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MOTIVATION Brain metabolism directly connects to brain physiology and neuronal function, but chal-
lenges remain to capturing an accurate snapshot of the physiological brain metabolome in healthy and
diseased rodent models. One challenge is that brain metabolism does not cease at the moment of animal
sacrifice, and in conventional protocols, there is typically a delay between animal sacrifice and surgical
isolation of the tissue for snap freezing and/or fixation, during which time postmortem conditions such
as hypoxia may start to influence the pools of metabolites in the sample. To overcome this barrier, we em-
ployed high-power, focused microwave for the simultaneous euthanasia and fixation of mouse brain tissue
in situ to preserve metabolite pools prior to surgical removal and dissection of brain regions.

SUMMARY

Brain glucose metabolism is highly heterogeneous among brain regions and continues postmortem. In
particular, we demonstrate exhaustion of glycogen and glucose and an increase in lactate production during
conventional rapid brain resection and preservation by liquid nitrogen. In contrast, we show that these post-
mortem changes are not observed with simultaneous animal sacrifice and in situ fixation with focused, high-
power microwave. We further employ microwave fixation to define brain glucose metabolism in the mouse
model of streptozotocin-induced type 1 diabetes. Using both total pool and isotope tracing analyses, we
identified global glucose hypometabolism in multiple brain regions, evidenced by reduced '*C enrichment
into glycogen, glycolysis, and the tricarboxylic acid (TCA) cycle. Reduced glucose metabolism correlated
with a marked decrease in GLUT2 expression and several metabolic enzymes in unique brain regions. In
conclusion, our study supports the incorporation of microwave fixation for more accurate studies of brain
metabolism in rodent models.

INTRODUCTION

Brain metabolism is the biochemical basis of memory, cognition,
and central nervous system (CNS)/peripheral neuronal signaling.
The brain consumes approximately 20% of circulating glucose'
and although debated, neurons are proposed to be the
major glucose-consuming cells of the brain.”® Glucose meta-
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bolism of the brain can be subdivided into catabolic or anabolic
processes. Catabolic processes involve the breakdown of
glucose for energy production via glycolysis and the tricarboxylic
acid (TCA) cycle.” Neurotransmitters such as GABA, glutamate,
and aspartate can be de novo synthesized through glucose
catabolism.® In contrast, anabolic glucose metabolism utilizes
either glucose or glucose derivatives for the synthesis of lipids,®
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complex carbohydrates such as glycans,” chondroitin,® and
heparan sulfate biopolymers,® all of which are critical biomass
and structural components of the brain. Given that brain glucose
participates in a myriad of metabolic processes from bioener-
getics to neurotransmitter and biomass production, it is difficult
to decipher which downstream processes are perturbed from
reduced 2-deoxyglucose uptake and are unique to disease
pathogenesis.

Glucose hypometabolism is characterized by reduced uptake
of 2-fluorodeoxyglucose (FDG), imaged by positron emission to-
mography (PET), and is a common pathological feature shared
among multiple neurological disorders such as Alzheimer’s dis-
ease (AD),"? Parkinson’s disease, ' temporal lobe epilepsy, '? in-
herited pediatric neurodegenerative diseases,'® and peripheral
diseases such as type 1 diabetes.'* Recently, the glycolysis-
lactate axis has been highlighted as a key pathway perturbed
in disease-associated microglia during AD progression.'®'®
Further, we found that protein hyperglycosylation, an anabolic
product of glucose metabolism, is a hallmark of AD in both hu-
man and mouse specimens.'” Collectively, these studies high-
light the potential of alternative metabolic fates of glucose in
neurodegenerative diseases. Conversely, orphan neurological
disorders such as Glut1 deficiency,’® PDH deficiency,'® and
Lafora disease all present with reduced glucose uptake on
FDG-PET," reduced oxidative phosphorylation, and protein
glycosylation, and patients are prone to epileptic seizures and
accelerated neurodegeneration.'®?° Therefore, clinical diag-
nosis of glucose hypometabolism and the downstream glucose
metabolic alterations differ based on underlying disease
pathology, highlighting the importance of accurately capturing
physiological metabolite phenotypes in human and experimental
models.

