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Spatial quantitative metabolomics 
enables identification of remote and 
sustained ipsilateral cortical metabolic 
reprogramming after stroke
 

Gangqi Wang    1,2  , Bernard M. van den Berg    2,3, Sarantos Kostidis    4, 
Kelsey Pinkham5,6, Marleen E. Jacobs2,3, Arthur Liesz    5,6, Martin Giera    3,4   & 
Ton J. Rabelink    2,3 

Mass spectrometry imaging (MSI) has become a cornerstone of spatial 
biology research. However, various factors that are intrinsic to the technology 
limit the quantitative capacity of MSI-based spatial metabolomics and 
thus reliable interpretation. Here we developed an improved quantitative 
MSI workflow, based on isotopically 13C-labelled yeast extract as internal 
standards, to overcome these pitfalls. Using brain and kidney tissue, we 
demonstrate that this approach allows for quantification of more than 200 
metabolic features. Applying our workflow to a stroke model allowed us to 
not only map metabolic remodelling of the infarct and peri-infarct area over 
time, but also discover hitherto unnoted remote metabolic remodelling in the 
histologically unaffected ipsilateral sensorimotor cortex. At day 7 post-stroke, 
increased levels of neuroprotective lysine and reduced excitatory glutamate 
levels were found when compared with the contralateral cortex. By day 28 
post-stroke, lysine and glutamate levels appeared normal, while decreased 
precursor pools of uridine diphosphate N-acetylglucosamine and linoleate 
persisted that were previously linked to vulnerability. Importantly, traditional 
normalization strategies not using internal standards were unable to visualize 
these differences. Using 13C-labelled yeast extracts as a normalization strategy 
establishes a paradigm in quantitative MSI-based spatial metabolomics that 
greatly enhances reliability and interpretive strength.

Spatial biology has taken centre stage in life science and biotechnology 
research. Spatially resolved molecular technologies are now allowing 
researchers to shed light on the spatial heterogeneity of biological tis-
sues, micro-environments and cell–cell communications, integrating 
biology’s central disciplines: transcriptome, epigenome, proteome 
and metabolome1. Spatial metabolomics, as an important compo-
nent of spatial biology, provides insights into the in situ distribution 
of metabolites and metabolic micro-environments. MSI-based spatial 

metabolomics serves as the primary approach for examining the spatial 
distribution of metabolites2. However, several pitfalls (for example, 
matrix effect, adduct formation and in-source fragmentation) render 
MSI-based quantification cumbersome if not impossible3,4. These chal-
lenges are intrinsic to mass spectrometry (MS) based approaches and 
consequently affect both major MSI technologies, matrix-assisted 
laser desorption ionization (MALDI) and desorption electrospray 
ionization (DESI)5,6. Even more so, these limitations can affect both 
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metabolic features are biochemically involved in glycolysis–gluco-
neogenesis, the tricarboxylic acid (TCA) cycle, pentose phosphate 
pathway, and amino acid and fatty acid metabolic pathways (Fig. 1d). 
Specific examples include glutathione (GSH), glutathione disulfide 
(GSSG), uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) and 
reduced nicotinamide adenine dinucleotide. In addition, the identified 
labelled IS also included more-complex lipids, which can serve to nor-
malize individual lipid species (and classes). Subsequently we selected 
several lipid IS for class-wise normalization allowing the quantification 
of more than 100 lipid features belonging to the following lipid classes 
lysophosphatidic acid, lysophosphatidylethanolamine (LPE), lysophos-
phatidylinositol, phosphatidylethanolamine (PE), phosphatidic acid 
(PA), bis(monoacylglycero)phosphate (BMP) or phosphatidylglycerol 
(PG), phosphatidylinositol and phosphatidylserine (PS) (Supplemen-
tary Table 3). Ultimately, 146 lipid features from 8 lipid classes could be 
quantified on brain tissues in addition to 131 metabolic features (Sup-
plementary Table 4). To assess the variability of sprayed IS on tissue,  
we compared the standard deviation of 13C-labelled metabolites with 
that of endogenous metabolic features in a homogeneous region 
(cluster 16 in Fig. 2a). The 13C-labelled group exhibited lower standard 
deviation but higher relative standard deviation, primarily owing to 
differences in mean peak intensity (Extended Data Fig. 2c–f). When 
comparing metabolic features with similar intensities below 100, which 
covers the majority of sprayed IS and endogenous metabolites, both 
standard deviation and relative standard deviation were comparable 
between 13C-labelled and endogenous metabolic features (Extended 
Data Fig. 2g,h). These results suggest homogeneous spraying of IS on 
tissue. To test IS correction performance, we subsequently compared 
relative quantification with the commonly applied root mean square 
(RMS) and total ion count (TIC) normalization methods. While both 
traditional normalization methods demonstrated enhancements 
compared with no normalization, they presented with vastly different 
results when compared with individual 13C-labelled IS (Fig. 1e,f).

