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Abstract:

Imbalance in the oxidative status in neurons, along with mitochondrial damage, are common
characteristics in some neurodegenerative diseases. The maintenance in energy production is crucial
to face and recover from the oxidative damage and the coexistence of different sources of energy
production, such as mitochondrial and glycolytic ATP, allows faster adaptative mechanisms to
situations of high energy demand and may help in the maintenance of neuronal function in stress
situations. Fingolimod phosphate is a drug with neuroprotective and antioxidant actions, used in
the treatment of Multiple Sclerosis. This work has been performed in a model of oxidative damage
on neuronal cell cultures exposed to menadione, in presence or absence of fingolimod phosphate.
We have studied the mitochondrial function and several pathways related with glucose metabolism,
including oxidative, glycolytic and pentose phosphate in neuronal cells cultures. Our results
showed a beneficial effect on neuronal survival probably based in the recovery of all, oxidative
balance, glycolysis and pentose phosphate, promoted by fingolimod phosphate. These effects are
mediated, at least in part by the interaction with its specific receptor. These actions would make this
drug a potential tool to the treatment of neurodegenerative processes, either to slow progression or
alleviate symptoms.

Keywords: Sphingosine-1-phosphate receptor analogue; fingolimod phosphate; neuroprotection;
mitochondrial damage; glycolytic pathway; pentose phosphate pathway; REDOX homeostasis.

1. Introduction

Energy is a key factor in maintaining brain function, especially for the generation of action
potentials, axonal transport, synthesis and release of neurotransmitters and synaptic function. In
brain, the main sources of energy are based in the uptake and metabolism of glucose and oxygen [1];
and the choice between one of those may have important consequences for brain function in both
health and disease [2]. Several studies have demonstrated that many neurodegenerative diseases are
triggered or maintained by metabolic alterations [3,4]. During aging, a certain decrease in glucose
and oxygen metabolism can be seen [3], but a more dramatical decrease is found in disorders such as
Alzheimer’s (AD), amyotrophic lateral sclerosis (ALS), Parkinson’s (PD), and Huntington’s (HD)
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diseases [5]. The need of energy to maintain its function and integrity is much more manifest in
neurons susceptible to degeneration, therefore the failure in energy metabolism, along with the
enormous energy demand can eventually result in higher cellular stress in these neurons [5].

Some neurodegenerative diseases, such as PD, Multiple Sclerosis (MS), ALS or AD, are
characterized by an imbalance in the oxidative status of the cells, leading to neuronal damage and
death, contributing to the disease pathogenesis [6]. Several external and/or internal noxious stimuli
are able to produce neuronal damage that in most occasions trigger an imbalance in the neuronal
oxidative homeostasis, resulting in most cases in accumulation of oxygen free radicals damaging
proteins, nucleic acids and lipid membranes, leading to neuronal death [7]. These pathologies have
in common a mitochondrial damage that in turn increase, even more, the oxidative damage on the
neurons, in such way that they could be grouped as mitochondriopathies [8]. In these, and probably
in most neurodegenerative diseases, the importance of glycolysis on synapse, axonal conduction and
plasticity among other neuronal functions has been previously stablished [9]. The coexistence of
different sources of ATP production, such as mitochondrial and glycolytic ATP, allows faster
adaptative mechanisms to situations of high energy demand and may help in the maintenance of
neuronal function in stress situations [10]. A clearer knowledge of the influence of the oxidative
damage on these pathways could be crucial in the development of potential therapeutic strategies
targeting these diseases [7].

Several natural and endogenous products, such as polyphenols, N-acetylcysteine (NAC) and
IGF-I/IGF-II have shown antioxidant properties in different oxidative damage models. Polyphenols
and NAC can promote suppression of reactive oxygen species (ROS) formation by either, inhibition
of enzymes involved in their production, scavenging of ROS, or upregulation or protection of
antioxidant defences [11,12], whereas hormones such as IGF-I/IGF-II mediate its antioxidant
properties through specific receptors, modulating the expression and/or activity of antioxidant
molecules and preventing mitochondria to become a new source of oxidative radicals [13,14].
Fingolimod is one of the few drugs available orally for treatment of MS; after phosphorylation is
converted in fingolimod phosphate (FP), the active part of the compound. Recent works have
indicated a neuroprotective effect of this drug that could promote an improvement in cognitive
function in ischemic processes [15] and neurodegenerative disorders like HD [16] or AD [17]. In the
present study, we resort to the analysis of glucose metabolism pathways (Glycolysis and pentose
phosphate (PPP)), along with mitochondrial respiration, to investigate the molecular events
associated with the protective effect of fingolimod against menadione (VitK3)-induced oxidative cell
damage in SN4741 neuronal cells. The results of this work will give an insight into the underlying
mechanisms in oxidative damage and neuroprotection.

