< 2020 - 254k Acta Pharmaceutica Sinica 2026, 61(6): 2020-2034

T EMR I A F 7E AR E R R R I 5 R Y R F R

B, T M, BFORE, BEERE
(BEZERRKPZ R, BETEY (h2) R 7t B A siiG =, 1l 200433)

E: PR L RS (central nervous system, CNS) J& AR T B #254% 0, i [X 8544 5 AR W 2% B F B3 7 0
P, AN A AR XA A ARG 2 o Bl ZR 2RI BR 5 (Alzheimer's disease, AD) IH 4> 7% (Parkinson's disease, PD). #k Ifil
PEMG 25 (ischemic stroke, IS) 5% CNS %, i B AL H A BG4 2 i XA 3R L, HAaZ ROl T 20oW 45 i 4503, wI A
W TR RS Wi AR A . SRR G2 W BT ROPE AL T 2 E R AR K AR R R R AE AR A F] 4 A
REAE VRSB 24 T8 YR T 2 70 10 3 B DR A U 28 6L 5 T AE A BRI o 2 TR) AR 20 2% 2k T T A R, e FE WOK 22 )
Y HEERTT, SEPL CNS H D) R v B0 A AR ) AR T 5 2 [ 6, RE B A R S i B R 2 1, X
HESI P o3 BLML I TH 50 N 5 ML) [k 43~ 2% ) X %7 0 8, SR 90 A M s 6 A i e Lt e T 15 24 09 80T Al 4
PEE BRI . AR RGLRR  MARUH  % EEH AR, R AIR FAE CNS S 50 b 1 B BUIR, 5 A2 R HES)
ZAURACET A 22 K R AR SRR S S S

SEHEIR): R R Guc; S IR A 5 BT BB BRI /R R BRI A4 s ; s i A4 i 2 o

HE SIS RI1T SCERARIRED: A X EHS: 0513-4870(2026)06-2020-15

The application of spatial metabolomics in the research of central
nervous system diseases

JIN Meng-ying, WANG Hui, CHEN Xiao-fei, HONG Zhan-ying’

(Department of Pharmacy, Naval Medical University, Shanghai Key Laboratory for Pharmaceutical Metabolite
Research, Shanghai 200433, China)

Abstract: The central nervous system (CNS) serves as the core for regulating human body functions. The
structural and metabolic networks of brain regions exhibit significant heterogeneity, with distinct brain regions
having precisely divided metabolic characteristics. For CNS diseases such as Alzheimer's disease (AD), Parkinson's
disease (PD), and ischemic stroke (IS), their pathological mechanisms are often accompanied by metabolic
disorders in specific brain regions. Notably, such metabolic perturbations precede macroscopic structural damage,
thus providing a promising avenue for the identification of biomarkers for the early diagnosis of these disorders.
However, traditional diagnostic methods and therapeutic effect assessment approaches have limitations.
Specifically, they fall short in identifying subtle abnormalities in early metabolic levels, characterizing the spatial
distribution of metabolites, and accurately determining whether treatments can reverse the metabolism-related
pathological disorders. Based on mass spectrometry imaging technology, spatial metabolomics enables in situ
detection and spatial localization of hundreds of metabolites in CNS tissue sections at a spatial resolution of the
micrometer level. It not only fills the gap in technologies for detecting early metabolic abnormalities in diseases
but also drives the research on disease pathological mechanisms from the "macroscopic structure" to the "molecular
spatial network" level. Consequently, it provides crucial technical support for the screening of disease biomarkers,
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the analysis of disease mechanisms, and the evaluation of drug therapeutic effects. This article systematically

reviews the main technologies of spatial metabolomics and deeply explores its current application status in CNS

disease research. The aim of this review is to offer theoretical support and practical references for advancing the

development of metabolomics in this field.
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Select the optimal mass
spectrometry imaging technology
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Figure 1 The flow chart for spatial metabolomics. MS: Mass spectrometry; HV: High voltage
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Figure 2 The flow chart of ionization principles. A: MALDI ion source; B: DESI ion source; C: AFADESI ion source. MALDI: Matrix-

assisted laser desorption ionization; DESI: Desorption electrospray ionization; AFADESI: Air flow-assisted desorption electrospray ioniza-

tion
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Table 1 Comparison of mass spectrometry imaging techniques in spatially resolved metabolomics. MSI: Mass spectrometry imaging;