Consequently, to demonstrate the potential of this quantitative 
method for biological discovery, we conducted region-specific analysis 
on mouse brains in an experimental photothrombotic stroke model14. 
Samples from both day 7 post-stroke (subacute phase) and day 28 
post-stroke (chronic phase) were analysed. Integrating haematoxylin 
and eosin staining on post-MSI tissue with spatial segmentation of the 
MALDI-MSI data, UMAP of lipid features revealed five distinct infarct 
(clusters 12, 21 and 26) and peri-infarct (clusters 20 and 25) regions 
(Fig. 2a,b and Extended Data Fig. 3). Between the infarct core and 
peri-infarct areas at day 7, an intermediate region was characterized by 
a higher presence of BMP or PG 44:12 (Fig. 2c). LC–MS data revealed that 
it is potentially a mixture of PG 44:12 and BMP 44:12 (Supplementary 
Table 4). Given the importance of BMP lipids for lysosomal function and 
the biochemical involvement of PG lipids in their biosynthesis, we pos-
tulate that these lipid changes indicate phagocytosis of cellular debris 
and lysosomal activity15,16. At day 28, PS 38:4 was increased, especially 
in the peri-infarct area (Fig. 2d). PS 38:4 has been identified as a marker 
of in-stent restenosis in patients17, which suggests a potential sustained 
vascular abnormality at day 28. In addition to changes in lipid feature 
distribution, more than 60% of the 131 detected metabolic features 
exhibited significant differences across regions (Fig. 2e), highlight-
ing an impact on cellular metabolism following stroke. For example, a 
gradual decrease in the GSSG/GSH ratio was observed from the necrotic 
core to peri-infarct regions (Fig. 2f), indicating increased oxidative 
stress levels as a result of the insult. At day 28 post-stroke, the infarct 
region showed a higher GSSG/GSH ratio and higher linoleate levels 
compared with the peri-infarct region, although the GSSG/GSH ratio 
was still below day 7 levels (Fig. 2f,g). Linoleate could potentially fur-
ther participate in regulating neurotransmission through its oxidized 
derivatives upon ischaemic brain stroke18.

Interestingly, in the absence of any histological changes we 
observed remote metabolic remodelling in the ipsilateral sensorimotor 

intertissue comparison and, more critically, regional comparisons in 
a single tissue5. Batch effects caused by day-to-day experimental and 
instrumental variations further complicate the matter7. In summary, 
the quantification and standardization of spatial metabolomics is 
jeopardized by various analytical intricacies that have yet to be over-
come. The most widely accepted and practised approach for enabling 
(absolute) quantification and reducing intra- and interbatch variations 
is the use of isotopically labelled internal standards (IS), commonly 
using 13C-labelled variants3. Such a strategy has recently been applied 
to spatial lipidomics analysis, compensating for the matrix effect 
and ensuring data reproducibility across different laboratories8. This 
method involves the use of class-specific IS homogeneously applied 
to the tissue surface. The approach is facilitated by the fact that lipids 
follow a building block structure with lipid class chemical properties 
largely being dictated by the lipid headgroup9. Consequently, a lim-
ited number of only 13 class-specific IS could serve as reference points 
for pixelwise normalization of each lipid species in the tissue sample. 
However, extrapolating the concept to spatial metabolomics studies 
presents challenges because of the more-diverse physico-chemical 
properties of (water-soluble) metabolites compared with lipids. 
Even for distinct metabolite classes, physico-chemical properties 
and structures can differ vastly, necessitating metabolite-specific 
rather than class-specific IS. However, use of extended metabolite IS 
panels can be costly or constrained by availability, particularly when 
working at omics-scale. Alternatively, uniformly 13C-labelled (U-13C) 
yeast extracts offer a rich source of isotopically labelled metabolites 
derived from evolutionarily conserved primary metabolomes. These 
extracts have been used as IS for quantitative metabolomics with liquid 
chromatography–mass spectrometry (LC–MS) and gas chromatogra-
phy–mass spectrometry10,11. Relying on the biosynthetic machinery 
of yeast to generate a multitude of 13C-labelled metabolite standards, 
we here introduce a quantitative spatial metabolomics method that  
combines 13C-labelled yeast extracts with MALDI-MSI, enabling 
pixelwise IS normalization or relative quantification of more than  
200 metabolic features.

This quantitative MSI method is based on previously validated 
‘on-tissue’ spraying approaches12. U-13C-labelled yeast extracts were 
homogeneously sprayed onto a heat-inactivated tissue surface, fol-
lowed by deposition of N-(1-naphthyl) ethylenediamine dihydrochlo-
ride (NEDC) matrix, as described previously13. Detection of in situ 
metabolic features in negative mode was performed using a Tim-
sTOF flex MALDI2 mass spectrometer (Fig. 1a). Tissues sprayed with 
and without 13C-labelled yeast extracts exhibited comparable spec-
trum quality, enabling the putative identification of yeast-derived 
13C-labelled metabolites (Extended Data Fig. 1). To investigate the 
overall matrix effect of metabolites, we performed molecular histol-
ogy, as we described previously using colour code generated from 
three- dimensional uniform manifold approximation and projection 
(UMAP) analysis13, based on both yeast-derived 13C-labelled metabo-
lites and endogenous lipids to visualize tissue structure in kidney 
and brain (Fig. 1b). The exogenous metabolites exhibited histological 
signals similar to tissue structures (Fig. 1b), whereas various sprayed 
13C-labelled metabolites showed a distinct matrix effect in each tissue 
sample (Extended Data Fig. 2a,b). These findings underscore the impor-
tance of correcting matrix effect for individual metabolites in spatial 
metabolomics studies. Overall, we detected 427 metabolite or lipid fea-
tures present in both unlabelled and 13C-labelled yeast extracts, jointly 
serving as potential IS for subsequent normalization and quantification 
(Fig. 1c and Supplementary Table 1). We examined the presence of both 
endogenous unlabelled metabolic features and their corresponding 
exogenous 13C-labelled metabolites in kidney and brain tissues sprayed 
with 13C-labelled yeast extracts, excluding overlapping peaks. Overall, 
171 and 170 metabolite or lipid features were found useful for pixelwise 
normalization on kidney and brain respectively, and 145 features could 
be applied to both tissues (Fig. 1c and Supplementary Table 2). These 
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cortex region (cluster 16) of the stroke area, in comparison with the 
contralateral cortical region (cluster 6) (Figs. 2a,b and 3a). To assess 
potential structural damage in the cortical regions after stroke, myeli-
nation was assessed using myelin basic protein (MBP) as an established 
marker of axonal myelination (Fig. 3b). This ipsilateral cortical region 
showed normal myelin coverage and cell number compared with its 
contralateral cortical region (Fig. 3b), indicating an absence of struc-
tural brain damage. Based on morphology we could compare cluster 
16 with its contralateral region located in the non-affected brain hemi-
sphere in cluster 6 (Fig. 3a). 23 of 131 quantified metabolic features and 
61 of 146 quantified lipid features were significantly changed at day 7 
post-stroke, and 37 metabolic features and 59 lipid features were signifi-
cantly changed at day 28 post-stroke (Fig. 3c). This distinct metabolic 
remodelling in the cluster 16 region at days 7 and 28 post-stroke showed 
different phases of metabolic remodelling (Fig. 3c). Two distinct m/z 

