A W NN -

10
11
12
13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.17.476616; this version posted January 20, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Re-routing metabolism by the mitochondrial pyruvate carrier inhibitor
MSDC-0160 attenuates neurodegeneration in a rat model of Parkinson’s
disease

David Mallet!, Raphael Goutaudier!, Emmanuel L. Barbier'~, Sebastien Carnicella’, Jerry R.
Colca?, Florence Fauvelle*!3, Sabrina Boulet*!
* co-senior authors

Affiliation:

"Université Grenoble Alpes, Inserm, U1216, Grenoble Institut Neurosciences, 38000 Grenoble, France.
ZMetabolic Solutions Development Company, Kalamazoo, MI 49007, USA.

3Université Grenoble Alpes, Inserm, US17, CNRS, UMS 3552, CHU Grenoble Alpes, IRMaGe, Grenoble,
France

Correspondence: sabrina.boulet@univ-grenoble-alpes.fr

Abstract

Background: A growing body of evidence supports the idea that mitochondrial dysfunction
might represent a key feature of Parkinson’s disease (PD). Central regulators of energy
production, mitochondria are also involved in several other essential functions such as cell death
pathways and neuroinflammation which make them a potential therapeutic target for PD
management. Interestingly, recent studies related to PD have reported a neuroprotective effect
of targeting mitochondrial pyruvate carrier (MPC) by the insulin sensitizer MSDC-0160. As the
sole point of entry of pyruvate into the mitochondrial matrix, MPC plays a crucial role in
energetic metabolism which is impacted in PD. This study therefore aimed at providing insights
into the mechanisms underlying the neuroprotective effect of MSDC-0160.

Methods: We investigated behavioral, cellular and metabolic impact of chronic MSDC-0160

treatment in unilateral 6-OHDA PD rats. We evaluated mitochondrial related processes through
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the expression of pivotal mitochondrial enzymes in dorsal striatal biopsies and the level of
metabolites in serum samples using nuclear magnetic resonance spectroscopy (NMR)-based
metabolomics.

Results: MSDC-0160 treatment in unilateral 6-OHDA rats improved motor behavior, decreased
dopaminergic denervation and reduced mTOR activity and neuroinflammation. Concomitantly,
MSDC-0160 administration strongly modified energy metabolism as revealed by increased
ketogenesis, beta oxidation and glutamate oxidation to satisfy energy needs and maintain energy
homeostasis.

Conclusion: MSDC-0160 exerts its neuroprotective effect through reorganization of multiple
pathways connected to energy metabolism.

Keywords: Parkinson’s disease, Neuroprotection, Mitochondrial pyruvate carrier, Energy

metabolism

Introduction

Parkinson’s disease (PD), mainly characterized by the progressive loss of dopaminergic
neurons of the substantia nigra pars compacta (SNc), is the second neurodegenerative pathology
worldwide. It remains incurable, possibly because of its particularly complex etiology [1].
Various mitochondrial alterations have been highlighted as major actors in the cascade of events
leading to the degeneration of dopaminergic neurons[2-5]. Indeed, beyond their prominent role
in energy metabolism, mitochondria are involved in several other essential functions
dysregulated in PD, including the activation of cell death pathways such as the mammalian
target of rapamycin (mTOR), which regulates autophagy([3, 6, 7]. Alteration of mitochondria
has also been shown to be associated with neuroinflammatory processes, especially through the

accumulation of the inducible isoform of nitric oxide synthase (iNOS), which leads to nitric


https://doi.org/10.1101/2022.01.17.476616
http://creativecommons.org/licenses/by-nc-nd/4.0/

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.17.476616; this version posted January 20, 2022. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

oxide formation, an inhibitor of mitochondrial respiration[8, 9]. Yet most of the therapeutic
strategies focusing on these processes have failed, probably because treatments have targeted
them individually[10—12]. In contrast, reprogramming mitochondrial metabolism, by targeting
upstream reactions in the signaling cascades, may represent a more efficient therapeutic strategy
in PD[13, 14].

