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ABSTRACT: Detection of small molecule metabolites (SMM), partic-
ularly those involved in energy metabolism using MALDI-mass V‘\ 5mL MeOH
spectrometry imaging (MSI), is challenging due to factors including ion +0.05%FA |
suppression from other analytes present (e.g., proteins and lipids). One &'
potential solution to enhance SMM detection is to remove analytes that

cause ion suppression from tissue sections before matrix deposition D %‘ fap
through solvent washes. Here, we systematically investigated solvent

treatment conditions to improve SMM signal and preserve metabolite
localization. Washing with acidic methanol significantly enhances the
detection of phosphate-containing metabolites involved in energy metabolism. The improved detection is due to removing lipids and
highly polar metabolites that cause ion suppression and denaturing proteins that release bound phosphate-containing metabolites.
Stable isotope infusions of ['*C¢]nicotinamide coupled to MALDI-MSI (“Iso-imaging”) in the kidney reveal patterns that indicate
blood vessels, medulla, outer stripe, and cortex. We also observed different ATP:ADP raw signals across mouse kidney regions,
consistent with regional differences in glucose metabolism favoring either gluconeogenesis or glycolysis. In mouse muscle, Iso-
imaging using [*Cg]glucose shows high glycolytic flux from infused circulating glucose in type 1 and 2a fibers (soleus) and relatively
lower glycolytic flux in type 2b fiber type (gastrocnemius). Thus, improved detection of phosphate-containing metabolites due to
acidic methanol treatment combined with isotope tracing provides an improved way to probe energy metabolism with spatial
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ATP | NAD*
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resolution in vivo.

B INTRODUCTION

Spatially resolved metabolomics aims to quantify small-
molecule metabolites (SMMs) and lipids from tissues and
holds the potential to characterize alterations in metabolic
processes occurring in health and disease." Obtaining
anatomical metabolite measurements using conventional liquid
chromatography-mass spectrometry (LC—MS)-based methods
requires physical microdissection of tissues of interest followed
by metabolite extraction and analysis from the individual areas.”
For example, Ding et al. performed metabolomic analysis for
1547 metabolites across 10 mouse brain regions.” Another study
employed a microarray collection system to dissect mouse brain
areas with a resolution of 0.125 mm?® and generated maps for 79
metabolites.” The other more commonly used approach is mass-
spectrometry imaging (MSI) coupled with ionization techni-
ques such as matrix-assisted laser desorption ionization
(MALDI) and desorption electrospray ionization (DESI), or
secondary ion mass spectrometry (SIMS).">® The develop-
ments of MALDI-MSI platforms with a high mass resolving
power have enabled the quantification of unlabeled and labeled
metabolites, facilitating critical measurements, such as determin-
ing the spatially resolved nutrient contribution to metabolic
pathways and flux analysis.”~ "’

© 2023 The Authors. Published by
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Despite progress in this area, overall metabolite coverage
using MALDI is limited compared to commonly used
chromatography-based metabolomics methods. We hypothe-
sized that metabolome coverage could be improved by reducing
ion suppression from other analytes and removing physiological
salts. Ion suppression during MALDI occurs from a combination
of other analytes, including proteins, matrix compounds, salts,
and analytes with high ionization efficiency (IE) or are present in
high abundance. Additionally, the physiological pH and salt
concentration influence the charge state and, therefore,
ionization efficiency of individual analytes in a biological sample.
To improve sensitivity for other classes of analytes, such as lipids
and proteins, procedures have been developed to remove
undesired analytes that cause ion suppression. Previous results
have demonstrated that “washing” prepared samples with
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organic solvents can remove lipids and salts, enhancing the
signal of desired analytes.''~'* Treatment with organic solvents
such as chloroform or acetone for SMM detection is also
beneficial.'>'® Washing with aqueous solvents, such as
ammonium formate at pH 6.4 improved lipid detection and
coverage.'”

