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Abstract

Impairments in energy metabolism in amyotrophic lateral sclerosis (ALS) have long been known. However, the changes in the
energy-producing pathways in ALS are not comprehensively understood. To investigate specific alterations in glucose metabolism
in glycolytic, pentose phosphate, and TCA cycle pathways, we injected uniformly labeled [U-">C]glucose to wild-type and
hSOD19”** mice at symptom onset (80 days). Using liquid chromatography-tandem mass spectrometry (LC-MS/MS), levels of
metabolites were determined in extracts of the cortex and spinal cord. In addition, the activities of several enzymes involved in
glucose metabolism were quantified. In the spinal cord, the levels of pentose phosphate pathway (PPP) intermediate ribose 5-
phosphate (p =0.037) were reduced by 37% in hSOD19%** mice, while the % '*C enrichments in glucose 6-phosphate were
increased threefold. The maximal activities of the enzyme glucose 6-phosphate dehydrogenase were decreased by 24% in the spinal
cord (p = 0.005), suggesting perturbations in the PPP. The total amount of pyruvate in the cortex (p = 0.039) was reduced by 20% in
hSOD19%** mice. Also, the activities of the glycolytic enzyme pyruvate kinase were reduced in the cortex by 31% (p = 0.002),
indicating alterations in glycolysis. No significant differences were seen in the total amounts as well as % '*C enrichments in most
TCA cycle intermediates, suggesting largely normal TCA cycle function. On the other hand, oxoglutarate dehydrogenase activity
was decreased in the cortex, which may indicate increased oxidative stress. Overall, this study revealed decreased activity of the
PPP in the spinal cord and alterations in glycolysis in hSOD19%** mouse CNS tissues at the early symptomatic stage of disease.
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Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12035-019-1485-6) contains supplementary
material, which is available to authorized users.

Amyotrophic lateral sclerosis (ALS) is a progressive neurode-
generative disease that causes selective death of neurons in the
cortex and the spinal cord [1]. Most cases (90%) of ALS are
50 Karin Borges sporadic, while about 10% are familial. Mutations in the su-
k.borges@uq.edu.au peroxide dismutase 1 (SOD1) gene constitutes 20% of familial
ALS cases, and the hSOD19%* mouse model is the most
Ne.urological Disqrders and Metabolism Lal?, School of Biomedical widely characterized model of ALS [2]. The exact mecha-
iﬁi:;;lei: The University of Queensland, Brisbane, QLD 4072, nisms of motor neuron death in this disease are not compre-
hensively known. Several mechanisms have been hypothe-
sized, including abnormal protein aggregation [3], glutamate
excitotoxicity [4, 5], oxidative stress [6], and dysfunctional
energy metabolism [7, 8]. It is likely that a combination of
these pathogenic mechanisms contributes to the pathogenesis
and progression of ALS.
Alterations in energy metabolism in people with ALS as
well as ALS animal models have been reported in various
studies. Many patients with ALS display abnormal energy

Present address: Australian Institute for Bioengineering and
Nanotechnology, The University of Queensland, Brisbane, Australia

Metabolomics Australia Queensland Node, Australian Institute for
Bioengineering and Nanotechnology, The University of Queensland,
Brisbane, Australia

School of Pharmacy, The University of Queensland,
Brisbane, Australia

Present address: Metabolomics Research Laboratory, Victor Chang
Cardiac Research Institute, Sydney, Australia

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-019-1485-6&domain=pdf
http://orcid.org/0000-0001-7448-0770
https://doi.org/10.1007/s12035-019-1485-6
mailto:k.borges@uq.edu.au

Mol Neurobiol (2019) 56:5844-5855

5845

homeostasis and reduced body weight, indicating defects in
whole-body energy metabolism [9, 10]. In certain CNS re-
gions, including the cortex and spinal cord, several
fluorodeoxyglucose positron emission tomography (FDG-
PET) and '*C autoradiography studies have indicated glucose
hypometabolism in patients and in animal models of ALS
[11-13]. Consistent with this, we demonstrated that
glycolysis-derived metabolites and first-turn TCA cycle—
derived metabolites were significantly reduced in the cortex
and spinal cord of the hSOD1%%** mouse model of ALS at
symptomatic stages of the disease, indicating reduced glycoly-
sis [14]. Specifically, we measured the levels of metabolites of
injected [1-'*C]glucose and [1,2-'*CJacetate using high-
pressure liquid chromatography (HPLC) and 'H and "*C nu-
clear magnetic resonance spectroscopy (NMR spectroscopy).
‘We found reduced total lactate, [3-13C]lactate, total alanine, and
[3-'*CJalanine concentrations mainly in the CNS at mid stage,
while the levels of glucose were largely unaltered [14].

There is little known about alterations in defined glycolytic
and TCA cycle steps, nor the activity of the pentose phosphate
pathway (PPP) in ALS. The PPP is strongly connected to gly-
colysis and is important for the generation of NADPH, which
may protect cells from oxidative stress. Although increased
oxidative damage has been reported in CNS tissues of patients
with ALS and animal models (reviewed in [15, 16]), there are
few studies about alterations of the PPP in ALS thus far.

Several impairments in the TCA cycle pathway have been
reported in ALS models [17]. Reduced gene expression of the
TCA cycle enzymes isocitrate dehydrogenase and
oxoglutarate dehydrogenase was found in the CNS tissues
from hSOD1°%*A mice [18, 19], which could lead to dimin-
ished metabolism of glucose via the TCA cycle. In our previ-
ous study, we found reduced labeling of first-turn TCA cycle—
derived metabolites from [1-'*C]glucose, including
[4-'3C]glutamate, [4-'*C]glutamine, and [2-'*C] GABA,
which indicates reduced entry of [3-'>C]pyruvate into the
TCA cycle and reduced availability of TCA cycle intermedi-
ates for amino acid and neurotransmitter generation [14].