Currently, many techniques to accurately capture physiolog-
ical brain metabolism in rodents in vivo rely on nuclear magnetic
resonance (NMR),%'"22 wherein mice are anesthetized, and live
animals are used to study metabolic parameters. Metabolite
coverage captured by in vivo NMR is limited due to technical lim-
itations.?*?® Thus, large-scale metabolomics studies of the brain
require rapid dissection of brain regions postmortem followed by
cryo-preservation and mass spectrometry detection of metabo-
lites.?%?52” Postmortem surgical removal of the brain ranges
from 90 s to several minutes depending on the individual per-
forming the resection. It is well documented that metabolism
changes postmortem,”®?° and the rates of metabolic flux
through glycolysis and the TCA cycle occur in seconds.®*?
Furthermore, artificial tissue hypoxia has been reported in mice
following cervical dislocation,*® decapitation,®* and CO, eutha-
nasia.*® Brain tissue collection through conventional routes re-
sults in glycogen degradation and changes in global protein
phosphorylation status.**” A deeper understanding of neuronal
function hinges on expanded metabolic pathway coverage,
creating a critical need to establish an accurate baseline brain
metabolome that excludes residual non-physiological meta-
bolism that occurs during postmortem brain resection.

Microwave fixation of mammalian tissues utilizes water mole-
cule vibration to produce heat,*® resulting in heat-inactivated
protein denaturation and, in principle, stopping all metabolic
processes.’? Indeed, microwave fixation is frequently used in
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pathology laboratories to preserve mammalian tissues for histo-
pathological analyses.*° For direct in situ tissue fixation of whole
animals, a focused microwave has been developed for the rapid
inactivation of brain proteins (<0.6 s) and preserves global
protein phosphorylation through enzyme inactivation.®” Since
then, this technique has been adapted to study neurotransmit-
ters using in vivo NMR in rats.*'~** In this study, we hypothesized
that enzymatic inactivation through microwave fixation would
preserve the brain metabolome as well. Herein, we compared
in situ microwave fixation (0.6 s) with rapid dissection and
cryo-preservation of wild-type C57/B6 brain tissues where
enzyme inactivation takes about 90+ s. Further, we interrogated
the impact of type 1 diabetes mellitus (T1DM) on brain meta-
bolism using the streptozotocin (STZ)-induced hyperglycemia
mouse model, compared with vehicle treated,***® and observed
profound glucose hypometabolism in the brain of T1DM animals
using a focused microwave.

RESULTS

In situ microwave fixation to define brain metabolism

Cellular metabolism continues postmortem in rodents with signs
of hypoxia-driven metabolic reprogramming.?® These metabolic
changes are especially true for the brain, and capturing an accu-
rate snapshot of the brain metabolome remains a critical chal-
lenge in the field. To test the application of a focused microwave,
we designed a two-arm study where euthanasia occurs through
either (1) direct decapitation or (2) a focused microwave (Fig-
ure 1). In both arms, we performed rapid dissection of the brain
followed by cryo-preservation in liquid nitrogen. The major differ-
ence between the two arms is that the tissue-fixation or enzyme-
inactivation step occurs either during cryo-preservation (CP) for
decapitation (~90 s) or focused microwave (FM, ~0.6 s). Periph-
eral tissues were also collected as controls since they were not
subject to microwave radiation. Brain and other tissues from
both cohorts of animals were pulverized while in liquid nitrogen
by a cryo-mill and prepped for pooled metabolomics analysis
by gas chromatography-mass spectrometry (GCMS) for both
polar metabolites and biomass.“®™*® For this study, we focused
on the cortex (CTX), the hippocampus (HIPP), and the hindbrain
dorsal vagal complex (DVC), which contains glucose-sensing
neurons that undergo functional neuroplasticity after prolonged
hyperglycemia.”® GCMS metabolomics analyses between the
two arms (hereby designated as FM or CP) displayed clear sep-
aration by partial least squares-discriminant analysis (PLS-DA)
(Figure 1B), and metabolic pathway enrichment analysis sug-
gests changes in glycolysis, gluconeogenesis, TCA cycle, and
amino acid metabolism that are shared between FM and CP
among all three brain regions (Figure 1C). Targeted metabolite
analysis of the central carbon pathway revealed a drastic
decrease in glycogen, glucose, and citrate and a profound in-
crease in lactate, malate, and fumarate in the CP arm (Figure 1D).
Since the microwave beam of the FM does not have peripheral
organs in its path, we included GCMS analyses of the lung, liver,
and muscle as controls. We did not observe major changes be-
tween FM vs. CP methods in the peripheral organs, with the
exception of glucose and glucose-6-phosphate in liver and mus-
cle (Figure S1). Further, FM shows decreased variance within
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Figure 1. In situ FM fixation to study the brain metab-
olome

(A) Schematic of the experimental design. 6-week-old mice
fasted for 3 h and were euthanized by decapitation (top) or
microwave fixation (bottom), and brain regions were then
dissected, flash frozen, and analyzed by GCMS.

(B) Partial least squares-discriminant analysis (PLS-DA) of
cortex (CTX), dorsal vagal complex (DVC), and hippocampus
(HIPP) metabolites showing distinct separation between CP
and focused microwave (FM).

(C) Pathway analysis comparing CP and FM (performed by
Metaboanalyst) of CTX, DVC, and HIPP.