FFPE: Formalin-fixed paraffin-embedded

MSI technology MALDI-MSI

DESI-MSI

AFADESI-MSI

Ionization mode MALDI

ITonization 1. The matrix absorbs laser energy
principle 2. Energy transfer promotes the
ionization of the sample
3. The spatial distribution information
of the sample is preserved
Types of MSI Vacuum environment
Sample 1. Cryopreserve frozen tissue; dewax
preparation and rehydrate FFPE tissue
2. Uniformly deposit matrix onto the
surface of tissue sections (a critical step)
Spatial Maximum spatial resolution: 0.6 pm
resolution Typical range for research applications:

5-150 pm

Main advantage High spatial resolution

DESI

1. The sprayed droplets interact with the
sample surface and desorb sample molecules
2. Charge transfer occurs within the droplets,
promoting the ionization of the sample

3. The spatial distribution information of the
sample is preserved

Atmospheric pressure

Cryopreserve frozen tissue; dewax and
rehydrate FFPE tissue

Maximum spatial resolution: 7 um
Typical range for research applications:
150-200 pm

High throughput and fast detection speed

AFADESI

1. High-speed charged spray droplets
impact the sample surface

2. Charge transfer and ionization occur
within the droplets

3. The spatial distribution information of
the sample is preserved

Atmospheric pressure

Cryopreserve frozen tissue; dewax and
rehydrate FFPE tissue

Typical range for research applications:
50-100 um

High sensitivity and wide coverage for

Main limitation Requires complex sample preparation
and vacuum conditions

Ref. [61-63] [64-66]

Low sensitivity and low spatial resolution

metabolite detection

Low spatial resolution

[67]
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Fi AR, TRFA T THSWD X 5l 1M 1o X A 905 14 AR i 4 2 1]
I3 A B KPR VE L, R BBk B3 45 J5 30 R AR T4
3 R, THSWD nf @ i Yk &2 g s AR L o5t i 42
FARE B E 2 AR 5 1818 KR TAE M » Zhang
512 F DESI-MSI 2 £ Jili P9 I J53 1 — 4 5 A 1 7 v
PRUT THSWD 36 T7 ML, 8 7T 25 40 6F i 3 i Joit 35 6L
() 2% B Y 95 28 DL B AT N S gk — 2P B E T DESI-
MSIEARTE 2T R S L A 2
2.4 HIEREE

HIABAE A2 WK pR B AG, DO BERTE  E4EIR 4255
FRFAEPY, R S A RS R G R G, &RRE
O 31425, AR AE Dy it 2 R 3 08 AN B o O
35 IR 5% 140 7 00, A0 SOV S A= B R 2L AR 3 O R R 4
FHoRBER . ARG 20 7T R, e DLSE AR
VI 23 1) € Ar, IX 20 T I FEN GO i AR T 4H 2 )
—3B o . A (AR 2l I MST R AN A A 5t
W2 (B oA, AARRE BT 78 S B2 (BT B A%

