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Abstract: Amyotrophic lateral sclerosis (ALS) is a fatal, complex neurodegenerative disorder that
causes selective degeneration of motor neurons. ALS patients exhibit symptoms consistent with
altered cellular energetics such as hypermetabolism, weight loss, dyslipidemia, insulin resistance,
and altered glucose tolerance. Although evidence supports metabolic changes in ALS patients,
metabolic alterations at a cellular level remain poorly understood. Here, we used a Drosophila
model of ALS based on TDP-43 expression in motor neurons that recapitulates hallmark features of
motor neuron disease including TDP-43 aggregation, locomotor dysfunction, and reduced lifespan.
To gain insights into metabolic changes caused by TDP-43, we performed global metabolomic
profiling in larvae expressing TDP-43 (WT or ALS associated mutant variant, G298S) and identified
significant alterations in several metabolic pathways. Here, we report alterations in multiple metabolic
pathways and highlight upregulation of Tricarboxylic acid (TCA) cycle metabolites and defects
in neurotransmitter levels. We also show that modulating TCA cycle flux either genetically or
by dietary intervention mitigates TDP-43-dependent locomotor defects. In addition, dopamine
levels are significantly reduced in the context of TDP-43G298S, and we find that treatment with
pramipexole, a dopamine agonist, improves locomotor function in vivo in Drosophila models of
TDP-43 proteinopathy.

Keywords: Amyotrophic lateral sclerosis (ALS); metabolic alterations; Tricarboxylic acid (TCA) cycle;
glutamine; pyruvate; dopamine; pramipexole

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder that
affects both upper and lower motor neurons (MNs). It leads to the loss of motor coordina-
tion, paralysis, respiratory insufficiency, and eventual death within 30 months of symptom
onset in most patients. Although several risk factors have been identified, the disease
etiology remains poorly understood [1,2].

Several clinical studies have reported that ALS patients exhibit hypermetabolism,
altered energy and lipid metabolism, weight loss, dyslipidemia, insulin resistance, and
altered glucose tolerance, as reviewed in [3,4]. Metabolic interventions such as high
calorie diets and metabolic supplements have been shown to delay disease progression
in animal models, as reviewed in [4]. However, it remains unclear how these metabolic
changes contribute to disease progression or selective degeneration of MNs. In addition,
high body mass index and diabetes have been associated with increased survival in ALS
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patients [5]. Together, these studies highlight the need for a better understanding of the
metabolic alterations associated with degenerating neurons to ultimately uncover potential
therapeutic strategies for ALS.

One of the pathological hallmarks of ALS is the accumulation of TAR DNA binding
protein (TDP-43) into irreversible cytoplasmic aggregates [6]. These cytoplasmic aggregates
have been found in 97% of ALS cases irrespective of etiology [7]. To elucidate the molecular
mechanisms underlying TDP-43 proteinopathies, we developed a Drosophila model of
ALS based on the over-expression of TDP-43 in MNs. Notably, these models recapitulate
several features of motor neuron (MN) disease including locomotor dysfunction, TDP-43
containing cytoplasmic aggregates, and reduced lifespan [8,9]. Additionally, similar to
metabolic changes identified in patient tissues, Drosophila expressing TDP-43 in MNs
exhibit alterations in glycolysis, the carnitine shuttle, and lipid beta oxidation [10–13].
Here, we show that TDP-43 proteinopathy causes additional, broad ranging metabolic
alterations and highlight specific defects in TCA cycle intermediates and neurotransmitter
levels. We find that manipulating the TCA cycle either genetically, through overexpression
of Drosophila or human mitochondrial isocitrate dehydrogenase 3 (IDH3), or by feeding
pyruvate, mitigates TDP-43 dependent locomotor defects. In addition, levels of dopamine
are reduced, consistent with reports in ALS patients. We find that the administration of
pramipexole, a dopamine agonist, improves locomotor function in Drosophila models of
TDP-43 proteinopathy. These results show that dietary intervention or pharmacological
and genetic manipulations mitigate TDP-43 induced locomotor dysfunction in vivo and
identify broad ranging metabolic deficits that may inform therapeutic strategies based on
improving cellular energetics.

2. Results
2.1. TDP-43 Proteinopathy in Motor Neurons Alters Several Metabolic Pathways In Vivo, in
Drosophila Models of ALS

To study global metabolic alterations in ALS, we used Drosophila models of TDP-43 pro-
teinopathy based on overexpression of wildtype TDP-43 (TDP-43WT) or an ALS-associated
mutant variant, G298S (TDP-43G298S), in motor neurons, specifically. Metabolomic profiling
was conducted on whole third instar larvae over-expressing TDP-43 in MNs (D42 > TDP-
43WT or D42 > TDP-43G298S) and genetic background controls (D42 > w1118) (see Materials
and Methods for details). In brief, five replicates of 100 larvae each were submitted to
Metabolon, Inc where they were analyzed for the presence of 572 compounds of known
identity (metabolites). Biochemical profiling identified 106 significantly altered metabolites
in TDP-43WT compared to controls (32 upregulated and 74 downregulated, p-value < 0.05)
and 217 significantly altered metabolites in TDP-43G298S compared to controls (128 upregu-
lated and 89 downregulated, p-value < 0.05) (see Supplemental Table S1). These analyses
revealed alterations in several metabolic pathways including glycolysis and lipid beta
oxidation that we have previously reported [12,13], as well as changes in neurotransmitter
levels and TCA cycle intermediates, among others (e.g., amino acids, peptides, lipids,
purine metabolism—see Supplementary Table S1).