Isotope tracing experiments bring additional challen%es as the
metabolite labeling fraction is typically at 1-25%,”'® which
necessitates improving SMM detection while maintaining
anatomical tissue structure. Here, we systematically investigated
the effect of washing with a broad range of solvents on SMM
detection using MALDI. We found that chloroform is an
effective solvent for removing lipids and improving SMM signals
for multiple mouse tissues, consistent with previous results."’
More importantly, washing with acidic methanol has a surprising
effect that only enhances the signal predominantly for
phosphate-containing metabolites, many of which are involved
in energy metabolism. The improved sensitivity we observe is at
least in part because of a combination of the removal of lipids
and highly polar metabolites, including amino acids and hexose,
and the denaturing of proteins. Additional method optimization
was performed, and we arrived at the optimal washing
procedure, which involves pipetting 1 mL of MeOH + 0.05%
formic acid (S times) over tissue slides, followed by matrix
coating using N-(1-naphthyl)ethylenediamine dihydrochloride
(NEDC) or 2',4',6'-trihydroxyacetophenone (THAP) as
matrices in negative and positive mode, respectively. This
washing procedure reveals distributions of ATP (adenosine
triphosphate) relative ADP (adenosine diphosphate) signal in
the mouse kidney. In addition, combined with "*C-isotope tracer
infusions, we observed region-specific NAD" (nicotinamide
adenine dinucleotide) synthesis in mouse kidney and glycolytic
activity in mouse muscles.

B EXPERIMENTAL SECTION

Wash Procedures and Sample Preparation. Serial
sections of mouse tissues at a thickness of 10 yim were acquired
using a cryostat (Leica CM3050S, Wetzlar, Germany) and thaw-
mounted on indium tin oxide (ITO)-coated glass slides (Bruker
Daltonics, Bremen, Germany) for MALDI analysis or mounted
on standard glass slides for H&E when needed. Tissue slides
were desiccated under vacuum for 10 min and underwent
solvent wash before matrix application. Two wash procedures
were tested (beaker vs pipetting, Figure S1).

(1) “Beaker:” this procedure is adapted from Yang et al, in
which tissue slides were immersed into 25 mL solvent in a
25 mL glass beaker for 30 s.'> At the end of the wash, the
residual solvent was tapped off by incline, and the slide
was desiccated again for 5 min before matrix application.
This procedure was used in the initial screening of 13
solvent wash conditions.

(2) “Pipetting:” this procedure, adapted from Lemaire et al,,
involves placing the tissue slide on an incline and pipetting
solvents over the tissue surface.'' Either a 1 mL pipette tip
or 5 mL serological pipette was tested, and the former
gave more consistent results, and 5 X 1 mL solvent was
used as the final wash condition. The slide was desiccated
again for S min before matrix application (see the
Supporting Information for details of matrix coating).

MALDI Imaging. MALDI image runs were performed on a
solariX XR FT-ICR mass spectrometer with a 9.4 T magnet
(Bruker Daltonics, Bremen, Germany). The instrument was

calibrated using arginine solution at 1 mg/mL before the run and
calibrated using lock masses during the run with an intensity
threshold of SeS. Data were collected in two different scanning
modes targeting different m/z windows. We used full scan mode
covering m/z 100—800 for broad metabolite coverage with a
resolving power of 120,000 at m/z 500, laser power at 20%, laser
focus set as “small,” and x-y raster width of 50 ym. We used the
cumulative accumulation of selected ions mode (CASI) to cover
a narrow m/z window for more specific metabolite coverage.
Samples were run with an x-y raster width of 20 ym for better
spatial resolution, with laser power at 22%, laser focus set as
“minimum.” A spectrum was accumulated from 200 laser shots
at 1200 Hz.

Data Analysis and Metabolite Annotation. Data were
analyzed using IsoScope (https://github.com/xxing9703/
Isoscope). In brief, the metabolites were identified using high-
resolution accurate mass with a ppm window of 10 ppm
compared to an in-house metabolite list established on liquid
chromatography-mass spectrometry (LC—MS) using authenti-
cated standards."””>' We used a list of ~100 metabolites in
negative ion mode for the initial screen of different wash
methods from a previous report.” We later expanded the list to
include 175 and 80 compounds in negative and positive modes,
respectively. The majority of metabolites were detected in the
[M + H]* state in positive mode and [M-H] state in negative
mode, with a few metabolites in adduct form (e.g., hexose-Cl™ at
m/z215.03279 in negative mode). In addition, MS/MS spectra
were collected to confirm the selected metabolites” identity.