FARAE 5 22 AN i X AR B 50 A8 R AR 57 3 4 o
A THD B A AR 5 o3 B AL A1) (0] DB AE T, O 4 i X ) Y
PR Sy AT [R5 AT H AL RS I, Song S50 T
DESI-MSI A, | FRRAE P A5 57 20 1 S2 8L/ SR X 43
2, [R50 /N BRI 2 ZARE A b R A AT A . 45 2R
SR, REAE G 520 R BT X 2370 BROK i 74 %1200 7y
0 X, BRI T B R X ATAE g AR GHRRAE M 2R, &L
RAAFAE RIS R AEPE 20 o Sheng S50 £ X RE
& R ANARIE 77 /5 P AR (postpartum depression, PPD),
b6 MST 5 S 1) AR 20 27 23 A B, o S Ay A= A% 1 i
%I it 25 D2 (prostaglandin D2, PGD2) K i /& PPD /] [
5w R AR L, JE— DB SRS T RE S B AL AT )
iR % D & ’/PGD2 {5 5 5 i@ ik # i Sre B R 1L 175 5
ST R A 22 40 13 1 A 5 PPD, SR AL T HIAIIE 975 2R
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HLHTA KT . Minsi PR FI AL 3% 2 > %6 B 1) MALDI-
MSI, 7EHAS A 5% T HRRE K BRI 55 2 23 2 D iR [ K X A
TE) 120 2 PR, K I 3-58 - J2L 2= FURE 4 22 T iz
Tt g TR UL IS 558 o0 B — Tl I O Y ol I o Y S5 M
R T RENB YR EY, AT —ifR- o8
iz ek /0 5 1 P T el = R IR 1 R S B S e R
FHOG, HE 7R T i 30 XA 1 22 S 70 SIS A OG22 99 w1
TER, F5 7 HARGE J FEIF AORE AU R #2852

MST & SEHLA bR ic 24 47 B FLAR 9 2 18] 43 A 7] 7R
A2 ) 1 KB T B, T R 1 2590 38 16 RO VEAG
B FH AL e R K 785 70 35 M U S5 0F 9T - Khalil 25
FU T PUHIAR 24 5 3 P8 VT 1) 25 1) 3 A AR W5 1% 24 i IR
A T3 25, AR 5] R A543 R 1 S 0 5 LA
R 8L (/R AL o A 56 4 B . BF 9 SR F MALDI-
MSTHEEA, K T BE 9% 78 VT Fe o 3 BAR A 75 /D BRI
JHF B TR DY S 55 2597 0K $E B 1 7 A DDA 0%
(88 B I A RE . &5 R BN, BEIS TETT R FLARHE
WA IR T A AR AR 51 o0 A5, 1X — R IE S5 25
(97 ROFI B3 MR I A AE ORI o SN A2 — o 21 L ik
HA PR ia IT T B, SR, R RE ™= A 1Al 25 2%
N BB S Ul XU, DA B T v A I A R S
Xof U 7 A 2 S ) R, BRI T B TR IR B
FLA o R NER FT SR B BT A AL, K AE Bh T H %
4= HSEPRAI RN A o Lin EMR £ F HAE A VLEIR R,
il i AFADESI-MSIHF 78 & B/ R 2 S-S & BV 5 ),
A finq 3 Bl Py DA e B T AT P 5 S 3, T S AR A
(1 780 A T = 2 4 R 7R R X8, 1 B T S- SN i I
I R R s i X R A A T BT RS P AIL L, R
AR VR IT IR TR LS =5 .
2.5 BuppiE

oG fi 96 A& CNS &5 L3 A%, 6 o I 5 BE 40 i 93
(glioblastoma, GBM) 1 Ay 5 J 344 g, DAy 7 Joi 1
¥R V2 ) 1 R 22 TS AR AT, AR L S A B
S R P I R SR, B 12 T DR A LUK HE TR 7
Sk K 2 53 A AN BTG PRk . 2 TR 20 22 A i e iX
B i) B AL A . Lu 250K ) MALDI-MST b %5
ARV IR, B T e e AU A I ) B T R, N
55 i e 8 A S R AL 9C 5 AR s S S IR R A T
IR R T ; Hendriks 25" N ] MALDI-MSI %5 £
AR, B TR TR I S BT AR A GBM, J8 i = R AR i
AH I T AR AR A TR, s Dy IR0 R S K AR A
HIRE T 2 O S BRRAE, 3 — PR K T GBM A AF
FHOC B3 BRAIL G I 4298 1 i 53 2E W05 E 4 Angerstein
SN E]RE S B MALDI-MSI AR, iR A 70 #t GBM 41 44
i N-BESE 67 18] 3 A, AMUEZR T GBM 520 S8 i i 48