Among various potential sites of action, pyruvate metabolism, critical for energy
generation[15], has emerged as a promising therapeutic target. Indeed, as the end-product of
glycolysis and at the entry to mitochondrial metabolism, pyruvate represents the main fuel
supply of the tricarboxylic acid (TCA) cycle[15] and its metabolism plays a key role in cell
homeostasis[16]. Strikingly, abnormally high levels of pyruvate have been observed in PD
patients[15, 17, 18], reflecting alteration in its metabolism. Consistently, using nuclear
magnetic resonance (NMR)-based metabolomics in a recent study combining three different
PD animal models and two independent PD patients cohorts, we have identified a set of
metabolic dysregulations which strongly suggest that modification of pyruvate metabolism is
associated with PD pathophysiology and progression[19]. In particular, glycolytic metabolites,
including pyruvate, were increased whereas the TCA cycle metabolites remained stable. This
suggests that cytosolic glycolysis and mitochondrial TCA cycle are decoupled, impacting the
supply of energy. Concomitantly, ketone bodies and amino acids were increased, suggesting
that other fuel sources were being used to maintain the TCA cycle[19].

Coordination between glycolysis and mitochondrial activities depends on the entry of
pyruvate into the mitochondrial matrix, by the mitochondrial pyruvate carrier (MPC) which
thus appears pivotal for modulating the cell energy production[20-22]. Indeed, previous studies
have shown that MPC knockdown results in compensatory use of other substrates, such as
amino acids, fatty acids and ketone bodies, a phenomenon highly reminiscent of our previous

work[23, 24]. Additionally, MPC inhibition by an insulin sensitizer thiazolidinedione
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compound (TZD) compound, the MSDC-0160, in a MPTP mice model of PD has been found
to limit dopaminergic denervation and to reduce associated motor impairments, through a
mechanism that involves modulation of mTOR signaling. These effects of MSDC-0160
included normalization of autophagy, decreased neuroinflammation and reduced iNOS
expression[25]. Interestingly, TZD such as MSDC-0160, which specifically target MPC[26],
can reduce pyruvate entry into mitochondria. Reduced activity of MPC in cultured
dopaminergic neurons protects them from excitotoxic death[27]and observational clinical
studies have shown that, compared to other antidiabetic drugs, the use of TZDs in diabetic
patients is associated with a reduction of PD incidence [28].

In light of these observations, we hypothesized that MPC dysfunction may be the cause
of the metabolic dysregulations we observed in our previous study[19], and that inhibiting MPC
could therefore be neuroprotective. To validate the neuroprotective action of MSDC-0160, we
first characterized its effects at a behavioral and histological level in unilateral 6-
hydroxydopamine (6-OHDA) PD rats. Then we explored the metabolic cell processes
underlying the mechanism of action of MSDC-0160 in this model, initially focusing on

mitochondrial metabolism known to be altered by 6-OHDA cytotoxicity [29-31].

As predicted from murine models of PD, behavioral and histological results confirmed that
MSDC-0160 treatment protected against dopaminergic denervation and resulting motor
dysfunction in the 6-OHDA rat model. Exploration of the cell processes involved demonstrated
that treatment with MSDC-0160 normalized mTOR signaling and iNOS expression in these PD
animals. Finally, from a metabolic standpoint, we found that MSDC-0160 treatment was
associated with an increased use of lipids and ketones bodies as alternative fuel sources.
Altogether, these findings suggest that MSDC-0160 treatment could exert its neuroprotective

action through two different ways: the promotion of compensatory metabolic adaptation and
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the limitation of neuroinflammatory and apoptotic mechanisms. Altogether, these results
strongly support MPC inhibition as a highly relevant therapeutic strategy in PD by

counteracting some quintessential pathophysiological processes.

Material and Methods

e Animals

Experiments were performed on adult male Sprague-Dawley rats (Janvier, Le Genest-Saint-
Isle, France), weighing approximately 250 g (5 weeks old) at the beginning of the experiment.
They were housed under standard laboratory conditions with reversed light-dark cycle (12

h/light/dark cycle, with lights ON at 7 p.m.) and with food and water available ad libitum.

e (-OHDA rat model

As previously described[32, 33], rats were subcutaneously injected with desipramine (15
mg/kg) 30 min before 6-OHDA (Sigma-Aldrich, Saint Quentin-Fallavier, France) injection in
order to protect the noradrenergic neurons. All animals were then anesthetized by
intraperitoneal injection of Ketamine (Chlorkétam, 100 mg/kg, Mérial SAS, Lyon, France) and
Xylazine (Rompun, 7 mg/kg, Bayer Santé, Puteaux, France) and placed in a stereotactic frame
(Kopf instrument, Phymep, Paris, France). The stereotaxic coordinates of the injection sites,
according to the stereotaxic atlas of Paxinos and Watson[34] and relative to interaural line, were
as follows: incisor bar placed at -3.2 mm; anteroposterior (AP) = +3.8 mm / lateral (L) = +/-