(D) Representative metabolite levels from glycogen meta-
bolism, glycolysis, and TCA cycle between CP and FM. Values
are presented as mean + SEM (n = 3 biological replicates),
*p < 0.05, **p < 0.01, **p < 0.001, *p < 0.0001, analyzed by
Student’s t test.

(E) Coefficient of variance (CoV) analysis of representative
metabolites in (B).

(F) Power analysis indicating the necessary sample size to
detect 89% power at 0.05 false discovery rate.

G6P, glucose 6-phosphate; F6P, fructose 6-phospahte; AMP,
adenosine phosphate; Thr, threonine; Ser, serine; Val, valine;
Pro, proline.
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groups showing reduced coefficient of variance (CoV) among
multiple metabolites (Figure 1E). Finally, based on the current
FM dataset (CTX), n = 5/group would provide 89% power to
detect those differences with a 5% false discovery rate based
on two-sample t tests (Figure 1F).

In situ microwave fixation is compatible with stable
isotope tracing

Stable isotopic tracing is invaluable at delineating substrate
metabolism and interrogating enzymatic activities.’*>' To test
whether FM fixation is compatible with stable isotope tracing,
we performed oral gavage delivery of '®C-glucose using a
method previously described*” and performed euthanasia with
either CP (90 s) or FM (0.6 s) in parallel to interrogate isotopic
enrichment of central carbon metabolites between the two
different brain fixative strategies (n = 3) (Figure 2A). We identified
significantly increased enrichment of '3C in glycogen and glyco-
lytic metabolites, including glucose, DHAP, and PEP in the CTX
following FM (Figures 2B-2D); however, lactate, citrate, fuma-
rate, malate, and amino acids such as glutamate, glutamine,
serine, and GABA remain unchanged between FM and CP (Fig-
ure 2C). ltis likely that even though total pooled metabolites were
changed during CP, both *C-enriched and '2C-TCA cycle and
amino acid metabolites were either consumed or synthesized
at the same rate during the 90 s fixation interval. Similarly, we
did not observe major changes in '*C-enrichment between FM
vs. CP in the lung, liver, and skeletal muscle (Figure S2).

Mouse model of T1DM affects the brain metabolome

T1DM is a peripheral disease that is characterized by the lack of
insulin production and persistent high circulating blood glucose.
T1DM negatively impacts neurological outcomes, including Alz-
heimer’s-related dementia.®*>° To define the impact of T1DM on
brain glucose metabolism using FM, we utilized the STZ model of
insulin impairment and hyperglycemia in mice and performed
untargeted analysis of metabolite pools using GCMS. Mice
were randomly assigned to two groups (n = 8): one that was in-
jected intraperitoneally (i.p.) with vehicle (citric acid) and another
with a single dose of STZ to induce hyperglycemia for 14 days to
mimic T1DM (Figures 3A and 3B). Both cohorts of mice were
euthanized and fixed by FM followed by surgical resection of
multiple brain regions (DVC, pre-blood-brain barrier, and HIPP/
CTX post-blood-brain barrier) as well as peripheral organs (mus-
cle and liver). To our surprise, we observed increases only in
glucose, glycogen, glucose 6-phosphate, and leucine in different
brain regions (Figures 3C and 3D). The majority of the metabolite
pools were relatively unchanged in the brain (Figures 3C and 3D).
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These limited changes were not the case in peripheral organs, as
we observed changes in multiple glycolytic and TCA cycle me-
tabolites in the liver (Figure S3); however, it is worth noting that
peripheral organs were not in the path of the FM.

Tracing 13C-glucose metabolism in the brain of a TIDM
mouse model

Pooled metabolomics analysis does not fully illuminate unique
substrate metabolism. T1DM is primarily a disease of hyperglyce-
mia; therefore, it is crucial to define the glucose contribution to
different metabolite pools. To assess whether there are differences
in glucose metabolism between vehicle- and STZ-treated mice,
we performed an additional animal experiment with vehicle- and
STZ-treated arms and performed stable isotope tracing of '*Cg-
glucose delivered through oral gavage with collection at either
30 min or 2 h post-gavage (n = 8) (Figures 4A and 4B). All cohorts
of mice were fixed in situ with FM followed by brain regional dissec-
tion and peripheral organ extraction. We observed major de-
creases in glucose enrichment in central carbon metabolites and
de-novo-synthesized amino acids. This phenotype is consistent
across the CTX, HIPP, and the DVC for both time points
(Figures 4C-4E and S4) as well as in peripheral organs (Figure S5).
Further, M2 and M3 isotopologes of citrate, malate, fumarate,
glutamine, glutamate, and aspartate all exhibited a decrease in
the STZ arm compared with the vehicle arm at both time points
(Figures 4C-4E and S4). This result suggests down-regulation of
pyruvate dehydrogenase and pyruvate carboxylase activity in
STZ-induced hyperglycemia in multiple brain regions. Further,
when comparing the CTX with the DVC, we observed decreased
lactate M3 isotopologue enrichment and increased M2 isotopo-
logue of citrate, malate, and fumarate in the STZ arm (Figures 4F
and 4G).

