcriptomics further elucidates spatial disorganization in non-
neuronal cells and imbalances in the brain’s immune microenvironment, highlighting the importance of region-specific aging
patterns. In intervention studies, this technology provides precise tools for target screening, establishing a validation platform
for drug development, cell therapies, and combined interventions. It builds a chain from “target discovery — mechanism
validation — preclinical translation”, laying the foundation for precision interventions. Future advancements will be driven by
the convergence of Al, causal perturbation techniques (e.g., CRISPR-perturb-seq, lineage tracing), and single-cell multi-
omics. Al can integrate multimodal data to construct precise “aging clocks” and risk prediction models for early identification.
Causal perturbation techniques will advance research from correlation studies toward mechanism validation and intervention
simulation. Cross-species models and organoid systems will bridge the gap between basic research and clinical applications,
accelerating translation. Future research should focus on building integrated technology platforms, fostering interdisciplinary
collaboration, and promoting translational outcomes to address the global challenge of brain aging-related diseases.
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scWGS: single-cell whole genome sequencing; SBSS: single base substitution signature 5; Mic-1: microglia 1 (microglia-related marker);
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Figure 2 Comparison of Neuro-Immune-Vascular Unit (NIVU) in young and aged states

Upper panel (young brain) shows a functionally intact NIVU with molecular characteristics of high expression of homeostatic genes. The
blood-brain barrier is tightly structured, and endothelial cells highly express tight junction proteins (e.g., Claudin-5, ZO-1). Microglia are
in a resting "sentinel” state, characterized by high expression of homeostatic genes (e.g., Tmem119, P2ry12). Astrocytes function normally
and highly express glutamate transporters (e.g., GLT-1) to maintain synaptic homeostasis. The neuronal network is intact, and
neurovascular coupling is efficient. Lower panel (aged brain) shows a dysfunctional NIVU. Single-cell transcriptomics reveals profound
molecular reprogramming. The blood-brain barrier is leaky, accompanied by downregulation of tight junction protein (Claudin-5) and
upregulation of adhesion molecule (VCAM-1) in endothelial cells. Microglia transform into a disease-associated state, characterized by
loss of homeostatic gene (P2ryl2) and upregulation of aging-related genes (Apoe, Trem?2). Astrocytes exhibit a reactive phenotype
(upregulation of GFAP, Serpina3n), and pericytes show senescence markers (Cdkn2a). In addition, senescence-associated secretory
phenotype factors (e.g., IL-6, TNF-a) diffused in the brain parenchyma and immune cells infiltrated from the periphery together form a
chronic pro-inflammatory environment, exacerbating neuronal damage and synaptic loss. Arrows (1/1) indicate the relative changes in the
expression of key molecules compared with the young state. This figure was drawn with Figdraw.
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Table 1 Classification and mechanisms of neuroprotective and cognitive-enhancing intervention strategies

T/ /R FEAME/AE HLH/251
Gammali % i HCE RS S & ik PP
GLP-13214# 37 (GLP-1RA) FUEA S 25
 HIRUIR P2 R 25

A PR G AR SN AR R
[f] 72 )5 T 40t (MSCs ) B A FZ R AMAEIRYT
MSCs il A1l 4 (MSCs-Exos) IS PR
RBES I h &5 G FEZINAIFER Giv Rmil
4E R VR/IADL I %5 T 1 PR S A D A (v mmi]
T2l KSR\ UrRE LUIEZS e
FHE R DMRIIE A Vil
HEHIROSIFE S0 AT 5 A 43 i
PI3K/AKT/mTOR/SIRTH f4 45 PR 2 A SR Wammlihic
PRtk A TR 2 S 4y FiE %
SRR R 36 KRR 2R A TR ) 5 i NS

TE ARG TIHNIRYTT A2 0B A )10 S A 3 5 5/ 245 ) SR T80 0o 22308 5 P ) A < AR A IR AT B e
FASKIE . MSCs, [ 7840 ;s VR, EAUBLSE s TADL , T 2A% H H AL 15 315 PD, IA B AR o

Note: This table integrates molecular/cell-based therapies, socio-psycho-biological interventions, and lifestyle/pharmacological

strategies to synergistically improve PD symptoms, cognitive impairment, and aging-related conditions. MSCs, mesenchymal stem

cells; VR, virtual reality; IADL, instrumental activities of daily living; PD, Parkinson's disease.
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