JH I8 TR W B4k 22 7, IR PR R T B B Mo Jr AR i 24 A+ 0%
() N-FE b e B L s B IR, MK 64k S I — 4 i
ANFE T GBM PR EALHIE St & T H A Thr £
A B IR GBMEHEALE] S 7 FRHEN RAIRE,
Liu Z5"VF| F| AFADESI-MSI £ AR # [ 2510t 58, 3R 7t
TR AX GBM BE BRI K AR E AR,
DA R 5 S A0 S 1 4% 3508, 9 GBM YR TT it 1
B A B S T AE SRS Ak, Gold Z5M UK B 9
6 AN GBM 47 Ji& 21| 55 — 25 fiwi il 981, il ik MALDI-MSI
AR 72 5 S8 R F (SHH) 7 72 6 B 2 i 1 5 J5 ok,
7R T H 5 /N UL 2200 R B M B R, 25
SE3E T 00 FR S P B LA AR AR R

BeAb, G S FEE (Huntington's disease, HD)
JE I PR L CNS i e 8 4k B M 388 A% ph 22 0B 47 P 2
it L R SR IUON S M HEAT MR SRR R 1 3B E,
PN T RE VOB 515 @ AT MRS, i 4 SRR A
RATENF 1B LFWHEE /AT H AT e 2R 7
FBM, G IS 25 BES R0 B UM RE SCRE, ok
WA UG B R R R R . R AL R
HD B 732 46 T 5040 A, mT e o Ao A AS [R] X3 1 4R 341
K HL o 2 AR W4 25 E CONS P w1 2 B
m%% 2[16,114—126]D
3 RYEERE

DA MST 4 AR %0 1 25 AR M 2 2 Dl R &
SR EE D R R E T AR A A
Or T RAFFUS R I B R, TR AR 5 N 4
U L Bt 50 o B A ] B AR A, 76 CNS R £
5 ADPD. IS HVARSE K Ao i 8 S5 A 52 o 82 H 25 3
2, KHBIR ML AT 5 S v AR bR B Ok 5 56 AIE DA
F A AR T A AR S

RUE A AL 22 ER R S T B R,
BABAFAE T 2 B RRIOA 2, NERETA, G =
Tl MST 2 A AE 55555 F 91 ) 35347 78 R BR 14, MALDI-MSI
TEAEFL 5 T30 i) #5, DESI-MSI 5 AFADESI-MSI [#) 4%
6] 70 HE A R B T, = Fh R e e A 2 B TR
Fe AN 1) 4 AT LR i 22, AR A R (AN 5E R
BRI T oA B 0 % R Ak, AR 2 R
JE AEF AR J2 T B R B8 VR A 8 S A% 0 A
() M fig 3% A8, W FF & MALDI-MSI (1) 76 %5 5 f 55 4
AR AR AL TR AL 7, Yk & 4 S5 st gt
%% DESI-MSI 5 AFADESI-MSI [¥] 5 7 i 58 & & 4112
DAFE T 25 18] 23 W 3R I 55 S0 E 5 RBUZ R MK
FE 5y F I o S R M SR e M, PRARER AR L,
SR P20 Pt 2 T A U 2L S B AR, S B P T i KT
AR RFAE (RS HE AR BT, R WA HE 40 B S 0 1, SIS 300G 3
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Table 2 Application of spatial metabolomics technology in central nervous system diseases. AD: Alzheimer's disease; PD: Parkinson's disease;

IS: Ischemic stroke; GBM: Glioblastoma; HD: Huntington's disease; Af: f-Amyloid protein; L-DOPA: L-3,4-Dihydroxyphenylalanine; 5-HT:

5-Hydroxytryptamine; CQDs: Carbon quantum dots; NG-R1: Notoginsenoside R1

MSI

Disease Matrix treatment Research content Conclusion Reference
technology
AD MALDI 2-Mercaptobenzothiazole Reveal the spatial changes of ~ Lipid changes in specific brain regions of AD mice [114]
AD-related lipid species and indicate neuroprotective adaptive responses that
correlate lipid spatial changes  improve neurotransmission, alleviate myelin
with AD pathology abnormalities, and reduce astrocyte-related
neuroinflammation, supporting a theoretical basis for
lipid-targeted AD therapy
MALDI N-(1-Naphthyl) Reveal brain region-specific Metabolic disturbances are confirmed to be important [115]
ethylenediamine metabolic disturbances in AD  drivers of neurodegeneration in AD; glycogen is
dihydrochloride; a-cyano- and their association with significantly elevated in the allocortical regions of AD
4-hydroxycinnamic acid neurodegeneration mice and can serve as a potential marker for AD-
related metabolic dysregulation
AFADESI / To investigate the spatial The scopolamine-induced AD model exhibits [16]
distribution changes of metabolic disturbances in brain microregions, with
metabolic networks and the pons and cerebral cortex being most significantly
microregion-specific metabolic affected, and neurotransmitter network disorder as the
disorders in the brain of AD core; a total of 47 differential metabolites were
models identified
MALDI 4-Aminoquinoline-3- Spatial distribution and region- In key brain regions of AD mice, tricarboxylic acid [116]
carboxamide specific changes of small cycle imbalance, nucleotide accumulation, and lipid
molecule metabolites in the abnormalities exhibit a specific spatial distribution.
brain, as well as spatial Some metabolites in the brain and serum are
distribution and content simultaneously elevated, while others show opposite
differences of lipids in the brain changes; some lipids can be regarded as potential
biomarkers for AD
MALDI 9-Aminoanthracene To investigate the correlation It is confirmed that abnormal fatty acid metabolism in [117]
between the spatial distribution astrocytes is a key early feature of AD, and it
of metabolites and the participates in the pathological progression of AD
pathological mechanism in the synergistically with metabolic disturbances in brain
brain of early-stage AD mice regions and decreased energy metabolism
using spatial metabolomics
PD MALDI Fluoromethylpyridinium To reveal the spatial The main characteristics of neurotransmitter [118]
distribution changes of imbalance in the PD model are damage to the
neurotransmitters and their dopaminergic system, abnormalities in the
metabolites in brain regions of  serotonergic system, and a significant depletion of
PD, as well as the metabolic norepinephrine in the ipsilateral cortex of injured rats.
mechanism of the drug L-DOPA L-DOPA and its deuterated derivative (L-DOPA-d3)
can be converted into metabolites such as dopamine-
d3 and 3-methoxytyramine-d3 in the brain.
Meanwhile, L-DOPA treatment increases the level of
y-aminobutyric acid in the ipsilateral striatum of the
injured side
AFADESI / Spatial metabolomics analysis ~ The neurotoxicity biomarkers of CQDs mainly [119]

reveals region-specific
neurotoxicity-related metabolic
alterations in mouse brain
induced by CQDs