values (436.283 and 464.314) abundantly present in cluster 16 over time 
(Fig. 3d,e) were preliminarily or putatively annotated (pre-annotated) 
as LPE O-16:1 and LPE O-18:1 using database search and off-tissue liquid 
chromatography–tandem mass spectrometry (LC–MS–MS) analysis 
as described below. LPE have been implicated in stimulating neur-
ite outgrowth in cultured cortical neurons19, suggesting a potential 
contribution to stroke recovery in the cluster 16 region. Decreased 
glutamate and increased lysine levels were observed in cluster 16 at 
day 7 post-stroke, which were normalized at 28 days post-stroke com-
pared with control cluster 6 (Fig. 3f,g). Glutamate has been shown 
to increase the affinity of acid-sensing ion channels for protons and 
is associated with aggravation of ischaemic neurotoxicity20, while 
lysine could inhibit glutamate-induced neuronal activity and is asso-
ciated with a reduction in the effects of cerebral ischaemic insults21. 
These data suggest protective metabolic remodelling in the ipsilateral 
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cortical region after hypoxic injury in the subacute phase of stroke. At 
day 28 post-stroke, however, the O-GlcNAcylation precursor pools 
of UDP-GlcNAc and linoleate were significantly reduced (Fig. 3h–i), 
suggesting long-term sustained metabolic rewiring in the remote ipsi-
lateral cortical region after stroke. UDP-GlcNAc availability is directly 
associated with O-GlcNAcylation of neuronal proteins and protection 
of ischaemic injury22. Similarly, linoleate availability has been related to 
potential lower stroke risk23. Such longer term metabolic remodelling 
could render the brain vulnerable to further injury.

To validate our 13C-labelled IS based methodology, we also com-
pared these results with the traditional RMS and TIC normalization 
methods. Comparing the average peak intensities of four metabolites 
of interest in cluster 16 with its contralateral region revealed various 
outcomes, of which none was consistent with the IS normalization 
method (Fig. 3f–j and Extended Data Fig. 4a–c), although matrix effects 
are generally recognized as region specific. This phenomenon indi-
cates that alteration of analyte composition upon injury will affect 
the matrix effect of MSI measurements even when comparing similar 
regions. To prove this, we further compared the peak intensities of all 
170 homogenously deposited IS between cluster 16 and its contralateral 
region using different normalization methods. A significant number 
of IS resulted in altered peak intensity between contralateral regions 
(Fig. 3k and Extended Data Fig. 4d–f). Moreover, it is evident that the 
outcome can be altered depending on the choice of normalization 

method (Fig. 3k). These data suggest the need to use more quantitative 
methods when analysing possible differences in both interregional and 
intraregional tissue sections, as well as off-tissue validation, if possible.

Next, to investigate the method’s potential for absolute quantifi-
cative MSI (Q-MSI), we initially determined metabolite concentrations 
in the unlabelled yeast extract using nuclear magnetic resonance 
spectroscopy (NMR)24. Subsequently, we spotted varying amounts 
of unlabelled yeast extracts on the slide alongside the tissue before 
spraying with 13C-labelled yeast extracts (Fig. 4a). The MSI method was 
optimized to capture all tissue in each spot for MS measurement, ena-
bling calculation of the measured spot volume (Extended Data Fig. 5a). 
Based on this, a set of calibration lines were constructed for quanti-
fication using the obtained response factors (Fig. 4b and Extended 
Data Fig. 5). Taking brain tissue as an example, the excitatory neuro-
transmitter aspartate showed a specific quantitative distribution in 
the cerebellar granular layer of approximately 8 nmol mm−3 (Fig. 4c), 
which is consistent with previous reports claiming that aspartate is a 
possible neurotransmitter in cerebellar climbing fibres25. The aver-
age values of eight spatially quantified metabolites showed a strong 
correlation with the NMR results from bulk tissue samples (Fig. 4d). 
This absolute quantification enables both interregion comparisons 
of identical metabolites and intermetabolite comparisons, offering 
advantages over other normalization methods (Fig. 4d). To compare 
the absolute quantification values from MSI with NMR results, we 
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Fig. 2 | Metabolic remodelling after ischaemic stroke revealed by quantitative 
spatial metabolomics. a, Brain regional segmentation based on MSI-derived 
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(n = 5 per group). Left: UMAP results based on MSI-derived lipid profiles. Right: 
distribution of clusters from the UMAP analysis. Numbers indicate clusters 
from UMAP analysis. b, Representative haematoxylin and eosin staining of 
post-MSI tissue (n = 5 per group). c, Left: representative image showing BMP or 
PG 44:12 distribution in the post-stroke brains (n = 5 per group). Right: relative 
quantification of BMP or PG 44:12 in infarct (clusters 12, 26 and 21) and peri-
infarct (clusters 20 and 25) areas. One-way ANOVA followed by Tukey’s HSD test 
were performed. d, Left: representative image showing PS 38:4 distribution in 

the post-stroke brains (n = 5 per group). Right: relative quantification of PS 38:4 
in infarct and peri-infarct areas. One-way ANOVA followed by Tukey’s HSD test 
were performed. Colour bars in (c,d) indicate ratio of metabolite to internal 
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as mean ± s.d. Scale bars, 600 µm.
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assumed a brain density of 1.03 g cm−3. The MSI quantification values 
were in a similar range to the NMR results (Fig. 4e). However, MSI 
values were generally higher, possibly because of differences in the 
measured areas between MSI and NMR or the presence of isomers or 
isobars in MSI measurements. In addition, the presence overlapping 
signals limits the number of metabolites that can be accurately quanti-
fied using MSI. One limitation of MALDI-MSI technology is that one 
cannot separate the isomers or isobars in a omics-scale measurement, 
which may interfere with the accuracy of quantification or normaliza-
tion. Moreover, in-source fragmentation remains a major bottleneck 
of MALDI-MSI analysis. The 13C-labelled yeast extract used here is 
99% enriched, which largely prevents the introduction of unlabelled 
exogenous yeast metabolites; nevertheless, trace unlabelled species 
may still originate from the IS.