2. Materials and Methods

2.1. Cell culture and treatments

The SN4741 (RRID:CVCL_S466) dopaminergic cell line derived from mouse substantia nigra [18]
were cultured in D-MEM high glucose supplemented with 10% FCS penicillin-streptomycin, and L-
glutamine (Fisher Scientific SL, Madrid, Spain) were incubated at 37 °C in 5% CO: up to about 70-80%
confluence. Cells were seeded in 100 mm? dish (5x10¢ cells) or glass bottom 35 mm? dish and 6-well
plates (2x105 cells each) and treated with 5 uM of VitK3 (menadione, CAS n® 58-27-5. Sigma, Madrid,
Spain), in the absence or presence of 50 nM FP. In order to obtain a tighter control on the concentration
of drug in the culture media, in this work we have used in all the incubations the active metabolite FP
kindly provided by Novartis Pharmaceutical, instead of the prodrug. The sphingosine-1-phosphate
(51P) receptor antagonists, W123 10 uM (CAS n® 1345982-24-2. Cayman Chemicals, Michigan, USA),
was also co-incubated with Vitk3 and FP. The treatments were carried out in Locke's solution modified
(137 mM NaCl, 5 mM CaClz, 10 mM KClI, 25 mM glucose, 10 mM Hepes, pH: 7.4) supplemented with
penicillin-streptomycin and L-glutamine during 2 hours at 37 °C, in some experiments, such as
extracellular acidification rate (ECAR) and oxygen consumption rate (OCR), the incubation time was
extended.


https://doi.org/10.20944/preprints202011.0709.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2020 d0i:10.20944/preprints202011.0709.v1

In ECAR experiments, dishes, plates and coverslips were pre-coated with poly-D-lysine. In some
experiments, performed to assess the effect of FP in the recovery of VitK3 damage, after incubation of
2 h with Vitk3, the buffer was changed by only buffer (in control cells) or buffer with 50 nM FP (treated
cells) and the same but in presence of 10 uM W123 to clarify the contribution of the S1P receptor on this
recovery; measurements were obtained over 4 additional hours.

2.4. Antioxidant enzyme activity

Antioxidant enzyme activity of superoxide dismutase (SOD; E.C.1.15.1.1), glutathione peroxidase
(E.C.1.11.1.9) (GPX) and catalase (E.C.1.11.1.6) (CAT), was measured spectrophotometrically using a
Cobas Mira autoanalyzer (ABX Diagnostics, Montpellier, France) and the different commercial kits
described previously [19].

2.5. Protein nitrosylation

Protein nitrosylation was measured in a homogenate of neuronal cultures using the commercial
kit OxiSelect™ Nitrotyrosine ELISA Kit; (Cell Biolabs, Inc., San Diego, CA, USA) following the supplier
instructions.

2.6. Determination of Aldolase

Aldolase activity (EC 4.1.2.13) in cell homogenates was assessed using an Aldolase assay kit
(Spinreact SP, Gerona, Spain) adapted to a Cobas Mira Autoanalyzer. This assay is based on observation
of the decrease in absorbance at 340 nm caused by the conversion of NADH to NAD*[20].

2.7. Glucose-6-Phosphate-Dehydrogenase activity

Glucose-6-Phosphate-Dehydrogenase activity (EC 1.1.1.49) (G-6-PDH) in cell homogenates was
assessed using a G-6-PDH assay kit (Spinreact SP, Gerona, Spain) adapted to a Cobas Mira
Autoanalyzer. This assay is based on observation of the decrease in absorbance at 340 nm caused by the
conversion of NADPH to NADP+[20].

