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Oxaloacetate treatment preserves
motor function in SOD1%3A

mice and normalizes select
neuroinflammation-related
parameters in the spinal cord

Sudheer K. Tungturl*®, Heather M. Wilkins%®, Robert S. Rogers'®, Yomna Badawi®®,
Jessica M. Sage?, Abdulbaki Agbas3, Omar Jawdat?, Richard J. Barohn?7,
Russell H. Swerdlow? & Hiroshi Nishimune®8**

Amyotrophic lateral sclerosis (ALS) remains a devastating motor neuron disease with limited
treatment options. Oxaloacetate treatment has a neuroprotective effect in rodent models of seizure
and neurodegeneration. Therefore, we treated the ALS model superoxide dismutase 1 (SOD1) 934
mice with oxaloacetate and evaluated their neuromuscular function and lifespan. Treatment with
oxaloacetate beginning in the presymptomatic stage significantly improved neuromuscular strength
measured during the symptomatic stage in the injected mice compared to the non-treated group.
Oxaloacetate treatment starting in the symptomatic stage significantly delayed limb paralysis
compared with the non-treated group. For lifespan analysis, oxaloacetate treatment did not show a
statistically significant positive effect, but the treatment did not shorten the lifespan. Mechanistically,
SOD1%%3*A mice showed increased levels of tumor necrosis factor-o (TNFa) and peroxisome proliferative
activated receptor gamma coactivator 1o (PGC-1a) mRNAs in the spinal cord. However, oxaloacetate
treatment reverted these abnormal levels to that of wild-type mice. Similarly, the altered expression
level of total NF-kB protein returned to that of wild-type mice with oxaloacetate treatment. These
results suggest that the beneficial effects of oxaloacetate treatment in SOD1%%A mice may reflect the
effects on neuroinflammation or bioenergetic stress.

Amyotrophic lateral sclerosis (ALS) is characterized by progressive motor function weakness from upper and
lower motor neuron degeneration'~%. One of the most studied familial ALS types is caused by mutation of
the superoxide dismutase 1 (SOD1) gene on chromosome 21. The SOD1 mutation reportedly accounts for
approximately 20% of all familial ALS cases. SOD1 is classically considered a cytoplasmic enzyme, although
recent reports show localization of SOD1 within mitochondrial membranes for both mutant SOD1 and, to a
lesser extent, wild-type SOD1%. The ALS mouse model SOD1%* transgenic mice have altered mitochondrial
morphology and mitochondrial SOD1 accumulation®®. These phenotypes raise the possibility that mutant SOD1
may drive neurodegeneration by damaging mitochondria. Mitochondrial dysfunction is functionally relevant
for ALS neurodegeneration”®. SOD1%* mice show mitochondrial perturbations, including vacuolization® and
mitochondrial protein transport defects'®. The mitochondrial ultrastructure is perturbed in ALS!**2, Cytoplasmic
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inclusions (Bunina bodies) that may represent mitochondria-containing autophagic vacuoles are observed in
ALS motor neurons'~'¢. Electron transport chain activities are reduced, and mitochondrial DNA is altered in
the ALS spinal cord". A reduction in mitochondrial complex I activity and mitochondrial DNA perturbation
were corroborated in studies of muscles in sporadic ALS patients'®'°. These data suggest a role for mitochondrial
dysfunction in ALS etiology, as reviewed in many recent publications>!20-22,

Oxaloacetate plays a role in cell bioenergetics, and its administration affects bioenergetics-relevant infra-
structure. Systemic administration of oxaloacetate to wild-type mice increased the brain expression level of
PGCla, a transcriptional co-activator and a master-coordinator of mitochondrial biogenesis?. Furthermore,
oxaloacetate altered the levels, distributions, or post-translational modifications of mRNA and proteins in ways
that promote mitochondrial biogenesis. This oxaloacetate effect has been observed through effects on PGC1
related co-activator, nuclear respiratory factor 1, transcription factor A of the mitochondria, cytochrome oxidase
subunit 4 isoform 1, cAMP-response element binding protein, p38 MAPK, and AMP-activated protein kinase?’.
Oxaloacetate can penetrate the blood-brain barrier and access the central nervous system following systemic
administration?**, Furthermore, it shows neuroprotective effects in a neurodegenerative mouse model generated
by kainic acid injection** and prolongs C. elegans survival by mimicking caloric restriction®. Neuroprotective
effects have also been observed with a combined treatment of recombinant Glu-oxaloacetate-transaminase
and its co-factor oxaloacetate in a neurodegenerative disease rat model generated by kainic acid/cyclothiazide
injection®®. However, oxaloacetate has not been tested alone in transgenic rodent models of ALS. In this study,
we treated SOD1%°*A mice with oxaloacetate starting from the presymptomatic stage or the symptomatic stage
and analyzed both neuromuscular function and lifespan. We also analyzed gene expression levels in spinal cords
and mitochondrial respiratory function to reveal the mechanisms that could mediate the effects of oxaloacetate
treatment on SOD1%*4 mice.

Results
Oxaloacetate treatment improves neuromuscular strength.  The effect of oxaloacetate was tested
in SOD1%*A mice that received intraperitoneal injection of two grams oxaloacetate per kg body weight, once
per day, five days a week, from the two starting ages described below till the end-stage. This dosing regimen was
based on our previous oxaloacetate injection project in wild-type mice?’. For SOD1%°** mice with the C57Bl/6 ]
background, an early stage with some motor performance deficits occurs between 50 and 60 days of age*”?,
and disease onset occurs between 91 and 111 days of age as indicated by the emergence of limb tremor**®. The
survival rate starts to fall below 100% at approximately 125-130 days of age*”*’, and the mean survival ages
reported in four previous papers ranged between 142 and 161 days”’~*. Based on this phenotypic timeline, the
effect of oxaloacetate in SOD1%°*4 mice was compared in three groups with 12 mice per group: a group treated
from the presymptomatic stage at 60 days of age, a group treated from the symptomatic stage at 110 days of age?,
and a control group without treatment. Oxaloacetate was administered by intraperitoneal injection, which may
elicit minor pain and immunological reaction in the peritoneal cavity resulting in increased stress for the animal.
Therefore, we chose to use non-treated SOD1%%*4 mice as controls to evaluate the overall effect of oxaloacetate
administration.