B RESULTS

Initial Screening Wash Conditions. The topological
composition of macromolecules in specific organs and
anatomical regions (e.g., protein-rich, lipid-rich areas of the
brain) presents regional ion-suppression challenges. We
hypothesized that lipids, which ionize well by MALDI and are
highly abundant, would be one primary source of ion
suppression. We designed an experiment to test whether altering
the composition of tissues using washes of solvents with varying
polarity could increase the ion signal of small molecule
metabolites of interest. We started with 13 solvents with
different physical and chemical properties (Table S1), including
common organic solvents (cyclohexane, hexane, toluene, methyl
t-butyl ether (MTBE), tetrahydrofuran (THF), ethyl acetate,
chloroform, pyridine, dichloromethane, acetone, 2-propanol
(IPA), ethanol, as well as a solvent that we routinely used for
metabolite extraction from tissues (40% acetonitrile: 40%
methanol: 20% water: 0.5% formic acid (FA), simplified as
404020FA).>>*

Detection of Polar Metabolites. Using a previously
reported metabolite list,” we detected 94 and 101 polar
metabolites in negative ionization mode across all conditions
from the mouse brain and kidney, respectively. We added 41
lipid species by matching the detected m/z from separate runs
using LC—MS. Signals were averaged over the same tissue
region, and the ratio was calculated after wash versus before
wash (Table S2). Following the wash procedure, we observed an
inverse correlation between lipid and polar metabolite signals
(Figure S2). This inverse correlation is more robust for polar
metabolites detected in the brain than polar metabolites
detected in the kidney, likely because the brain has higher
lipid content.** In general, this is consistent with previous results
showing that washing with chloroform or acetone helps to
improve polar metabolite detection by reducing ion suppression
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Figure 1. Treatment of tissue section with MeOH + 0.05% FA maintains the histological morphology, denatures protein, removes lipids and highly
polar metabolites, and improves the detection of phosphate-containing energy metabolites. (a) H&E images and MALDI images of selected
metabolites (dTTP, dATP, ATP, ADP-ribose) before and after wash with S mL of MeOH + 0.05% FA demonstrate the histological morphology is
maintained and metabolites are not moving. MALDI experiment was performed with a raster size of 20 ym. Anatomical regions are denoted as (i) deep
cerebral nuclei, (i) white matter, (iii) granule cell layer, and (iv) molecular layer. Scale bar = 500 ym. (b) Quantification of protein from serial sections
of a kidney using bicinchoninic acid (BCA) assay. Running quantified protein on a native gel reveals no total protein content change (1 = 3 tissue per
condition) before and after wash with MeOH + 0.05% FA. While proteins are not being washed away, Coomassie blue staining of protein lysates from
control and washed tissue sections separated by Native PAGE shows that lysates from tissues washed with methanol displayed increased mobility, and
the effect was augmented by the inclusion of formic acid (FA), suggesting that proteins from washed samples are denatured. (c) Heatmap of selected
compounds across four different wash conditions (log, fold of change): no wash control, S mL of chloroform, 5 mL of MeOH, S mL of MeOH + 0.05%
FA. Compounds marked with * are detected in positive mode with a THAP matrix, while all other compounds are detected in negative mode with an
NEDC matrix. Chloroform removes lipids and increases signals for polar metabolites. MeOH also removes lipids and selected highly polar metabolites
such as taurine, glutamine, and glutamate while improving the signal of other polar metabolites. MeOH + 0.05% FA removes lipids and highly polar
metabolites while enhancing the detection of phosphate-containing energy metabolites.

from lipids."> Among all solvents investigated, chloroform shows
the best overall signal enhancement for polar metabolites, with a
median fold increase of 2.54 and 1.68 for polar metabolites in the
brain and kidney, respectively (Figure S2).