2.2. TDP-43 Proteinopathy Causes Alterations in the TCA Cycle and the Glutaminolysis Pathway

Biochemical profiling showed that larvae expressing TDP-43G298S exhibit a significant
increase in several TCA cycle intermediates compared to controls (fumarate, 2.12-fold
change, p-value = 0.032; malate, 2.22-fold change, p-value = 0.003; citrate, 3.6-fold change,
p-value = 9.94 × 10−6; 2-methylcitrate, 1.7-fold change, p-value = 0.0005; aconitate, 1.6-fold
change, p-value = 0.025; see Figure 1). In contrast, larvae expressing TDP-43WT only showed
a significant increase in fumarate (1.93-fold change, p-value = 0.036; see Figure 1). These
results suggest at least a partial increase in TCA cycle flux in ALS.
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Figure 1. Metabolomic profiling uncovers alterations in TCA cycle and glutamate metabolism.
(A) TCA cycle and glutamate metabolism components altered in larvae expressing TDP-43WT.
(B) TCA cycle and glutamate metabolism components altered in larvae expressing TDP-43G298S.
(C) Summary of metabolite fold changes in TDPWT and TDPG298S compared to w1118 controls, and
TDPG298S compared to TDPWT. Red indicates significant upregulation; pink indicates an upward
trend; green indicates significant downregulation. Statistical significance was determined using
one-way ANOVA. * indicates compounds that have not been officially confirmed based on a standard,
but we are confident in its identity.

The starting point of the TCA cycle is acetyl-CoA, which is derived from pyruvate.
Our previously reported findings of significantly higher pyruvate levels in TDP-43 pro-
teinopathy [13] support an increase in TCA cycle. However, not all TCA cycle intermediates
are significantly increased in our models, either due to limited sensitivity or because ad-
ditional input is required into the TCA cycle. Indeed, additional mechanisms exist, such
as glutaminolysis, a pathway that replenishes TCA cycle intermediates by converting
glutamine into glutamate, which, in turn, is converted into TCA cycle metabolites [14] (see
Figure 1). Our metabolomic analyses indicate that glutamine and its acetylated analog,
N-acetyl glutamine, are significantly increased in larvae expressing TDP43G298S (glutamine,
1.13-fold change, p-value = 0.009; N-acetyl glutamine, 1.36-fold change, p-value = 0.007;
see Figure 1), whereas N-acetyl glutamine and pyroglutamine were significantly increased
in larvae expressing TDP-43WT (N-acetyl glutamine, 1.26-fold change, p-value = 0.035;
pyroglutamine, 1.21-fold change, p-value = 0.021; see Figure 1). These findings suggest that
additional input into the TCA cycle via glutaminolysis is altered and provide a possible
explanation for why not all metabolic intermediates (e.g., α-ketoglutarate) are significantly
increased. Interestingly, upregulation of TCA cycle intermediates was also reported in
patients [10]. Taken together, these data are consistent with TDP-43 dependent alterations
in cellular energetics and suggest at least a partial increase in TCA cycle flux.
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2.3. Overexpression of Isocitrate Dehydrogenase 3 (IDH3) in MNs Rescues TDP-43 Induced
Locomotor Deficits

Our metabolomics data show that TCA cycle intermediates are upregulated in ALS;
however, it remains unclear whether this is a direct consequence of TDP-43 proteinopathy
or a compensatory mechanism. To address this issue and to further understand the role
of TCA cycle in ALS pathology, we co-overexpressed mitochondrial isocitrate dehydro-
genase 3 (IDH3) subunit a, the catalytic domain of IDH3 (human, hIDH3a or Drosophila,
dIDH3a) [15], with TDP-43 in MNs and tested its effect on TDP-43-dependent locomotor
defects using larval turning assays. IDH3a was chosen because it catalyzes an irreversible
rate limiting step in the TCA cycle, namely oxidative decarboxylation of isocitrate. As
previously shown [8,9], expression of TDP-43WT or TDP-43G298S significantly increased
the larval turning times (10.38 ± 0.06 s, p-value < 0.0001 for TDP-43WT; 13.21 ± 0.07 s,
p-value < 0.0001 for TDP-43G298S) compared to w1118 controls (8.19 ± 0.09 s). Interestingly,
overexpression of either hIDH3a or dIDH3a in motor neurons on their own caused a sig-
nificant increase in larval turning time (9.11 ± 0.03 0.06 s, p-value = 0.0134 for hIDH3a;
9.18 ± 0.03 s, p-value = 0.0165 for dIDH3a) (see Figure 2). However, when hIDH3a was
co-overexpressed with TDP-43WT or TDP-43G298S, it rescued TDP-43-induced locomo-
tor deficits (7.97 ± 0.02 s, p-value < 0.0001 for TDP-43WT; 9.84 ± 0.06 s, p-value < 0.0001
or TDP-43G298S; see Figure 2A). Similarly, dIDH3a co-overexpressed with TDP-43WT or
TDP-43G298S rescued TDP-43 induced locomotor deficits (7.97 ± 0.04 s, p-value < 0.0001 for
TDP-43WT; 7.97 ± 0.02 s, p-value = 0.005 for TDP-43G298S; see Figure 2B). These findings
show that increased IDH3a activity mitigates TDP-43-dependent locomotor deficits and
suggest that the upregulation of TCA cycle intermediates is a compensatory mechanism in
motor neurons.