Neuromuscular strength was measured using an inverted screen test performed every ten days, beginning at
60 days of age. The group treated from the presymptomatic stage showed significantly preserved neuromuscular
function compared to the control group between 90 and 120 days of age, as revealed by a longer duration of hang-
ing in the inverted body position (Fig. 1A). The inverted screen test hanging time improved by 28.0% at 90 days
of age, 22.3% at 100 days of age, 47.2% at 110 days of age, and 109.0% at 120 days of age. At 130 to 140 days of
age, the oxaloacetate-injected group showed a longer mean hanging time compared to the non-injected group,
but the difference was not statistically significant. At age 150- to 160 days, there were no differences between the
groups injected in the presymptomatic stage and the non-injected group. The group that started oxaloacetate
treatment at the 110-day-old symptomatic stage did not show a beneficial effect between 110 and 160 days of
age on the inverted screen test (Fig. 1B).

Oxaloacetate treatment delays the onset of neurological symptoms.. A healthy wild-type mouse
will stretch out its hind limbs in the air when it is hung by the tail. If a mouse has neuromuscular degeneration
in its hind limbs, the hind limbs fold close to the body when the mouse is hung by the tail, and this phenotype is
given a neurological score of 1 in ALS preclinical studies®~*. In this study, median ages for a neurological score
of 1 were 81.5 days for the presymptomatic stage treatment group, 90 days for the symptomatic stage treatment
group, and 81 days for the non-injected controls. However, the differences were not statistically significant, sug-
gesting that the oxaloacetate treatment did not affect the onset of a neurological score of 1 by the log-rank test.
In addition, the median age of 90 for the symptomatic stage treatment group indicated that the oxaloacetate
treatment started post-symptom onset for this group.

The onset of the toe-curling phenotype (neurological score of 2) was significantly different by log-rank test
(p=0.0448, Fig. 2A) between the presymptomatic stage treatment group (median age 148 days) and the control
group (median age 147 days), which was a 0.7% increase. The onset of a neurological score of 2 for the symp-
tomatic stage treatment group was not significantly different compared to the controls (p=0.1383, median age
150, Fig. 2B).

Importantly, the onset of limb paralysis (neurological score of 3) was delayed significantly by seven days in
the symptomatic stage treatment group. The median age of onset of a neurological score of 3 was 162 days for the
symptomatic stage treatment group and 155 days for the non-treated control group), which was a 4.5% increase
(p=0.0157, log-rank test). The median age of onset of a neurological score of 3 was 157 days for the presympto-
matic stage treatment group, which was not significantly different from the controls (Fig. 3).
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Figure 1. Oxaloacetate treatment from the presymptomatic stage improves the neuromuscular strength of
SOD1%%A mice in the symptomatic stage. (A) Injection of oxaloacetate at 2 g/kg body weight/5 days a week
from the presymptomatic stage (60 days old, red) delayed the decline in neuromuscular function measured
using an inverted screen test. The vertical axis shows the total hanging time from three trials of the inverted
screen test, and the horizontal axis indicates the age of measurement. The line graphs show mean + S.E.M, which
were for oxaloacetate-injected group 330.8+9.3 versus control group 258.4 +26.2 at age 90, 288.8+ 17.4 versus
236.1+24 at age 100, 199.4+£18.5 versus 135.5+14.5 at age 110, 153.8 £ 15.7 versus 73.58 £ 10.1 at age 120.
Asterisks indicate a significant difference between the oxaloacetate injected (red) and control group of non-
injected (black) SOD1%%4 mice by repeated measure two way-ANOVA, p<0.01. (B) The group treated from
the symptomatic stage (110 days old, blue) did not show differences from the control group of non-injected
SOD1%%A mice (black, same mice as A). N=12 mice per group.
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Figure 2. Oxaloacetate treatment from the presymptomatic stage delays the toe-curling phenotype
(neurological score of 2) of SOD1%* mice. (A) Oxaloacetate treatment from the presymptomatic stage

(60 days old, red) delayed the median of the onset age of a neurological score of 2 by one day compared to the
control group of non-injected SOD1%%*4 mice (black, p=0.0448, log-rank test). (B) Oxaloacetate treatment
from the symptomatic stage (110 days old, blue) did not alter the median onset age of a neurological score of
2. (p=0.3420, log-rank test). The graphs show Kaplan-Meier curves with # =12 mice per group. These graphs
contain mice that are identical to the mice in Fig. 1.

For lifespan analysis, the end-stage was defined using the righting reflex. The median lifespan age of the
symptomatic stage treatment group was 165 days, and the non-injected control group was 158.5 days (Fig. 4B).
However, this was not a statistically significant effect (p = 0.0510 by log-rank test). In the presymptomatic stage
treatment group, the median lifespan age was 158.5 days and was the same as controls (Fig. 4A). Neither the
presymptomatic nor symptomatic treatment groups showed a negative effect on SOD1%°** mouse lifespan as
compared to the non-injected group at the dose used in this study.