Acidic Methanol Wash Improves the Detection of
Phosphate-Containing Energy Metabolites and Is Com-
patible with NEDC for Analysis in Negative lonization.

polar metabolites were depleted after washing, including amino
acids and derivatives such as taurine, glutamine, glutamate, and
hexose (detected as Cl™ adduct; Table S3). Examination of the
metabolite images of taurine, glutamine, glutamate, and Hexose-
Cl” yields contrasting images in the 404020FA samples

compared to the control, indicating that the observed pattern

Among the 13 solvents investigated, 404020FA appears unique
as the median folds of difference after washing are close to one
for both lipids and polar metabolites (Figure S2). Many highly

is what is left over after wash, as the majority of these metabolites
are washed away. In contrast, for other wash conditions, the
spatial patterns are roughly maintained (Figure S3).
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Figure 2. Acidic methanol treatment enables the detection of ADP, ATP, NAD*, NADH, NADP®, and NADPH in positive mode, revealing relative
ATP and ADP signal across mouse kidney, as well as NAD* and NADH synthesis from ['*C4]nicotinamide infusion. (a) Signal of ADP, ATP, NAD",
NADH, NADP*, and NADPH from mouse kidney before and after wash with S mL of MeOH + 0.05% FA, using four different matrices: CHCA, DHB,
super-DHB, and THAP. (b) Upon infusion with ['*C4]nicotinamide (NAM), NAD", and NADH get labeled, and the [*C,] labeling ratio shows a
pattern that distinguishes blood vessels (i), medulla (ii), outer stripe (iii), and cortex (iv) (n = 3 technical replicates). ATP relative to ADP raw signal
(calculated from raw ion counts, thus not the actual concentration ratio) varies across different regions. Statistical analyses were performed using
GraphPad Prism software. **p value < 0.0S; ***p value < 0.005, ****p value < 0.0005. Scale bar 2 mm. (c) Schematic of the NAD" synthesis pathway
from ["*C4]nicotinamide (NAM). NAD* then converts to NADH through a reduction reaction. (d) Immunofluorescence of 4',6-diamidino-2-
phenylindole (DAPI, as a control) and NMNATS3 in kidney cross section shows that NMNAT3 expression is highest in cortex region. Scale bar: 1 mm.

While this highly polar solvent fails to remove lipids as
efficiently as highly nonpolar solvents tested (e.g., chloroform),
careful examination of data on polar metabolites shows
improved detection for different compound classes. Detection
of many phosphate-containing energy metabolites was
enhanced, including glycolytic intermediates 3-phosphoglycer-
ate (3-PG), hexose 6-phosphate (hexose-6P), and fructose 1,6-
bisphosphate (FBP) as well as nucleotide phosphates adenosine
monophosphate (AMP), ADP, and ATP (Table S3). To
determine which components of 404020FA are responsible for
the observed effect, we examined serial section of the mouse
brain and kidney in eight different solvent conditions:

14882

acetonitrile, acetonitrile + 0.5% FA, methanol, methanol + 0.5
%FA, 404020, 404020 + 0.5% FA, H,0, and H,O + 0.5% FA.
The results demonstrate that combining methanol with formic
acid is responsible for the observed effect (e.g,, the enhancement
of the signal intensity for 3-PG, hexose-6-phosphate, FBP, AMP,
ADP, and ATP) (Table S4).

After identifying acidic methanol wash as an effective way to
enhance energy metabolite detection, a series of experiments
were performed to optimize the wash procedure. We first
explored the possibility of washing using “pipetting” (Figure S1).
Instead of dipping the tissue slide into a beaker with 25 mL
solvent, which requires a relatively large solvent volume, the

https://doi.org/10.1021/acs.analchem.3c01875
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pipetting procedure involves placing the tissue slide on an
incline and pipetting a small amount of solvent over the tissue
surface."’ Experiments were performed using 2, 4, 8, and 16 mL
of MeOH + 0.5% FA with results on 3-PG, Hexose-6P, FBP,
AMP, ADP, and ATP shown in Figure S4. AMP signal peaks at 2
mL and then decreases with increasing washing volume, likely
because it is being washed away from tissue sections. The results
for the other five compounds were similar for different solvent
volumes.