Down-regulation of GLUT2, PDH, and PC proteins in
unique neuronal cell layers

The power of stable isotopic tracing is the direct assessment of
metabolic enzyme activities through fractional enrichment, i.e.,
M2 and M3 isotopologues of citrate represent PDH and pyruvate
carboxylase (PC) activities, respectively. Mice with STZ-induced
hyperglycemia have reduction in M2 and M3 isotopologues of
citrate (Figure 4C); therefore, we continued to evaluate glucose
transporters and PDH and PC protein expression in cortical
and HIPP regions using immunofluorescence (IF) (n = 4). First,
we performed IF for GLUT1, GLUT2, and GLUT3 glucose trans-
porters, which have been shown to be affected by hyperglyce-
mia in peripheral tissues.®*>” We did not observe significant
changes in the percentage of positive areas in GLUT1 and

Figure 2. In situ FM fixation is compatible with stable isotope labeling

(A) Schematic of the experimental design. In a parallel experiment as shown in Figure 1, 6-week-old mice were fasted for 3 h, gavaged with 13C6-glucose, and
euthanized by decapitation (top) or microwave fixation (bottom), and brain regions were then dissected, flash frozen, and analyzed by GCMS.

(B) Schematic showing the stable isotope tracing glucose in glycolysis and TCA cycle and subsequent interpretations.

(C) Representative isotopologue for M6 of glycogen, glucose, and G6P; M2 of citrate, fumarate, malate, glutamate, glutamine, GABA, aspartate, and serine; and
M3 of DHAP, 3PG, PEP, pyruvate, lactate, citrate, fumarate, malate, glutamate, glutamine, GABA, aspartate, and serine within the cortex regions between mice
subjected to enzyme inactivation at CP and FM. Values are presented as mean + SEM (n = 3 biological replicates), *p < 0.05, **p < 0.01, ***p < 0.001, *p < 0.0001,

analyzed by Student’s t test.

(D) Model of changes in glucose utilization within cortex between enzyme inactivation at CP and FM. Bolded red arrows represent overutilized pathways during

the 90 s enzyme inactivation.

G6P, glucose 6-phosphate; DHAP, dihydroxyacetone phosphate; 3PG, 3-phosphoglyceric acid; PEP, phosphoenolpyruvate.
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GLUTS3 expression in the different brain regions (Figure S6); how-
ever, GLUT2, a neuronal glucose transporter, displays a 15%-
70% decrease of positive areas across the CTX, HIPP, and
DVC (Figure 5A). We observed a similar decrease in PDH and
PC protein by IF in cortical regions and the DVC (Figures 5B
and S6). Interestingly, the Cornu Ammonis 3 (CA3) neuronal layer
of HIPP was the only subregion affected by hyperglycemia, while
the CA1 and CA2 layers exhibited no differences in protein
expression between PC and PDH assessed by IF (Figures 5B
and S6).

DISCUSSION

There is a major scientific interest in deepening our understand-
ing of the brain metabolome,*®*° as many speculate it will aid in
our understanding of brain physiology and could be key to un-
derstanding neurological disease pathology. In this study, we
employed FM to create a snapshot of the brain metabolome
through in situ heat inactivation and fixation of metabolic en-
zymes. We observed a number of interesting differences be-
tween FM (0.6 s) and CP (90 s), primarily increases in glycogen,
glucose, citrate, and aKG but decreases in lactate, succinate,
and malate in mouse brain fixed in situ with FM vs. CP. These
data suggest increased utilization of glycogen and glucose for
glycolysis and lactate production, as well as TCA cycle anaple-
rosis during the 90 s interval to preserve metabolites via CP.
Interestingly, the metabolic shifts toward lactate production
and anaplerosis are often observed during hypoxia® and occur
frequently during cancer metabolism.® It is worth noting that we
did not observe a difference in amino acid abundances between
FM and CP. Collectively, these data are in agreement with previ-
ously published in vivo NMR analyses that support FM fixation to
preserve physiological brain metabolome.*'

Stable isotope tracing is a powerful technique to study meta-
bolic flux and enzyme activity in vivo and is frequently used to
study brain metabolism.”"% Using isotopic tracing, we
observed evidence of increased glucose and glycogen utilization
demonstrated by decreased M6 isotopologue enrichment of
glucose and glycogen and increased M3 isotopologue enrich-
ment of 3-PG during 90 s of CP. To our surprise, we did not
observe major changes in isotopic enrichment of TCA cycle me-
tabolites. M2 and M3 isotopologues of citrate, fumarate, and ma-
late were consistent between FM and CP. These data imply that
although the total pool of metabolites decreased during 90 s of
CP, the tissues seem to utilize both pools of unlabeled and
labeled metabolites equally. Based on these data, we recom-
mend the use of stable isotope tracing to study brain metabolism
when FM is not available.

