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ABSTRACT 

Myelin is the lipid-rich membrane that surrounds neuronal axons and is essential for neurological function in vertebrates. The 
development of therapeutics that stimulate myelin repair to treat demyelinating disorders such as multiple sclerosis is hampered 
by the inability to distinguish newly synthesised from pre-existing myelin. This study aimed to develop a method to quantify 
and localise new myelin lipid synthesis in the mouse brain. Deuterium oxide was administered for two weeks in the drinking 
water of mice fed normal chow, chow containing the demyelinating toxin cuprizone, or during spontaneous remyelination 
following cuprizone withdrawal. Liquid chromatography-tandem mass spectrometry and mass spectrometry imaging were used to 
quantify and localise the newly synthesised, deuterated lipids. While most glycerophospholipids were constitutively deuterated, 
deuteration of myelin-enriched sulfatides, hexosylceramides, and phosphatidylethanolamine plasmalogens was only apparent 
during remyelination. Most deuterium atoms were found in the fatty acyl chains, indicative of de novo lipid synthesis. Deuterated 
hexosylceramide and phosphatidylethanolamine plasmalogen species were localised primarily to the corpus callosum, the white 
matter tract that is most heavily affected by cuprizone. The method described herein provides the means to quantify and spatially 
profile dynamic lipid synthesis across diverse biological contexts, including understanding myelin homeostasis and preclinical 
evaluation of remyelinating therapeutics. 
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 Introduction 

yelin is a lipid-rich membrane produced by specialised cells
alled oligodendrocytes in the central nervous system, and
chwann cells in the peripheral nervous system. It is wrapped
n a spiral fashion around neuronal axons and is required for
he rapid conduction of electrochemical signals along axons [ 1 ].
emyelinating diseases such as multiple sclerosis (MS) have
ebilitating consequences, including vision loss, muscle weak-
ess, and cognitive dysfunction [ 2 ]. Current, clinically approved
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited. 
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MS therapeutics are effective at preventing immune-mediated
demyelination; however, remyelination is limited, preventing
functional recovery. A stronger understanding of factors that
modulate remyelination and the development of pro-myelinating
therapeutics will improve outcomes for people with demyelinat-
ing diseases [ 3 ]. 

Assessing remyelination in vivo is challenged by the inability
to identify and quantify newly formed myelin. Measurements
of myelin density and thickness using histological staining
its use, distribution and reproduction in any medium, provided the original work is properly 
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nd electron microscopy quantify total myelin content at a
iven point in time and cannot differentiate newly formed
rom pre-existing myelin, yet are widely used to assess remyeli-
ation [ 4, 5 ]. Magnetic resonance imaging can be used to
isualise myelin content in living organisms, but it cannot
istinguish new from pre-existing myelin. Transgenic mice
xpressing a fluorescent protein in newly formed oligodendro-
ytes provide a surrogate measure of new myelin [ 6 ] and have
een used to follow remyelination in vivo. [ 4, 7 ] Although
seful, this approach is semi-quantitative, does not quan-
ify actual myelin constituents, and assesses myelin synthesis
nly by newly formed (as distinct from existing) oligodendro-
ytes. Additionally, this approach requires complex transgenic
odels. 

yelin is 70%–80% lipid (dry weight), of which 20%–25% is
exosylceramide (HexCer) and 5% is hexosylceramide-sulfate
sulfatide, SHexCer) [ 8, 9 ]. In the central nervous system, over
9% of HexCer and SHexCer are galactosylceramides [ 10, 11 ].
hese lipids are synthesised exclusively by oligodendrocytes and
ence unique to myelin [ 12–14 ]. Myelin is also enriched in
holesterol and certain phosphatidylethanolamine plasmalogens
PE-P) [ 9, 15 ]. Developments in liquid chromatography-tandem
ass spectrometry (LC-MS/MS) over the last two decades have
nabled high-throughput analysis and quantification of hundreds
f lipids in any given sample. Added to this, mass spectrometry
maging (MSI) now permits the localisation of lipids with low to
ubmicron resolution [ 16–18 ]. However, conventional lipidomic
nalysis and MSI do not discriminate between newly synthesised
nd pre-existing lipids. 