Mitochondrial respiratory function in oxaloacetate-treated mice. Next, we considered mecha-
nisms that might mediate the beneficial effects of oxaloacetate treatment. For these mechanistic analyses,
oxaloacetate was administered to SOD1%°*4 mice by intraperitoneal injection from the presymptomatic stage at
60 days of age with the same dose and frequency. The mice were dissected at 130 days of age to analyze the tissue
during the symptomatic stage before the end-stage. Our previous publication showed that intraperitoneal injec-
tion of oxaloacetate in wild-type mice enhanced mitochondrial biogenesis signaling pathways in the brain®. In
the current study, we investigated the effect of oxaloacetate on mitochondrial respiratory function in the brains
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Figure 3. Oxaloacetate treatment from the symptomatic stage delays the onset of limb paralysis (neurological
score of 3) of SOD1%A mice. (A) Oxaloacetate treatment from the presymptomatic stage (60 days old, red) did
not alter the median age of onset of limb paralysis of SOD1%%** mice compared to the control group of non-
injected SOD1%%*4 mice (black, p=0.1793, log-rank test). (B) Oxaloacetate treatment from the symptomatic
stage (110 days old, blue) significantly delayed the median age of onset for limb paralysis by seven days
(p=0.0157, log-rank test). The graphs show the Kaplan-Meier curve with n =12 mice per group. These graphs
contain mice that are identical to the mice in Fig. 1.
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Figure 4. The lifespan of oxaloacetate-treated SOD1%*4 mice. (A) The median end-stage age of oxaloacetate
treatment of SOD1%*A mice from the presymptomatic stage (60 days old, red) was 158.5, which was the same
as the control group of non-injected SOD1%%*4 mice (black, p=0.3717, log-rank test). (B) The median end-stage
age of oxaloacetate treatment from the symptomatic stage (110 days old, blue) was 165 days. This median age
was not statistically different from the control group (p=0.051, log-rank test). The graphs show Kaplan-Meier
curves with n=12 mice per group. These graphs contain mice that are identical to the mice in Fig. 1.

of SOD1%A mice using an Oroboros respirometer. Respiratory parameters were not significantly altered by
oxaloacetate treatment, measured in the brains of four mice per group (Fig. 5).

Oxaloacetate treatment reduces neuroinflammation in the spinal cord. To investigate other
potential oxaloacetate-induced molecular changes, we compared the levels of cytokines and signaling path-
ways related to neuroinflammation in SOD1%%*4 mice, SOD1%*** mice treated with oxaloacetate, and wild-type
C57Bl/6 ] mice with matching age and sex (Fig. 6A). The SOD1%*** mice and SOD1%%*A mice treated with
oxaloacetate were the same animals used in Fig. 5. Entire brains were necessary for the mitochondrial respira-
tory analysis; therefore, spinal cords were used for this analysis. Neuroinflammatory cytokine tumor necrosis
factor-a (TNFa) mRNA (Tnf) levels were increased in SOD1%*4 mice compared to those in the wild-type mice.
However, oxaloacetate treatment restored the elevated Tnflevel in SOD1%°* mice to that of the wild-type mice.

Peroxisome proliferator activated receptor gamma coactivator la (PGC-1a) mRNA (Ppargcla) expression
levels changed in the same manner as Tnf mRNA. Ppargcla levels were increased in SOD1%°*4 mice compared
to those in the wild-type mice, but oxaloacetate treatment reduced Ppargcla mRNA to wild-type mice levels
(Fig. 6B). The PGC-1a protein levels, measured by western blot analysis, were lower in oxaloacetate-treated
SOD1%%3* mice compared to untreated SOD1%%3A mice in three out of four mice. Still, the average levels of four
mice per group were not statistically different (n =4, unpaired t-test p=0.1380). Interestingly, the nuclear factor
kappa-light-chain-enhancer of activated B (NF-kB) protein level was lower in spinal cords of SOD1%%*4 mice
than in wild-type mice. Oxaloacetate treatment increased the total NF-xB protein levels of SOD1%3A mice to the
wild-type mouse level (Fig. 6C, D). These results demonstrate that oxaloacetate treatment returned abnormal
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Figure 5. Mitochondrial respiratory function in brain homogenates of SOD1%*4 mice with or without
oxaloacetate (OAA) treatment. (A) The respiration rate obtained after addition of ADP. (B) The leak
respiration rate after oligomycin injection. (C) Respiratory control ratio (RCR) obtained by dividing the
state 3 by the leak rate. Respiration rate for (D) ATP-linked component, (E) maximum component, and (F)
spare component. The graphs show data from four mice with whiskers showing mean +S.D. There were no
statistically significant differences with or without oxaloacetate treatment (# =4, mean+S.D. and unpaired
t test p values were (A) SOD19%34, 732.9 £360.1, SOD1%A + OAA, 829.4 +611.6, p=0.7947; (B) SOD1%°34,
268.2+133.8, SOD1%%A+ OAA, 186.6 £ 124, p=0.4056; (C) SOD1%74, 4.8 +2.8, SOD1%34 + OAA, 6.6+ 2.0,
p=0.3282; (D) SOD1%%34, 240.9 +122.7, SOD16%3A + OAA, 145.1 +106.4, p=0.2825; (E) SOD1%%34, 695.3 + 165.6,
SOD1%%A + OAA, 848 +421.2, p=0.5251; and (F) SOD1%%4, 667.1+ 165.6, SOD1%*A + OAA, 819.8 £421.2,
p=0.5251).

levels of neuroinflammatory cytokines and signaling pathways related to inflammation in the spinal cords of
SOD1%%3* mice to levels measured in wild-type mice.