2.8. Extracellular acidification rate (ECAR) and mitochondrial oxygen consumption rate (OCR)

Extracellular acidification rate and OCR were measured using a Seahorse Bioscience XF24 analyser
(Agilent Technologies. Agilent, CA, USA) [21,22]. Cells were seeded at 2x10* cells per well during 18 h
prior to the analysis and each experimental condition was performed on 8 replicates. Before each
measurement, the cells were washed with PBS, and 590 uL of Agilent Seahorse XF Base Medium
(without phenol red and bicarbonate) supplemented with 1 mM pyruvate and 25 mM glucose was
added to each well. Measurements were normalized according to protein concentration in each well.
For OCR experiments, we used the commercial kit “Seahorse XF cell Mito Stress test kit” (Agilent
Technologies. Agilent, CA, USA) following the manufacturer instructions. In all the experiments, data
was normalized with protein content in each well as described previously [23].

2.9. Immunocytochemical staining

Immunocytochemical staining was performed as described previously [24], primary antibody was
Anti-S1P Receptor EDG1 (1:100 v/v) (CAS n® AB_10745373. Sigma, Madrid, Spain) in PBS/3%
BSA/0.02% sodium azide, incubated at 4 °C over-night. Secondary antibody was Alexafluor™ 488
(Fisher Scientific SL, Madrid, Spain), in PBS/BSA, incubated for 30 min at room temperature in the dark.
Images were acquired using an Olympus BX51 epifluorescence microscope at 40X magnification and
processed using Image]J software (US National Institute of Health; http://rsbweb.nih.gov/ij/).

2.10. Statistical analysis

Statistical differences were determined using one-way ANOVA. Pairwise comparisons were
performed using a post hoc Newman-Keuls multiple comparison test. Statistical significance was
considered to be p < 0.05. For data in which the measured units were arbitrary, the respective values
represent the percentage relative to the control value unless specified.
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3. Results and discussion

In our work, we have resorted to the analysis of glycolytic pathway and PPP, along with
mitochondrial function, to study the molecular events responsible of the protective effect of FP against
VitK3-induced oxidative damage. VitK3 is a exogenic toxic that produce a mitochondrial damage
linked to an increase in ROS [24] distorting cellular structures such as endoplasmic reticulum, but also
influencing important metabolic pathways such as glycolysis or pentose shunt [25]. VitK3 interfere in
quinone redox-cycle, uncoupling the mitochondrial respiratory chain, triggering the release of O2-* that
in presence of Fe from the respiratory complex, produce an increase in free radicals [24]; with increase
in respiration without increase in ATP production and decrease of spare respiratory capacity (SRC) and
maximal respiratory capacity. Furthermore, oxidative stress could also activate/inactivate other
metabolic pathways that may contribute to VitK3 damage [26]. This study has been performed on
neuronal cell cultures and so, one of the limitations of the work is to fail in knowing the protective effect
of FP in the whole animal. In any case, a clearer knowledge of these ways could help to understand the
mechanisms involved in oxidative damage, common in several neurodegenerative diseases, and hence,
to ameliorate symptoms and/or develop new therapeutic strategies.

Based in the importance of glycolysis to maintain neuronal metabolism when mitochondrial
disfunction appears, along with previous work by our group and others, showing the influence of ROS
in energy production by neurons [24,27,28], we decided to go dipper on the study not only of
mitochondrial function but also on the effect of FP’ on glucose metabolism.

In order to determine the influence of oxidative radicals on mitochondrial respiration chain
function, we studied the OCR in neuronal cultures after oxidative damage induced by VitK3, in
presence or absence of FP; figure 1 shows the bioenergetic assessment. The OCR data obtained in these
experiments enable determination of oxygen consumption due to a) ATP synthesis, b) mitochondrial
oxygen reserve capacity, c) related to proton leak, d) spare respiratory capacity and e) maximal
respiration.

In basal situations (without addition of oligomycin, FCCP and rotenone/antimycin), the incubation
of neurones with VitK3 showed an increase in OCR of 17% compared to control, agreeing with our
previous results and others [24,26]; whereas neurones incubated with VitK3 in presence of FP
maintained the same levels than control cells (Figure 1a).