include amino compounds, lipids and lipid-like
molecules. These substances are involved in pathways
such as arginine-proline metabolism and unsaturated
fatty acid biosynthesis, regulate the activity of related
metabolic enzymes, and further induce
neuroinflammation, organelle damage, oxidative
stress, and multiple types of programmed cell death
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Continued
. MSI . .
Disease Matrix treatment Research content Conclusion Reference
technology
IS MALDI a-Cyano-4- To investigate the spatial Marked metabolic disturbances occurred in the rat [120]
hydroxycinnamic acid metabolic disorders of amine  cerebral cortex and striatum; combination treatment
metabolites in an IS model, as  significantly alleviated ischemic brain injury and
well as the regulatory effects of corrected the spatial metabolic disorders of amine
edaravone and ginaton metabolites
administered alone and in
combination
MALDI 1,5-Diaminonaphthalene  To investigate the regulatory IS causes multiple pathological changes. Metabolic [121]
dihydrochloride effect of NG-R1 on metabolism abnormalities in the striatum and hippocampus
in the brain of IS rats underlie brain injury by impairing metabolism and
ionic homeostasis, and these metabolic disturbances
further exacerbate brain damage. The neuroprotective
effect of NG-R1 is comparable to that of the positive
drug DL-3-n-butylphthalide
AFADESI / To investigate the distribution ~ Pterostilbene can significantly restore cerebral [122]
characteristics and metabolic microcirculatory blood flow, reduce cerebral infarct
regulatory effects of volume, improve neurological function, and alleviate
pterostilbene in the brain of rats neuronal damage in rats with IS models. Meanwhile,
with cerebral ischemia- pterostilbene exhibits an extensive and high-
reperfusion injury abundance distribution pattern in ischemic brain tissue
GBM  MALDI 9-Aminoacridine Decoding spatial heterogeneity, This study reveals that GBM exhibits regional tumor- [123]
hydrochloride tumor-host interactions, and host interactions, which can induce spatially specific
monohydrate metabolome-genome adaptive transcriptional regulatory programs
associations in GBM
HD MALDI / To investigate the Lipid abnormalities appear as early as 6 weeks before [124]
spatiotemporal changes of lipid the onset of symptoms in HD mice; these pre-
metabolism in the hippocampus symptomatic lipid changes can serve as early warning
of HD mice and their biomarkers
association with disease
pathology
MALDI 1,5-Diaminonaphthalene  To explore the potential role of The lipid distribution in the caudate nucleus is highly [125]
lipidomic abnormalities in the  conserved. In HD patients, neuroprotective lipids such
neuropathology of HD as docosahexaenoic acid are decreased, while
multiple sphingomyelins and glycerophospholipids
containing short monounsaturated acyl chains are
locally elevated
MALDI 2,5-Dihydroxybenzoic To detect proteomic changes at The pathological mechanisms of HD differ across [126]

acid

different stages of disease
progression in a mouse model
of HD

stages: The early stage involves pathways such as
actin cytoskeleton organization, the mild stage
focuses on synaptic function-related pathways, and
the pathological stage includes neurodegenerative
pathways

M CNS B Wt FL IR T A, 24 AT WF 5T 2 s sh i
R Wi PRAFEA BRI T o5 LU AR AR LR AS B AT TR, A DAL 5K
SN SRS (A ARFAE, X L1 CNIS s 1 X
EIRINEIRTIPIVE 2 S Hi R /R Y0 R B Vi T 7
993 [) 3Lk 5 o S P AR 3 I 1) 3R G 0 L, O 30k HS ) 2
bR S 2 Ak T HERE AT FUR B, SR AR A I PR 6 IE
HARIE RRGE— Bk I AR AE, i R et XE BEROR, 254t
FC A MSTHCR 2 F -+ 25 W) o A vl ALk, X 25 A 7
W55 5 AU 1 226 B AR EL AR D < 245 0 L A BV R VB S 7
SR PERRMTAN A -

ANTA] CNS R (19 22 R K il [X A 5 5 4k AD

) AZ 0 R B AL N i DAk 5 AR, AR 2
A& GE AR B =, BIR X I A BEBR TR (R 2 4F
YEYRLETY B2 0 F e (1) 2 B R AR A1 PD
903 AL A% 0 B T v i B 5 U TS ) A OK i B
oA I DX (iR 5 DR = 3R 470000 350 %) - T P 3t e
53 X)) i K AR A R A EIR CNS 5 1)
R A R0 i DX T Jeg 7 TR AR 20 27 A, AT ARG J
3L AT (induced pluripotent stem cells, iPSC),
53 A B L BE P& (blood-brain barrier, BBB) 45 14
HIMGRES T 2 CIEREpH 4 T a8 B S LAY, R HE B
CNS H i AH 50 BN A B8 (40 Ve B FF 2 TR LA &2
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(10 B 2 AR U (R e B A R ), VR 25 7
i% BBB J 125 8] 70 A R AIE S5 A AL 20, 4 AR
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S AR, A AL A 2 0 0 A A VR 9T 25,
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JEAN5E R, A 1A AR A 2K 2 6 CNS B i 72 Je 3L
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