We also studied the use of formic acid at lower concentrations.
Experiments were performed using 2, 4, and 6 mL of MeOH +
0.05% FA and 2, 4, and 6 mL of MeOH + 0.1% FA on the kidney.
For the six compounds shown in Figure SS, signal enhancements
upon washing are similar across tested conditions, suggesting
that a range of formic acid concentrations and solvent volumes
generates similar results. Additional experiments were per-
formed using S mL of MeOH + 0.05% FA to test for any tissue
anatomy change from the cerebellum region (sagittal) after
wash. H&E shows that tissue anatomy was conserved. MALDI
data on selected metabolites of dTTP, dATP, ATP, and ADP-
ribose show that their spatial distribution was also maintained
(Figure 1a). Thus, S mL of MeOH + 0.05% FA was chosen as the
final wash condition. For other tissues, systematic work is
needed to evaluate tissue-specific wash conditions, such as types
of acids (e.g., formic acid, acetic acid, trifluoroacetic acid), acid
concentrations, solvent volumes, types of matrices, and matrix
spraying conditions. In doing so, evaluating whether different
wash procedures cause metabolite delocalization is critical.

What is the underlying reason for the enhancement of
phosphate-containing metabolite signal? We hypothesized that
along with lipids, high levels of endogenous protein or peptides
may cause ion suppression. Measuring protein concentration
before and after washing shows the total protein content did not
change (Figure 1b). This result suggested that endogenous
protein levels are not the dominant source of ion suppression.
We next hypothesized that acidic methanol may alter that
protein conformation, specifically by denaturing proteins and
disrupting protein—metabolite interactions. Native PAGE on
protein lysates from control and washed tissue sections show
that lysates from tissues washed with methanol displayed
increased mobility, suggesting that proteins from washed
samples are denatured. Wash with MeOH + FA increased
mobility further, indicating that MeOH + FA more effectively
denatures proteins than MeOH alone (Figure 1b, Figure S6).
Many phosphate-containing metabolites—for example, ATP
and NADP*—bind to proteins.””° It is possible that once
proteins are denatured, metabolites are released and become
detectable. In addition, the mass spectra data from tissue washed
with MeOH + 0.05% FA shows that this solvent removes lipids,
and highly polar metabolites, including amino acids and hexose
(Figure 1c, Figure S7). The removal of these specific
compounds is confirmed by LC—MS analysis of the post-wash
solvents (Figure S8). In sum, it is probable that the combination
of these three factors, i.e., denaturing proteins, removal of lipids,
and removal of highly polar metabolites contributes to the
improved detection of phosphate-containing metabolites.

The improved detection for many phosphate-containing
metabolites expands detected SMMs to 175 compounds in
negative mode using NEDC as a matrix, including 134 polar
metabolites and 41 lipids (Table S5). On-tissue MS* was
performed for 21 metabolites, and their identity was confirmed
by comparing them with the library MS* spectrum (Table S6).
Additional experiments were performed using mouse brain,

kidney, spleen, muscle, and heart to investigate metabolite
detection under different wash conditions with 5 mL of
chloroform, methanol, and MeOH + 0.05% FA (Table S7),
providing a valuable resource for signal enhancement of
individual metabolites under different wash conditions in a
tissue-specific manner.

Detection of ADP, ATP, NAD*, NADH, NADP*, and
NADPH in Positive lonization Mode. Mono-, di-, and tri-
nucleotides (e.g, AMP, ADP, ATP, NAD*, NADH, NADP*,
and NADPH) are essential cofactors in many metabolic
processes.”” > While AMP, ADP, ATP, NADH, and NADPH
are detectable in negative mode with NEDC matrix after MeOH
+0.05% FA treatment (Table S7), NAD* and NADP* remained
undetectable. LC—MS data on kidney tissue extract showed that
positive ion mode generally results in higher signal than negative
mode for these compounds (4-fold difference for NAD* signal)
(Figure S9). Therefore, we further investigated several matrices
that would be most compatible in positive ionization, including
CHCA (a-Cyano-4-hydroxycinnamic acid), DHB (2,5-dihy-
droxybenzoic acid), super-DHB (mixture of 2,5-dihydroxyben-
zoic acid and 2-hydroxy-S-methoxybenzoic acid), and THAP
(2',4',6'-trihydroxyacetophenone), after washing with MeOH +
0.05% FA for identical tissue sections. CHCA appeared to be a
poor matrix for detecting nucleotide compounds, while the
other three matrices (DHB, super-DHB, THAP) vyielded an
exceptional signal after washing. Using our optimized wash
condition, combined with the best of the four matrices tested
(THAP), we observed ~1000-fold improvement in the
detection of NAD" (Figure 2a). Visualizing metabolites such
as NAD" highlights the importance of integrating acidic
methanol treatment and selecting the suitable matrix for
metabolite detection.