euterium oxide (2 H2 O) administration provides a means to
ollow new lipid synthesis in a defined time frame through
etabolic incorporation of deuterium (2 H) during endogenous
ipid synthesis [ 19 ]. 2 H2 O can be administered by mixing with
rinking water, rapidly equilibrates with body fluid, and is safe
t levels up to 30% in the drinking water of mice [ 20–22 ]. During
e novo lipogenesis, 2 H is incorporated into fatty acid chains
hrough 2 H-labelled acetyl-coenzyme A (CoA) and malonyl-
oA and into the glycerol backbones of triglycerides during
lycolysis and glyceroneogenesis [ 23, 24 ]. 2 H incorporation into
atty acids can also occur through enzyme-catalysed hydrogen-
euterium exchange from 2 H-labelled nicotinamide adenine
inucleotide phosphate (NADPH) [ 24 ]. Early studies used 2 H2 O
n combination with gas chromatography-mass spectrometry
GC-MS) to investigate the turnover of specific fatty acids,
holesterol, and triglycerides in animals and humans [ 25 ]. Using
re-fractionation of lipid classes coupled to GC-MS analysis of
 H-labelled palmitate, Ando et al. demonstrated that myelin
holesterol and galactosylceramide are turned over much slower
han glycerophospholipids, and that their turnover is affected by
ge [ 26 ]. More recently, Goh et al. applied 2 H2 O in combination
ith LC-MS/MS lipidomic analysis to determine the fractional
ynthesis of approximately 100 lipids from 13 functional classes in
ultured cells. [ 27 ] This approach was later adapted by Baumann
t al., who administered 2 H2 O to pregnant mouse dams and
ompared the levels of deuteration for 26 lipids in developing
ersus adult neural tissue using LC-MS [ 28 ]. 

n this study, we demonstrate that 2 H2 O administration in the
rinking water can be used in combination with LC-MS/MS
of 13
and MSI to quantify and visualise new myelin synthesis in a
mouse model of toxin-induced demyelination. Cuprizone is a
copper-chelating toxin that induces oligodendrocyte death and
demyelination in mice [ 29 ]. Spontaneous remyelination occurs
within two weeks after cuprizone withdrawal [ 30 ]. LC-MS/MS
analysis of corpus callosum tissue revealed consistently high
levels of deuteration in most glycerophospholipids, indicative
of continuous turnover. In contrast, significant deuteration of
myelin-enriched HexCer, SHexCer, and PE-P species was only
apparent during remyelination following cuprizone withdrawal.
MSI revealed localisation of these deuterated lipids to major white
matter tracts, particularly the corpus callosum. This approach can
be broadly applied to monitor and quantify specific, localised lipid
metabolism events in vivo. 

2 Results and Discussion 

2.1 Quantification of Deuterated Lipids in the 
Corpus Callosum 

To quantify new lipid synthesis during demyelination and
remyelination, mice were administered 25% 2 H2 O in their drink-
ing water for the final two weeks of a five-week cuprizone
diet (Cpz), or for two weeks after removal of cuprizone from
the diet (Rem) (Figure 1a ). A control group received only
normal mouse chow and 25% 2 H2 O for two weeks (Ctrl) to
measure baseline lipid synthesis. As expected, cuprizone feed-
ing caused significant myelin loss in the corpus callosum,
and spontaneous remyelination was apparent two weeks after
cuprizone withdrawal (Figure 1b ). Remyelination was more
notable in the posterior compared to the anterior corpus
callosum. 