Mitochondrial ATP-dependent OCR is the OCR required for the synthesis of ATP at complex V,
and can be easily studied as it is sensitive to Oligomycin. Regarding oxygen consumption by
mitochondrial ATP synthesis, this decreases by 25% after incubation with VitK3, agreeing with the
results of Lakhter et al [29] who also found a similar decrease after incubation with this toxic. In our
experiments, FP partially rescue the VitK3-induced loss of ATP linked to OCR, agreeing with Bai et al
[30], who found that increased ATP production by FP could be the reason for its neuroprotective effect;
in our case, FP restores OCR linked to ATP production to levels close to control neurons (Figure 1b).

We did not find differences in proton leak (Figure 1c), although we could see a clear difference in
SRC, the difference between OCR at basal and at maximal respiratory activity, after oligomycin and
FCCP addition. In our experiments, incubation of neurons with VitK3 produce a great decrease in SRC
(40%) compared to control, which is reverted to values close to control in presence of FP (Figure 1d).
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Figure 1. Study of neuronal mitochondrial function after treatment of cell with VitK3 in absence or
presence of FP. The oxygen consumption rate was assessed in a) basal after 2 hours of incubation with
VitK3; b) ATP production, measured after addition of oligomycin; c) proton leak, considered as the
residual oxygen consumption after oligomycin addition; d) SRC, as the difference between maximal
respiration and basal respiration and e) maximal respiration, obtained as the oxygen consumption after
subsequent addition of oligomycin and FCCP. The sequence of mitochondrial toxics added was:
oligomycin 1pM, FCCP 0.5 uM, Rotenone/antimycin A (0.5/0.5) uM. The inclusion of
Rotenone/antimycin A serves to measure respiration by non-mitochondrial processes as these
compounds abolishes mitochondrial respiration, and was subtracted in all OCR values obtained.
Values represent mean and SD of at least five experiments per situation performed in triplicated. (a:
p<0.05 versus control, b: p<0.05 versus VitK3).

SRC is essential to maintain neuronal homeostasis against oxidative and/or other type of cellular
stress [31]. The use of mitochondrial SRC by neurons is very variable, ranging from approximately 6-
7% in resting situation to up to 80% in firing neurons; and so, deterioration in mitochondrial SRC can
be fatal to neurons [31]. The ability to increase the SRC by FP, will allow mitochondria to produce more
ATP and overcome an increase in oxidative stress imbalance. FP cold be then considered a long-term
regulator of mitochondrial respiration through the changes promoted in SRC; this modulation could be
related with an increase in the expression of neuronal nitric oxide synthase (NOS) and a consequent
increase in nitric oxide (NO) levels [32], agreeing with our results on protein nitrosylation commented
in table 1. These long-term regulators produce permanent changes in mitochondrial respiration which
seem to be tissue specific [33]. This would make FP a valuable therapeutic tool in neurodegenerative
diseases, such as PD, HD or MS in which imbalance in oxidative stress would produce a dramatical
mitochondrial affectation, in such a way that they have been grouped as mitochondriopathies [8,34,35].

We also found similar result in maximal respiratory activity, which is the maximum rate of
respiration achieved by a neurone after addition of uncoupling FCCP and oligomycin and it is an
indicator of potential mitochondrial disfunction [31]. In these experiments, incubation of neurones with
VitK3 produce a clear decrease (32%) in maximal respiratory activity. This decrease was counteracted
by coincubation in presence of FP, being able to recover 20% of maximal respiratory activity (Figure
1le). The effect of FP on mitochondrial function could be related with the modulation of mitochondrial
translocator protein expression (TSPO), as seen in MS, where FP decreases the expression of TSPO [36].
In all the experiment in figure 1, control cells were incubated in presence of FP without any significative
change in the values obtained compared to control cells.

In the study of enzymes related with O2- metabolism, we found an increase (77.3%) of
mitochondrial SOD2 activity in VitK3 treated neurones compared to control (table 1); in our
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experiments, that increase was not compensated by variations in CAT or GPX activities (see ratio in
table 1).

Table 1. Intracellular redox measurements. The main enzymes related to superoxide radical metabolism
were measured; also, nitrosylated proteins were measured as marker of oxidative damage. Each
experiment was performed in triplicate; samples were a homogenate from a pool of neuronal cells. The
results are expressed as mean + SD. (a: p<0.05 versus control, b: p<0.05 versus VitK3, c: p<0.05 versus
VitK3+FP, d: p<0.05 versus VitK3+FP+W123).