T1DM affects about 20 million people worldwide and leads to
vascular diseases, retinopathy, neuropathy, and liver disease.®®
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Recent reports have highlighted the impact of TIDM on brain
glucose metabolism, and patients with TIDM have increased
risk of developing late-onset dementia.®* In the STZ-treated
mouse model of TIDM fixed by FM, we did not observe major
changes in pooled metabolites except for glucose and glycogen,
which remained higher in the vehicle cohort. We then performed
3C-glucose tracing through oral gavage. We observed glucose
hypometabolism in all three regions we examined. Decreased
enrichment of glycolytic and TCA cycle isotopologues were
noted in multiple regions of the brain including the CTX, HIPP,
and DVC. These data are in agreement with previous reports
showing brain glucose hypometabolism in patients with
T1DM,%*%9 glycogenolysis,®”’° and increased hepatic glucose
production.”’~"# Notably, glucose metabolism differed between
the CTX and the DVC within the TIDM cohort. It is worth noting
that the blood-brain barrier is permeable throughout much of the
DVC, and this region could have alternative metabolic controls
compared with the CTX and HIPP.

Limitation of study

We would like to highlight that rodent brain metabolism is highly
sensitive to stimuli such as handling and stress,’® anesthesia,®
and time post-euthanasia.’® Future studies should focus on
isolating single-cell types to define the cell type-specific brain
metabolism in healthy and diseased tissue. It would also be of in-
terest to test whether FM is compatible with new single-cell tech-
nologies such as matrix-assisted laser desorption ionization
(MALDI) MS imaging,'” single-cell RNA sequencing (RNA-
seq),”” and spatial proteomics analyses.”®"®

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
e EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Animals
e METHOD DETAILS
O Chemicals and reagents
O Induction of hyperglycemia and in vivo glucose assess-
ments
Gavage of [U-13C] glucose
Microwave fixation
Immunofluorescence
Sample preparation
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Figure 3. Pooled metabolomics analysis of mouse brain from a model of TIDM using FM

(A) Schematic of the experimental design. 6-week-old mice were injected with either vehicle or 200 mg/kg STZ to induce hyperglycemia. After 14 days, mice were
fasted for 3 h and euthanized by focused microwave (FM). Brain regions were then dissected, flash frozen, and analyzed by GCMS.

(B) Blood glucose levels measured by hand-held glucometer in vehicle and T1DM mice after 14 days of hyperglycemia (n = 8 biological replicates).

(C) Pathway analysis (performed by Metaboanalyst) of CTX, DVC, and HIPP between vehicle-treated and T1DM mice.

(D) Representative metabolite levels from glycogen metabolism, glycolysis, and TCA cycle between vehicle and T1DM.

Values are presented as mean + SEM (n = 6-8 biological replicates), *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.0001, analyzed by Student’s t test.
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(B) Blood glucose levels were measured by hand-held glucometer before fasting, before tracer gavage delivery, and before microwave fixation (n = 8).

(C-E) Representative isotopologue enrichment for M6 of glycogen and glucose; M2 of citrate, aKG, fumarate, malate, glutamate, glutamine, GABA, aspartate,
and serine; and M3 of 3PG, pyruvate, lactate, citrate, aKG, fumarate, malate, glutamate, glutamine, GABA, aspartate, and serine for three brain regions, CTX (C),
DVC (D), and HIPP (E), of TIDM mice. Values are presented as mean + SEM (n = 6-8 biological replicates).

(F) M3 isotopologues of pyruvate and lactate and M2 isotopologue of citrate between CTX and DVC in T1DM. Values are presented as mean + SEM (n = 6-7

biological replicates).

(G) Model of changes in glucose utilization in CTX and DVC and in TIDM.
3PG, 3-phosphoglyceric acid; aKG, alpha-ketoglutarate.

*p < 0.05, **p < 0.01, ***p < 0.001, *p < 0.0001, analyzed by Student’s t test.
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Figure 5. Immunofluorescent analysis of GLUT2 and PC expression in CTX, HIPP, and BS in a mouse model of TIDM

(A—C) 20 um coronal sections of the mouse brain were stained with GLUT2 (green) and NeuN (red) and quantified in in the CTX (A), HIPP (B), and brainstem (BS) (C).
Zoomed-in images are shown for the retro-splenial (RS) cortex, Cornu Ammonis 3 (CA3) of HIPP, and the DVC of BS.