The workflow for quantification of deuterated lipids is shown
in Figure 2a . Lipids were extracted from dissected corpus
callosum tissue using a two-phase methyl- tert -butyl-ether
(MTBE)/methanol/water protocol, [ 31 ] and subjected to LC-
MS/MS analysis with data-dependent acquisition on a Q
Exactive HF-X quadrupole-Orbitrap mass spectrometer. Lipid
identifications were assigned to 171 LC-MS/MS peaks, comprising
the most abundant lipid species in each of 16 lipid classes, based
on MS/MS spectra in lipid extracts from mice administered
drinking water without 2 H2 O (Table S1 ). LC-MS/MS peaks
corresponding to deuterated isotopologues (M + 1 – M + 20) were
then identified in corpus callosum lipid extracts from mice
administered 2 H2 O, using a combination of accurate precursor
m/z ( 10 ppm mass tolerance) and elution time within 0.1 min
of the non-deuterated monoisotope (M + 0) (Figure 2b ). To
eliminate the effects of naturally occurring heavy isotopes on
the quantification of deuterated isotopologues, the isotope
correction algorithm IsoCor was applied to correct the peak
areas based on the natural abundance of heavy isotopes [ 32 ].
Lipids were considered to show quantifiable deuteration if (i)
the abundance of deuterated isotopologues relative to the M + 0
peak (after isotope correction) was below 5% in the 1 H2 O-only
control samples; and (ii) four consecutive isotopologue peaks
were obtained in a minimum of three out of four samples
in any of the three groups receiving 2 H2 O (Figure 2c,d ). The
complete lipidomic dataset containing the amount of each lipid
isotopologue is presented in Table S2 . 
Angewandte Chemie International Edition, 2026
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FIGURE 1 Experimental design. (a) Schematic of the experimental design. Mice were provided 25% 2 H2 O in their drinking water (1 H2 O) for 
the final two weeks of a five-week cuprizone diet (Cpz, n = 4), or for two weeks after removal of cuprizone from the diet (Rem, n = 4). The control 
group received only standard chow and 25% 2 H2 O for the final two weeks (Ctrl, n = 4). An additional group of mice (not shown) was provided 1 H2 O 

throughout the entire duration of each diet ( n = 1 each for Ctrl and Cpz, n = 2 for Rem). (b) Representative images of Luxol fast blue staining of myelin in 
sagittal brain sections from each experimental group. Cell nuclei are counterstained with cresyl violet in purple. Scale bar: 1000 µm. Cuprizone induced 
prominent demyelination in the corpus callosum (indicated by arrowheads), and remyelination was apparent two weeks after cuprizone withdrawal. 
(c) Annotation of brain regions. From left to right: cerebellar white matter (CWM), cerebellar nuclei (CN), hindbrain (HB), midbrain (MB), thalamus 
(TH), corpus callosum (CC), and striatum (STR). 
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.2 Identification of Lipid Biomarkers of 
yelination 

pplying these criteria, deuteration was quantified for 112 of the
71 identified lipids (Figure 3a ). Robust deuteration above 25%
as observed for 60 lipids in the corpus callosum of the chow-
ed Ctrl mice, indicative of constitutive turnover in the two-week
 H2 O administration period. These constitutively synthesised
ipids were primarily comprised of phosphatidylcholine (PC,
ll twelve species), phosphatidylinositol (PI, all eight species),
iacylglycerol (DG, five of six species), and triacylglycerol (TG,
even of seven species). In contrast, the myelin-enriched lipids,
ncluding cholesterol, HexCer (all thirteen species), SHexCer (all
ix species), and most very-long chain sphingomyelins (SM, ten
f thirteen species), showed minimal or no deuteration under
asal conditions. This is consistent with the prior observation
hat turnover of lipids in myelin is slower for cholesterol and
exCer relative to PC and PE [ 26 ]. Interestingly, seven of four-
een phosphatidylserine (PS) species were minimally deuterated
nder basal conditions. These minimally deuterated PS species
ontained an 18:1 fatty acyl (FA) group paired with a very long-
hain ( ≥ 20- carbon) saturated/monounsaturated fatty acid, a
omposition uniquely found in oligodendrocytes [ 33 ]. Hence,
ngewandte Chemie International Edition, 2026

t

the observed differences in baseline lipid deuteration likely
reflect distinct cellular origins within the corpus callosum, with
the more stable, long-lived lipids representing those produced
by oligodendrocytes, and the rapid-turnover lipids representing
those found in other neural cells, specifically neurons, astrocytes,
and microglia. 