Collectively, abnormalities in the energy-producing path-
ways in ALS may lead to reduced ATP generation and subse-
quent death of neurons (reviewed in [20, 21]). However, the
specific pathologic changes in each of these pathways contrib-
uting to the generation of reduction equivalents, energy, ri-
boses, neurotransmitters, amino acids, and lipids are not clear-
ly understood. The aim of this study was to further investigate
alterations in glycolysis, the pentose phosphate, and TCA cy-
cle pathways in the brain and spinal cord tissues from
hSOD19%*4 mice at symptomatic stage of the disease. Thus,
we examined the activity of glycolysis, pentose phosphate,
and TCA cycle pathways in vivo in the brain and spinal cord
of wild-type and hSOD19?** mice at onset of disease
(80 days). We studied the metabolism of uniformly labeled
glucose ([U-"*C])glucose in vivo quantifying metabolites by

liquid chromatography-tandem mass spectrometry (LC-MS/
MS) and investigated the activities of enzymes involved in
glucose metabolism in tissue extracts.

Methods
Animals

All animal experiments were approved by the University of
Queensland Animal Ethics Committee (SBMS 128/14) and
followed the guidelines of the Queensland Animal Care and
Protection Act 2001. Wild-type and hSOD19%** mice were
bred by mating hSOD1%%** males expressing high copy num-
ber of mutant SOD1 (B6.Cg-Tg(SOD1*G93A)1Gur/J, Jackson
laboratory, Bar Harbor, ME, USA) with C57BL/6 wild-type
females (University of Queensland). Female mice at 80 days
(onset of disease) were used for this experiment. Mice were
maintained in a 12-h light, 12-h dark cycle and had access to
food and water ad libitum. Animals were randomly assigned
numbers for tissue extraction as well as LC-MS/MS, enzyme
activity, and data analyses. The genotype of the two groups was
revealed after all the analysis was completed. All efforts were
made to reduce the numbers and suffering of animals.

Injection of Uniformly Labeled Glucose ([U-'3C]
Glucose)

Wild-type (n=13) and hSOD19%*# mice (n = 14) at 80 days
(onset of disease) were injected with uniformly labeled glu-
cose ([U-'3C]g1ucose, 0.3 M i.p., Cambridge Isotope
Laboratories, Tewksbury, MA, USA). After 15 min, mice
were killed by microwave fixation to the head (Model
MMW-05, Muromachi, Tokyo, Japan) at 5 KW for 0.74 to
0.80 s, to denature enzymes quickly. The cortex and the lum-
bar sections of the spinal cord tissues were dissected and
stored at — 80 °C until extracted. The spinal cord tissues were
not microwave-fixated and therefore subject to post-mortem
metabolism. The time taken to dissect and freeze the spinal
cord was less than 60 s.

Extraction of Tissue

The cortical and spinal cord tissues were first homogenized
with a sonicator (Branson ultrasonics, Danbury, CT, USA)
with an initial solvent of 1000 ul for the cortex and 750 pl
for the spinal cord samples of chilled methanol with the addi-
tion of 4 ul or 3 pl of 1 mM azidothymidine (AZT) as an
internal standard, respectively. Water-soluble metabolites
were extracted using methanol/water/chloroform extraction
method as described in [22]. Samples were dried and metab-
olites quantified by liquid chromatography-tandem mass
spectrometry (LC-MS/MS).
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Labeling Patterns of [U-">C]Glucose

Via glycolysis, ['?Cg]glucose is phosphorylated into
[U-"*C]glucose-6-phosphate (G6P) by hexokinase. G6P gets
further metabolized into uniformly labeled ([U-">C])fructose-
6-phosphate (F6P), fructose-1,6 diphosphate (F16DP), dihy-
droxyacetone phosphate (DHAP), glyceraldehyde 3-
phosphate (GA3P), 1,3 bisphosphoglycerate (13BPG, not
measured), (2 + 3) phosphoglycerate (2 + 3 PG), phosphoenol
pyruvate (PEP), and pyruvate (PYR) and lactate (LAC).
[U-">C]G6P can also be metabolized to glucose 1-phosphate
(GIP) or enter the pentose phosphate pathway to produce
uniformly labeled ribose 5-phosphate (R5P), ribulose 5-
phosphate (RL5P) and xylulose 5-phosphate (X5P).
Metabolites of the PPP can re-enter glycolysis as glyceralde-
hyde 3-phosphate (GA3P). [U-'"*C]pyruvate enters into the
TCA cycle as [1, 2-"*CJacetyl CoA via pyruvate dehydroge-
nase (PDH). In the first turn of the TCA cycle, if [1, 2]acetyl
CoA condenses with unlabeled oxaloacetate (OAA), it forms
M + 2-labeled citrate (CIT), aconitate (ACO), o-ketoglutarate
(AKGQG), succinate (SUC), fumarate (FUM), malate (MAL),
and OAA (see Fig. 1). In the second turn of the TCA cycle,
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Fig. 1 Labeling patterns of selected glycolytic, pentose phosphate, and
first-turn TCA cycle intermediates following metabolism of
[U-"*CJglucose. "*C-labeled carbons are shown as black circles while
unlabeled carbons are represented as white circles. G6P, glucose 6-
phosphate; 6PGL, 6-phospho gluconolactone; F6P, fructose 6-
phosphate; F16DP, fructose 1,6-bisphosphate; DHAP, dihydroxyacetone
phosphate; GA3P, glyceraldehyde 3-phosphate; (2/3) PG, 2 + 3 phospho-
glycerate; PEP, phosphoenol pyruvate; RLSP, ribulose 5-phosphate; RSP,
ribose 5-phosphate; XSP, xylulose 5-phosphate; OAA, oxaloacetate; -
KG, a-ketoglutarate
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[1, 2]acetyl CoA condenses with labeled (M + 2) oxaloacetate
(OAA) to give rise to (M + 4) labeled CIT and AKG, (M + 3)
SUC, FUM, and MAL. For detailed labeling pattern and mass
isotopomer analysis, see [23].