(D) Quantification of % positive pixels for GLUT2 using HALO software.

(E-G) 20 um coronal sections of the mouse brain were stained with pyruvate carboxylase (PC) (green) and NeuN (red) and quantified in in the CTX (E), HIPP (F), and
BS (G). Zoomed-in images are shown for the RS, the CA3 of HIPP, and the DVC of BS.

(H) Quantification of percentage of positive pixels for PC using HALO software.

Values are presented as mean + SEM (n = 4 biological replicates), *p < 0.05, **p < 0.01, **p < 0.001, analyzed by Student’s t test. Scale bars are either 1 mm,
500 pum, or 100 pm.

PC, pyruvate carboxylase; GLUT2, glucose transporter 2.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GLUT1, Rabbit Abcam Cat# ab115730; RRID: AB_10903230
GLUT2, Rabbit Novus Cat# NBP2-22218; RRID: AB_2335858
GLUTS, Rabbit Alomone Cat# AGT-023; RRID:AB_2756644
Pyruvate Carboxylase, Rabbit GeneTex GTX121987

Pyruvate Dehydrogenase (ser 293), Rabbit EMD Milipore Cat# AP1062; RRID:AB_2863934
NeuN, Mouse Abcam ab279295

NeuN, Rabbit Abcam Cat# ab236870; RRID:AB_2927651
GFAP, Chicken GeneTex Cat# GTX85454; RRID:AB_10621124
DAPI Novus NBP2-31156

Goat anti-chicken, Alexa 594
Goat anti-rabbit, Alexa 488
Goat anti-mouse, Alexa 647

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# A-11042; RRID:AB_2534099
Cat# A-11034; RRID:AB_2576217
Cat# A-21236; RRID:AB_2535805

Chemicals, peptides, and recombinant proteins

U-13C6-glucose, 99%
L-Norvaline

Methoxyamine hydrochloride
Pyridine

MSTFA +1 Percent TMCS
Hydrochloric Acid

HPLC Methanol

PBS

Heparin Sodium (10,000units/mL)
4% Paraformaldehyde in PBS
Sucrose

Normal Goat Serum

Triton X-

Tween 20

Prolong Glass
Streptozotocin

Citric Acid

Sodium citrate dihydrate
2-methylbutane

Ethanol

OCT compound

Cambridge Isotope Laboratories
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

N/A

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Decon Labs

Thermo Fisher Scientific

CLM-1396-MPT-PK
N7627-5G
226904-25G
TS-27530
375934-10X1ML

34860-4X4L-R
P3813

NDC# 25021040010
J19943.K2
036508.A1
31873

X100

P1379

P36984
572201

A940

BP327
019387AP
CAS#: 64-17-5
23-730-571

Deposited data

Raw and processed metabolomics data This study Metabolomics Workbench ST002524 and
ST002525

Software and algorithms

HALO Software Indica Labs N/A

Prism Graphpad N/A

IsoCorrectoR Heinrich et al.®® N/A

DEXSI software Dagley and McConville®’ N/A

Metaboanalyst Xia et al.?? (https://chemdata.nist.gov/dokuwiki/doku.
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php?id=chemdata:amdis)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

AMDIS Fiehn®; Fiehn et al.?*; (https://chemdata.nist.gov/dokuwiki/doku.
Kind et al®® php?id=chemdata:amdis)