Nit-Prot
SOD2 GPX CAT
6
U/106 cells | U/10¢6 cells | KU/106 cells pn::lll/slo SOD2/GPX | SOD2/CAT
CcO 43.1+£3.0 21.9+4.6 27.9+3.1 0.76+0.17 2 0.15
VitK3 76.4+4.0 4.5+0.8 271563 4.5+0.35 17 0.28
(a) (a) (@) (a)
40.3+3.0 10.6+0.9 0.45+0.15 5
VitK3+FP 27.8+4.2 0.14
(b) (a)(b) (b) (a)(b)
79.9+6.0 27.6+4.8 14.4+2.5 3.75+0.20 3 0.55
VitK3+FP+W
(a) (b)(c) (a)(b)(c) (a)(c) (b)(c) (a)(b)(c)
P 50.1+3.0 23.9+4.0 44.1+8.5 1.87+0.5 2 0.11
(b)(e)(d) (b)(©) (@b)(e)(d) | (a)b)(c)(d) (b)(©) (b)(d)

Increased SOD2 activity, would in turn produce an increase in H202 that, in order to maintain
homeostasis, should be followed by increases in CAT and/or GPX to remove H20: excess and avoid
oxidative damage. This would suggests that mitochondria are involved in the generation of oxidative
stress triggered by VitK3, agreeing with our previous results [24]. SOD2 is an inducible mitochondrial
enzyme that promotes the formation of H202, being one of the factors that induce its expression the
increase in O2~ [37]. Interestingly, in the experiments in presence of FP, the SOD2 activity was
normalised to control levels indicating that FP, as shown above, exerts a protective effect on
mitochondrial function; it also reduces O2-* production, as demonstrated previously [24] and both in
turn, could contribute to the reduction in the induction of SOD2.

GPX is an enzyme family with peroxidase activity that protects cells from oxidative damage, based
in its ability to reduce free H202 to water at low H20: concentration. In our experiments we found a
decrease (79.4%) in GPX activity in neurones treated with VitK3 compared to control, probably as a
consequence of the increase in O2— and decrease in total thiols, as demonstrated previously [24]. In
these experiments, the inclusion of FP in the incubation media partially recovers (50%) the activity of
this enzyme, agreeing with the finding of other authors [38]; this effect could be mediated by the Nrf2
translocation to the nucleus as demonstrated previously [39].

CAT is an enzyme that efficiently remove H20: at high concentrations of the oxidant. In our
experiments, we did not see any modification after incubation with VitK3 alone or in presence of FP;
only in control cells produced a clear increase (57%) in CAT activity; this could be related with ability
of FP to promote an increase in Nrf2 expression and translocation demonstrated in a previous work
[24].

To assess the putative damage produced by oxidative stress induced by VitK3 treatment we
resorted to the study of protein nitrosylation. The nitrosylation of proteins triggered by NO is greatly
enhanced in presence of O2-* with the formation of peroxinitrites [40], and it is an important regulator
of mitochondrial activity involved in energy-transducing systems [41]. NO is an important molecule in
neuronal cell signalling, but its overproduction can be toxic to neurones causing protein nitrosylation
and mitochondrial damage [42]. In our experiments we found a great increase (almost 600%) in protein


https://doi.org/10.20944/preprints202011.0709.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2020 d0i:10.20944/preprints202011.0709.v1

nitrosylation in neurones treated with VitK3; again coincubation in presence of FP restores nitrosylation
to levels close to control neurones, this could be explained by the ability of FP to inhibit the inducible
NO demonstrated previously [43] that in turn would decrease protein nitrosylation. We also could see
an increase in control neurones treated with FP (246%), which could be due to the stimulation of
neuronal NO [32]; also FP has been involved in an increase in neuronal plasticity mediated by NO
[44,45].

Expression of genes associated with plasticity and synaptic remodelling processes are associated
in adult brain with aerobic glycolysis [10]. Active synapses obtain its energy by glucose breakdown
through glycolysis, being this the main source of cellular energy, and the preferred method for certain
neuronal functions, such as fast axonal transport [46].