Figure 2. Overexpression of IDH3a rescues TDP-43 induced locomotor defects. (A) Larval turning
times of larvae expressing human IDH3a (hIDH3a), TDP-43WT, or TDP-43G298S, individually or
together, as indicated. (B) Larval turning times of larvae expressing Drosophila IDH3a (dIDH3a),
TDP-43WT, or TDP-43G298S, individually or together, as indicated. n = 30 larvae per genotype.
Kruskal–Wallis was used to determine statistical significance. *—p-value < 0.05, **—p-value < 0.01,
****—p-value < 0.0001.

2.4. Pyruvate Supplementation Mitigates TDP-43 Induced Locomotor Deficits in Drosophila
Models of ALS

We have previously shown that the end product of glycolysis, pyruvate, is upregulated
in TDP-43-expressing larvae, and genetic interaction experiments with phosphofructok-
inase (pfk, the rate limiting enzyme in glycolysis) showed that this is a compensatory
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mechanism (see Figure 3A and ref. [13]). This led us to hypothesize that pyruvate might
have a neuroprotective effect in the context of TDP-43 proteinopathy. To investigate
this possibility, we fed TDP-43 expressing larvae with pyruvate supplemented food and
evaluated their locomotor function using larval turning assays [8,9]. These experiments
showed that 250 µM sodium pyruvate caused a significant reduction in larval turning
times in larvae expressing TDP-43WT (12.46 ± 0.71 s, p-value = 0.035; see Figure 3B) or
TDP-43G298S (13.81 ± 0.54 s; p-value = 0.006; see Figure 3B) compared to larvae fed regu-
lar food (16.62 ± 0.91 s for TDP-43WT and 18.75 ± 0.99 s for TDP-43G298S). These results
indicate that high levels of pyruvate rescue TDP-43-induced locomotor deficits and are
consistent with increased flux through the TCA cycle as a compensatory mechanism.

Figure 3. Dietary supplementation of pyruvate rescues TDP-43 induced locomotor defects. (A) A
flowchart showing potential pyruvate input into multiple metabolic pathways. (B) Larval turning
assays for Drosophila expressing TDP-43 fed a cornmeal-based media supplemented with 250 µM
sodium pyruvate, as indicated on the x-axis. Genotypes and treatments are as indicated. n = 30
larvae per treatment/per genotype. Kruskal–Wallis test was used to determine statistical significance.
*—p-value < 0.05, ***—p-value < 0.001.

2.5. TDP-43 Proteinopathy Causes Alterations in Neurotransmitter Levels

Our metabolomics profiling data show altered neurotransmitter levels in larvae express-
ing TDP-43 consistent with altered neurotransmission. Specifically, biochemical profiling
showed that larvae expressing TDP-43G298S exhibit a significant reduction in dopamine,
its metabolite 3,4-dihydroxyphenylacetate, and the dopamine precursor, L-DOPA, which has
the capacity to cross the blood–brain barrier (dopamine, 0.28-fold change,
p-value = 0.037; 3,4-dihydroxyphenylacetate, 0.43-fold change, p-value = 0.01; L-DOPA,
0.28-fold change, p-value = 0.037; see Figure 4). In larvae expressing TDP-43WT, we found a
significant decrease in L-DOPA and 3,4-dihydroxyphenylacetate (L-DOPA, 0.45-fold change,
p-value = 0.03; 3,4-dihydroxyphenylacetate, 0.51-fold change, p-value = 0.29; see Figure 4A)
with no changes in dopamine levels. Notably, a reduction in the number of dopamin-
ergic neurons has been seen in human ALS patients [16,17]. These changes in L-DOPA
were accompanied by a significant decrease in its precursor, tyrosine (0.48-fold change,
p-value = 0.048), in TDP-43WT, and a trend towards a decrease in TDP-43G298S larvae
(0.59-fold change, p-value = 0.064; see Supplemental Table S1).
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Figure 4. TDP-43 proteinopathy induces alterations in neurotransmitters and their precursors.
(A) Summary of significantly altered neurotransmitters, their metabolites, and precursors in TDPWT

and TDPG298S compared to w1118 controls. Red indicates significant upregulation and green indi-
cates significant downregulation. Statistical significance was determined using one-way ANOVA.
(B) Larval turning assays for Drosophila expressing TDP-43G298S fed a cornmeal-based media sup-
plemented with 10 µM pramipexole, as indicated on the x-axis. DMSO was used as vehicle. n = 30
larvae per treatment/per genotype. Kruskal–Wallis test was used to determine statistical significance.
*—p-value < 0.05, ****—p-value < 0.0001.