Other

Nova Max glucose test strips ADW #8548043523

Nova Max plus glucometer ADW #8548043435

High power-focused microwave Muromachi Kikai Company MMW-05

Animal Holder, TAW-174P

60 mL syringe only, luer lock tip
Over the head ear muffs

Safety Glasses

N95 mask

Muromachi Kikai Company

BD Sciences

Fisher Scientific
Fisher Scientific
Fisher Scientific

WJM-24 for 15-20g Mouse, WJM-28 for 20-
40g Mouse, WJM-30 for 40-50g Mouse

BD 309653
19-130-1978
19-181-514
18-999-473

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be direct to and will be fulfilled by the lead contact, Ramon C.
Sun (ramonsun@ufl.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® Theraw and processed metabolomics datasets from this paper have been deposited at Metabolomics Workbench with acces-
sion number(s): ST002524 and ST002525.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All experiments were performed on male C57BL6 background (000664; The Jackson Laboratory, Bar Harbor, ME), at 6 weeks of age.
All mice used in the experiment were housed and cared for in the University of Kentucky Division of Laboratory Animal Resources
facilities under normal 14:10 light-dark condition with food (Tekad Global pellets 2018, Indianapolis, IN) and water available ad libi-
tum, except where noted. Experiments were carried out in accordance with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the University of Kentucky under protocols approved by the Institutional Animal Care and Use Committee
(Protocol number:2020-3601). In total, 52 mice were used (n = 6 for untargeted metabolomics fixation study, n = 6 for '*C glucose
study, n = 16 for untargeted metabolomics study, n = 16 for '*C glucose tracer study, n = 8 for IF). Randomization was done utilizing
Excel and function RANDBETWEEN for each experiment, where 1 was control, and 2 was treatment. Cages were handled by altering
descending cage card numbers one day and ascending the other day. Mice tissue was coded by 3 numbers and color code (for
example 123 Black) to blind the samples during tissue harvest, and GCMS/IF prep. Data was unblinded to run statistics. If mice
lost more than 20% of their original weight or were not exhibiting normal social or grooming behavior as per approved protocols,
animals were euthanized.

METHOD DETAILS

Chemicals and reagents

HPLC grade methanol (34860-4X4L-R) and methoxyamine hydrochloride (226904-25G) were purchased from Sigma Aldrich
(Burlington, MA, USA). Silylation Reagents, MSTFA +1% TMCS Reagent (TS-48915) and pyridine (TS-27530) were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Amber vials (5184-3554), blue screw caps (5182-0717) were purchased from
Agilent Technologies (Santa Clara, CA, USA). Streptozotocin (572201), PBS (P3813), Triton X-100 (X100), Tween 20 (P1379) were
purchased from Sigma-Aldrich (St. Louis MO). Sodium citrate dihydrate (BP327), Citric acid anhydrous (A940) normal goat serum
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(31873) and OCT compound (23-730-571), 2-methylbutane (019387AP), and ProlongGlass (P36984) from Thermo Fisher Scientific.
[U-"3C] Glucose was obtained from Cambridge Isotope Laboratories (Tewksbury, MA, USA).

Induction of hyperglycemia and in vivo glucose assessments

At 6 weeks of age, mice were injected with streptozotocin (STZ; 200 mg/kg; i.p.; Sigma-Aldrich, St. Louis, MO) in citric acid (CA,
0.1M), after a 6 h fast. Mice were monitored daily for weight and blood glucose levels. Blood glucose levels were measured by hand-
held glucometer (Nova Max Plus; received from American Diabetes Wholesale (ADW), Pompano Beach, FL), using 0.3uL of blood
from the tail vein. Nova Max glucose test strips were used (#8548043523, ADW). Blood concentration above 300 mg/dL was consid-
ered hyperglycemic. Mice were used for experiments after at least 14 days (14-16 days) of hyperglycemia.

Gavage of [U-13C] glucose

[U-"3C] Glucose (Cambridge Isotope Laboratories, Tewksbury, MA, USA) was dissolved in ddH,O (Millipore Milli-Q, Bedford, MA,
USA) based on the average mouse cohort bodyweight (2 g [U-'3C] glucose/kg bodyweight). After 3 h fast, 250 pL of glucose solution
was administered via oral gavage. Tissues were collected at 30 min and 2 h. To assess the blood glucose levels before fasting, at
tracer delivery and before microwave fixation handheld glucometer (Nova Max Plus; received from American Diabetes Wholesale,
Pompano Beach, FL) was used.

Microwave fixation
Mice were euthanized by microwave fixation system at 5kW for 0.6 s (MMW-05, Muromachi Kikai Company, Japan). Brain regions
(HIPP, CTX, DVC), as well as muscle and liver, were dissected post-mortem.

Immunofluorescence

Mice were transcardially perfused with Heparin-PBS (10 units/mL), followed by 4% PFA. Tissue was post-fixed for 24 h in 4% PFA
and then cryoprotected with 30% sucrose in 0.01M PBS. The tissue was frozen with isopentanes and cut at 20um with a sliding
microtome. Staining was done free-floating in 24-well plates without inserts. Tissue was rinsed with 0.01M PBS, incubated for 1 h
in 5% normal goat serum in 0.3% Triton X-100 in PBS. The tissue was then incubated at room temperature in the primary antibody
(see STAR Methods) at diluted in 1% normal goat serum, followed by 3 X 15 min rinses in 0.05% Tween 20 in PBS. Tissue was then
incubated for 1 h in secondary antibody diluted in 1% normal goat serum in PBS. For multiple labeling, primary antibodies were incu-
bated for 2 h, and secondary antibodies for 1 h. Tissue was then exposed to DAPI for 5 min, mounted on the slides and cover slipped
with Prolong Glass. Digital images were acquired through the Zeiss Axio Scan Z.7 digital slide scanner at 20x magnification and 12
Z-stacks. Figures were captured using HALO software (v3.3.2541.345, Indica Labs, Albuquerque, NM). Analysis was done by out-
lining the regions of interest in the HALO software and quantifying the positive pixels.