The effect of cuprizone intoxication and withdrawal on lipid
deuteration was assessed by a two-sample independent t -test
for lipids with quantifiable deuteration in two conditions, and
one-way ANOVA for lipids with quantifiable deuteration in
all three conditions, adjusting p -values for false discovery rate
(Table S3 ). Cuprizone feeding significantly affected the deuter-
ated proportion of 60 lipids (32 increased and 28 decreased).
Consistent with the selective toxicity of cuprizone to mature
oligodendrocytes and associated loss of myelin [ 34 ], the lipids
showing decreased deuteration were mostly HexCer, PE-P, and
cholesterol. The decrease in the deuterated proportion of these
myelin-enriched lipids was accompanied by a decrease in the
absolute abundance of their non-deuterated monoisotopes and
almost complete absence of the deuterated form (Figure 3b–
d ). This reflects the loss of lipid that was present prior
to 2 H2 O administration and the lack of new lipid synthesis
3 of 13
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FIGURE 2 Quantification of deuterated isotopologues. (a) Summary workflow for quantification of deuterated isotopologues. LC-MS/MS data was 
acquired from corpus callosum lipid extracts using a Q Exactive HF-X mass spectrometer with full width at half maximum (FWHM) mass resolution 
set to 60,000 (MS1 ) and 15,000 (MS2 ). A list of the most abundant lipids from mice administered only drinking water (1 H2 O control) was constructed 
based on MS/MS spectra and HPLC elution times. Isotopologues of each lipid were then quantified using the integrated peak area of chromatograms 
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uring cuprizone intoxication. Lipids that showed an increase
n proportional deuteration during cuprizone feeding consisted
f the more ubiquitous glycerophospholipids along with SM and
G (Figure 3a ). Compared to basal conditions, these lipids were
ynthesised at a similar or higher rate during cuprizone intoxica-
ion (Figure 3e–g ), consistent with prior findings for cuprizone-
nd lysolecithin-induced demyelination [ 35, 36 ]. Activation and
roliferation of astrocytes and microglia are prominent features
f the acute cuprizone model [ 37, 38 ], and increased mRNA
xpression of Sphingomyelin Synthase 1 during demyelination
as been observed in both cell types [ 36 ]. Cuprizone intoxication
lso induces proliferation of oligodendrocyte precursor cells to
eplace the lost mature oligodendrocytes [ 30, 37 ]. Proliferation of
hese glial cells probably accounts for the observed increase in
ynthesis of particular lipids during cuprizone administration. 

he withdrawal of cuprizone significantly altered the level of
euteration for 87 lipids and revealed a subset of myelination
arker lipids characterised by an absence of deuteration during
uprizone feeding, and robust induction of deuteration during
emyelination to levels greater than baseline (Figure 3a ). This
roup encompassed all the quantified HexCer and SHexCer,
ive of the six PE-P, six PS, three lysophosphatidylethanolamine
LPE), and one each of lysophosphatidylcholine (LPC) and
ysophosphatidylserine (LPS). The increase in percentage deuter-
tion of these lipids during remyelination was due to a
arge increase in the abundance of the deuterated lipid form
Figure 3b,c,h,i ), indicating that de novo synthesis of these lipids
upports myelin repair. Previous studies reported that levels of
exCer and SHexCer only show partial recovery during sponta-
eous remyelination, raising the concern that the lipid compo-
ition of remyelinated fibres does not recapitulate that of intact
yelin [ 36, 39 ]. However, the pronounced acceleration in myelin
ipid synthesis during remyelination observed herein suggests
hat a longer time frame may be needed for complete restoration
f myelin, and determining rates of lipid synthesis over time will
ffer more detailed insights into remyelination dynamics. 

ysophospholipids are deacetylated forms of phospholipids gen-
rated from the enzymatic cleavage of ester bonds by phospholi-
ase A1 and A2 enzymes [ 40, 41 ]. Thus, the increase in deuterated
ysophospholipids during remyelination likely stemmed from
he hydrolysis of newly synthesised, deuterated glycerophospho-
ipids. These species can be re-incorporated into membrane lipids
hrough the Lands’ cycle [ 41 ] or serve as lipid mediators to
odulate inflammation to support local remyelination [ 35 ]. 

imilar to other major myelin constituents, cholesterol synthesis
as significantly increased during remyelination compared to
or lipid ions within 10 ppm mass tolerance of the theoretical m/z for deutera
he monoisotopic M + 0 peak. Finally, peak areas were corrected for the abunda
hromatograms of non-deuterated and deuterated isotopologues of PC 34:1 fr
ode at m/z 760.5851 ± 5 ppm from a 1 H2 O-only sample showing the PC 34:1 p
 sample from each treatment group, showing a similar elution time independe
or different isotopologues but do not represent a particular isotopologue per s
in. (c, d) Relative abundance of individual isotopologues from M + 0 to M + 2
or PC 34:1 (c) and HexCer 18:1;O2/24:0;O (d). Bars show the mean value for th
eplicates. 