Additional changes were detected in neurotransmitter precursors such as glutamine,
aspartate, and putrescine, which were found to be significantly increased in larvae express-
ing TDP-43G298S (glutamine, 1.13-fold change, p-value = 0.009; aspartate, 1.32-fold change,
p-value = 0.005; putrescine, 1.3-fold change, p-value = 0.03; see Figure 4A). Although
no significant changes were detected in glutamate or gamma-aminobutyrate (GABA),
higher levels of the neurotransmitter precursors glutamine, aspartate, and putrescine in
TDP-43G298S could indicate decreased demand for neurotransmitter production. Inter-
estingly, no significant difference was observed in larvae expressing TDP-43WT, possibly
because the neurotransmission deficits caused by TDP-43WT are not severe enough to alter
precursor levels. Taken together, these data suggest that TDP-43 proteinopathy causes
specific alterations in neurotransmission.

2.6. Dopamine Agonist Feeding Mitigates TDP-43 Induced Locomotor Deficits in Drosophila
Models of ALS

Our data showing that dopamine levels are decreased in the context of mutant TDP-43
overexpression led us to hypothesize that pramipexole, a dopamine agonist that has been
shown to reverse motor deficits caused by dopamine depletion in Parkinson’s disease
patients, may also be protective in the context of TDP-43 proteinopathy. To investigate if
pramipexole can rescue locomotor deficits in Drosophila, we fed TDP-43G298S-expressing
larvae with either 5 or 10 µM pramipexole-supplemented food and evaluated their loco-
motor function. These experiments showed that, while 5 µM pramipexole had no effect
(see Supplemental Figure S1), 10 µM pramipexole caused a significant reduction in larval
turning times in larvae expressing TDP-43G298S (17.15 ± 1.31 s; p-value = 0.03; see Figure 4B)
compared to larvae fed regular food (21.52 ± 0.9 s for TDP-43G298S). These results indicate
that a dopamine agonist rescues TDP-43 induced locomotor deficits in vivo.

3. Discussion

Clinical observations identified metabolic alterations in ALS patients that are consis-
tent with altered cellular energetics reviewed in [3]. However, the relationship between
whole body and cellular level alterations remains poorly understood. To uncover TDP-43-
dependent changes in neuronal metabolism, we determined the metabolome of Drosophila
ALS models based on the overexpression of TDP-43 in MNs. Notably, our model has
previously identified metabolic and molecular alterations that were subsequently validated
in ALS spinal cords and induced pluripotent stem cell (iPSC)-derived MNs [13,18,19]. Since
metabolic profiling was performed with whole larvae while TDP-43 was overexpressed in
MNs only, we anticipate that some of the biochemical alterations we detected may be caused
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by cell non-autonomous effects (e.g., glia), and that some TDP-43 proteinopathy-dependent
changes were missed due to a “dilution effect”.

In this study, we used global metabolomics to gain insight into altered metabolic
pathways in ALS, which could uncover potential therapeutic strategies. Here we report
several altered metabolites including amino acids, peptides, lipids, and purine metabolism
(see Supplemental Table S1), several of which have also been found to be changed in ALS
patients [10,11,20]. We identified a significant increase in several TCA cycle intermediates,
which is consistent with increased TCA flux. Interestingly, alterations in the TCA cycle have
also been observed in ALS patients [10] and in an MN-like cell line, NSC-34 model [21].
We also identified increased levels of glutamine but no changes in glutamate, one of its
breakdown products. This is in contrast with reports of increased glutamate levels in the
blood and cerebrospinal fluid of ALS patients [22–24] and may be attributed to differences
between Drosophila and human metabolism and/or due to limitations in our experimental
approach (i.e., the “dilution effect”). Alternatively, it is possible that our Drosophila model
of ALS does not recapitulate all the aspects of motor neuron disease in humans.

To further understand the contribution of the TCA cycle defects to TDP-43-dependent
toxicity, we used genetic and dietary interventions. IDH3a catalyzes the production of
α-ketoglutarate, which can also be replenished by glutaminolysis. In the absence of glu-
taminolysis, we tested whether IDH3a overexpression in the context of TDP-43 can rescue
TDP-43-induced locomotor deficits. Indeed, we found that the overexpression of either
human or Drosophila IDH3a, the catalytic subunit of NAD+-dependent mitochondrial isoci-
trate dehydrogenase, although toxic on their own, mitigate locomotor deficits in the context
of TDP-43. Similarly, dietary supplementation with pyruvate, which is predicted to fuel
the TCA cycle, also mitigates TDP-43-induced locomotor deficits. Alternatively, pyruvate
could be taken up into glia, where it is converted into lactate and then taken back up into
neurons for fueling ATP production (i.e., the glia–neuron lactate shuttle) [25]. These results
are consistent with previous findings that Triheptanoin slows motor neuron loss in a mouse
model of ALS by replenishing TCA cycle intermediates [26]. TCA cycle is critical for both
energy production and biosynthesis [27]. While the precise mechanism remains unknown,
our data suggest that upregulating TCA cycle might be neuroprotective in ALS.