Discussion

In this study, SOD1%%** mice were treated with oxaloacetate from the presymptomatic stage (60 days old) or
the symptomatic stage (110 days old). For some measures, treatment initiated during the presymptomatic stage
maintained neuromuscular strength and delayed the toe-curling phenotype appearance. Treatment initiated dur-
ing the symptomatic stage delayed the onset of limb paralysis. These results suggest that oxaloacetate treatment
improves neuromuscular function during the symptomatic stages and significantly delays functional decline.
Neither treatment paradigm significantly extended lifespan or accelerated disease symptoms. An analysis of
temporally concordant molecular changes revealed that oxaloacetate treatment reversed abnormal levels of TNFa
mRNA, PGC-1a mRNA, and NF-kB protein in the spinal cords of SOD1%*4 mice to wild-type mice levels. These
results suggest that oxaloacetate’s beneficial effect on the motor function in SOD1%*A mice may reflect effects on
neuroinflammation or effects on bioenergetic stress. When considered from the perspective that SOD1%%*# mice
experience various molecular stresses and oxaloacetate tended to benefit SOD1%93A motor function, it seems
likely that oxaloacetate treatment minimized some stress parameters.
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Figure 6. Oxaloacetate (OAA) treatment reverts TNFa, PGC-1a, and NF-kB expression levels in SOD16934
mice to wild-type mice levels. Expression levels of (A) TNFa mRNA (Tnf) and (B) PGC-1a mRNA (Ppargcla)
in the thoracic spinal cords were analyzed using TagMan qPCR and normalized to actin mRNA level. Tnf

and Ppargcla expression levels showed increases in SOD1%%*4 mice, which reverted to wild-type mice levels
following oxaloacetate treatment. (C) NF-kB protein expression levels in lumbar spinal cords of the same
animals as (A and B) were analyzed by western blot as shown in (D). NF-kB expression levels showed a
decreased level in SOD1°*4, which reverted to the wild-type level following oxaloacetate treatment. An image
of one full-length blot is shown in (D). Molecular weight markers were run in lanes marked “M,” and the
molecular weights are indicated on the left side of the blot. The graphs show data from four mice with whiskers
showing mean +S.D. for WT, SOD1%7A, SOD1%%A + OAA: (A, 1.0+£1.1,4.7+2.6,1.9+1.0; B, 1.0+£0.6,2.3+0.7,
1.0£0.6; C,1.0+0.3,0.2+0.3, 0.9+ 0.6). The differences among the means are statistically significant (*) by
one-way ANOVA (6A, p=0.0343; 6B, p=0.0229; 6C, p=0.0475) with Fisher’s LSD multiple comparisons (n=4,
p<0.05). N.S.: not significant.

The biological effect of oxaloacetate has been previously tested in several animal models, and beneficial effects
have been reported. Oxaloacetate has been shown to penetrate the blood-brain barrier and access the central
nervous system during systemic administration to wild-type mice*>**. Oxaloacetate treatment in wild-type mice
has altered levels, distribution patterns, or post-translational modifications of mRNA and proteins in ways that
promote mitochondrial biogenesis, including PGCla, a transcriptional co-activator, and a master-coordinator
of mitochondrial biogenesis®. In a mouse model of seizures induced by kainic acid injection, oxaloacetate helps
ameliorate brain mitochondrial DNA damage and seizures. Oxaloacetate has also been proposed to inhibit reac-
tive oxygen species-dependent oxidative damage in cells?*. Similarly, in a neurodegenerative rat model generated
by injecting kainic acid and cyclothiazide, combined treatment of oxaloacetate and recombinant Glu-oxaloac-
etate-transaminase showed protection of spinal cord motor neurons, a delayed weakening of motor functions,
and prolonged survival®®. As a potential mechanism, the authors proposed that co-treatment of Glu-oxaloacetate
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transaminase and its co-factor oxaloacetate increases glutamate scavenger activity in the bloodstream, which
increases efflux of glutamate from the spinal cord to the blood and mitigates the deleterious effects of glutamate
in the spinal cord. In a C. elegans aging model, oxaloacetate treatment extended the lifespan®. It appeared to
function as a caloric restriction mimetic through AMP kinase (AMPK) and forkhead O-box (FOXO) transcrip-
tion factor-dependent pathways. These results suggest that oxaloacetate treatment may exert a beneficial effect
through multiple pathways, as discussed previously®.

In the current study, respiratory parameters were similar between SOD mice with or without oxaloac-
etate treatment. However, oxaloacetate treatment decreased the PGCla mRNA level in SOD1%*4 mice to that of
wild-type mice. Therefore, oxaloacetate does not appear to have activated mitochondrial biogenesis in SOD1%34
mice. The treatment-associated decrease in PGCla mRNA levels may suggest that oxaloacetate minimizes mito-
chondrial biogenesis or bioenergetic stress in SOD1%*4 mice.

Importantly, oxaloacetate treatment could revert the elevated TNFa mRNA levels in the spinal cord of
SOD1%%3A mice down to that of the wild-type mice (Fig. 6). We could not analyze the protein levels of TNFa due
to a lack of a reliable antibody for western blot analysis. Downregulation of TNFa levels in the spinal cord of
SOD1%* mice may reflect reduced inflammation or actively reduce inflammation. In this case, the therapeutic
benefits we observed are pertinent to a recent RNA-seq analysis that identified TNF-mediated inflammation as
a major abnormality in human ALS patients’ spinal cords*’. Brohawn et al. proposed reducing inflammatory
TNFa signaling might help ALS patients. Our preclinical data suggest oxaloacetate treatment is a promising
intervention approach for ALS, although further studies are required before a clinical trial. Caution is certainly
needed on this point, as TNFa knockout mice crossed with SOD1%%*A mice did not show improved motor neuron
survival or lifespan®. This null mutation approach may complicate the outcome because a lack of TNFa protein
from the developmental stage may induce compensation by other ligands of TNFR1 and TNFR?2, including LT}.

In addition, oxaloacetate treatment returned the elevated PGC-1a mRNA level in the spinal cord of SOD1¢%34
mice down to that of the wild-type mice (Fig. 6). Overexpression of PGC-1a in microglia and neuroblastoma
cells is known to suppress the expression of neuroinflammatory cytokines®”*. Increased spinal cord Ppargcla
expression in SOD1%*A mice may reflect an attempt to decrease TNFa due to the increased expression level of
TNFa. This interpretation is consistent with our data that show Tnfand Ppargcla expression reverts to wild-type
levels following oxaloacetate treatment.