ngewandte Chemie International Edition, 2026

ry f
demyelination (Figure 3d ; total deuterated); however, the rate
of synthesis remained higher under basal conditions, consistent
with previous findings that cholesterol synthesis is rate-limiting
for myelination [ 42 ]. Our estimate that 2.4% of the cholesterol
pool is deuterated after two weeks of 2 H2 O administration is con-
sistent with a previous study [ 26 ], in which the half-replacement
time of cholesterol in adult mice administered 30% 2 H2 O was
estimated at 359 days. During demyelination, cholesterol released
from degenerating myelin is taken up by phagocytic microglia and
stored as cholesteryl esters, which can subsequently be reverse
transported during remyelination [ 43, 44 ]. However, whether
myelin repair after acute demyelination is driven by cholesterol
recycling or de novo synthesis remains a subject of debate [ 44–46 ].
As cuprizone withdrawal did not restore the level of pre-existing
cholesterol (Figure 3d , total non-deuterated), our results suggest
that local synthesis of new cholesterol is a major contributor to
myelin repair. The pre-existing cholesterol from damaged myelin
could be lost from the central nervous system through a locally
compromised blood-brain barrier during early demyelination
[ 47 ], or actively eliminated through enzymatic conversion into
24S-hydroxycholesterol [ 46 ]. 

2.3 Deuterium is Incorporated Primarily Into 
the Lipid Acyl Chains 

To determine if lipids were deuterated on the lipid headgroup,
fatty acyl chains, or both, deuteration of product ions was assessed
for five high abundance precursor ions that underwent frag-
mentation during data-dependent acquisition. Fragmentation
of the M + 5 isotopologues of PE P-18:0/18:1 and PE P-16:0/18:1
in negative mode yielded product ions corresponding to the
headgroup-derived phosphoethanolamine and dehydroglycerol
phosphoethanolamine, 18:1 fatty acyl chain, and neutral loss of
the 18:1 acyl chain (Figure 4a,b ; Table S4 ). The dehydroglycerol
phosphothanolamine fragment ( m/z 196.0380) allows differenti-
ation of PE-P species, which contain a vinyl ether linkage at the
sn-1 position, from mass isomers with an alkyl ether-linked sn-
1 acyl chain (PE-O). This dehydroglycerol phosphoethanolamine
fragment is produced from PE-P and diacyl-linked PE, but
not PE-O [ 48, 49 ]. The only isotopologue observed for the PE
headgroup was M + 1, whereas isotopologues up to M + 5 could
be found for fragments corresponding to the 18:1 acyl chain and
neutral loss of the 18:1 acyl chain, implying that both acyl chains
are deuterated. The m/z of the 18:1 acyl chain isotopologues
differed as expected according to the number of deuterium atoms,
despite a consistent mass offset relative to the expected m/z ,
suggesting that deuteration occurred primarily via metabolic
incorporation of deuterium atoms into the fatty acyl chains.
ted isotopologues, and within a 0.1 min window of the elution time for 
nce of naturally occurring heavy isotopes. (b) Example mass spectra and 
om each experimental group. Upper panel: full-MS scan in positive ion 
eak at 11.2 min. Middle panel: chromatograms of PC 34:1 isotopologues in 
nt of deuterium incorporation. Colours are used to differentiate the peaks 
e. Bottom panel: full-MS1 spectra over the m/z range 760.0 – 777.0 at 11.2 
0, expressed as a percentage of all isotopologues after isotope correction, 
ree (Rem) or four (1 H2 O, Ctrl, Cpz) mice. Dot points represent biological 
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FIGURE 3 Identification of lipid biomarkers for myelination. (a) Heat map of percentage deuteration for lipids defined as having quantifiable 
deuteration. Colour scale indicates percentage deuteration. Each column represents one mouse. Data was not acquired for one of the four mice in 
the remyelination (Rem) group, due to a failed autosampler injection. Lipids with non-quantifiable deuteration in one or two of the experimental 
conditions were assigned a value of zero. Lipids were grouped into four categories based on changes in deuteration in response to cuprizone treatment and 
withdrawal. Myelination marker lipids (blue font) were identified based on the absence of deuteration during cuprizone intoxication, and a statistically 
significant increase in deuteration relative to basal conditions during remyelination. (b–i) Percent deuteration, and total amounts of non-deuterated and 
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 art
he relative paucity of deuteration on the PE headgroup may
eflect the much greater number of hydrogens in the fatty acyl
hains. 