At this time, we cannot distinguish whether pyruvate supplementation is protective
due to increasing the TCA cycle or due to acting as free radical scavenger, as reported in
tumor cells [28]. It will also be interesting to test whether supplementation with α-keto
glutarate is protective, as predicted by the rescue effect of IDH3a overexpression. Interest-
ingly, IDH3a was recently shown to play a role in coupling mitochondrial metabolism to
synaptic function [15]. We speculate that IDH3a overexpression in the context of TDP-43
proteinopathy may improve neuromuscular junction physiology, which we have previously
shown to be altered in Drosophila expressing TDP-43 in MNs [19] (see Figure 5 for model).

Our findings that dopamine levels are reduced are consistent with previous reports
that dopaminergic neurons are reduced in a subset of ALS patients [16,17]. It remains
to be determined whether pramipexole administration improves locomotor function by
enhancing mitochondrial metabolism (as predicted for dexpramipexole, its R(+) enan-
tiomer) or by enhancing dopaminergic signaling (see Figure 5 for model). We acknowledge
that dexpramipexole, although promising in Phase II studies [29], subsequently failed in
Phase III clinical trials (Biogen Idec). However, recently, new dopamine agonists have
shown promise in ALS patient-derived iPSCs [30,31], suggesting that this strategy may be
worth reevaluating.

Taken together, our global metabolomic study identifies broad-ranging metabolite
alterations affecting several pathways including glycolysis, the carnitine shuttle, and lipid
beta oxidation, which we have previously reported [12,13], as well as the TCA cycle and
neurotransmitter systems, which we report in this manuscript. These findings suggest that
cellular metabolism provides novel opportunities for devising therapeutic strategies based
on restoring metabolic homeostasis in ALS and related neurodegenerative disorders.
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Figure 5. Proposed model depicting metabolic pathways altered in TDP-43 proteinopathy. Among
several metabolic changes, the TCA cycle is upregulated, likely as a compensatory mechanism.
Pyruvate treatment or IDH3a overexpression improves locomotor function, either by improving
mitochondrial function and/or by mitigating oxidative stress. Additionally, neurotransmitter systems
are altered, including dopamine. Pramipexole, a dopamine agonist, mitigates TDP-43 induced
locomotor deficits, either by improving mitochondrial and/or synaptic function. Dietary, genetic, or
pharmacological interventions are shown in red.

4. Materials and Methods
4.1. Drosophila Genetics

D42-GAL4 was used to drive transgene expression in motor neurons. D42-GAL4
virgin female flies were crossed with w1118, UAS-TDP43WT-YFP, UAS-TDP43G29S8-YFP
described in [8,9], UAS-hIDH3a, or UAS-fIDH3a described in [15] males. All fly lines were
maintained on molasses cornmeal media, at 25 ◦C with a 12 h dark/light cycle.

4.2. Fly Food Supplementation

Standard yeast/cornmeal/molasses food was heated and allowed to cool to ~55 ◦C.
For pyruvate supplementation, sodium pyruvate (Gibco; Life Technologies Europe B.V.,
Bleiswijk, The Netherlands; Catalog No. 11360070) was added to reach a final concentration
of 250 µM. The food was then dispensed into vials and allowed to solidify. For pramipexole
supplementation, pramipexole (Selleckchem, Houston, TX, USA; Catalog No. S2460) was
dissolved in DMSO and was added to the food to reach a final concentration of 10 µM.

4.3. Metabolomics

Metabolite analyses were performed by Metabolon. Inc as previously described [12,13,32].
First, 50–60 wandering third instar larvae (50–60 mg) per sample were collected and flash-
frozen in liquid nitrogen. Five replicates were collected per genotype. The samples were
processed using ultrahigh performance liquid chromatography/mass spectrometry (UH-
PLC/MS), or by gas chromatography/mass spectrometry (GC/MS). One-way ANOVA was
used to identify biochemicals that significantly altered between experimental genotypes.

4.4. Locomotor Assays

Larval turning assays were performed as previously described [8,9]. Briefly, third
instar larvae were placed on a grape juice agar surface and were allowed to acclimate for
30 s. Then, the larvae were turned ventral side up using a paint brush. The time taken for
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the larvae to turn ventral side down and make a full forward motion was measured. At
least 30 larvae were assayed per genotype.

4.5. Statistics

Larval turning data were analyzed using Kruskal–Wallis tests using GraphPad Prism v9.0.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/metabo12020101/s1, Figure S1: Larval turning assays for Drosophila
expressing TDP-43G298S fed a cornmeal-based media supplemented with 5 µM Pramipexole, Table S1:
Summary of global metabolite fold changes in TDPWT and TDPG298S compared to w1118 controls,
and TDPG298S compared to TDPWT.

Author Contributions: S.L., E.M., A.J. and D.C.Z. designed the experiments. S.L., B.A.W., S.B.C.,
E.M. and A.J. performed the experiments. B.U. provided hIDH3a and dIDH3a transgenic lines. S.L.
and D.C.Z. analyzed the data and wrote the manuscript with input from coauthors. D.C.Z. secured
funding for research. All authors have read and agreed to the published version of the manuscript.