Primary antibodies Host Company and catalog # Dilution Conditions
GLUT1 Rabbit Abcam ab115730 1:200 Overnight, RT
GLUT2 Rabbit Novus NBP2-22218 1:200 Overnight, RT
GLUT3 Rabbit Alomone AGT-023 1:200 Overnight, RT
Pyruvate Carboxylase Rabbit GeneTex GTX121987 1:200 Overnight, RT
Pyruvate Dehydrogenase (ser 293) Rabbit EMD Millipore AP1062 1:200 Overnight, RT
NeuN Mouse Abcam ab279295 1:1000 1h, RT

NeuN Rabbit Abcam ab236870 1:1000 1h, RT
GFAP Chicken GeneTex GTX85454 1:2000 2h,RT

DAPI Novus NBP2-31156 1:5000 5 min, RT
Secondary antibodies Fluorophore Company and catalog # Dilution Conditions
Goat anti-chicken Alexa 594 A-11042 1:400 1h, RT
Goat anti-rabbit Alexa 488 A-11034 1:400 1h, RT
Goat anti-mouse Alexa 647 A-21236 1:400 1h, RT

Sample preparation

Brains were removed immediately postmortem, and washed once with PBS, twice with diH,O, blotted dry, and snap frozen in liquid
nitrogen. Other set of brains were snap frozen after microwave fixation as described above. The frozen tissues were pulverized to
10 um particles in liquid N, using a Freezer/Mill Cryogenic Grinder (SPEX SamplePrep). Brain regions were extracted with 1mL of
50% methanol in the grinder, while for muscle and liver twenty milligrams of each pulverized tissue were extracted in 1mL of 50%
methanol and separated into polar (aqueous layer), and protein/DNA/RNA/glycogen pellet. The polar fraction was dried at 1073
mBar using a SpeedVac (Thermo) followed by derivatization.
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Pellet hydrolysis

Hydrolysis of the protein/DNA/RNA/glycogen pellet was performed by first resuspending the dried pellet in diH,O followed by the
addition of equal parts 2N HCI. Samples were vortexed thoroughly and incubated at 95°C for 2 h. The reaction was quenched
with 100% methanol with 40uM L-norvaline (as an internal control). The sample was incubated on ice for 30 min and the supernatant
was collected by centrifugation at 15,000 rpm at 4°C for 10 min. The collected supernatant was subsequently dried for 30 min by
vacuum centrifuge at 10~2 mBar.

Sample derivatization

Dried polar and glycogen samples were derivatized by the addition of 20 mg/ml methoxyamine hydrochloride in pyridine and sequen-
tial addition of N-methyl-trimethylsilyl-trifluoroacetamide (MSTFA). Both reactions were incubated for 60 min at 60°C with thorough
mixing in between addition of solvents. The mixture was then transferred to a v-shaped amber glass chromatography vial and
analyzed by GCMS.

GCMS quantification

GCMS protocols were similar to those described previously with a modified temperature gradient was used for GC: Initial temper-
ature was 130°C, held for 4 min, rising at 6 °C/min to 243°C, rising at 60 °C/min to 280°C, held for 2 min. The electron ionization (El)
energy was set to 70 eV. Scan (m/z:50-800) and full scan mode were used for metabolomics analysis. Mass spectra were translated
to relative metabolite abundance using the Automated Mass Spectral Deconvolution and Identification System (AMDIS) software
matched to the FiehnLib metabolomics library (available through Agilent) for retention time and fragmentation pattern matching
with a confidence score of >80 (Fiehn, 2016; Fiehn et al., 2000; Kind et al., 2009). Data was further analyzed using the Data Extraction
for Stable Isotope-labelled Metabolites (DEXSI) software package. Untargeted metabolomics data was normalized to total ion chro-
matogram. For glucose tracer raw data was exported and correction for natural abundance was done by IsoCorrectoR. Fractional
enrichment of each metabolite was calculated as the relative abundance of each isotopologue relative to the sum of all other isoto-
pologues. Mean enrichment was calculated as sum of fractional enrichment of labeled isotopologues (M1, M2, M3 ...). For principal
component analysis, pathway impact analysis the online tool Metaboanlyst was used (https://www.metaboanalyst.ca/). Data was
auto scaled and log transformed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were carried out using GraphPad Prism. All numerical data are presented as mean + SEM. Column analysis was
performed using t-test. A p-value less than 0.05 was considered statistically significant. Statistical power and sample size
calculations for animal studies were performed based on the current focused microwave dataset (CTX). A sample of n = 5/group
would provide 80% power to detect a 3.1 standard deviation difference in the mean abundance level of a metabolomic feature be-
tween experimental groups based on a two-sample t-test at 5% significance level.
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