Liquid Chromatography-Tandem Mass Spectrometry

LC-MS/MS data were obtained as described in [23, 24]. Total
amounts of metabolites were corrected using the weight of
extracted tissue and internal standard added. For % '*C en-
richment analysis, 1.1% natural abundant '*C was subtracted.
Two wild-type and three hSOD19%*# samples without '*C
labeling, which were likely a result of misdirected injection
of labeled glucose, were removed from the analysis.

Enzyme Assays

The maximal activities of cytosolic (hexokinase (HK), pyru-
vate kinase (PK), glucose 6-phosphate dehydrogenase
(G6PDH) and pyruvate dehydrogenase (PDH)), and mito-
chondrial enzymes (oxoglutarate dehydrogenase (OGDH),
glutamic oxaloacetic transaminase (GOT), glutamate dehy-
drogenase (GDH)) involved in energy metabolism were quan-
tified in extracts of wild-type and hSOD1%%*# mice cortex and
the spinal cord as previously described in [23, 25]. All enzyme
assays were performed with the investigators blinded to the
genotype of the samples.

Cytosolic and Mitochondrial Enrichment

Wild-type (n=11) and hSOD1°”*# mice (n=15) were
sacrificed at disease onset (80 days of age). Brains and spinal
cortices were removed, snap-frozen in dry ice, and stored at —
80 °C until required. The cortex and the spinal cord tissues
were homogenized in 500 pL of mitochondrial enrichment
buffer (70 mM sucrose, 210 mM mannitol, 5 mM HEPES;
pH 7.4) with the addition of 5 L of protease inhibitor cocktail
(cat no. P8340, Sigma-Aldrich, NSW, Australia) using a glass-
Teflon homogenizer. Samples were centrifuged at 1000g, 4 °C
for 10 min, and the supernatant was transferred to a new tube
and centrifuged again at 12,000g. The supernatant (cytosolic
fraction) was removed and the pellet was resuspended in
250 pL mitochondrial isolation buffer (with added 1 mM
EDTA and 0.5% BSA) and centrifuged at 10,500g. The pellet
was resuspended in 150 uL mitochondrial isolation buffer
(mitochondrial enriched fraction). Both fractions were
aliquoted and stored at — 80 °C.

Continuous Spectrophotometric Assays
The activities of HK, PK, G6PDH, GDH, and GOT were de-

termined through continuous spectrophotometric assays using
the Spectramax 190 Microplate Reader (Molecular Devices,



Mol Neurobiol (2019) 56:5844-5855

5847

CA, USA) as previously described in [23]. A Pierce
bicinchoninic acid (BCA) assay (Thermo Fisher Scientific)
was performed to determine protein concentration in each sam-
ple. The activities of GDH, GOT, and PK were determined via
the oxidation of reduced [3-nicotinamide adenine dinucleotide
(-NADH), while the activities of HK and G6PDH were mea-
sured through the reduction of (3-nicotinamide adenine dinu-
cleotide phosphate (3-NADP+) at 340 nm. In a 96-well plate,
10-30 pg of each sample was added to a reaction mix. To
measure GDH activity, 25 mM 2-oxoglutarate (2-OG) (initiat-
ing reagent) was added to a reaction mix consisting of 100 mM
potassium phosphate (pH 7.4), 0.6 mM 3-NADH, and
105 mM ammonium chloride. For GOT, 3 mM aspartate was
added to 80 mM Tris-HCI (pH 7.8), 0.6 mM (3-NADH, 15 mM

2-0G, and 8.5 U/mL malic dehydrogenase (cat. M1567,
Sigma-Aldrich, NSW, Australia). For PK, 20 mM phosphoenol
pyruvate was added to 70 mM imidazole buffer (pH 7.2),
5 mM ADP, 40 mM MgCl,, 50 mM KCI, 0.6 mM (3-NADH,
and 24 U/mL lactic dehydrogenase (cat. L2500, Sigma-
Aldrich, NSW, Australia). For HK, 200 mM D-glucose was
added to 200 mM triethanolamine buffer (pH 7.4), 60 mM
ATP, 20 mM (3-NADP, 600 mM MgCI2, and 0.4 U G6PDH.
For the G6PDH assay, 15 mM G6P was added to 85 mM Tris-
HCI (pH 7.4), 2 mM (3-NADP, and 100 mM MgCl,. The
initiating reagents were added just prior to the measurement
of enzyme activity. The linear portion of the change in absor-
bance was measured, and the enzyme activity was calculated
using the following equation.

A Abs/min x dilution factor x total volume of assay (mL) x 1000

Activity(nmol/min/mL) =

mM extinction coefficient X volume of enzyme (mL)

The tests were performed in triplicate, and the activity was
expressed as nmol/min/mL, normalized to protein content (de-
termined from the BCA assay), and finally expressed as U/mg
protein.