For nucleotide phosphates, we rely on the accurate mass
within +5 ppm m/z window for identification. We further
confirmed the identity using on-tissue MS* fragmentation of
NAD" (Table S6). However, we could not isolate sufficient
NADH to generate an MS? fragmentation pattern. Another
possible way to validate the identities of NAD* and NADH is to
perform an in vivo isotope tracing study using BCg-nicotinamide
(NAM), one of the main precursors of NAD* and NADH
synthesis.”’ "> We infused free-moving conscious mice with
B3C¢-NAM for 8 h, a sufficient time for incorporation of **C-
NAM into NAD" and NADH. LC—MS analysis of nicotinamide
in serum reveals a labeling ratio of 0.733 (+0.016, n = 3 technical
replicates). LC—MS of the kidney section shows that NAD* and
NADH are labeled in *C4-form at 0.209 (+0.004) and 0.182
(£0.006), respectively. We detected the "*C¢-NAD* and *C¢-
NADH ions from kidney section after acidic methanol treatment
with THAP matrix with MALDI with comparable fractional
labeling compared to LC—MS. These results further support the
accurate measurement of NAD* and NADH using MALDI.
Interestingly, we observed different labeling ratios of NAD* and
NADH across distinct regions: blood vessels, renal medulla,
outer stripe, and renal cortex, thus reflecting regional differences
in their biosynthesis from circulating NAM (Figure 2b).

Since NAD™ can be synthesized from NAM through multiple
steps involving proteins nicotinamide phosphoribosyltransfer-
ase (NAMPT) and nicotinamide mononucleotide adenylyl-
transferase (NMNAT) (Figure 2c), we next examined enzyme
expression that may explain the observed metabolite patterns.
Immunofluorescence of the mitochondrial isoform NMNAT3
in the mouse kidney section shows that it is highly expressed in
cortex (Figure 2d), which explains the relatively high labeling of
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Figure 3. Differential glycolytic labeling in skeletal muscle fiber types is revealed by short glucose infusion and pulse-chase infusion coupled with an
acidic methanol wash. (a) Schematic of isotope tracing experiments performed to determine the source of glycolytic intermediates in muscle. The
panel on the left depicts a 2.5-hour infusion of [U-"*C]glucose to visualize the muscle regions that use glucose directly via labeling in glycolytic
intermediate FBP in the muscle (left) and the panel on the right pulse-chase injection to visualize the muscle regions that use glycogen (right). (b)
Schematic of anticipated histological features after cryosectioning the muscle. A typical cross-section captures soleus (composed of Type 1 and Type 2a
fibers), plantaris (mixed fiber), and gastrocnemius muscles containing mostly Type 2b muscle fibers. (S: soleus, P: plantaris and G: gastrocnemius) (c—
e) Serial sections of mouse leg muscles from 2.5 h [U-"*C] glucose infusion. (c) Immunohistochemistry to identify muscle fiber type in legs of mice.
Red staining indicates fibers positive for anti-MYH?7, a marker of type 1 fibers. Green staining indicates fibers positive for anti-MYH2a, a marker of type
2a fibers. Blue staining indicates fibers positive for anti-MYH2b, a marker of Type 2b fibers. (d, e) Metabolite images from short glucose infusion in
skeletal muscle. FBP labeling from glucose and NADH levels are distinctly high in the soleus, rich in type 1 muscle fibers as revealed by wash. NADH
levels are low in the gastrocnemius. Scale bar: 0.5 mm. (f—h) Serial sections of mouse leg muscles from pulse-chase glucose infusion. (f)
Immunohistochemistry to identify muscle fiber type in legs of mice. Red staining indicates fibers positive for anti-MYH?7, a marker of type 1 fibers.
Green staining indicates fibers positive for anti-MYH2a, a marker of Type 2a fibers. Blue staining indicates fibers positive for anti-MYH2b, a marker of
Type 2b fibers. (g, h) Metabolite images from pulse-chase glucose infusion in skeletal muscle. FBP labeling was seen across the tissue regardless of fiber
type, indicating glycogen breakdown. Scale bar: 0.5 mm.