In summary, we introduce an improved quantitative spatial metab-
olomics approach utilizing 13C-labelled yeast extract as a source of 
isotopically labelled IS. This method enables both relative quantifica-
tion with pixelwise IS normalization and absolute spatial quantifica-
tion. Beyond metabolite IS, the inclusion of IS for lipids significantly 
enhances the quantification capacity of this method by orders of 
magnitude8,26. Using an experimental stroke model we demonstrate 
that our advanced quantitative methodology reveals remote regions 
in the brain that have hitherto evaded histological and molecular 
imaging with MALDI-MSI techniques. Matrix effects are affected by 
physico-chemical properties not only in different regions, but also in 
different (patho-) physiological conditions in similar regions. Thus, 
the choice of different normalization methods leads to altered out-
comes, which is also true for the choice of matrix and MSI technique. 
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Right: relative quantification in clusters 16 and its contralateral region in  
cluster 6. One-way ANOVA followed by Tukey’s HSD test were performed. Colour 
bars in (d,e) indicate ratio of metabolite to internal standard. f–i, Relative 
quantification of lysine (f), glutamate (g), UDP-GlcNAc (h) and linoleate (i) in 
cluster 16 and its contralateral region in cluster 6 (n = 5 per group). One-way ANOVA 
followed by Tukey’s HSD test were performed. j, Relative intensity of glutamate 
in cluster 16 and its contralateral region in cluster 6 using different normalization 
methods (n = 5 per group). One-way ANOVA followed by Tukey’s HSD test were 
performed. k, Number of IS and the significant difference between cluster 16 and 
its contralateral region in cluster 6 using different normalization methods. All data 
in plots are presented as mean ± s.d. Scale bars, 20 µm (a), 600 µm (b,d,e).
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For example, MALDI-MSI detection of a homogeneously deposited lipid 
standard (PE15:0/18:1 (d7)) on brain showed distinct MSI images with 
unequally distributed peak intensity when comparing norharman or 
2,5-dihydroxybenzoic acid as a matrix8. Furthermore, MALDI-MSI and 
DESI-MSI showed opposite pool-size results of long-chain fatty acid 
palmitate or stearate when comparing tumour relative to healthy tissue 
regions in a mouse model of glioblastoma27. Although we demonstrate 
our method using NEDC matrix and MALDI-MSI, alternative matrices 
or other analytical modalities such as DESI-MSI should equally benefit 
from the presented approach. In essence, this method sets a standard 
for spatial metabolomics studies, offering improved accuracy and 
reduced batch effects.

Methods
Mouse studies
Mouse kidneys were obtained from normal 12-week-old male DBA/2J 
mice (n = 3). Animal experiments were approved by the Ethical Com-
mittee on Animal Care and Experimentation at Leiden University 
Medical Center (Permit No. AVD1160020172926). Control mouse 
brains were obtained from normal 12-week-old male C57BL/6J mice 
(n = 3). Animal experiments were approved by the Ethical Committee 
on Animal Care and Experimentation at Leiden University Medical 
Center (Permit No. AVD11600202316801). Mice were perfused with 
cold phosphate-buffered saline (PBS)–heparin (5 IU ml−1) via the left 
ventricle at a controlled pressure of 150 mmHg for 6 min to exsangui-
nate the kidneys or brains before removal. All tissues were quenched 
with liquid nitrogen and stored at −80 °C. All work with animals was 
performed in compliance with Dutch government guidelines. Mice 
were housed at 20–22 °C in individually ventilated cages, humidity 
controlled (55%) with free access to food and water and a light–dark 
cycle of daytime (6.30 a.m. to 6.00 p.m.) and night-time (6.00 p.m. 
to 6.30 a.m.).

For brain stroke experiments, all animal procedures were per-
formed in accordance with guidelines for the use of experimental 
animals and were approved by the respective governmental commit-
tees (Regierungspraessidium Oberbayern, the Rhineland Palatinate 
Landesuntersuchungsamt Koblenz). Wild-type C57BL6/J mice were 
purchased from Charles River. Wild-type male mice (aged 12–13 weeks) 

were used for the experiments. All mice had free access to food and 
water with a 12 h dark–light cycle and were housed under a controlled 
temperature (22 ± 2 °C). All animal experiments were performed and 
reported in accordance with the Animal Research: Reporting In Vivo 
Experiments (ARRIVE) guidelines.

Photothrombosis experimental stroke surgery
For photothrombosis induction, ten mice were randomly divided into 
two groups (n = 5 per group). Mice were anaesthetised with isoflu-
rane, delivered in a mixture of 30% O2 and 70% N2O, and then placed 
in a stereotactic frame. Body temperature was maintained at 37 °C 
with a warming pad. Dexpanthenol eye ointment was applied to both 
eyes. Animals received 10 μl per g of body weight of 1% Rose Bengal 
(Sigma-Aldrich, catalogue no. 198250-5g) in saline by intraperitoneal 
injection 5 min before induction of anaesthesia (5% isoflurane). A skin 
incision was made to expose the skull. Bregma was located and the 
laser collimator was set at 1 mm diameter and placed over the lesion 
location (1.5 mm lateral and 1.0 mm rostral to bregma). Ten minutes 
after Rose Bengal injection the laser (25 mV output) was applied to the 
lesion area for 17 min (Cobolt Jive 50, 561 nm power; Fiber Collimation 
Package: 543 nm).