Continuous Fluorometric Assays

The activities of PDH and OGDH were determined using the
Spectramax M4 Multi-Mode Microplate Reader (Molecular
Devices, CA, USA) through continuous fluorometric assays
as previously described by [25]. The same procedure was
followed except 60 ng of the sample (mitochondrial fraction)
was used and the reduction of 3-NAD+ was measured at 355-
nm excitation and 460-nm emission. For PDH, 2 mM sodium
pyruvate was added to 35 mM potassium phosphate (pH 7.4),
1 mM MgCl,, 0.175 mM thiamine pyrophosphate, 2 mM 3-
NAD, 2.5 mM dithiothreitol, 0.15 mM coenzyme A, and
0.04 mM rotenone. For OGDH, 1 mM 2-OG was added to
50 mM HEPES (pH 7.4), 1 mM MgCl,, 1 mM coenzyme A,
0.2 mM thiamine pyrophosphate, 4 mM 3-NAD, 0.5 mM
dithiothreitol, and 0.04 mM rotenone. Enzyme activities were
expressed as units of relative fluorescence/min/mg protein and
normalized to activities found in tissues from wild-type mice.

Data Analysis

The comparisons of metabolite levels and activities of cyto-
solic and mitochondrial enzymes in the cortex and spinal cord
between wild-type and hSOD19?*# mice were performed
using Student’s unpaired ¢ test. p <0.05 was regarded to be
significant. Data were analyzed using GraphPad Prism 7

(GraphPad, San Diego, USA) and are expressed as mean +
SEM.

Results

The total amounts as well as % '>C enrichments (the amount
of label corrected for natural abundance '*C over the total
amount of metabolite) of glycolytic, PPP, and TCA cycle me-
tabolites from extracts of the cortex and spinal cord of wild-
type and hSOD19%** mice injected with [U-">C]glucose at
onset of disease (80 days) were determined using LC-MS/
MS. Also, the maximal activities of enzymes involved in glu-
cose metabolism were investigated in extracts from wild-type
and hSOD19%** mouse brains and spinal cords.

Total Amounts and % '>C Enrichments of Glycolytic
and PPP Intermediates

The total amounts of the glycolytic metabolite pyruvate
(PYR) were significantly reduced by 20% in the cortex of
hSOD1°”*# mice compared with wild-type mice (Fig. 2a,
p=0.039). There were no significant differences in the total
amounts of G6P, F6P, F16DP, DHAP, 2 + 3 PG, R5P and PEP
in the cortex (Fig. 2a). In the spinal cord, the total amounts of
the PPP metabolite RSP (p = 0.037) were significantly dimin-
ished by 35% (Fig. 2b). No significant differences were seen
in the total amounts of G6P, F6P, F16DP, DHAP, (2 + 3) PG,
PEP, and PYR (Fig. 2b). We found increased % 13C enrich-
ments by 26% in F16DP (M + 6) in the cortex (p = 0.038) and
threefold in G6P (M + 6) in the spinal cord (p =0.04) of
hSOD1%%** mice, while there were no significant changes
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Fig. 2 Total amounts (nmol/g tissue) of selected glycolytic and PPP
metabolites in the cortex (a) and spinal cord (b)extracts of wild-type
and hSOD19%* mice after injection of [U-'>C]glucose at 80 days.
Wild-type (black-filled bars, 7= 13) and hSOD19%** mice (white-filled
bars, n = 14) were injected with 0.3 M [U—13C]glucose i.p. The cerebral
cortex and spinal cord were dissected and extracted. The total amounts of

in % '3C enrichments of G6P M +6), F16DP (M +6), and
PYR (M + 3) in the cortex, and F6P (M + 6), DHAP (M + 3),
2+3 PG M +3), and PEP (M + 3) in both the cortex and
spinal cord (Table 1).

Total Amounts, % '>C Enrichments, and Cycling Rates
of TCA Cycle Intermediates

There were no significant changes between wild-type and
hSOD19%*4 mice in the total amounts of the TCA cycle me-
tabolites ISO + CIT in the cortex, and ACO, KGA, SUC,
FUM, and MAL in both the cortex and spinal cord
(Table 2). No significant differences were seen between
wild-type and hSOD19%** mice in the % '*C enrichments of
the first-turn TCA cycle metabolites CIT (M + 2) in the cortex,
and SUC M +2), FUM (M + 2) and SUC (M + 2) in both the

@ Springer

metabolites were determined by LC-MS/MS. Data represent mean +
SEM and were analyzed using Student’s unpaired # test where p < 0.05
was set to be significant. G6P, glucose 6-phosphate; F6P, fructose 6-
phosphate; F16DP, fructose 1,6-bisphosphate; R5P, ribose 5- phosphate;
DHAP, dihydroxyacetone phosphate; (2 + 3) PG, 2 + 3 phosphoglycerate;
PEP, phosphoenol pyruvate; PYR, pyruvate

cortex and spinal cord (Table 3). Similarly, there were no
significant differences in the % '*C enrichments of second
turn TCA cycle metabolites CIT (M +4), SUC (M + 3), and
MAL (M + 3), except an increased % 13C enrichment in FUM
(M +3) by 35% in the cortex (p = 0.033) of hSOD1°”*# mice
compared with the wild-type mice (Table 3). Calculating the
TCA cycling rates from the ratios of the second turn over the
first turn, % enrichments of TCA cycle metabolites showed no
differences (Supplementary Table 1).