In presence of VitK3, we found a great decrease (46% compared to control) in glycolysis,
measured as ECAR after 2 hours of incubation; coincubation in presence of FP recovered values to
control levels (Figure 2a,b). This effect is similar to that found with some sphingosine-1-phospate
mimetics that increase the expression of genes related with glycolysis, ECAR and glycolytic capacity
[47]. In the study of glycolytic capacity which measures the maximum rate of conversion of glucose to
pyruvate or lactate, we found that VitK3 produces a decrease by 47% compared to control, being this
decrease totally reverted by coincubation in presence of FP (Figure 2a,c). When we studied the
glycolytic reserve; which is the ability of cells to adapt to extra energetic demands when the glycolytic
function is working at maximum, neurones incubated in presence of VitK3 showed also a reduction in
glycolytic reserve by 48% compared to control; again, coincubation in presence of FP reverted this value
to control levels (Figure 2a,d). Our results partially agree with those from Lee et al [47] who found an
increase of glycolytic capacity with S1P mimetics in mesenchymal cells, although they did not find
differences in glycolytic reserve, may be due to the different type of cells. This recovery in glycolytic
capacity would supply ATP in situations where it is needed rapidly and the mitochondrial metabolism,
although with high capacity to produce ATP, is not totally functional as demonstrated before.
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Figure 2. FP recovers the glycolytic damage induced by VitK3 on neuronal SN4741 cells. a) Time
course of ECAR and glycolytic function after incubation with VitK3 in presence or absence of FP (Blue
line: Control; Red line: Vitk3; Green line: Vitk3+FP; Purple line: VitK3+FP+W123). To uncouple
mitochondrial respiration from ATP synthesis we used 2,4-DNP 100 uM; 2-DG 100 mM was used to
inhibit glycolysis and rotenone 1uM was used to inhibit NADH hydrogenase/complex I; b) Basal
glycolysis after two hours of treatment with VitK3 in presence or absence of FP; c) Glycolytic capacity
obtained after incubation with 2,4-DNP and rotenone; d) Glycolytic reserve obtained as the difference
between the maximal glycolytic capacity and basal. In all situations the non-glycolytic ECAR, obtained
after addition of rotenone, was subtracted. Values represent mean and SD of at least five experiments
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per situation performed in triplicated. (a: p<0.05 versus control, b: p<0.05 versus VitK3, c: p<0.05 versus
VitK3+FP, d: p<0.05 versus VitK3+FP+W123).

As commented above, we have found an increase in the expression of metabolic pathways related
to glycolysis. This has also been described before in situations of energy stress, where increase in
glycolytic metabolic enzymes have been seen in presynaptic buttons [48]. The decrease in glycolytic
enzymes activity as consequence of oxidative damage, seen in early stages of some neurodegenerative
diseases, can lead to a decrease in ATP synthesis which in turns would lead to a less reduced
environment and an increase in free radical production [49]. In some neurodegenerative diseases,
especially in those where axonal conduction is damaged, neurones tend to restore that conduction by
increasing energy consumption to restore axonal function [50]. In AD, low glucose metabolism is
associated with cognitive fails [51]; also Rone et al, highlights the role of glycolysis to obtain energy in
cells under metabolic stress [52]. One of the key enzymes involved in glycolysis is aldolase; in this work
we have found a decrease (23%) in aldolase activity after treatment of neurones with VitK3; again, FP
restores values to those found in control neurones (Figure 3 ), agreeing with Lee et al, who also found
an increase in aldolase activity with S1P mimetics [47]; also Geffin et al found an upregulation of genes
involved in glycolysis, including aldolase, in cells exposed to HIV and treated with FP [53]. Based on
these findings, FP could be considered as a new therapeutic approach to the treatment of
neurodegenerative diseases showing a decrease in glycolysis, such as PD, AD or MS [27].