Mice were killed by anaesthetizing with ketamine (120 mg kg−1) 
and xylazine (16 mg kg−1). Mice were then transcardially perfused with 
0.9% NaCl and the brain was carefully excised and immediately frozen 
on dry ice. Brain cryostat sections were cut at 10 μm for MSI and 20 μm 
for immunohistochemistry, and were mounted directly on glass slides 
and stored at −80 °C.

Immunohistochemistry
For immunohistochemical analysis of MBP and 4′,6-diamidino- 
2-phenylindole (DAPI), tissue was fixed on slides with 4% paraform-
aldehyde for 20 min at room temperature, followed by three washes 
of 1× PBS. Tissue was permeabilized and blocked for 1 h at room tem-
perature in 1× PBS containing 2% goat serum (Thermo Fisher Scientific, 
catalogue no. 16210-064), 2% bovine serum albumin (Sigma-Aldrich, 
A3912) and 0.2% Triton X-100 (Sigma-Aldrich, X100). Sections were then 
immunolabeled with MBP (1:200; Bio-Rad, MAB386) for 24 h at 4 °C. 
After primary antibody labelling, sections were washed three times in 
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1× PBS for 10 min at room temperature and incubated with fluorescent 
secondary antibody (Alexa Fluor 488 goat anti-rat; Invitrogen, A11006) 
for 2 h at room temperature. Sections were washed three times in 1× PBS 
for 10 min at room temperature and incubated with DAPI (Invitrogen, 
D1306) for 5 min at room temperature, then washed three more times 
in 1× PBS for 10 min at room temperature and sealed with coverslips 
using Fluoromount medium (Sigma-Aldrich, catalogue no. F4680).

Confocal microscopy acquisition and image analysis
All images were taken on a Zeiss LSM 880 confocal imaging system with 
a ×40 water immersion objective. Z-stacks were taken at 1-μm inter-
vals at three regions along layers II–III of the cortex per hemisphere.  
Coverage analysis was performed using the ‘Particle Analysis’ function 
in Image J. The percentage area of three images per hemisphere was 
then averaged.

To quantify cell count, DAPI was used to manually count the nuclei 
in Image J using the ‘Multi-point’ function. The cell counts for the three 
regions imaged per hemisphere were then averaged.

Internal standard and matrix application
Tissues were embedded in 10% gelatine and cryosectioned into 
10-µm-thick sections using a Cryostar NX70 cryostat (Thermo Fisher 
Scientific) at −20 °C. The sections were thaw-mounted onto glass slides 
coated with indium tin oxide (VisionTek Systems). Mounted sections 
were placed in a vacuum freeze-dryer for 15 min before matrix appli-
cation. After drying, the tissue slices on indium tin oxide slides were 
heated to approximately 80 °C for 15 s on a hot plate to denature meta-
bolic enzymes.

Unlabelled metabolite yeast extracts (ISO1-UNL, Cambridge 
Isotope Laboratories) and U-¹³C-labelled metabolite yeast extracts 
(99%; ISO1, Cambridge Isotope Laboratories) were reconstituted in 
2 ml of 50% methanol–deionized water. The mixtures were shaken by 
hand with intermittent high-speed vortexing for a minimum of 2 min, 
followed by centrifugation at 20 °C and 4,000g for 5 min. The clear 
standard solutions were collected and stored at −80 °C.

For IS applications, the 13C-labelled yeast extract solution was 
diluted in methanol (1:10 v/v). IS were then sprayed onto the tissue 
surface using a HTX M3+ Sprayer (HTX Technologies). The setting for 
IS application was: temperature, 60 °C; flow rate, 80 μl min−1; veloc-
ity, 1,200 mm min−1; track spacing, 2 mm; gas flow rate 10 pounds per 
square inch; drying time between passes, 10 s. Kidney and stroke brain 
tissues underwent 70 layers of passes. For absolute quantitative analy-
sis on normal mouse brain tissues, eight varying amounts of unlabelled 
yeast extracts were spotted alongside the brain tissue slices before the 
spray of 13C-labelled yeast extracts. Two replicates were spotted for 
each concentration. Then 70 layers of IS were sprayed on both brain 
tissues (n = 3) and spots of unlabelled yeast extracts.

Following application of IS, an NEDC (Sigma-Aldrich) MALDI- 
matrix solution of 7 mg ml−1 in methanol–acetonitrile–deionized water 
(70:25:5 v/v/v) was applied using a HTX M3+ Sprayer (HTX Technolo-
gies). The setting was: temperature, 60 °C; number of passes, 20 layers; 
flow rate, 80 μl min−1; velocity, 2,000 mm min−1; track spacing, 3 mm; 
gas flow rate 10 p.s.i.; drying time between passes, 30 s.

MALDI-MSI measurement
MALDI-MSI was performed using a TimsTOF MALDI2 system (Bruker 
Daltonics). The instrument was calibrated using red phosphorus before 
each measurement. All the data were acquired in negative mode with 
MALDI2 at a mass range of m/z 50–1,000. The MALDI2 laser had a 
pulse delay time of 10 μs. For kidney and brain stroke tissues, data 
were acquired at a pixel size of 20 μm (x, y) using a beam scan area of 
16 × 16 μm and laser was operated at 1 kHz with 200 laser shots accu-
mulated per pixel. For absolute quantitative analysis on brain tissues, 
data were acquired at a pixel size of 30 μm (x, y) using a beam scan 
area of 26 × 26 μm and laser was operated at 1 kHz with 100 laser shots 

accumulated per pixel. Data acquisition was performed using flexCon-
trol (v.4.0, Bruker Daltonics). All the samples from same slides were 
measured randomly.