Total Amounts of Other Energy-Related Metabolites

The total mounts of other energy-related metabolites including
glucose 1-phosphate (G1P), guanosine monophosphate
(GMP), guanosine diphosphate (GDP), NAD,, NADH,
AMP, ADP, cAMP, glycolate, and the uridine phosphates
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Fig. 2 (continued)
Table 1 The % '*C enrichments
of selected glycolytic Metabolite Cortex Spinal cord
intermediates in the cortex and GO Go3A
spinal cord extracts of wild-type WT hSOD1™™ WT hSOD1™™
and hSOD1%”** mice after
injection of [[J-13C]glucose at GO6P (M + 6) 16.75 £ 2.17 19.69 + 1.32 1.81+04 5.68+1.75%
80 days F6P (M +6) 14.04 + 2.49 18.5 + 1.26 ND ND
F16DP (M + 6) 12.89 + 1.06 16.2 £ 1.03* 1.22+0.24 1.95+0.44
DHAP (M + 3) 16.1 + 1.84 18.52 £ 2.04 483+047 7.00+1.05
(2 +3)PG (M +3) 8.02 £ 1.13 8.06 + 1.21 548+0.57 7.18£1.00
PEP M +3) 17.42 £ 1.29 18.86 + 1.76 7.13+1.08 9.38+1.41
PYR (M +3) 14.83 + 1.54 17.79 + 1.35 ND ND

Wild-type (n=11) and hSOD1%%* mice (n=11) were injected with 0.3 M [U-13 Clglucose i.p. The cerebral
cortex and spinal cord were dissected and extracted. The total amounts of metabolites were determined by LC-
MS/MS. The results were corrected for 1.1% '* C natural abundance. Data represent mean + SEM and were
analyzed using Student’s unpaired ¢ test where p < 0.05 was set to be significant. G6P, glucose 6-phosphate; F6P,
fructose 6-phosphate; F'16DP, fructose 1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; (2 + 3) PG, 2 +3
phosphoglycerate; PEP, phosphoenol pyruvate; PYR, pyruvate; ND, not determined

*Denotes significance
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Table2  Total amounts (nmol/g tissue) of TCA cycle metabolites in the
cortex and spinal cord extracts of wild-type and hSOD19%** mice after
injection of [U-"*C]glucose at 80 days

Metabolites Cortex Spinal cord

WT hSOD19%4  wWT hSOD19%3*
CIT+ISO 1252 +82 1354 + 36.9 ND ND
ACO 112+1.7 130+£13 2202 24+03
KGA 351.6 £59 3863 +427 18.1+5.7 28.8+6.3
SucC 1129+ 64 102.7+94 1403+11.0 141.5+15.1
FUM 3113 +£22.1 2804 +73 440.7+21.4 440.6+31.9
MAL 362.8 +£34.8 351.6 +40.3 2181+109.7 2266+118.4

Wild-type (black-filled bars, n = 13) and hSOD19** mice (white-filled
bars, 7= 14) were injected with 0.3 M [U-"* Clglucose i.p. The cerebral
cortex and spinal cord were dissected and extracted. The total amounts of
metabolites were determined by LC-MS/MS. Data represent mean +
SEM and were analyzed using Student’s unpaired ¢ test where p <0.05
is set to be significant. CIT + ISO, citrate plus isocitrate; ACO, aconitate;
KGA, o-ketoglutarate; SUC, succinate; FUM, fumarate; MAL, malate;
ND, not determined

(uridine diphosphate (UDP), uridine monophosphate (UMP),
uridine diphosphate glucose (UDPG), uridine diphosphate
glucoronic acid (UDPGA), and uridine diphosphate N-acetyl
glucosamine (UDPNAG)) were not significantly altered in the
cortex and spinal cord, and guanosine triphosphate (GTP),
ATP, NADP, and uridine triphosphate (UTP) in the cortex of
wild-type and hSOD19%** mice at onset of disease (Table 4).

Enzyme Activities

The maximal activities of various enzymes involved in glu-
cose metabolism were investigated in the extracts from the
cerebral cortex and spinal cord of wild-type and hSOD19%*#
mice at onset of disease (Fig. 3). The activities of the

glycolytic enzyme pyruvate kinase and the normalized activ-
ities of the TCA cycle enzyme OGDH were significantly re-
duced in hSOD19%** mice cortex by 31% (p =0.002, un-
paired ¢ test) and 13% (p = 0.037, unpaired ¢ test), respectively,
compared to wild-type mice (Fig. 3a). Also, there was a 15%
reduction in the activities of the PPP enzyme G6PDH in the
cortex, although it did not reach statistical significance (p =
0.058, unpaired ¢ test) (Fig. 3a). In the spinal cord (Fig. 3b),
there was a 24% reduction in G6PDH activity (p =0.005,
unpaired ¢ test). Although it did not reach statistical signifi-
cance (p =0.14, unpaired ¢ test), there was a 22% reduction in
OGDH activity in hSOD19%** mice spinal cord. No signifi-
cant differences were seen in the activities of HK, PDH, GDH,
and GOT in both the cortex (Fig. 3a) and spinal cord (Fig. 3b)
and PK in the spinal cord (Fig. 3b) between hSOD1°”*# and
wild-type mice.