2.2 mm / dorsoventral (V) = -8.1 mm. Animals received a unilateral injection (counterbalanced
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side) of 3 ul 6-OHDA (3 ug/ul, 6-OHDA group) or 0.9% NaCl (sham group), at a flow rate of

0.5 pl/min.

e MSDC-0160 treatment

In accordance with previous studies[25, 35], rats received a daily dose of MSDC-0160 (30
mg/kg, Metabolic Solutions Development Company, Kalamazoo, USA) or placebo (1%
methylcellulose with 0.01% Tween 80) by oral gavage, 4 days before unilateral injection of 6-
OHDA or NaCl into the SNc (Sham placebo n=12; Sham MSDC-0160 n=9; 6-OHDA placebo
n=13; 6-OHDA MSDC-0160 n=14), and continuing for 14 days after surgery, during the
development and stabilization of the 6-OHDA lesion [36]. Finally, rats were euthanized 10 h

after the last administration of MSDC-0160 and after tail-blood collection.

e Behavioral assessment

At the end of treatment, locomotor asymmetry was measured with the cylinder test[37].
Animals were placed for 5 min in a cylinder, 20 cm high and 20 cm in diameter, and their
forelimb use during rearing was videotaped (OBS studio open-source software). The test was
carried out blind to the experimental conditions. Slow motion recorded videos were viewed to
count the number of forelimbs uses, defined by the placement of the whole palm on the wall of
the arena. Unilateral lesion with 6-OHDA resulted in preferential use of the ipsilateral forelimb

paw [37].

e Histological analysis
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After behavioral assessment (i.e. 2 weeks after 6-OHDA or saline injection) and blood
collection, rats a light gaseous anesthesia were euthanized by decapitation and brains were
immediately frozen in liquid nitrogen and stored at -80 °C.

They were then cut in 14 ym coronal sections at -20 °C using a cryostat (Microm HM 525;
Microm, Francheville, France).

Only animals with correct cannula implantation, verified by Cresyl violet staining, were
included in the study to ensure homogeneous induction of the lesional process in every
experimental condition (Additional file 1: Fig. S1).

Tyrosine hydroxylase (TH) immunostaining was carried out as previously described[19, 32,
33] on striatal and SNc sections at levels of interest (striatum: AP: +2.0/+1.6/+1.0; SNc AP: -
4.8/-5.2/-5.6 related to Bregma). Briefly, after post-fixation with 4% paraformaldehyde, slices
were incubated with an anti-TH antibody (mouse monoclonal MABS52 80, Millipore, France,
1: 2500) overnight at 4°C. Then slices were incubated with biotinylated goat anti-mouse IgG
antibody (BA-9200, Vector Laboratories, Burlingame, CA, USA; 1: 500) and immunoreactivity
revealed with Avidin-peroxidase conjugate (Vectastain ABC Elite, Vector Laboratories
Burlingame, CA, USA).

Quantification of the extent of striatal dopaminergic denervation was determined with ICS
FrameWork computerized image analysis system (Calopix, 2.9.2 version, TRIBVN, Chatillon,
France) coupled with a light microscope (Nikon, Eclipse 801). After drawing masks from three
striatal levels, optical densities (OD) were measured. OD are expressed as percentages relative
to the mean optical density obtained from the corresponding contralateral region for each
animal.

For western blot analysis for each animal, thick sections (80 xm) of dissected dorsal striatum

(DS) tissue were pooled in an Eppendorf® and kept at -80°C until analysis.


https://doi.org/10.1101/2022.01.17.476616
http://creativecommons.org/licenses/by-nc-nd/4.0/

10

11

12

13

14

15

16

17

18

19

20

21

22

23

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.17.476616; this version posted January 20, 2022. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

e Western blot analysis

Striatum samples were homogenized by sonication in SDS buffer (10%). After determining the
dynamic range of detection for each antibody, 20 pg of total protein were resolved in 4-20%
SDS-PAGE and then transferred onto polyvinylidene difluoride (PVDF) membranes using the
Trans-Blot Turbo transfer system (Bio-rad). Briefly, membranes were incubated overnight at
4°C with primary antibodies of interest anti-: TH (Cell Signaling; s58844), mTOR (Cell
Signaling; s2983), p-mTOR (Cell Signaling; s5536), iNOS (Cell Signaling; s13120), MPC1
(Cell Signaling; s14462), pyruvate dehydrogenase (Cell Signaling; s3205), p-pyruvate
dehydrogenase (Cell Signaling; s31866), acetyl-coenzyme A acetyltransferase 1 (Cell
Signaling; s44276), carnitine palmitoyltransferase la (Cell Signaling; s97361), glutamate
dehydrogenase (Cell Signaling; s12793), vinculin (Cell Signaling; s13901), Pactin (Cell
Signaling; s4970). After washing, membranes were incubated 1h at room temperature with
HRP-linked goat anti-rabbit antibody (Cell Signaling; s7074). Bands were detected using
enhanced chemiluminescence (ECL) and their densities quantified using ImageLab software
(Bio-rad). Each band was delimited manually, and densities were normalized by dividing by

the density of controls[38].