Funding: NIH R21NS115514 and Sandra Harsha Estate (to D.C.Z.), B2I MDA grant to A.J.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or supplementary material.

Acknowledgments: We thank Erik Lehmkuhl and Mathew Scandura in the Zarnescu laboratory for
technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Al-Chalabi, A.; Jones, A.; Troakes, C.; King, A.; Al-Sarraj, S.; van den Berg, L.H. The genetics and neuropathology of amyotrophic

lateral sclerosis. Acta Neuropathol. 2012, 124, 339–352. [CrossRef]
2. Ingre, C.; Roos, P.M.; Piehl, F.; Kamel, F.; Fang, F. Risk factors for amyotrophic lateral sclerosis. Clin. Epidemiol. 2015, 7, 181–193.

[CrossRef] [PubMed]
3. Dupuis, L.; Pradat, P.F.; Ludolph, A.C.; Loeffler, J.P. Energy metabolism in amyotrophic lateral sclerosis. Lancet Neurol. 2011, 10,

75–82. [CrossRef]
4. Tefera, T.W.; Borges, K. Metabolic Dysfunctions in Amyotrophic Lateral Sclerosis Pathogenesis and Potential Metabolic Treatments.

Front. Neurosci. 2016, 10, 611. [CrossRef] [PubMed]
5. Paganoni, S.; Deng, J.; Jaffa, M.; Cudkowicz, M.E.; Wills, A.M. Body mass index, not dyslipidemia, is an independent predictor of

survival in amyotrophic lateral sclerosis. Muscle Nerve 2011, 44, 20–24. [CrossRef]
6. Neumann, M.; Sampathu, D.M.; Kwong, L.K.; Truax, A.C.; Micsenyi, M.C.; Chou, T.T.; Bruce, J.; Schuck, T.; Grossman, M.; Clark,

C.M.; et al. Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Science 2006, 314,
130–133. [CrossRef] [PubMed]

7. Ling, S.C.; Polymenidou, M.; Cleveland, D.W. Converging mechanisms in ALS and FTD: Disrupted RNA and protein homeostasis.
Neuron 2013, 79, 416–438. [CrossRef]

8. Estes, P.S.; Boehringer, A.; Zwick, R.; Tang, J.E.; Grigsby, B.; Zarnescu, D.C. Wild-type and A315T mutant TDP-43 exert differential
neurotoxicity in a Drosophila model of ALS. Hum. Mol. Genet. 2011, 20, 2308–2321. [CrossRef]

9. Estes, P.S.; Daniel, S.G.; McCallum, A.P.; Boehringer, A.V.; Sukhina, A.S.; Zwick, R.A.; Zarnescu, D.C. Motor neurons and glia
exhibit specific individualized responses to TDP-43 expression in a Drosophila model of amyotrophic lateral sclerosis. Dis. Models
Mech. 2013, 6, 721–733. [CrossRef]

10. Lawton, K.A.; Cudkowicz, M.E.; Brown, M.V.; Alexander, D.; Caffrey, R.; Wulff, J.E.; Bowser, R.; Lawson, R.; Jaffa, M.; Milburn,
M.V.; et al. Biochemical alterations associated with ALS. Amyotroph. Lateral Scler. 2012, 13, 110–118. [CrossRef] [PubMed]

11. Lawton, K.A.; Brown, M.V.; Alexander, D.; Li, Z.; Wulff, J.E.; Lawson, R.; Jaffa, M.; Milburn, M.V.; Ryals, J.A.; Bowser, R.; et al.
Plasma metabolomic biomarker panel to distinguish patients with amyotrophic lateral sclerosis from disease mimics. Amyotroph.
Lateral Scler. Front. Degener. 2014, 15, 362–370. [CrossRef]

12. Manzo, E.; O’Conner, A.G.; Barrows, J.M.; Shreiner, D.D.; Birchak, G.J.; Zarnescu, D.C. Medium-Chain Fatty Acids, Beta-
Hydroxybutyric Acid and Genetic Modulation of the Carnitine Shuttle Are Protective in a Drosophila Model of ALS Based on
TDP-43. Front. Mol. Neurosci. 2018, 11, 182. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/metabo12020101/s1
https://www.mdpi.com/article/10.3390/metabo12020101/s1
http://doi.org/10.1007/s00401-012-1022-4
http://doi.org/10.2147/CLEP.S37505
http://www.ncbi.nlm.nih.gov/pubmed/25709501
http://doi.org/10.1016/S1474-4422(10)70224-6
http://doi.org/10.3389/fnins.2016.00611
http://www.ncbi.nlm.nih.gov/pubmed/28119559
http://doi.org/10.1002/mus.22114
http://doi.org/10.1126/science.1134108
http://www.ncbi.nlm.nih.gov/pubmed/17023659
http://doi.org/10.1016/j.neuron.2013.07.033
http://doi.org/10.1093/hmg/ddr124
http://doi.org/10.1242/dmm.010710
http://doi.org/10.3109/17482968.2011.619197
http://www.ncbi.nlm.nih.gov/pubmed/22117131
http://doi.org/10.3109/21678421.2014.908311
http://doi.org/10.3389/fnmol.2018.00182
http://www.ncbi.nlm.nih.gov/pubmed/29904341