Discussion

The main finding of this study is that the pentose phosphate
pathway is impaired, indicated by significant reductions in the
concentrations of the PPP metabolite ribose 5-phosphate
(R5P), increased % '*C enrichment in G6P, and reduced ac-
tivity of the PPP enzyme G6PDH in hSOD19%** mice spinal
cord compared to wild-type mice at onset of disease. Also, we
showed that the activities of the enzymes pyruvate kinase and
the levels of pyruvate in cortex of hSOD19%** mice were
significantly reduced at the onset of disease, which could con-
tribute to impairments in the glycolysis and TCA cycle path-
ways. OGDH activity was also reduced in the cortex indicat-
ing oxidative stress. A summary of the changes in metabolite
levels as well as enzyme activities found in the brain and
spinal cord tissues of hSOD1”*# mice is given in Fig. 4.

Table 3 The % 'C enrichments

of selected 1st and 2nd turn TCA Metabolites Cortex Spinal cord

cycle intermediates in the cortex

and spinal cord extracts of WT hSOD19%4 WT hSOD19%4

wild-type and hSOD1*** mice

after injection of [U-">C]glucose Citrate M + 2 3.83£0.24 426 +0.27 1.28+0.11 1.58+0.13

at 80 days Succinate M +2 14.38 + 0.63 15.39 = 0.54 10.56+0.70 11.5£0.53
Fumarate M + 2 19.38 £ 0.73 20.02 £ 0.72 17.19+£0.73 18.03+£0.76
Malate M + 2 16.18 £ 0.75 15.58 £ 1.19 13.0+0.63 13.45+0.59
Citrate M + 4 0.38 + 0.04 0.43 +£0.03 ND ND
Succinate M + 3 1.87 £0.22 2.19 £0.21 2.06+0.24 2.39+0.22
Fumarate M + 3 241 +0.27 3.26 £ 0.25% 2.81£0.30 3.34+0.29
Malate M + 3 3.01 £0.27 3.57+£0.30 2.81+0.26 3.11+0.23

Wild-type (n=11) and hSOD19%** mice (n=11) were injected with 0.3 M [U-'® C]glucose i.p. The cerebral
cortex and spinal cord were dissected and extracted. The total amounts of metabolites were determined by LC-
MS/MS. The results were corrected for 1.1% ' C natural abundance. Data represent mean = SEM and were
analyzed using student’s unpaired ¢ test, where p < 0.05 was deemed to be significant. ND, not determined

*Denotes significance
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Table 4 Total amounts (nmol/g tissue) of other energy-related metabo-
lites in cortex (a) and spinal cord (b) extracts of wild-type and
hSOD19** mice after injection of [U-">C]glucose at 80 days

Metabolite Cortex Spinal cord

WT hSOD19%*4  WT hSOD19%34
GIP 20+£2.7 251+19 113+1.1 12.8+1.1
GTP 1217 + 86 1259 £ 974 ND ND
GDP 505 + 31 580.9 £30.7 2722+27.1 31524238
GMP 264.5 +63.4 164.6 £21.1 667.1+31.9 623.5+£37.1
Glycolate 72.1+4 774 £3.8 67+2.6 66+3.6
ATP 3196 £ 5124 2819 £171.5 ND ND
ADP 3052 £269.9 3170 £ 143.3 1245+90.3 1327+73.1
AMP 1153 +£244.4 905.3 £ 198.1 2689+153.7 2604+194.2
cAMP 31+03 36+04 1.1+0.1 1.3+0.1
NAD* 789.5 £ 97.5 975 £ 522 33.4+9.6 57.5+18.2
NADH 88.9 £ 12.5 98.8 £ 12.6 43.4+29 439=+1.5
NADP 453 +4.1 48.6 = 3.6 ND ND
UDP 87.4 £ 8.1 87.8 £4.7 44.5+4.8 56.6+6.1
UDPG 216.1 £ 13.4 2188 £11.5 173.3+12 185.3+10.7
UDPGA 279+ 1 287 +12 17.8+0.8 16.4+0.7
UDPNAG 209.2 +9.8 2165 +10.1 167.8+8.7 161.7+79
UMP 102.7 £ 21.8 713 £13.3 247.8+13.4 2369+12.3
UTP 4529 + 41 493.8 +43.7 ND ND

Wild-type (2= 13) and hSOD19%** mice (n=14) were injected with
0.3 M [U-"® CJglucose i.p. Mice were sacrificed 15 min later; the cerebral
cortex and spinal cord were dissected out and extracted. The total
amounts of metabolites were determined by LC-MS/MS. Data represent
mean + SEM and were analyzed using Student’s unpaired ¢ test where
p <0.05 was deemed to be significant. ND, not determined; G1P, glucose
1-phosphate; GMP, guanosine monophosphate; GDP, guanosine diphos-
phate; GTP, guanosine triphosphate; NAD/NADH, nicotinamide adenine
dinucleotide; NADP/NADPH, nicotinamide adenine dinucleotide phos-
phate; AMP, adenosine monophosphate; ADP, adenosine triphosphate;
ATP, adenosine triphosphate; cAMP, cyclic adenosine mono phosphate;
UDRP, uridine diphosphate; UMP, uridine monophosphate; UTP, uridine
triphosphate; UDPG, uridine diphosphate glucose; UDPGA, uridine di-
phosphate glucoronic acid; UDPNAG, uridine diphosphate N-acetyl
glucosamine