e NMR experiments

Blood was collected from the caudal vein under gas anesthesia with isoflurane (2%) and after
2 h of fasting, as previously described [19]. It was then stored on ice before rapid centrifugation
at 1600g for 15 min at 4° C. The supernatant serum was removed and stored at -80°C until the

day of NMR. The time before freezing never exceeded 30 min[39].
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NMR tubes were filled with 60 x1 serum sample and 120 x1 phosphate buffer saline (PBS) 0.1M
in D,O (50% of D,O, pH = 7.4). '"H NMR experiments were performed on a Bruker Advance
IIT NMR spectrometer at 950 MHz (IBS, Grenoble, France) using a cryo-probe with a 3 mm
tube holder. For each sample, two one-dimensional 'H-NMR spectra were acquired: one
metabolite-edited spectrum using the Carr—Purcell-Meiboom—Gill (CPMG) pulse sequence
and one lipid-edited spectrum using diffusion filtering (ledbpgppr2s pulse sequence). The
residual water signal was pre-saturated for 2 seconds. Assignment of peaks was performed
using 2-dimensional experiments and databases[40]. Then, as previously described, metabolite
relative concentrations were extracted from CMPG spectra[19] and mean chain length and
unsaturation were calculated from diffusion-edited spectra[41]. The total acquisition time lasted
20 minutes.

The free induction decays were Fourier transformed and manually phased with the Bruker
software Topspin version 3.6.2. Then, further pre-processing steps (baseline correction,
alignment, bucketing) were performed using NMRProcFlow v14 online
(http://nmrprocflow.org). The spectra were segmented in 0.001 ppm buckets between 0 and 8.5
ppm with exclusion of residual water peaks, macromolecule signals (for CPMG) and other
regions corresponding to pollution. Each bucket was normalized per spectrum to the sum of all

buckets.

e Statistical analysis

All univariate analyses were performed using Graphpad Prism 8 software (San Diego-USA).
All results were expressed as mean values + standard error of mean (SEM). Parametric analyses
were performed after verification of the assumptions of normality (Shapiro-Wilk and

Kolmogorov-Smirnov tests) and sphericity (Bartlett’s test). For all results, two-way ANOVA
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followed by a post-hoc Tukey test with correction for multiple comparisons were performed.

Significance for p values was set at o = 0.05.

Results

Treatment with MSDC-0160 induced neuroprotection in unilateral 6-OHDA PD rats

We first tested whether chronic MSDC-0160 administration could protect SNc DA neurons and
limit associated motor impairment in a 6-OHDA rat model with severe unilateral DA lesion.
As expected, a significant loss of dopaminergic neurons of the SNc and of their projections in
the striatum was observed in 6-OHDA rats 2 weeks after surgery, (Fig. 1A and 1C; main effect
of lesion: F, 4= 258.7,p <0.001), as visualized by loss of TH expression in the striatum (Fig.
1B and 1D; main effect of lesion: F, 4= 37.29, p < 0.0001). The 6-OHDA-induced neuronal
damage and striatal DA denervation were significantly attenuated in animals treated with
MSDC-0160 (Fig. 1A and 1C; main effect of lesion and treatment and significant interaction
between both factors: Fs> 13.62, ps < 0.0004; Fig. 1B and 1D; main effect of lesion and
treatment Fs> 8.59, ps < 0.001), whereas MSDC-0160 alone had no effect on these parameters
(Fig. 1A and 1C; post-hoc test of Tukey adjusted p value > 0.99; Fig. 1B and 1D; post-hoc test
of Tukey adjusted p value > 0.61).

At the end of treatment, the evaluation of the sensori-motor function of the rats using the
cylinder test showed that unilateral 6-OHDA rats had significant motor impairment, with a
dramatic decrease of contralateral forelimb use consistently with previous reports[42, 43] (Fig.
1E; main effect of lesion: F, 4= 161.2, p < 0.001). Chronic MSDC-0160 treatment almost
completely prevented these deficits (Fig. 1E; main effect of treatment and significant interaction

between lesion and treatment Fs> 69.46, ps < 0.001).