Finally, oxaloacetate treatment increased the total NF-«B protein level in the spinal cord of SOD mice
to the level seen in the wild-type mice (Fig. 6). Others have also published western blot analyses of total NF-«xB
protein levels in the lumbar spinal cords of SOD1%*4 mice, which decreases the levels from the presymptomatic
stage to the symptomatic stage (Fig. 1 in reference®®). Restoration of total NF-kB protein levels in the spinal
cord lysates of oxaloacetate-treated SOD1%** mice may be beneficial for the neuroinflammation in the spinal
cord. This view is consistent with the publication by Frakes et. al. who showed a beneficial effect of decreasing
NF-kB signaling in microglia on motor neuron survival and survival of SOD1%*4 mice®. However, the level of
activated NF-«B needs to be investigated to draw further conclusions of oxaloacetate treatment. These analyses
of signaling molecules suggest that the potential modulation of TNFa and NF-kB signaling pathways either (a)
mediates the beneficial effects or (b) acts as a biomarker for other beneficial mechanisms of oxaloacetate treat-
ment in SOD1%%*4 mice.

In conclusion, oxaloacetate treatment maintained neuromuscular function and delayed neurological symptom
onset in SOD1%°** mice when treated from the presymptomatic stage and delayed limb paralysis when treated
from the symptomatic stage. At the dose tested, oxaloacetate treatment neither shorten nor extend the lifespan
of SOD1%*A mice to a statistically significant extent. Thus, neuromuscular function improvements of SOD1%%34
mice following oxaloacetate treatment did not come at the expense of a shortened lifespan. The limitation of the
current study is that some of the beneficial effects were observed when the oxaloacetate treatment was initiated
in the presymptomatic stage, which is difficult to achieve for most ALS patients. However, when the treatment
started in the symptomatic stage, the oxaloacetate treatment delayed the limb paralysis onset. This beneficial
effect of oxaloacetate treatment may delay the loss of patients’ neuromuscular function and movement ability.
Such beneficial effects have a potentially significant impact on the quality of life for patients.
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Methods
Animals.  Animal experimental protocols were approved by the Institutional Animal Care and Use Commit-
tee of the University of Kansas Medical Centre (KUMC). All experiments were performed in accordance with
the Guidelines for the Care and Use of Laboratory Animals of KUMC and the approved animal care and use
protocol. The authors complied with the ARRIVE 2.0 guidelines. Male SOD1%°*4 mice with a C57Bl/6 J back-
ground (B6.Cg-Tg (SOD1*G93A) 1 Gur/], the Jackson Laboratory stock number 004435, high copy number
transgene)>*’ were obtained from the Jackson Laboratory and used in this study without breeding. The Jackson
Laboratory confirms the transgene copy number using quantitative PCR (qPCR, the Jackson Laboratory tech-
nical information). There is no difference in survival between males and females in the B6 background®. The
incidence of human ALS is higher in males*"*% thus, only male mice were analyzed in this study. The Guide-
lines for ALS preclinical animal research published based on the consensus meeting recommends using 12 or
more animals of single-sex for survival analysis®. Thus, twelve mice per group and a total of 36 singly housed
male mice were analyzed. Purchased mice were randomized into three groups for the analysis. Controls were
genotype-, age- and sex-matched mice. The end-stage of a lifespan was recorded when mice are unable to right
themselves 30 s after having been pushed on their side based on the guidelines for preclinical studies using ALS
mouse models*"2.

Oxaloacetic acid (Sigma-Aldrich, #07753) was reconstituted on the day of injection in PBS, adjusted to
a final pH of 7.2 - 7.4 with sodium hydroxide, filter sterilized, and injected into the mice as soon as possible.
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Oxaloacetate was administered by intraperitoneal injection, 2 g/kg body weight, with one injection per day
for five days a week. The drug dose, injection method, and frequency are based on the successful outcomes of
oxaloacetate administration in wild-type mice in our published study®.

Neurological score. Disease onset was estimated based on the age of peak body weight, which was evalu-
ated every ten days. Disease progression and end-stage were assessed using the neurological scoring system
described by Leitner et al.* with the following criteria: (0) hind limb stretch similar to wildtype mice when
suspended by its tail, (1) tail hang +leg spray test in which the tail hang caused a collapse, partial collapse or
trembling of the hind limbs, (2) toes curl under at least twice during walking for 12 inches, (3) rigid paralysis of
the hind limbs with the foot not being used for forwarding motion, and (4) the mouse cannot right itself within
30 s from either side. For survival assays, the end-stage was defined as the age at which mice showed the neuro-
logical score (4). The neurological score evaluation was performed at the time of daily injection of oxaloacetate
by the person performing the injection.

Inverted screen test. Evaluation of muscle strength: For SOD1%*A mice, muscle strength was evaluated
using an inverted screen test >**, In brief, the mouse was placed in the center of stainless-steel wire mesh. Then,
the screen was smoothly inverted and held ~40 cm above a soft surface. The time until the mouse fell from the
wire was measured. If the mouse stayed on the metal mesh for 120 s or longer, the mouse was returned to the
home cage. Mice were provided one-minute intervals between the three consecutive trials. The inverted screen
test was performed by personnel blinded to the treatment group and randomized animals.

Isolation of brain mitochondria. Mitochondria were isolated from the whole brain (minus hippocam-
pus) using a Percoll gradient and ultracentrifugation. All steps were performed on ice. Briefly, the brain was
minced with scissors in 1 mL of mitochondria isolation buffer (MIB; 225 mM mannitol, 75 mM sucrose, 6 mM
K,HPO,, 1 mM EGTA, 0.1% fatty acid-free BSA, pH 7.2). This mixture was sedimented (using a microfuge) to
collect the solid brain tissue. The supernatant was decanted, and the brain tissue was minced again in 1 mL of
MIB with scissors. The mixture was centrifuged again, and the brain tissue was resuspended in 5 mL of fresh
MIB. The brain tissue was then homogenized with a Dounce homogenizer, and the resulting homogenate was
centrifuged at 1,500 x g for 5 min at 4 °C.