Impaired Pentose Phosphate Pathway in the Spinal
Cord of hSOD1%?** Mice

In this study, we found a decrease in the amounts of the PPP
metabolite ribose 5-phosphate (R5P) in the spinal cord. We
also found an increased % "*C enrichment in G6P in the spinal
cord, which most likely signifies reduced metabolism of G6P
through the PPP. The PPP and glycolysis are connected via
G6P, which is formed by glucose phosphorylation catalyzed
by hexokinase. G6P can either enter into glycolysis or the PPP.
Via the PPP, G6P generates RSP by the actions of enzymes
including G6PDH and 6-phosphogluconate dehydrogenase.
The reduction in R5P levels could be due to a reduction in
the synthesis of RSP as a result of decreased activities of these

enzymes. Consistent with this, we showed that the activity of
the main PPP enzyme G6PDH was significantly reduced.
Also, studies in NSC-34 models of ALS-transfected with mu-
tant SOD19%*# and SOD1°*"® have shown reduced expres-
sion and activities of the glucose-6-phosphate dehydrogenase
and 6-phosphogluconate dehydrogenase enzymes [26]. The
PPP is important to provide pentose sugar molecules for nu-
cleotide synthesis and electrons for generation of NADPH.
NADPH is essential to maintain glutathione, a major antioxi-
dant defense molecule in the CNS, in its reduced state.
Although the levels of NADPH and glutathione were not
measured in this study, the impairment in the PPP is expected
to lower their amounts. Overall, decreased PPP increases sus-
ceptibility to oxidative stress. Oxidative stress is a key feature
of ALS, and several studies have shown increased oxidative
damage in proteins, lipids, and DNA in patients with ALS
[27-29]. In NSC-34 models of ALS, the reductions in total
levels of NADPH [26] and reduced glutathione levels were
found, consistent with impairments in the PPP [30]. In addi-
tion, depletion of glutathione was found to accelerate cellular
death in a NSC-34 cells with TDP43 pathology [31], in the
spinal cord of hSOD19%** mice [32] as well as motor dys-
function and mitochondrial impairments in glutamate-
cysteine ligase knockout hSOD1°%*# mice [33].
Interestingly, in two studies, glutathione supplementation
was able to reduce motor deficits and motor neuron death in
the spinal cord [31, 34].

Alterations in Glycolysis in CNS Tissues of hSOD1%3*
Mice

We found reduced levels of pyruvate in the cortex of
hSOD19%*4 mice at the onset of disease indicating reduced
glucose metabolism through glycolysis. In agreement with
this, we found that the activity of the glycolytic enzyme py-
ruvate kinase was significantly reduced in the cortex of
hSOD19%** mice. Various studies have shown abnormalities
in the glycolytic pathway in CNS tissues of ALS mice. In our
previous study, we found diminished levels of glycolytic-
derived metabolites, specifically lactate in both the cortex
and spinal cord, and alanine in the spinal cord at symptomatic
stages of disease [14]. In addition, using FDG-PET and '*C
autoradiography, several early studies have shown glucose
hypometabolism in the cortex and spinal cord of patients with
ALS and animal models of ALS [11-13]. Decreases in glu-
cose uptake together with impairments in glycolysis contrib-
ute to a reduction in glycolysis-derived metabolites. Similarly,
alterations in enzymes involved in the glycolytic pathway
have been reported in ALS. In the motor cortex of patients
with ALS, decreased mRNA expression of the glycolytic en-
zyme 6-phosphofructo-2-kinase (pfkfb3) was found [35]. The
enzyme 6-phosphofructo-2-kinase produces fructose 2,6-
bisphosphate, which in turn activates the major glycolytic
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Fig. 3 The maximal activities (U/mg protein) of selected cytosolic
enzymes hexokinase (HK), glucose 6-phosphate dehydrogenase
(G6PDH), pyruvate kinase (PK), mitochondrial enzymes glutamate
dehydrogenase (GDH), glutamic oxaloacetic transaminase (GOT), and
normalized enzyme activity (%) of pyruvate dehydrogenase (PDH) and
oxoglutarate dehydrogenase (OGDH) in wild-type (WT) and hSOD19%34
mice cortex (a) and spinal cord (b) at disease onset. PK, GDH, and GOT
activities were measured through the oxidation of 3-NADH and G6PDH

enzyme phophofructokinase 1 [36]. Hence, the reduction in
the activities of pfkfb3 could lead to slowed glycolysis.
Similarly, in astrocytes obtained from hSOD1%%** mice spinal
cord, gene expression of the enzyme phosphoglycerate kinase
1 (pgkl) was reduced, also suggesting impairments in glycol-
ysis [19]. The levels of other glycolytic intermediates however
were not significantly changed in our study at this early stage
of the disease. Generally, the levels of each glycolytic inter-
mediate in the CNS, are low and minor changes may be un-
detected at this stage of disease [37]. It is important to further
investigate the changes in glycolytic metabolism as the dis-
ease progresses.

On the other hand, reductions in the levels of pyruvate
could arise as a result of an increased shunting of this metab-
olite into the TCA cycle via pyruvate dehydrogenase (PDH).
However, our study did not show increased levels of total or
13C-labeled TCA cycle metabolites. Moreover, studies in
hSOD1°%*4 mutant NSC-34 cells showed increased activities
of PDH kinase, an enzyme that reduces PDH enzyme activi-
ties [38] suggesting reduced entry of pyruvate into the TCA
cycle. Alternatively, pyruvate can be converted to lactate by
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activity via the reduction of 3-NADP+ (both at 340 nm) using continuous
spectrophotometry. PDH and OGDH activities were measured through
the reduction of B-NAD" at 355 nm emission and 460 nm excitation
through continuous fluorometry. Data are represented as mean + SEM
and were analyzed using unpaired Student’s ¢ test in GraphPad Prism 7
where *p <0.05 and **p <0.01 represent a statistically significant
difference between wild-type (black-filled bars) and hSOD1%%** mice
(white-filled bars)

lactate dehydrogenase. Lactate can then be transferred into the
blood and contribute to the reduction in the amounts of pyru-
vate. Increased blood lactate levels have been found in pa-
tients with ALS [39, 40]. Increased glycogen formation may
also contribute to low lactate levels. Glycogen levels were
found to be high in hSOD1%”*# mice brainstem and lumbar
spinal cord [41]. Taken together, impairments in glucose me-
tabolism via glycolysis could contribute to diminished pro-
duction of ATP in CNS tissues in ALS.