ragmentation of the M + 6 isotopologue of [PE 18:0_20:4 -H]−
ielded fragments with up to two 2 H atoms for the PE headgroup,
ix for the 18:0 acyl chain, and three for the 20:4 acyl chain
Figure 4c ; Table S4 ). The most abundant isotopologues for the
8:0 acyl chain were M + 4 and M + 5, whereas M + 0 was most
bundant for the 20:4 chain, suggesting that the 18:0 chain was
ewly synthesised during the 2 H2 O administration period. In
ddition, deuteration appears variable for the same fragment
n different lipids. Fragmentation of M + 6 [SM 42:1;O2 + H]+
nd M + 7 [HexCer 18:1;O2/24:0;O + H]+ yielded the full range of
ossible isotopologues for the 18:1 sphingoid base; however, the
ost abundant isotopologue of this fragment was M + 4 for the
M, and M + 0 for the HexCer (Figure 4d,e ; Table S4 ). Fragments
orresponding to the choline phosphate headgroup in SM were
ndicative of both 13 C and 2 H atoms. The mass difference between
he 185.0769 fragment and monoisotopic 184.0733 fragment is
onsistent with a 13 C atom, while the adjacent peak at m/z
86.0779 is most consistent with one 13 C and one 2 H atom. As the
esolution of the product ion scan used for this experiment does
ot resolve between the two isotopes, the detected m/z for these
holine phosphate fragments most likely represent a mixture of
M + 13 C] and [M + 2 H] species. 

.4 Synthesis of Myelin-Enriched Lipids is 
ocalised to the Corpus Callosum During 
emyelination 

o map the localisation of newly synthesised lipids during
emyelination, mass spectrometry imaging was applied to sagittal
rain sections from the same mice as used for the above-
escribed LC-MS/MS analysis. Tissue sections were pre-coated
n non-endogenous lipid standards for signal normalisation and
uantification before 2,5-dihydroxyacetophenone matrix appli-
ation. Sections were analysed at 30 µm spatial resolution
pixel raster) using atmospheric pressure matrix-assisted laser
esorption/ionisation (MALDI) and plasma post-ionisation on a
ruker timsTOF Pro mass spectrometer (mass resolution 35,000–
0,000 FWHM at m/z 750) [ 18 ]. Due to the dense spectra lacking
hromatographic separation of isobaric lipids and isotopologues,
epresentative species [PC 34:1 + H]+ , [PE P-34:1 + H]+ , and [Hex-
er 40:1;O3 + H]+ were selected for analysis, as they exhibited
inimal isobaric interference for their respective M + 0 – M + 6
eak clusters (Table S5 ). Spectral peaks corresponding to the M + 1
M + 3 isotopologues of [PC 34:1 + H]+ (Figure 5a,b ), [PE P-34:1
 H]+ (Figure 6a,c ), and [HexCer 40:1;O3 + H]+ (Figure 6b,d )
ere observed in all groups, including mice administered only

 H2 O. Their presence in 1 H2 O control mice is most likely due to
aturally occurring 13 C isotopes. Peaks corresponding to the M + 4
euterated HexCer 18:1;O2/24:0;O (b), PE P-18:0/18:1 (c), free cholesterol (d), P
nd PS 18:1_24:1 (i). Statistical significance was determined by one-way ANOVA
onditions, or by two-sample t -test for lipids with quantifiable deuteration in t
rror bars show standard deviation ( n = 4 for Ctrl, n = 4 for Cpz; n = 3 for R
ignificant increase in deuteration during remyelination relative to the basal c

ngewandte Chemie International Edition, 2026
– M + 6 isotopologues of these lipids were only detected in mice
administered 25% 2 H2 O. 