Next, 15%, 23%, and 40% Percoll gradients were made using 100% Percoll in MIB. 2.3 mL of the 40% Percoll
gradient was layered on the bottom of a centrifuge tube, followed by 2.3 mL of 23% Percoll (middle), then 2.3 mL
of 15% Percoll (top). Five mL of supernatant (from the Dounce homogenate steps) was added to the top of the
layered Percoll gradients. Using an SW28.1 Beckman rotor, tubes were centrifuged at 7,800 rpm for 13 min
at 4 °C. The mitochondrial layer was collected and washed with 8 mL of MIB and centrifuged at 8,000 x g for
10 min. Mitochondria were then washed a second time with 8 mL of sterile phosphate-buffered saline (PBS)
and re-centrifuged at 8,000 x g for 10 min. Precipitated mitochondria were resuspended, gently, in 500 pL MIB.

Oroboros respiration measurements. A total of 15 pL of isolated brain mitochondria was added to the
Oroboros chamber, which contained Miro5 buffer (0.5 mM EGTA, 3 mM MgCl,*6H,0, 60 mM Lactobionic
acid, 20 mM Taurine, 10 mM KH,PO,, 20 mM HEPES, 110 mM D-Sucrose, 1 g/L fatty acid free BSA). After
signal equilibration (state 1), 10 mM pyruvate and 5 mM malate were added to reach state 2 respiration (the final
concentration is indicated for all injections). The incubation was followed by injection of 4 mM ADP (state 3),
4 uM oligomycin (state 40), and two injections of 0.75 uM FCCP to reach maximum respiration. The final injec-
tion consisted of 5 uM antimycin A and 1 uM rotenone. The respiratory control ratio was calculated by dividing
the state 3 respiration rate by the state 40 respiration rate. Spare respiratory capacity was calculated by subtract-
ing the FCCP respiratory rate from the state 3 rates. ATP-linked respiration was calculated by subtracting the
post-oligomycin respiratory rate from the state 3 rates. All data are normalized to the protein concentration of
the mitochondrial sample.

Reverse transcription qPCR for spinal cord mRNAs. Thoracic spinal cord tissue was dissected and
preserved in RNA Later. RNA isolation, cDNA synthesis, and gPCR were completed as previously described®.
mRNA levels were measured using primers and Tagman probes from Applied Biosystems including actin (ActB),
peroxisome proliferative activated receptor, gamma, coactivator 1 alpha (PGCla, Ppargcla), and tumor necrosis
factor-a (TNFa, Tnf). Amplification rates of the resultant amplicons were compared to the amplification rate of
actin using the AACT calculation. qPCR was completed in triplicate on each wild-type mouse, SOD1%°*4 mouse,
and SOD1%A mouse treated with oxaloacetate.

Western blots for spinal cord proteins. Lumbar spinal cord tissue was dissected and preserved in RNA
Later. Protein lysates were generated using RIPA buffer in the presence of protease and phosphatase inhibitors
(Halt protease inhibitors, ThermoFisher). Western blots were completed as previously described using 4-15%
Criterion TGX stain free gels (BioRad) using an antibody against nuclear factor kappa-light-chain-enhancer of
activated B (NF-xB, Cell Signaling Technology #8242, used at 1:1000)*. This anti-NF-kB monoclonal antibody
was produced by immunizing rabbits with a synthetic peptide corresponding to residues surrounding Glu498
of human NF-kB p65 protein (manufacture’s information). This monoclonal antibody recognizes mouse NF-«xB
but does not cross-react with other NF-kB/Rel family members (manufacture’s information) and has been cited
in 412 publications (www.citeab.com). We used the BioRad Chemidoc XRS system and its Image Lab software
to automatically optimize the exposure and ensure that the image signal intensity has a wide dynamic range.

Scientific Reports |

(2021) 11:11051 | https://doi.org/10.1038/s41598-021-90438-6 nature portfolio


http://www.citeab.com

www.nature.com/scientificreports/

NF-«B signal intensity was normalized to total protein stain obtained through BioRad Stain Free Technology
gels. Data are from four mice in each group, wild-type, SOD1°%*4, and SOD1%°** mice treated with oxaloacetate,
in duplicate. We tested three commercially available antibodies to detect phosphorylated-NF-«kB. However, we
were not able to reliably analyze the level of phosphorylated-NF-«B in our hands.

Statistics. Al statistics were performed using GraphPad Prism software version 9. Significance was assessed
by one-way ANOVA with Bonferroni’s multiple comparisons test for Fig. 1, unpaired ¢-test for Fig. 5, and one-
way ANOVA with uncorrected Fisher’s LSD multiple comparison test for Fig. 6. The p and n values are reported
in the text. The lifespans of the three groups were indicated as Kaplan-Meier survival curves using percent
survival against the age of the animals. Data were statistically analyzed by Log-rank test, and survival curves
between two groups were compared via a log-rank test (Mantel-Cox test).

Following data passed the Shapiro-Wiki normality test (alpha=0.05): Fig. 1 for ages 100, 110, 120 of presymp-
tomatic treatment group and ages 90, 100, 110, 120 of the control group; Figs. 5A, 5E, 5F for SOD1%%A + OAA;
5B, 5C, 5D for SOD16%4 + OAA and SOD15%4; 6A for WT and SOD15%%4; 6B, 6C for WT, SOD1%934 and
SOD1%%3A + OAA. Following data did not pass the normality test: Fig. 1 for age 90 of presymptomatic treat-
ment group (p=0.0112); Figs. 5A, 5E, 5F for SOD1%%34 (p=0.0303, 0.0250, 0.0250); 6A for SOD1%%34 + OAA
(p=0.0042). The small sample size may be underpowered to detect nongaussian distributions; therefore, para-
metric tests were used in this study.