Metabolites 2022, 12, 101 10 of 10

13. Manzo, E.; Lorenzini, I.; Barrameda, D.; O’Conner, A.G.; Barrows, J.M.; Starr, A.; Kovalik, T.; Rabichow, B.E.; Lehmkuhl, E.M.;
Shreiner, D.D.; et al. Glycolysis upregulation is neuroprotective as a compensatory mechanism in ALS. eLife 2019, 8, e45114.
[CrossRef] [PubMed]

14. Wang, Z.; Liu, F.; Fan, N.; Zhou, C.; Li, D.; Macvicar, T.; Dong, Q.; Bruns, C.J.; Zhao, Y. Targeting Glutaminolysis: New Perspectives
to Understand Cancer Development and Novel Strategies for Potential Target Therapies. Front. Oncol. 2020, 10, 589508. [CrossRef]

15. Ugur, B.; Bao, H.; Stawarski, M.; Duraine, L.R.; Zuo, Z.; Lin, Y.Q.; Neely, G.G.; Macleod, G.T.; Chapman, E.R.; Bellen, H.J. The
Krebs Cycle Enzyme Isocitrate Dehydrogenase 3A Couples Mitochondrial Metabolism to Synaptic Transmission. Cell Rep. 2017,
21, 3794–3806. [CrossRef]

16. Kato, S.; Oda, M.; Tanabe, H. Diminution of dopaminergic neurons in the substantia nigra of sporadic amyotrophic lateral
sclerosis. Neuropathol. Appl. Neurobiol. 1993, 19, 300–304. [CrossRef]

17. Borasio, G.D.; Linke, R.; Schwarz, J.; Schlamp, V.; Abel, A.; Mozley, P.D.; Tatsch, K. Dopaminergic deficit in amyotrophic lateral
sclerosis assessed with [I-123] IPT single photon emission computed tomography. J. Neurol. Neurosurg. Psychiatry 1998, 65,
263–265. [CrossRef]

18. Coyne, A.N.; Siddegowda, B.B.; Estes, P.S.; Johannesmeyer, J.; Kovalik, T.; Daniel, S.G.; Pearson, A.; Bowser, R.; Zarnescu, D.C.
Futsch/MAP1B mRNA Is a Translational Target of TDP-43 and Is Neuroprotective in a Drosophila Model of Amyotrophic Lateral
Sclerosis. J. Neurosci. 2014, 34, 15962–15974. [CrossRef] [PubMed]

19. Coyne, A.N.; Lorenzini, I.; Chou, C.C.; Torvund, M.; Rogers, R.S.; Starr, A.; Zaepfel, B.L.; Levy, J.; Johannesmeyer, J.; Schwartz,
J.C.; et al. Post-transcriptional Inhibition of Hsc70-4/HSPA8 Expression Leads to Synaptic Vesicle Cycling Defects in Multiple
Models of ALS. Cell Rep. 2017, 21, 110–125. [CrossRef]

20. Goutman, S.A.; Boss, J.; Guo, K.; Alakwaa, F.M.; Patterson, A.; Kim, S.; Savelieff, M.G.; Hur, J.; Feldman, E.L. Untargeted
metabolomics yields insight into ALS disease mechanisms. J. Neurol. Neurosurg. Psychiatry 2020, 91, 1329–1338. [CrossRef]

21. Veyrat-Durebex, C.; Corcia, P.; Piver, E.; Devos, D.; Dangoumau, A.; Gouel, F.; Vourc’h, P.; Emond, P.; Laumonnier, F.; Nadal-
Desbarats, L.; et al. Disruption of TCA Cycle and Glutamate Metabolism Identified by Metabolomics in an In Vitro Model of
Amyotrophic Lateral Sclerosis. Mol. Neurobiol. 2016, 53, 6910–6924. [CrossRef] [PubMed]

22. Ng Kee Kwong, K.C.; Gregory, J.M.; Pal, S.; Chandran, S.; Mehta, A.R. Cerebrospinal fluid cytotoxicity in amyotrophic lateral
sclerosis: A systematic review of in vitro studies. Brain Commun. 2020, 2, fcaa121. [CrossRef]

23. Andreadou, E.; Kapaki, E.; Kokotis, P.; Paraskevas, G.P.; Katsaros, N.; Libitaki, G.; Zis, V.; Sfagos, C.; Vassilopoulos, D. Plasma
glutamate and glycine levels in patients with amyotrophic lateral sclerosis: The effect of riluzole treatment. Clin. Neurol. Neurosurg.
2008, 110, 222–226. [CrossRef]

24. Fiszman, M.L.; Ricart, K.C.; Latini, A.; Rodriguez, G.; Sica, R.E. In vitro neurotoxic properties and excitatory aminoacids
concentration in the cerebrospinal fluid of amyotrophic lateral sclerosis patients. Relationship with the degree of certainty of
disease diagnoses. Acta Neurol. Scand. 2010, 121, 120–126. [CrossRef]