In agreement with prior MSI studies [ 50, 51 ], the M + 0 isotopo-
logue of PC 34:1 was distributed homogeneously throughout the
brain of Ctrl mice (Figure 5c ). The M + 2 – M + 6 isotopologues
of PC 34:1 were substantially more abundant in the grey matter
regions, suggesting that basal turnover of PC 34:1 is slower
in the white matter compared to the grey matter. In contrast,
PE P-34:1 and HexCer 40:1;O3 were predominantly localised to
the white matter tracts such as the corpus callosum, cerebellar
and striatal white matter, and subcortical structures including
the midbrain, hindbrain, and thalamus (Figure 6e,f ). Consistent
with the slow turnover of myelin, signals for the M + 4 – M + 6
isotopologues of these lipids were substantially lower than those
of the monoisotopic species (Figure 6a–d ). 

To assess changes in pre-existing and newly synthesised lipids
during demyelination and remyelination, the abundance of the
M + 0 and M + 6 lipid isotopologues was quantified in each of the
annotated brain regions. Cuprizone treatment did not affect the
M + 0 or M + 6 isotopologues of PC 34:1, apart from a localised
increase in M + 6 within the corpus callosum (Figure 5c,d ). This
observation aligns with our LC-MS/MS data, indicating contin-
ued synthesis of PC 34:1 in this region during demyelination
(Figure 3e ), likely driven by proliferating glial cells. Following
cuprizone withdrawal, the monoisotopic signal for PC 34:1
declined in the corpus callosum and cerebellar nuclei, consistent
with the turnover of pre-existing PC 34:1 and its replacement by
newly synthesised, deuterated lipid, as evident in increased levels
of the M + 6 form (Figure 5d ). 

Cuprizone feeding significantly reduced levels of the PE P-34:1
and HexCer 40:1;O3 monoisotopes in the corpus callosum, and
PE P-34:1 in the cerebellar nuclei (Figure 6g,h ). This is consistent
with histological evidence showing that these regions undergo
the most pronounced demyelination in this model (Figure 1b )
[ 29 ], and therefore exhibit the greatest demand for remyelination.
A pronounced enrichment of the M + 6 form of these lipids
was observed in the corpus callosum during remyelination
(Figure 6e,f ). Comparing the remyelination to the cuprizone
condition, mean levels of the M + 6 isotopologues of PE P-34:1 and
HexCer 40:1;O3 increased 3.4- and 5.3-fold, respectively, in the
corpus callosum, 3.0- and 4.4-fold in the cerebellar nuclei, 2.6-
and 2.9-fold in the cerebellar white matter, 1.9- and 3.4-fold in the
striatum, and 2.1- and 3.1-fold in the thalamus (Figure 6g,h ). 

These results demonstrate the capability of combining 2 H2 O
labelling with MSI to visualise sites of dynamic lipid synthesis,
and by extension, new myelin synthesis following cuprizone
withdrawal. While remyelination was not apparent in the anterior
corpus callosum by histological staining (Figure 1b ), MALDI-
MSI showed synthesis of new myelin lipids in this region.
C 34:1 (e), TG 16:0_16:0_18:1 (f), SM 42:1;O2 (g), SHexCer 18:1;O2/24:1 (h), 
 with Tukey’s post-test for lipids with quantifiable deuteration in all three 
wo out of three conditions. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
em). p -Values were corrected for false discovery rate, and lipids with a 
ondition, at q < 0.05, are in bold font in part (a). 
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FIGURE 4 Deuteration occurs primarily on the lipid fatty acyl chains. Full MS2 spectra for M + 5 PE P-18:0/18:1 (a), M + 5 PE P-16:0/18:1 (b), and 
M + 6 PE 18:0_20:4 (c) in negative mode; and M + 6 SM 42:1;O2 (d), M + 7 HexCer 18:1;O2/24:0;O (e) in positive mode. Spectra were extracted from a sample 
from the remyelination group. Lipid structure and m/z of the non-deuterated precursor and fragments are shown on the right. Enlarged views of spectra 
corresponding to each fragment are shown in coloured boxes. 
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FIGURE 5 Visualisation of PC 34:1 isotopologues using MALDI-MSI. (a) Full scan MALDI-MS spectra of the corpus callosum from m/z 760.0 –
767.0 showing the presence of deuterated [PC 34:1 + H]+ . (b) Corresponding ion images of [PC 34:1 + H]+ isotopologues from M + 0 – M + 6 extracted 
with a ± 15 ppm peak interval, and c) enlarged images of the M + 0 and M + 6 isotopologues. The colour scale represents the intensity of the ion 
of interest normalised to the [PC 33:1[D7] + H]+ internal standard on a per-pixel level. One representative image from each experimental group is 
presented. Scale bar: 2000 µm. Arrowheads denote increased M + 6 localisation in the anterior corpus callosum during demyelination and remyelination. 
d) Mean normalised intensity of the M + 0 and M + 6 isotopologue in the corpus callosum (CC), striatum (STR), thalamus (TH), midbrain (MB), hindbrain 
(HB), cerebellar white matter (CWM), and cerebellar nuclei (CN). Error bars show standard deviation (4 mice per group). Statistical significance was 
determined by one-way ANOVA with Tukey’s post-test for each brain region: * p < 0.05, ** p < 0.01. 