Data availability. The datasets generated during and analyzed during the current study are available from
the corresponding author on reasonable request.

Received: 18 April 2018; Accepted: 7 May 2021
Published online: 26 May 2021

References
1. Edens, B. M., Miller, N. & Ma, Y. C. Impaired autophagy and defective mitochondrial function: converging paths on the road to
motor neuron degeneration. Front. Cell Neurosci. 10, 44 (2016).
2. Kanning, K. C,, Kaplan, A. & Henderson, C. E. Motor neuron diversity in development and disease. Ann. Rev. Neurosci. 33, 409-440
(2010).
3. Andersen, P. M. & Al-Chalabi, A. Clinical genetics of amyotrophic lateral sclerosis: what do we really know?. Nat. Rev. Neurol. 7,
603-615 (2011).
4. Hervias, 1., Beal, M. E. & Manfredi, G. Mitochondrial dysfunction and amyotrophic lateral sclerosis. Muscle Nerve 33, 598-608
(2006).
5. Gurney, M. E. et al. Motor neuron degeneration in mice that express a human Cu, Zn superoxide dismutase mutation. Science 264,
1772-1775 (1994).
6. Wong, P. C. et al. An adverse property of a familial ALS-linked SOD1 mutation causes motor neuron disease characterized by
vacuolar degeneration of mitochondria. Neuron 14, 1105-1116 (1995).
7. Swerdlow, R. H. Treating neurodegeneration by modifying mitochondria: potential solutions to a “complex” problem. Antioxid.
Redox Signal. 9, 1591-1603 (2007).
8. Rothstein, J. D. Current hypotheses for the underlying biology of amyotrophic lateral sclerosis. Ann. Neurol. 65(Suppl 1), S3-9
(2009).
9. Kong, J. & Xu, Z. Massive mitochondrial degeneration in motor neurons triggers the onset of amyotrophic lateral sclerosis in mice
expressing a mutant SOD1. J. Neurosci. 18, 3241-3250 (1998).
10. Li, Q. et al. ALS-linked mutant superoxide dismutase 1 (SOD1) alters mitochondrial protein composition and decreases protein
import. Proc. Natl. Acad. Sci. 107, 21146-21151 (2010).
11. Ruffoli, R., Bartalucci, A., Frati, A. & Fornai, F. Ultrastructural studies of ALS mitochondria connect altered function and perme-
ability with defects of mitophagy and mitochondriogenesis. Front. Cell Neurosci. 9, 341 (2015).
12. Hirano, A. et al. Fine structural study of neurofibrillary changes in a family with amyotrophic lateral sclerosis. J. Neuropathol. Exp.
Neurol. 43, 471-480 (1984).
13. Hart, M. N,, Cancilla, P. A., Frommes, S. & Hirano, A. Anterior horn cell degeneration and Bunina-type inclusions associated with
dementia. Acta Neuropathol 38, 225-228 (1977).
14. Nakano, Y., Hirayama, K. & Terao, K. Hepatic ultrastructural changes and liver dysfunction in amyotrophic lateral sclerosis. Arch.
Neurol. 44, 103-106 (1987).
15. Swerdlow, R. H., Parks, J. K., Pattee, G. & Parker, W. D. Jr. Role of mitochondria in amyotrophic lateral sclerosis. Amyotroph. Lateral
Scler. Other Motor. Neuron. Disord. 1, 185-190 (2000).
16. Rogers, R. S. et al. Impaired mitophagy plays a role in denervation of neuromuscular junctions in ALS mice. Front. Neurosci. 11,
473 (2017).
17. Wiedemann, E R., Manfredi, G., Mawrin, C., Beal, M. E & Schon, E. A. Mitochondrial DNA and respiratory chain function in
spinal cords of ALS patients. . Neurochem. 80, 616-625 (2002).
18. Wiedemann, E. R. et al. Impairment of mitochondrial function in skeletal muscle of patients with amyotrophic lateral sclerosis. J.
Neurol. Sci. 156, 65-72 (1998).
19. Vielhaber, S. et al. Mitochondrial DNA abnormalities in skeletal muscle of patients with sporadic amyotrophic lateral sclerosis.
Brain 123(Pt 7), 13391348 (2000).
20. Bozzo, E, Mirra, A. & Carri, M. T. Oxidative stress and mitochondrial damage in the pathogenesis of ALS: New perspectives.
Neurosci Lett 1, 1 (2006).
21. Browne, E. C. & Abbott, B. M. Recent progress towards an effective treatment of amyotrophic lateral sclerosis using the SOD1
mouse model in a preclinical setting. Eur. J. Med. Chem. 121, 918-925 (2016).
22. Rudolf, R., Khan, M. M., Wild, F. & Hashemolhosseini, S. The impact of autophagy on peripheral synapses in health and disease.
Front. Biosci. 21, 1474-1487 (2016).
23. Wilkins, H. M. et al. Oxaloacetate activates brain mitochondrial biogenesis, enhances the insulin pathway, reduces inflammation
and stimulates neurogenesis. Hum. Mol. Genet. 23, 6528-6541 (2014).
24. Yamamoto, H. A. & Mohanan, P. V. Effect of alpha-ketoglutarate and oxaloacetate on brain mitochondrial DNA damage and
seizures induced by kainic acid in mice. Toxicol. Lett. 143, 115-122 (2003).

Scientific Reports |

(2021) 11:11051 | https://doi.org/10.1038/s41598-021-90438-6 nature portfolio



www.nature.com/scientificreports/

25. Williams, D. S., Cash, A., Hamadani, L. & Diemer, T. Oxaloacetate supplementation increases lifespan in Caenorhabditis elegans
through an AMPK/FOXO-dependent pathway. Aging Cell 8, 765-768 (2009).