25. Genc, S.; Kurnaz, I.A.; Ozilgen, M. Astrocyte-neuron lactate shuttle may boost more ATP supply to the neuron under hypoxic
conditions—In silico study supported by in vitro expression data. BMC Syst. Biol. 2011, 5, 162. [CrossRef]

26. Tefera, T.W.; Wong, Y.; Barkl-Luke, M.E.; Ngo, S.T.; Thomas, N.K.; McDonald, T.S.; Borges, K. Triheptanoin Protects Motor
Neurons and Delays the Onset of Motor Symptoms in a Mouse Model of Amyotrophic Lateral Sclerosis. PLoS ONE 2016,
11, e0161816. [CrossRef]

27. Martinez-Reyes, I.; Chandel, N.S. Mitochondrial TCA cycle metabolites control physiology and disease. Nat. Commun. 2020,
11, 102. [CrossRef] [PubMed]

28. Huang, C.Y.; Kuo, W.T.; Huang, Y.C.; Lee, T.C.; Yu, L.C. Resistance to hypoxia-induced necroptosis is conferred by glycolytic
pyruvate scavenging of mitochondrial superoxide in colorectal cancer cells. Cell Death Dis. 2013, 4, e622. [CrossRef]

29. Cudkowicz, M.; Bozik, M.E.; Ingersoll, E.W.; Miller, R.; Mitsumoto, H.; Shefner, J.; Moore, D.H.; Schoenfeld, D.; Mather, J.L.;
Archibald, D.; et al. The effects of dexpramipexole (KNS-760704) in individuals with amyotrophic lateral sclerosis. Nat. Med.
2011, 17, 1652–1656. [CrossRef]

30. Okano, H.; Yasuda, D.; Fujimori, K.; Morimoto, S.; Takahashi, S. Ropinirole, a New ALS Drug Candidate Developed Using iPSCs.
Trends Pharmacol. Sci. 2020, 41, 99–109. [CrossRef] [PubMed]

31. Fujimori, K.; Ishikawa, M.; Otomo, A.; Atsuta, N.; Nakamura, R.; Akiyama, T.; Hadano, S.; Aoki, M.; Saya, H.; Sobue, G.; et al.
Modeling sporadic ALS in iPSC-derived motor neurons identifies a potential therapeutic agent. Nat. Med. 2018, 24, 1579–1589.
[CrossRef] [PubMed]

32. Joardar, A.; Menzl, J.; Podolsky, T.C.; Manzo, E.; Estes, P.S.; Ashford, S.; Zarnescu, D.C. PPAR gamma activation is neuroprotective
in a Drosophila model of ALS based on TDP-43. Hum. Mol. Genet. 2014, 24, 1741–1754. [CrossRef] [PubMed]

http://doi.org/10.7554/eLife.45114
http://www.ncbi.nlm.nih.gov/pubmed/31180318
http://doi.org/10.3389/fonc.2020.589508
http://doi.org/10.1016/j.celrep.2017.12.005
http://doi.org/10.1111/j.1365-2990.1993.tb00444.x
http://doi.org/10.1136/jnnp.65.2.263
http://doi.org/10.1523/JNEUROSCI.2526-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25429138
http://doi.org/10.1016/j.celrep.2017.09.028
http://doi.org/10.1136/jnnp-2020-323611
http://doi.org/10.1007/s12035-015-9567-6
http://www.ncbi.nlm.nih.gov/pubmed/26666663
http://doi.org/10.1093/braincomms/fcaa121
http://doi.org/10.1016/j.clineuro.2007.10.018
http://doi.org/10.1111/j.1600-0404.2009.01200.x
http://doi.org/10.1186/1752-0509-5-162
http://doi.org/10.1371/journal.pone.0161816
http://doi.org/10.1038/s41467-019-13668-3
http://www.ncbi.nlm.nih.gov/pubmed/31900386
http://doi.org/10.1038/cddis.2013.149
http://doi.org/10.1038/nm.2579
http://doi.org/10.1016/j.tips.2019.12.002
http://www.ncbi.nlm.nih.gov/pubmed/31926602
http://doi.org/10.1038/s41591-018-0140-5
http://www.ncbi.nlm.nih.gov/pubmed/30127392
http://doi.org/10.1093/hmg/ddu587
http://www.ncbi.nlm.nih.gov/pubmed/25432537

	Introduction 
	Results 
	TDP-43 Proteinopathy in Motor Neurons Alters Several Metabolic Pathways In Vivo, in Drosophila Models of ALS 
	TDP-43 Proteinopathy Causes Alterations in the TCA Cycle and the Glutaminolysis Pathway 
	Overexpression of Isocitrate Dehydrogenase 3 (IDH3) in MNs Rescues TDP-43 Induced Locomotor Deficits 
	Pyruvate Supplementation Mitigates TDP-43 Induced Locomotor Deficits in Drosophila Models of ALS 
	TDP-43 Proteinopathy Causes Alterations in Neurotransmitter Levels 
	Dopamine Agonist Feeding Mitigates TDP-43 Induced Locomotor Deficits in Drosophila Models of ALS 

	Discussion 
	Materials and Methods 
	Drosophila Genetics 
	Fly Food Supplementation 
	Metabolomics 
	Locomotor Assays 
	Statistics 

	References