10
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Chronic MSDC-0160 treatment normalized mTOR activity and iNOS expression
Previous studies have implicated the mTOR pathway in 6-OHDA-induced neurotoxicity[44],
and MSDC-0160 has been shown to modify its activity [25]. We therefore measured the level
of mTOR expression in the dorsal striatum. We observed that p-mTOR/mTOR ratio was
significantly increased by 139.3 % in 6-OHDA rats compared to sham animals (Fig. 2B; main
effect of lesion: F, 44=3.76, p < 0.05). MSDC-0160 treatment in 6-OHDA rats prevented this
increase, but had no significant effect in the sham group (Fig. 2A and 2B; Significant interaction
between lesion and treatment: F; ,,=4.76,p < 0.03).

Because neuroinflammatory processes occur in 6-OHDA-induced neuronal damage in the rat
[36, 45], we also investigated whether MSDC-0160 administration could modulate iNOS
expression in dorsal striatum. We found that MSDC-0160 treatment had no effect in sham
animals (Fig. 2A and 2C; post-hoc test of Tukey adjusted p value > 0.91), but completely
circumvented the increase in iINOS level induced by 6-OHDA (Fig.2A and 2C; main effect of

treatment and significant interaction between lesion and treatment: Fs> 7.4, ps < 0.009).

Chronic MSDC-0160 treatment led to metabolic adaptation of glycolysis and the TCA
cycle

We further investigated the potential influence of MSDC-0160 on metabolic alterations induced
by 6-OHDA lesion. We focused our analysis on key metabolites related to pyruvate metabolism
1.e. glucose, pyruvate and citrate[46]. The expression of the key mitochondrial enzyme pyruvate
dehydrogenase (PDH), which links glycolysis to the TCA cycle by generating acetyl-coA from
pyruvate[20], was also measured in the dorsal striatum and expressed as a ratio of the inactive
phosphorylated form (p-PDH) to total PDH (Fig. 3).

Neither the injection of 6-OHDA, nor MSDC-0160 treatment altered the circulating level of

glucose (Fig. 3C; p = 0.32). Pyruvate levels were slightly increased in lesioned rats and further

11
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increased in 6-OHDA animals that received MSDC-0160 treatment compared to control (Fig.
3D; main effect of lesion F, 44=13.72, p < 0.001, marginal effect of treatment F, ,,=3.15,p =
0.08 and marginal interaction between both factors: F, 4= 2.98, p = 0.09). Finally, we report a
treatment-independent increase in the circulating level of citrate in 6-OHDA animals (Fig.3E,
main effect of lesion F, ,4=16.72, p < 0.001, but not interaction between lesion and treatment
Fi44=037p=0.55).

MSDC-0160 treatment alone did not modify the p-PDH/PDH ratio. While a significant 71.5%
increase of this ratio was observed in 6-OHDA rats compared to controls, the ratio was not
affected by MSDC-0160 treatment (Fig. 3B; main effect of lesion F, .= 7.41 p = 0.009 but not

of treatment F, 44= 0.0003 p = 0.99).

Chronic MSDC-0160 treatment modified brain energy supply in 6-OHDA rats:
Ketogenesis, beta-oxidation and glutamate oxidation

Our previous study[19], reinforced by the present metabolic analysis, suggested decoupling of
glycolysis from the TCA cycle, and mitochondrial use of alternative sources of energy[19]. We
therefore investigated 3 alternative pathways which can be activated to supply brain energy, i.e.
ketogenesis, beta oxidation and glutamate oxidation, by measuring the key enzymes involved
in their use, namely, acetyl- CoA acetyltransferase 1 (ACATI1)[47], carnitine palmitoyl
transferase 1 (CPT1)[48] and glutamate dehydrogenase (GDH) respectively (Fig. 4E).

First, dorso-striatal expression of ACATI1 significantly increased in 6-OHDA animals
compared to shams (Fig. 4A; main effect of lesion F, 44=42.10, p <0.001). Moreover, MSDC-
0160 treatment increased ACAT1 expression in both sham and 6-OHDA animals (Fig. 4A;
main effect of treatment F, 4= 18.54, p < 0.001, without interaction F, 4, = 0.15, p = 0.70).