TCA Cycle Intermediate Levels Were Largely
Unchanged

The incorporation of '*C in TCA cycle intermediates was
mainly unchanged at the onset stage of disease except for
an increase in % '>C enrichment in fumarate in the cortex
in the second turn of the TCA cycle, which may be caused by
the trend towards the reduction in the total amounts of fuma-
rate. Although the total amounts of TCA cycle intermediates
were largely unchanged, we found reduced activity of the
TCA cycle enzyme OGDH in the cortex at the onset of



Mol Neurobiol (2019) 56:5844-5855

5853

Glucose
HK | \
Gngﬂ* 6PGL <> RLSP
F6P / \

8 F16DP RSP § X5P
8 7 N
a DHAP <> GA3f Sedoheptulose 7P

2-PG/3-PG

¥
PEP
$ P
Alanine < pyryvate | <> Lactate
PDH
(S Acetyl CoA
= )
Citrate

© OAA .
c Aconitate
o GDH
'S Malate a-KG «<— Glutamate
.8 Fumarate OGDH |,
E Succinate

Fig. 4 Summary of alterations in the levels of metabolites and enzyme
activities in the brain and spinal cord of ALS mice. Changes in the spinal
cord are shown in red-dotted arrows, while the green arrows show
changes in the cortex. The levels of glucose, 6PGL, RL5P, X5P,
sedoheptulose 7P, acetyl-CoA, lactate, and glutamate were not measured.
GO6P, glucose 6-phosphate; 6PGL, 6-phospho gluconolactone; F6P,
fructose 6-phosphate; F16DP, fructose 1,6-bisphosphate; DHAP,
dihydroxyacetone phosphate; GA3P, glyceraldehyde 3-phosphate; (2/3)
PG, 2 + 3 phosphoglycerate; PEP, phosphoenol pyruvate; RL5P, ribulose
5-phosphate; R5P, ribose 5-phosphate; X5P, xylulose 5-phosphate; OAA,
oxaloacetate; x-KG, o-ketoglutarate; HK, hexokinase; GOPDH, glucose
6-phosphate dehydrogenase; PK, pyruvate kinase; PDH, pyruvate
dehydrogenase; GDH, glutamate dehydrogenase; OGDH, oxoglutarate
dehydrogenase

disease, which may indicate elevated oxidative stress.
Increased oxidative stress has been shown to inhibit OGDH
and other TCA cycle enzymes in isolated nerve terminals and
various cellular systems [42, 43]. In our previous study, some
of the first-turn TCA cycle—derived neurotransmitters were
reduced in the spinal cord at mid stage (120 days), which
could be due to the reduced entry of pyruvate into the TCA
cycle [14]. Other studies have shown abnormalities in the
enzymes involved in the TCA cycle, such as reduced gene
expression of isocitrate dehydrogenase and oxoglutarate de-
hydrogenase in hSOD1°%*# mice spinal cord [18, 19], and
increased expression of PDH kinase 1, an enzyme which
inactivates PDH in NSC-34 cells from SOD19%*# mice
[38]. Conversely, substances that feed the TCA cycle were
shown to delay loss of motor neurons and improve motor
symptoms in hSOD1”** mouse model of ALS [44, 45]. In
this study, the TCA cycle appears to generally function nor-
mally at the onset of disease. In future experiments, changes
in these energy-producing pathways need to be further char-
acterized as the disease progresses.

Alternative Fuels and Antioxidants Could Correct
Metabolic Abnormalities in ALS

Given the impairments found in the CNS glucose metabolism,
particularly in glycolysis and the PPP, alternative fuels may
aid in providing energy to neurons and delay disease progres-
sion in ALS [20]. Studies using substances that provide addi-
tional energy such as caprylic triglyceride [49], ketogenic diet
[50], triheptanoin [44], and the “Deanna Protocol,” a combi-
nation of metabolic supplements including medium chain tri-
glycerides and arginine o-ketoglutarate [45], were shown to
improve motor symptoms and protect loss of motor neurons in
ALS animal models. Moreover, the impairments observed in
the PPP could lead to reduced ability of the CNS to defend
against oxidative stress. In light of increased oxidative stress
found in ALS, several antioxidant molecules have been inves-
tigated and were shown to protect against motor neuron de-
generation in models of ALS (Matthews et al. 1998; Cassina
et al. 2008; Miquel et al. 2014). Clinical trials testing alterna-
tive fuels and antioxidants are limited, and there is a need to
further assess the therapeutic effects of such substances in
people with ALS. Recently, edaravone, an antioxidant mole-
cule was approved by the FDA for the treatment of ALS,
which further raises the hope of better treatment [51].

Conclusion

In conclusion, we demonstrated impairments in the pentose
phosphate and glycolytic pathways in hSOD19%** mice CNS
tissues at the onset of disease, which are expected to lead
increased oxidative stress. Also, this will impair ATP genera-
tion and contribute to subsequent energy deficit in ALS. These
findings emphasize the role of metabolic dysfunction in the
pathogenesis and progression of ALS and the need to correct
metabolic abnormalities and protection against oxidative
stress to improve outcomes.
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