Quantification of metabolites from unlabelled yeast extract by 
NMR
An aliquot of unlabelled yeast extract was prepared in 0.05 M phos-
phate buffer in 99.8% deuterated water including 0.05 mM of tri-
methylsilyl propionic-d4-sodium salt as a reference and quantification 
standard24. A 185 μl aliquot was transferred to a 3-mm NMR tube and one 
NMR experiment (pulse sequence: noesygppr1d; Bruker Biospin) was 
collected in a 14.1 T (600 MHz for 1H) Bruker Avance Neo NMR. Yeast 
metabolites were then quantified using the Chenomx NMR suite 10.0 
software (Chenomx NMR suite, v.10.0). The identities of the metabo-
lites were confirmed by two-dimensional NMR (1H–1H total correlation 
spectroscopy and 1H–13C heteronuclear single quantum coherence) 
experiments.

Untargeted LC–MS–MS metabolomics
Normal kidney and brain samples stored at −80 °C were thawed on ice. 
The thawed sample was homogenized in a grinder (30 Hz) for 20 s. A 
400 μl extraction solution (methanol–water, 7:3 v/v) containing IS 
was added to 20 mg of homogenized tissue, shaken and centrifuged 
at 1,500g for 5 min. After placing on ice for 15 min, the sample was cen-
trifuged at 12,000g for 10 min (4 °C). Then 300 μl of supernatant was 
collected and placed at −20 °C for 30 min. The sample was centrifuged 
again at 12,000g for 3 min (4 °C). Finally, a 200 μl aliquot of supernatant 
was transferred for LC–MS analysis.

Unlabelled yeast extract stored at −80 °C was thawed on ice and 
vortexed for 10 s. Then 150 μl of extraction solution (acetonitrile–
methanol, 1:4 v/v) containing IS was added to 50 μl of the sample. 
The mixture was vortexed for 3 min and centrifuged at 12,000g for 
10 min (4 °C). A 150 μl aliquot of the supernatant was collected, kept 
at −20 °C for 30 min, and centrifuged at 12,000g for 3 min (4 °C). An 
120-μl aliquot of the supernatant was transferred for LC–MS analysis.

Samples were analysed using two LC–MS methods. One aliquot 
was analysed by positive mode electrospray ionization using aT3 col-
umn (Waters ACQUITY Premier HSS T3 Column 1.8 μm, 2.1 × 100 mm) 
with 0.1% formic acid in water as solvent A and 0.1% formic acid in 
acetonitrile as solvent B. The following gradient was used: 5% to 20% 
in 2 min, increased to 60% in the following 3 min, increased to 99% in 
1 min and held for 1.5 min; returned to 5% mobile phase B within 0.1 min 
and held for 2.4 min. The column oven was kept at 40 °C, the flow rate 
was 0.4 ml min−1 and the injection volume was 4 μl. The second aliquot 
was analysed in negative mode electrospray ionization mode under 
identical conditions.

The mass spectrometer was operated with data acquisition per-
formed in information-dependent acquisition mode using Analyst TF 
v.1.7.1 software (Sciex). The source parameters were set as follows: ion 
source gas 1, 50 p.s.i.; ion source gas 2, 50 p.s.i.; curtain gas, 25 p.s.i.; 
temperature, 550 °C; declustering potential, 60 V or −60 V in positive or 
negative mode, respectively; and ion spray voltage floating, 5,000 V or 
−4,000 V in positive or negative modes, respectively. The time of flight 
MS scan parameters were: mass range, 50–1,000 Da; accumulation 
time, 200 ms; dynamic background subtract, on. The product ion scan 
parameters were set as: mass range, 25–1,000 Da; accumulation time, 
40 ms; collision energy, 30 V or −30 V in positive or negative modes, 
respectively; collision energy spread, 15; resolution, UNIT; charge 
state, 1 to 1; intensity, 100 counts per second; exclude isotopes within 
4 Da; mass tolerance, 50 ppm; maximum number of candidate ions to 
monitor per cycle, 18.

Untargeted LC–MS–MS lipidomics
Kidney and brain samples stored at −80 °C were thawed on ice. Then 
20 mg of thawed sample was homogenized in a grinder (30 Hz) for 20 s 
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and centrifuged (3,000g, 4 °C) for 30 s. Unlabelled yeast extract stored 
at −80 °C was thawed on ice and vortexed for 10 s. The tissue extract or 
200 μl of the yeast extract were mixed with 1 ml of extraction solvent 
(tert-butyl methyl ether–methanol, 3:1 v/v) containing the IS mixture. 
After the mixture had been vortexed for 15 min, 200 μl of ultrapure 
water was added, followed by vortexing for 1 min and centrifugation 
at 12,000g for 10 min. Then 200 μl of the upper organic layer was col-
lected and evaporated using a vacuum concentrator. The dry extract 
was dissolved in 200 μl of reconstituted solution (acetonitrile–iso-
propanol, 1:1 v/v).

The sample extracts were analysed using an liquid chromatog-
raphy–electrospray ionization–tandem mass spectrometry system 
(UPLC, ExionLC AD; MS, QTRAP 6500+ system). A Thermo Accucore 
C30 (2.6 μm, 2.1 mm × 100 mm internal diameter) was used with the 
following analytical conditions: solvent A, acetonitrile–water (60:40 
v/v, 0.1% formic acid, 10 mmol l−1 ammonium formate); solvent B, 
acetonitrile–isopropanol (10:90 v/v, 0.1% formic acid, 10 mmol l−1 
ammonium formate); gradient programme, A–B (80:20, v/v) at 0 min, 
70:30 v/v at 2.0 min, 40:60 v/v at 4 min, 15:85 v/v at 9 min, 10:90 v/v at 
14 min, 5:95 v/v at 15.5 min, 5:95 v/v at 17.3 min, 80: 20 v/v at 17.3 min 
and 80:20 v/v at 20 min; flow rate, 0.35 ml min−1; temperature, 45 °C; 
injection volume, 2 μl.