Concomitantly, the serum levels of the two main ketone bodies, acetoacetate and [3-

12
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hydroxybutyrate, rose significantly in 6-OHDA animals and were further increased by
treatment with MSDC-0160 (Fig.4F; main effect of lesion and treatment Fs> 4.58, ps < 0.03).
Similarly, the expression of CPT1, which catalyzes the rate-limiting step of -oxidation[48],
significantly rose with 6-OHDA and MSDC-0160 treatment (Fig. 4B, main effect of lesion and
treatment Fs > 23.32, ps < 0.001). In parallel, a significant decrease of chain length and
unsaturation of fatty acids (FA) was observed in 6-OHDA animals compared to shams (Fig.
4G, main effect of lesion Fs> 9.39, ps < 0.003 and marginal effect of treatment Fs> 2.83, ps <
0.09).

Finally, 6-OHDA animals treated with MSDC-0160 presented a significant increase of
glutamate dehydrogenase (GDH), allowing the entry and use of glutamate in the TCA cycle
(Fig. 4C, main effect of lesion and treatment Fs> 7.01, ps < 0.01 and marginal interaction F; 4

=3.83;p=007).

Discussion

There is a growing body of evidence showing that targeting the MPC could constitute a
promising approach to find a cure for PD [14, 25, 49]. In the present study, we expanded
previous findings regarding the potential neuroprotective effect of MPC inhibition[25, 35] to
unilateral 6-OHDA rats. This model, which replicates most of the cell processes encountered
in PD[42, 50], represents a phenotypically consistent and standard model of PD. We observed
that chronic MSDC-0160 treatment protects against 6-OHDA-induced SNc denervation and
associated PD-like motor impairments. Additionally, we found that MSDC-0160 normalized
pro-inflammatory and mTOR pathway actors, both impacted by 6-OHDA and implicated in PD
physiopathology. Finally, we highlighted multiple actions of MSDC-0160 treatment on

mitochondria-related metabolic pathways, promoting the use of alternative energy substrates to
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glycolysis, in particular by accentuating possible compensatory mechanisms such as
ketogenesis that are normally overridden in PD.

Collectively, these results improve our understanding of MSDC-0160 neuroprotective
mechanisms and provide the basis for further evaluation of how metabolism reprogramming

might impact the course of PD.

In the present study, as expected, unilateral injection of 6-OHDA resulted in damage to the
nigrostriatal pathway with significant neurodegeneration in the SNc resulting in denervation of
the striatum[42], and leading to a significant decrease of contralateral forelimb use, which
generally happens after denervation of at least 70 % of the nigrostriatal pathway[51]. Chronic
MSDC-0160 treatment in the 6-OHDA group partially prevented SNc neurodegeneration and
was sufficient to almost completely protect against motor impairment. These findings extend
results from C.elegans and mouse models of PD[25, 49] to a PD rat model with another

neurotoxin and therefore further highlight the potential neuroprotective effect of MSDC-0160.

We have also shown that the neuroprotective effect of MSDC-0160 was associated with
normalization of mTOR activity in 6-OHDA animals. As a key regulator of cell metabolism
and survival, the mTOR signaling pathway, playing a critical role in autophagy, has been found
dysregulated in PD[52, 53] and investigated as a potential therapeutic target[4, 54].
Appealingly, TZDs can modulate mTOR activity, particularly the mTORC]1 complex involved
in autophagy [55, 56]. Moreover, it has been shown that autophagic signals could modulate
neuroinflammation[57-59], which is instrumental in neuronal cell death and particularly
involved in the progression of neurodegeneration[9, 60]. Furthermore, neuroinflammatory
processes in PD, induced by released neurotoxic factors such as nitric oxide, are mediated by

INOSJ[61, 62]. Well in line with previous studies reporting increase of nitrite levels[61, 63] in
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6-OHDA animals, we observed a stronger expression of iNOS in untreated lesioned animals,
which was alleviated by MSDC-0160. Consistently, NOS inhibitors have been investigated as
a potential therapeutic strategy in 6-OHDA animals and are shown to protect DA neurons of
the nigrostriatal pathway and reduce the associated motor deficits[61, 64, 65]. Overall, these
results strongly suggest that the MSDC-0160 neuroprotective effect observed in our study may

be achieved through a mTOR modulation and an associated reduction of neuroinflammation.