NAD" in cortex. On the other hand, *C<-NAM comes from
circulating blood. Therefore, its level should be the highest in
blood vessels followed by medulla and outer stripe based on the
proximity to circulating blood. The observed NAD" labeling

pattern that distinguishes blood vessels, medulla, outer stripe,
and cortex (the latter two being indistinguishable) (Figure 2b).
In the case of glucose metabolism, the ATP:ADP ratio impacts
the direction of reaction flux through phosphoglycerate kinase,

pattern is the combined result of substrate availability and
NMNAT expression level. In addition, there is a subtle but
consistent trend that the NADH labeling ratio is lower than that
of NAD", suggesting that NADH is being converted from
NAD*, not vice versa (Figure 2c).

Examination of other nucleotides reveals that the apparent
ATP:ADP ratio (based on raw signal intensities) also shows a

14884

favoring either glycolysis or gluconeogenesis.””** Gluconeo-
genesis is a process that requires ATP, and the tissue must
reserve a sufficient amount of ATP to maintain glucose
homeostasis. The higher relative ATP in the renal cortex and
lower in medulla is consistent with the fact that the cortex is the
leading site of gluconeogenesis in the kidney, while the medulla
is the main site of glycolysis.*
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Glycolysis in Different Regions and Fiber Types of the
Muscle. Because our acidic methanol wash improves the
detection of phosphate-containing energy metabolites, we
applied this technique to study the metabolic heterogeneity of
muscle fibers. Glycolytic metabolites have a low abundance in
mammalian tissues, making them harder to detect by conven-
tional and spatial mass spectrometry methods. We hypothesized
that our acidic methanol wash approach would be helpful to
determine the source of glycolytic intermediates, particularly
those that are phosphorylated. Recent work in mice has shown
that different muscles in the leg use diverse nutrient pools to feed
glycolysis.*® The soleus muscle, rich in Type 1 and Type 2a
muscle fibers, primarily uses circulating glucose for glycolysis. In
contrast, the gastrocnemius muscle, rich in Type 2b fibers,
primarily uses glycogen stored within the tissue.’® However,
these studies have used LC—MS to measure these differences in
metabolites in bulk tissue and ignored the heterogeneity of fibers
in these muscles. In particular, the inner region of the
gastrocnemius muscle has more Type 2a or Type 1 muscle
fibers, a part classically known as the red gastrocnemius. We
hypothesized that the fiber composition of individual muscle
types would rely differentially on circulating glucose compared
to stored glycogen to power glycolysis.

Using our optimized acidic methanol wash, we aimed to
determine whether different fiber types within the gastro-
cnemius muscle use alternative substrates for glycolysis. To
visualize the muscle regions that directly use circulating glucose
for glycolysis, we performed a 2.5-hour infusion of U-"*C-
glucose. We visualized labeling in glycolytic intermediate FBP in
the muscle (Figure 3a,b). Consistent with our prior publication,
fully labeled FBP was high in the soleus muscle and low in the
gastrocnemius muscle regions rich in Type 2b fibers. However,
within the red gastrocnemius muscle with more type 2a and type
1 muscle fibers, the labeling was higher than in the other region
of the gastrocnemius muscle. In addition, the plantaris muscle,
composed of all fiber types, showed similar labeling to the red
gastrocnemius regions (Figure 3c,d). Importantly, our acidic
methanol wash enabled the visualization of regional differences
in metabolism.

To visualize the muscle regions that use glycogen (a polymer
of glucose stored in muscle) as the direct substrate of glycolysis,
we utilized an experimental paradigm in which we can label
glycogen pools by pulse-chase infusions. This allows us to trace
carbons coming out of the glycogen pool. To label the glycogen
pools in the tissue, U-"*C-glucose was infused during the dark
cycle while mice ate food ad-lib. Then, to reduce the labeling of
circulating glucose, we stopped the infusion during the light
process. After 4 h of no infusion, the glycogen in the tissue
remains labeled while circulating glucose is only minimally
labeled (Figure S10). At the end of the pulse-chase, we
visualized labeling in FBP and observed abundant m + 6 labeling
across the tissue regardless of fiber type (Figure 3f,g). Because
the gastrocnemius regions rich in type 2b fibers did not label
from 2.5 h glucose infusion but did label when glycogen was
labeled by pulse-chase, we conclude that the labeling within this
tissue comes from glycogen. This confirms that these regions of
the gastrocnemius muscle use glycogen rather than circulating
glucose for glycolysis.