A QTRAP 6500+ system was used for mass spectrometric read out. 
The LC–MS–MS system was equipped with an electrospray ionization 
turbo ion spray interface, operating in positive and negative ion mode, 
controlled by Analyst v.1.6.3 software (Sciex). The electrospray ioniza-
tion source operation parameters were as follows: ion source, turbo 
spray; source temperature, 500 °C; ion spray voltage, 5,500 V (positive) 
and −4,500 V (negative); ion source gas 1, gas 2 and curtain gas were set 
at 45 p.s.i., 55 p.s.i. and 35 p.s.i., respectively. Instrument tuning and 
mass calibration were performed with 10 and 100 μmol l−1 polypropyl-
ene glycol solutions in triple quadrupole and linear ion trap modes, 
respectively. Triple quadrupole scans were acquired as multiple reac-
tion monitoring (MRM) experiments with collision gas (nitrogen) set to 
5 p.s.i. Declustering potential and collision energy for individual MRM 
transitions was done with further declustering potential and collision 
energy optimization. A specific set of MRM transitions were monitored 
for each period according to the metabolites eluted within this period.

MSI data processing and analysis
MSI data were imported and processed in SCiLS Lab 2023c Pro (SCiLS, 
Bruker Daltonics). Peak picking was performed on the average spec-
trum with a threshold signal-to-noise ratio >3 and relative intensity 
>0.01% in mMass28. In addition, peaks that appeared only in the matrix 
sample were excluded from the m/z feature list and further analysis. 
The resulting m/z features from the unlabelled yeast extract were then 
compared with an annotated LC–MS–MS dataset from an aliquot of 
the same yeast extract and pre-annotated with an error of less than 
±10 ppm. The m/z features that were not found in the LC–MS–MS 
dataset were further imported into the Yeast Metabolome Database29 
and Human Metabolome Database30 for potential pre-annotation 
with an error of less than ±10 ppm. Lipid m/z values from unlabelled 
yeast extract were imported into the LIPID MAPS database31 and 
pre-annotated with an error of less than ±10 ppm. Odd-chain lipids 
were removed because they usually are minor components in mam-
mals. Most of the pre-annotated metabolites and lipids were further 
confirmed using the product certificate from the supplier. For kidneys 
and brain tissues, peaks overlapping with ¹³C-labelled yeast extract, but 
not with the control tissue, were removed. In summary, selected m/z 
values were pre-annotated using the following strategy: (1) database 
search using high-resolution masses against the Human Metabolome 
Database, and LIPID MAPS database with an error of less than ±10 ppm; 
(2) validation of the so generated hits by off-tissue LC–MS–MS analysis; 
and (3) comparison with a previously published dataset32 to further 
verify the pre-annotations.

Following annotation of the m/z features of the unlabelled yeast 
extract, the corresponding theoretical m/z values of the U-¹³C-labelled 
metabolites and lipids were calculated to facilitate search of the experi-
mental m/z features from 13C-enriched metabolites. Any peak from 
U-¹³C-labelled yeast extract overlapping with peaks of unlabelled 
yeast extracts was removed from further analysis. The m/z values of 
U-¹³C-labelled yeast extract after peak picking were further compared 
with the calculated theoretical m/z value of the uniformly 13C-labelled 
metabolites and lipids. The U-¹³C-labelled metabolites and lipids 
found in ¹³C-labelled yeast extract were pre-annotated with an error 
of less than ±10 ppm. IS pairs were established containing unlabelled 
metabolic features and their U-¹³C-labelled counter parts, which were 
used for the subsequent analysis of brain and kidney tissues. (Sup-
plementary Table 1).

Peaks from kidney or brain tissues matching the IS were selected 
for further analysis (Supplementary Table 2). An additional layer of con-
trol included removal of overlapping 13C-labelled signals with endog-
enous tissue signals. The final set of IS pairs was used for pixelwise 
normalization on both kidney and brain tissues. IS pairs were used for 
relative quantification of their paired unlabelled metabolic features on 
tissues by calculating the ratio of unlabelled metabolic features to IS. 
The selected lipid IS with highest peak intensity were used for relative 
quantification of eight different lipid classes (Supplementary Table 3). 
The pixelwise normalization to IS was performed by calculating unla-
belled metabolic feature to IS ratio. Pixels that contain a missing value 
‘0’ on each IS were removed for further analysis.

For absolute quantitative spatial metabolomics analysis, seven dif-
ferent amounts of unlabelled yeast extracts (0, 1, 2, 3, 4, 6 and 8 µl) were 
diluted to 10 µl, and 1 µl of each dilution was spotted next to the tissue 
sections with two replicates for each concentration. 13C‐labelled yeast 
extract was sprayed over both the yeast spots and the tissue section, 
and the unlabelled yeast spots and tissue sections were then measured 
by MSI in the same run as described above. The absolute amount of 
the metabolites on each spot was calculated based on NMR measure-
ment (Supplementary Table 5) and the obtained concentration was 
divided by the number of pixels in the spot to determine the amount 
per pixel. The ratio of the signal from the unlabelled metabolite to that 
of the 13C‐labelled metabolite from the spotted yeast extracts was then 
used to generate calibration lines with individual equations for each 
metabolite using GraphPad Prism 9. The equations were further used 
for absolute quantification in each pixel from the tissues. For tissue, 
the volume of each pixel was defined as 30 × 30 × 10 µm3, which was 
used to convert the per-pixel amount to a concentration expressed in 
nanomoles per cubic millimetre.