In addition to these mechanisms, global energy failure linked to mitochondrial dysfunction
represents an hallmark of neuronal death in PD[18, 66], and markers of these dysfunctions,
such as inhibition of complex I, have been reported in brain and blood of PD patients[3]. Under
normal physiological conditions, glucose is the dominant exogenous energy substrate in the
brain[46]. It is converted into pyruvate, the master fuel for the TCA cycle in mitochondria[15].
In the present study, neither 6-OHDA nor MDSC-0160 altered blood glucose levels, but blood
pyruvate increased in both 6-OHDA groups. This pyruvate accumulation is consistent with the
increased p-PDH/PDH ratio observed in the lesioned rats since the activity of PDH regulates
entry of pyruvate into the TCA cycle. Abnormally increased levels of pyruvate and decreased
levels of PDH have already been observed in PD models and patients[67, 68]. Moreover, in
rodents, downregulation of PDH was associated with dopaminergic degeneration and could
result in motor impairments similar to those observed in other PD animal models[69]. The
neuroprotective effect of MSDC-0160 was not associated with a reduction of PDH expression
compared to untreated 6-OHDA animals which is consistent with previous studies reporting
that TZDs do not influence PDH activation[70] and that MPC knock-down leads to metabolic
reprogramming distinct from PDH inhibition[24]. Surprisingly, despite diminution of PDH in

6-OHDA animals, limiting the use of pyruvate as fuel[71], citrate, the first metabolite of the
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TCA cycle, was in fact increased in these animals, suggesting its potential supply form one or
several alternative sources[72].

Among them, ketone bodies represent one of the main alternative fuels for the brain (see fig
4E). Produced by oxidation of fatty acid in the liver, ketones bodies, such as beta-
hydroxybutyrate (BHB) and acetoacetate, are transported by blood and are able to cross the
blood-brain barrier to produce acetyl-CoA thus supplying the TCA cycle. In the present study,
we have shown that MSDC-0160 treatment increased the blood levels of BHB and acetoacetate
in sham animals, and even further increased them in lesioned animals. These observations were
reinforced by MSDC-0160-dependent upregulation of ACATI, the pivotal enzyme of
ketogenesis[47, 73]. Interestingly, increased ketogenesis has been previously studied in the PD
context and, as in our experiments, has been shown to alleviate motor dysfunction, reduce
neuronal loss in the SNc and down-regulate neuroinflammation[74, 75]. Moreover, recent
studies highlighted crucial roles for ketone bodies in cell metabolism, in particular in the
maintenance of energy production in condition such as MPC inhibition[24, 27]. Furthermore,
a ketogenic diet has been shown to prevent the lethality induced by MPC knock-out in mice[23].
Finally, substitution of glucose by ketone bodies inactivates PDH[76—-78] and might also
indirectly affect pyruvate utilization by competing for entry into mitochondria, which could
explain our result associated with pyruvate metabolism[72, 79].

Concomitantly, the decrease of mean chain length and mean unsaturation of fatty acids that we
observed in blood of 6-OHDA animals treated with MSDC-0160 suggests an increase of [3-
oxidation[80], consistent with the increase of ketone bodies. These results are supported by
brain expression of CPT1, catalyzing the rate-limiting step of B-oxidation[48], which appeared
increased by 6-OHDA and even more by MSDC-0160 treatment. Appealingly, CPT1 can be
modulated by TZDs[56]. Moreover, variation in fatty acid chain lengths, possibly maintaining

acetyl-CoA synthesis and therefore energy homeostasis, have also been observed in other
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animal models of PD[81]. Finally, CPT1 can promote human mesenchymal stem cell survival
under glucose deprivation through an enhanced availability of fatty acids as fuel substrates for
ATP generation[82].

In addition to these alternative sources, we have shown that MSDC-0160 increased the
expression of glutamate dehydrogenase (GDH), which was even further increased in the 6-
OHDA-lesioned rats, supporting the possibility of glutamate utilization for cell metabolism
under MPC inhibition. Indeed, GDH allows glutamate to supply the TCA cycle by the
formation of a-ketoglutarate. When the glucose supply is sufficient, and energy status adequate
to cell needs, this pathway is less active. However, when energy demand is increased, as in the
context of PD pathology, GDH activity is increased[83] in order to support the anaplerotic
needs of the cell[27, 49]. Moreover, this switching to glutamate oxidation may reduce the
glutamate pool and therefore excitotoxic neuronal death[27, 49, 84], contributing to the
neuroprotective effects of MPC inhibition.

In summary, our results reveal that in unilateral PD rats, the neuroprotective effect of MSDC-
0160 treatment includes several distinct mechanisms which appear to be upstream of metabolic
reprogramming. Indeed, as already described, MSDC-0160 treatment can correct mechanisms
related to neuronal death such as autophagy and neuroinflammation. Moreover, our results
strongly suggest that the effect of MSDC-0160 treatment could be seen as a reprogramming of
energy production inside the brain. Indeed, we demonstrated that MSDC-0160 treatment
increased the use of alternative substrates to supply the energy needs in the PD context and to
try to maintain energy homeostasis[84—86]. Compared with targeting a single pathway, such as
the ketogenic diet, which improves PD symptomatology[78, 87] but seems difficult to foresee
in the long term[88], this multi-mechanism action, leading to global reorganization of cell

metabolism, appears preferable. Notably, the present study highlights that MPC can be targeted
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by clinically safe drugs such as MSDC-0160 and shows promising effects that could provide a

useful treatment for PD.