Angewandte Chemie International Edition, 2026 9 of 13

 15213773, 2026, 18, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202524636 by U

niversity O
f T

echnology Sydney, W
iley O

nline L
ibrary on [08/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 6 Newly synthesised myelin lipids localise to the corpus callosum during remyelination. (a, b) Full scan MALDI-MS spectra of the 
corpus callosum from m/z 702.0 – 709.0 (a) and m/z 800.0 – 807.0 (b) showing the presence of deuterated [PE P-34:1 + H]+ and [HexCer 40:1;O3 + H]+ , 
respectively. (c, d) Corresponding ion images of isotopologues from M + 0 – M + 6 extracted with a ± 15 ppm peak interval. (e, f) Enlarged images of 
the M + 0 and M + 6 isotopologues. Colour scale represents the ion intensity normalised to the [PE 33:1[D7] + H]+ (e) or [HexCer 35:1;O2 + H]+ internal 
standard. One representative sample from each experimental group is presented. Scale bar: 2000 µm. (g, h) Mean normalised intensity for the M + 0 
and M + 6 isotopologues of PE P-34:1 (g) and HexCer 40:1;O3 (h) in the corpus callosum (CC), striatum (STR), thalamus (TH), midbrain (MB), hindbrain 
(HB), cerebellar white matter (CWM), and cerebellar nuclei (CN). Error bars show standard deviation (4 mice per group). * p < 0.05, ** p < 0.01, *** p < 0.001, 
**** p < 0.0001 by one-way ANOVA with Tukey’s post-test for each brain region. 
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ince retention of Luxol fast blue in myelin is dependent on
ts lipophilic interaction with the densely packed myelin sheath
 52 ], these results most likely indicate that remyelination of the
osterior corpus callosum is more complete than the anterior
orpus callosum at the two-week time point used for our study.
e speculate that the deuterated PE P-34:1 and HexCer 40:1;O3
etected in the anterior corpus callosum by MSI have not yet
een assembled into dense, compact myelin sheaths that retain
uxol fast blue. Further studies investigating multiple time points
fter cuprizone withdrawal would shed light on differences
n rates of remyelination across different brain regions and
hether different lipids are produced during different stages of
yelination. 

 Conclusion 

his study demonstrates the use of 2 H2 O administration in
ombination with high resolution mass spectrometry to quantify
nd visualise new lipid synthesis in the mammalian brain.
ur approach builds on previous spatial metabolomics stud-
es using stable isotope tracers for central carbon metabolites
 53 ], instead using 2 H2 O to enable unbiased mapping of lipid
etabolism events in living organisms. We applied these methods
o demonstrate the differential synthesis rates of brain lipids
nd specific locations of myelin lipid synthesis following a
emyelinating insult. This is important for the discovery and
valuation of remyelinating therapeutics, which are needed to
nhance functional recovery and clinical outcomes in people with
emyelinating diseases. More broadly, the methods described
erein can be applied to many biological settings that require
uantification and localisation of small molecule synthesis over
 defined timeframe in living organisms. 
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