The m/z features of endogenous lipid features or m/z features of 
exogenous metabolites and lipids were selected manually in SCiLS Lab 
2016b for UMAP analysis. Their intensities were exported for all the 
measured pixels with RMS normalization from SCiLS Lab 2016b. The 
datasets were transformed into a count matrix by taking the integer 
part. This count data matrix was normalized and scaled using SCTrans-
form to generate a two-dimensional UMAP map using Seurat33 in R. 
The distributions of the pixels from different clusters on tissues were 
co-registered to the post-MSI staining, and regions were identified 
based on both staining and their morphology. For the stroke study, 
the region information of each pixel was used to calculate the aver-
age abundance of both the endogenous metabolic feature and IS for 
regional comparison. For cluster 16, its contralateral regions in cluster 
6 were selected manually in SCiLS Lab 2023c Pro after co-registering 
with the cluster distribution (Fig. 2g). The average abundance of both 
metabolic features and IS from cluster 16 and its contralateral region 
were exported from SCiLS Lab 2023c Pro for further comparison. The 
code used in this part is similar to that in GitHub (https://github.com/
Gangqiwang/scDYMO).

For molecular histology, the datasets were used to generate a 
three-dimensional UMAP map using packages Seurat 4.3 and plotly. The 
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embedding information of the three-dimensional UMAP was translated 
to RGB colour coding by varying red, green and blue intensities on the 
three independent axes. Together with pixel coordinate information 
exported from SCiLS Lab 2023c Pro, a MxNx3 data matrix was gen-
erated and used to generate UMAP images in MATLAB R2019a. The 
code used in this part is similar to that in GitHub (https://github.com/
Gangqiwang/scDYMO).

Data collection and analysis were not performed blind to the con-
ditions of the experiments.

Statistics and reproducibility
No statistical methods were used to predetermine sample sizes, which 
were similar to those reported in previous publications13. All experi-
ments and data analysis were performed on three or five animals per 
group. No animals or data points were excluded from the analysis. All 
data are presented as mean ± s.d., unless indicated otherwise. Data 
normality and equal variances were tested using the Shapiro–Wilk 
test. Differences between more than three groups were assessed by 
one-way analysis of variance (ANOVA) test following by Tukey’s hon-
est significance test (HSD) test. Differences between two groups were 
assessed by two-tailed Student’s t-test, or by two-tailed F-test when 
the distribution of measurements was not normal. A P value <0.05 was 
considered statistically significant.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Because of the large size of all raw data, the exported and processed  
MSI data are available at Figshare (https://doi.org/10.6084/m9. 
figshare.28665017.v1)34, to provide the necessary information spec-
trum quality. For full availability of raw MALDI-MSI data related to this 
study, please contact G.W. (g.wang@lumc.nl) or M.G. (m.a.giera@lumc.
nl) and data will be made available upon reasonable request. Source 
data are provided with this paper.
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Extended Data Fig. 1 | Spectrum for 13 C yeast-assisted mass spectrometry. 
a, Comparison of spectra from kidney tissues sprayed with and without 
13C-labelled yeast extract. b, Glutamine peaks from spectra of kidney tissue 

sprayed with and without 13C-labelled yeast extract. c, Comparison of glutamine 
distribution from brain tissues sprayed with and without 13C-labelled yeast 
extract and spotted different yeast extracts. All scale bars, 600 µm.
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Extended Data Fig. 2 | Ion suppression of different metabolites on both 
kidney and brain. a, Distribution of different metabolite IS from 13C-labelled 
yeast extract sprayed on both kidney and brain tissues. b, Distribution of IS 
representing 6 lipids classes from 13C-labelled yeast extracts sprayed on both 
kidney and brain tissues. c-d, Comparison of standard deviation C and relative 
standard deviation D of exogenous 13C-labelled yeast extracts (13C-IS, n = 170) 
with endogenous metabolic features (n = 170) on selected homogenous area 
on brain. Each dot represents the average value of one metabolic feature from 

three samples. Data are presented as mean values +/- SD. (e-f), Correlation of 
standard deviation E and relative standard deviation F with mean intensity. 
g-h, Comparison of standard deviation g and relative standard deviation h of 
exogenous 13C-IS (n = 145) with endogenous metabolic features (n = 102) on 
selected homogenous area on brain with mean intensity lower than 100. Each dot 
represents the average value of one metabolic feature from three samples. Data 
are presented as mean values +/- SD. All scale bars, 600 µm.
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Extended Data Fig. 3 | Spatial distribution of different clusters. a, Representative images of spatial distribution of different UMAP clusters from ischaemic stroke 
brain based on lipid profile analysis. b, Images showing distribution of cluster 6 and 16 in different samples. All scale bars, 600 µm.
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Extended Data Fig. 4 | Comparison of three traditional normalization 
methods. a, Relative peak intensity of different metabolites in clusters 16 and 
its contralateral region within cluster 6 without normalization (n = 5 per group). 
One-way ANOVA test followed by TukeyHSD test were performed. b, Relative 
peak intensity of different metabolites in clusters 16 and its contralateral region 
within cluster 6 using RMS normalization (n = 5 per group). One-way ANOVA test 
followed by TukeyHSD test were performed. c, Relative peak intensity of different 
metabolites in clusters 16 and its contralateral region within cluster 6 using TIC 

normalization (n = 5 per group). One-way ANOVA test followed by TukeyHSD test 
were performed. d, Comparison of linoleate M + 18 spectra from brain stroke 
sample sprayed with and without 13C-labelled yeast extract. e, Comparison of 
linoleate M + 18 distribution on brain stroke samples sprayed with 13C-labelled 
yeast extract using different normalization methods. f, Comparison of linoleate 
M + 18 relative intensity in clusters 16 and its contralateral region using different 
normalization methods (n = 5 per group). 2-tailed Student’s t-test was performed. 
All graph data are presented as mean values +/- SD. All scale bars, 600 µm.
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Extended Data Fig. 5 | Absolute spatial quantification of metabolites on mouse brain. a, Representative H&E staining of post-MSI tissue (n = 3). b-h, Calibration lines 
and absolute spatial quantification of fumarate b, malate c, glutamine d, citrate e, GSH f, AMP g and GSSG h on mouse brain.
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