Conclusion

This study contributes to a clearer understanding of the potential of MSDC-0160 as a
neuroprotective treatment, by reprogramming metabolism through inhibition of the MPC.
Although much remains to be learned about the underlying mechanisms, the translational

potential of MPC inhibition for the treatment of PD is strongly supported by these findings.
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Fig. 1: Treatment with MSDC-0160 induced neuroprotection in unilateral 6-OHDA PD
rats. (A) Example of representative immunohistochemistry for TH in dorsal striatum (upper
panel) and substantia nigra pars compacta (lower panel) in sham and 6-OHDA rats, with or
without MSDC-0160 (AP: +1.6 mm and -5.28 mm relative to bregma). Scale bars represent 2
mm. (B) Representative western blots illustrating the level of TH in the dorsal striatum of sham
and 6-OHDA rats, treated or not with MSDC. (C) Quantification of TH-IR staining loss at the
dorso-striatal (left bar graph) and the nigral (right bar graph) levels, expressed as a percentage
of the mean value obtained for the contralateral side. (D) Bar graph showing mean density of
western blot TH/vinculin ratio in the dorsal striatum. (E) Bar graph showing contralateral
forelimb contacts in the cylinder test expressed as a percentage of ipsilateral forelimb contacts.
Mean + SEM, Two-way ANOVA followed by Tukey’s post-hoc test and correction for multiple

comparisons *: p <0.05, **: p<0.01, ****: p <0.0001
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2 Fig. 2: Chronic MSDC-0160 treatment normalized mTOR activity and iNOS expression.
3 (A)Representative western blots illustrating the expression of p-mTOR (Ser?***), mTOR, iNOS,
4 vinculin and B-actin in the dorsal striatum of sham and 6-OHDA rats with or without MSDC-
5 0160. (B) Bar graphs showing mean western blot p-mTOR/mTOR ratios relative to vinculin in
6  the dorsal striatum. (C) Bar graphs showing mean western blot iNOS levels relative to [3-actin
7  in the dorsal striatum. Mean + SEM, Two-way ANOVA followed by Tukey’s post-hoc test and

8  correction for multiple comparisons *: p <0.05, **: p<0.01, ***: p<0.001, ****: p <0.0001
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Fig. 3: Chronic MSDC-0160 treatment led to metabolic adaptation of glycolysis and the
TCA cycle. (A) Representative western blots illustrating the expression of p-PDH (Ser*?), PDH
and vinculin in the dorsal striatum of sham and 6-OHDA rats, with or without MSDC-0160.
(B) Bar graphs showing mean western blot p-PDH/PDH ratio relative to vinculin in dorsal
striatum. (C-E) Relative serum levels of glucose (C), pyruvate (D) and citrate (E).

Mean + SEM, Two-way ANOVA followed by Tukey’s post-hoc test and correction for multiple

comparisons *: p <0.05, **: p<0.01, ***: p<0.001
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Fig. 4: Chronic MSDC-016 treatment modified brain energy supply in 6-OHDA rats:
Ketogenesis, beta-oxidation and glutamate oxidation (A-C) Bar graphs showing mean
western blots for ACAT (A), CPT1 (B) and GDH (C), relative to vinculin in the dorsal striatum.
(D) Representative western blots illustrating the expression of ACAT, CPT1 and GDH in the
dorsal striatum. (E) Schematic diagram summarizing alternative energy sources pathways and
their principal actors potentially enhanced by MPC blockage. (F) Relative amplitude of serum
ketone body metabolites usable as energetic fuel. (G) Fatty acid chain length and unsaturation,

associated with beta oxidation. Mean + SEM, Two-way ANOVA followed by Tukey’s post-
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hoc test and correction for multiple comparisons *: p <0.05, **: p<0.01, ***: p <0.001, ****;

p < 0.0001. BHB: Beta-hydroxybutyrate, Gln: Glutamine, Glu: Glutamate, AcAc-Coa: acetoacetyl Coenzyme

A, FA: Fatty acid, OAA: oxaloacetate, o-KG: alpha-Ketoglutarate. SCOT: 3-ketoacid Coenzyme A transferase.
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