We could visualize high levels of NADH in the soleus, which
uses glucose for glycolysis (Figure 3eh). High NADH levels
correlate with high glycolytic flux. Conversely, when the
glycolytic flux is low, many glycolytic enzymes are near
equilibrium and exhibit reversibility.”” This can be detected by

reversibility in the aldolase reaction, resulting in the m + 3
labeling of FBP. The soleus was low in m + 3 labeling of FBP
relative to the other muscles in the 2.5 h and pulse-chase glucose
infusions (Figure S10). Combined, these data suggest high
glycolytic flux from circulating glucose in the soleus muscle and
relatively lower glycolytic flux in other leg muscles.

B DISCUSSION

Challenges for MALDI-MSI include improving molecular
coverage. The combination of our approaches enables detection
of ~220 mammalian metabolites involved in central metabo-
lism: ~170 metabolites in negative mode with the NEDC matrix
and ~80 metabolites in positive mode with the THAP matrix
(Table S7). Improving metabolite detection sensitivity will
facilitate using small raster sizes for better spatial resolution.
Indeed, Korte et al. revealed that the molecular distribution of
metabolites and lipids might be heterogeneous even among cells
of the same tissue type, posing the problem of inefficient
detection of metabolites due to ion suppression.”® We show that
washing with organic solvents such as chloroform can remove
lipids, increasing the signal for many polar metabolites. In
addition, washing with acidic methanol can effectively remove
lipids and highly polar metabolites such as amino acids and
denaturing proteins, enhancing the detection of phosphate-
containing energy metabolites while maintaining histological
integrity. On-slide derivatization is a complementary ap-
proach®** and could further enhance the signal if performed
either before or after a wash step. This improved detection of
cellular metabolites through multiple improvements in sample
preparation will contribute to imaging mass spectrometry with
better spatial resolution, eventually reaching the single-cell
level."!

Capturing the energetic status (e.g, ATP:ADP ratio) can
provide insight into tissue function and health, such as tissue age
or perfusion.””* Currently, our methods provide enhanced
signal intensity for ATP and ADP, facilitating measuring their
relative signals. But these signals may be impacted by ATP
degradation during tissue processing or in-source fragmentation
of ATP (including into ADP). We also do not yet provide
absolute quantitation. Further research is needed. We anticipate
that these ratios, if understood spatially in the baseline
condition, could provide significant value to assessing animal
models of disease (e.g, kidney disease, cancer, neurological
diseases).”* For example, cancer cells are characterized by
enhanced aerobic glycolysis that may lead to a different
ATP:ADP ratio than normal cells.**> Thus, if performed
during biopsy, these could lead to classification of disease
progression or treatment response.

Our work also has substantial implications for lipidomics and
metabolomics regarding metabolite extraction from biological
samples. Our initial screen of different solvents for polar
metabolite detection shows that chloroform effectively removes
lipids from tissue sections. This suggests that chloroform is a
suitable solvent for extracting lipids from tissue samples.*>*” For
polar metabolite extraction, an important consideration is that
many metabolites bind with proteins.***’ To effectively extract
these protein-bound metabolites, it may be useful to denature
the proteins, which can be achieved using a variety of
approaches, such as the use of acid, detergent, or heat.?¥°07*
For mass spectrometry imaging, it will be interesting to explore
other approaches that denature proteins and enhance SMM
detection while also maintaining histological integrity, in
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addition to the acidic methanol treatment we developed in this
study.

B CONCLUSIONS

Improving sensitivity is a primary challenge for MALDI imaging
of small molecule metabolites. Here, we developed an approach
that involves treating tissues with acidic methanol to improve
the detection of metabolites involved in energy metabolism,
specifically phosphate-containing metabolites. We demonstrate
that this solvent wash strategy improves the ionization efficiency
of these metabolites by denaturing proteins, removing lipids,
and removing other highly polar metabolites that cause ion
suppression of target polar analytes. Combining this solvent
wash strategy with isotope tracing holds the potential for a better
empirical and mechanistic understanding of the ionization of
metabolites in mammalian tissues. More broadly, improving
metabolome coverage using MALDI will lead to important
biological discoveries.
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