26. Ruban, A. et al. Combined treatment of an amyotrophic lateral sclerosis rat model with recombinant GOT1 and oxaloacetic acid:
a novel neuroprotective treatment. Neurodegener. Dis 15, 233-242 (2015).

27. Wooley, C. M. et al. Gait analysis detects early changes in transgenic SOD1(G93A) mice. Muscle Nerve 32, 43-50 (2005).

28. Hayworth, C. R. & Gonzalez-Lima, F. Pre-symptomatic detection of chronic motor deficits and genotype prediction in congenic
B6.SOD1(G93A) ALS mouse model. Neuroscience 164, 975-985 (2009).

29. Dobrowolny, G. et al. Muscle expression of a local Igf-1 isoform protects motor neurons in an ALS mouse model. J. Cell Biol. 168,
193-199 (2005).

30. Heiman-Patterson, T. D. et al. Background and gender effects on survival in the TgN(SOD1-G93A)1Gur mouse model of ALS. J.
Neurol. Sci. 236, 1-7 (2005).

31. Leitner, M., Menzies, S. & Lutz, C. Working with ALS mice, guidelines for preclinical testing & colony management. PRIZE4LIFE,
The Jackson Laboratory, 1-28 (2009).

32. Ludolph, A. C. et al. Guidelines for preclinical animal research in ALS/MND: A consensus meeting. Amyotroph. Lateral Scler 11,
38-45 (2010).

33. Scott, S. et al. Design, power, and interpretation of studies in the standard murine model of ALS. Amyotroph. Lateral Scler 9, 4-15
(2008).

34. Brohawn, D. G., O'Brien, L. C. & Bennett, J. P,, Jr. RNAseq Analyses Identify Tumor Necrosis Factor-Mediated Inflammation as a
Major Abnormality in ALS Spinal Cord. PLoS One 11, €0160520 (2016).

35. Gowing, G., Dequen, F, Soucy, G. & Julien, J. P. Absence of tumor necrosis factor-alpha does not affect motor neuron disease
caused by superoxide dismutase 1 mutations. J. Neurosci. 26, 11397-11402 (2006).

36. Ruddle, N. H. Lymphotoxin and TNF: how it all began-a tribute to the travelers. Cytokine Growth Factor Rev. 25, 83-89 (2014).

37. Yang, X,, Xu, S., Qian, Y. & Xiao, Q. Resveratrol regulates microglia M1/M2 polarization via PGC-1alpha in conditions of neuro-
inflammatory injury. Brain Behav. Immun. 64, 162-172 (2017).

38. Zhang, Y. et al. PPARgamma coactivator-lalpha (PGC-1lalpha) protects neuroblastoma cells against amyloid-beta (Abeta) induced
cell death and neuroinflammation via NF-kappaB pathway. BMC Neurosci. 18, 69 (2017).

39. Frakes, A. E. et al. Microglia induce motor neuron death via the classical NF-kappaB pathway in amyotrophic lateral sclerosis.
Neuron 81, 1009-1023 (2014).

40. Gurney, M. E. The use of transgenic mouse models of amyotrophic lateral sclerosis in preclinical drug studies. J. Neurol. Sci.
152(Suppl 1), $67-73 (1997).

41. Hardiman, O., van den Berg, L. H. & Kiernan, M. C. Clinical diagnosis and management of amyotrophic lateral sclerosis. Nat. Rev.
Neurol 7, 639-649 (2011).

42. Haverkamp, L. ], Appel, V. & Appel, S. H. Natural history of amyotrophic lateral sclerosis in a database population. Validation of
a scoring system and a model for survival prediction. Brain 118(3), 707-719 (1995).

43. Contet, C., Rawlins, J. N. & Deacon, R. M. A comparison of 12952/SvHsd and C57BL/6]JOlaHsd mice on a test battery assessing
sensorimotor, affective and cognitive behaviours: implications for the study of genetically modified mice. Behav Brain Res 124,
33-46 (2001).

44. Cossins, J. et al. A mouse model of AChR deficiency syndrome with a phenotype reflecting the human condition. Hum. Mol. Genet.
13, 2947-2957 (2004).

Acknowledgements

This work was supported by grants from NIH R01 NS078214 and R01 AG051470, and Kansas City Area Life
Sciences Institute KCALSI-16-18 (H.N.), NIH NS077852 (R.H.S.), and NIH P30 AG035982 (University of Kansas
Alzheimer’s Disease Centre), from NIH K-INBRE postdoctoral award P20 GM103418 (R.S.R. and Y.B.), Biomedi-
cal Research Training Program postdoctoral award (Y.B.), Rodent Behavior Facility and core facility supports
from the NIH (U54HD090216, P20RR016475, and P20GM104936).

Author contributions

H.N., R.J.B,, and R.H.S. designed the experiment; S.K.T., HM.W,, R.S.R,, Y.B., JM.S., and A.A. performed the
experiment; SK.T., HM.W,, JM.S., A.A,, O.J., R.H.S., and H.N. analyzed the data and prepared the figures; H.N.
wrote the paper. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:11051 | https://doi.org/10.1038/s41598-021-90438-6 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Oxaloacetate treatment preserves motor function in SOD1G93A mice and normalizes select neuroinflammation-related parameters in the spinal cord
	Results
	Oxaloacetate treatment improves neuromuscular strength. 
	Oxaloacetate treatment delays the onset of neurological symptoms.. 
	Mitochondrial respiratory function in oxaloacetate-treated mice. 
	Oxaloacetate treatment reduces neuroinflammation in the spinal cord. 

	Discussion
	Methods
	Animals. 
	Neurological score. 
	Inverted screen test. 
	Isolation of brain mitochondria. 
	Oroboros respiration measurements. 
	Reverse transcription qPCR for spinal cord mRNAs. 
	Western blots for spinal cord proteins. 
	Statistics. 
	Data availability. 

	References
	Acknowledgements