30 T

U/g protein

Figure 3. FP recovers the enzyme aldolase from the inhibition induced by VitK3. Aldolase was
measured in a homogenate of neurones after two hours of incubation with VitK3 in presence or absence
of FP. Values represent mean and SD of at least five experiments per situation performed in triplicated.
(a: p<0.05 versus control, b: p<0.05 versus VitK3, c: p<0.05 versus VitK3+FP, d: p<0.05 versus
VitK3+FP+W123).
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Although our model is based in a mitochondrial oxidative damage, we see a decrease in glycolytic
function, recovered in presence of FP. Some authors have demonstrated that withdrawal of FP after a
period of treatment, could trigger relapses in MS patients [54], so we decided to maintain FP in one of
the groups; and extend the study time, to determine the need of FP in the medium to maintain its
beneficial effects. In these experiments, we found a decrease in ECAR compared to control neurones;
FP almost totally reverted the damage produced by VitK3, so maintaining glycolytic activity to levels
close to control up to the maximum time studied, whereas in those neurones not in presence of FP the
damage was maintained over time (Figure 4). This could be of great interest as many neurodegenerative
diseases have in common a decrease in energy metabolism and hence in ATP levels [55], in these
situations, enhancement of glycolytic processes may represent a good approach to slow progression
and/or alleviate symptomatology [55,56].

Treatment

4000+

mpH/min/mg of protein

0 50 100 150 200 250
Time (minutes)

Figure 4. FP is necessary in the medium to maintain its actions. Time course of ECAR after 2 h of
incubation with Vitk3 in presence or absence of FP. After 2 h of incubation, Vitk3 was removed from
the media and cells were incubated for four additional hours in the following conditions: two groups
were incubated with media (Vitk3 group (red line) and control group (blue line)); one with FP
(VitK3+FP group (green line)); one with FP+W123 (VitK3+FP+W group (purple line)) and one with FP
(FP group (orange line). Values represent mean and SD of at least four experiments per situation
performed in triplicated.

In neuronal cells, glucose is metabolized via glycolysis, the PPP, the tricarboxylic acid cycle and
oxidative phosphorylation to produce ATP. In the processing of glucose, the balance between glycolysis
and PPP seem to be important, as the PPP processing of glucose serve as a source of NADPH that in
turn will regenerate oxidized antioxidants such as glutathione and thioredoxin, and so, the exclusive
processing of glucose by the glycolytic pathway would produce a decrease in NADPH availability,
increase oxidative stress and may produce cell death [57]. NADPH serve also as a cofactor of NQO1
detoxifier activity, synthesis of fatty acids and myelin, neurotransmitter turnover, and to maintain
REDOX homeostasis [3,24].

G-6-PDH is one of the key enzymes in the PPP and it has been related with increases in NADPH
levels related to the improvement in REDOX homeostasis [58]; also a decrease of this enzyme has been
found in neurodegenerative diseases such as PD [59]. Taking in to account the relevance of this enzyme,
we decided to study the level of G-6-PHD in neuronal cultures after oxidative damage induced by
menadione in presence or absence of FP. The results in Figure 5 show a decrease in the activity of G-6-
PHD after incubation with VitK3. This decrease was abolished when FP was included in the incubation
media, producing a great increase in G-6-PHD activity (three-fold the control value). This marked
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increase could be due to the stimulation in synthesis and translocation of Nrf2, an inductor of PPP key
enzymes synthesis, triggered by FP after the damage induced with VitK3, as demonstrated previously
by our group [24]. Also other authors have previously established the relation between Nrf2 synthesis
and translocation, and the expression of PPP key enzymes [60,61].
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Figure 5. FP increases the enzyme G-6-PDH reduced by VitK3. G-6-PHD was measured in a
homogenate of neurones after two hours of incubation with VitK3 in presence or absence of FP. Values
represent mean and SD of at least five experiments per situation performed in triplicated. (a: p<0.05
versus control, b: p<0.05 versus VitK3, c: p<0.05 versus VitK3+FP, d: p<0.05 versus VitK3+FP+W123).

Classically FP is thought to develop its effects through the interaction whit S1P receptors. We have
demonstrated in this study the presence of S1P receptors in soma and axons of SN4741 neuronal cells
(Figure 6).

Figure 6. Immunocytochemistry of S1P receptors in SN4741 neuronal cells. Image were acquired
using an Olympus BX51 epifluorescence microscope at 40X magnification.
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In order to determine the contribution of these receptor in the protective effect of FP, we have
performed some experiments in presence of the S1P antagonist W123. In the study of the influence of
S1P receptors on the enzymes involved in redox balance we found intriguing results. Whereas the effect
on SOD can be attributable to the interaction of FP with SIP receptors; in such a way that we see an
increase in SOD by the increase in free radicals triggered by VitK3, that is totally reverted in presence
of FP, when the S1P receptor is blocked with the antagonist, the beneficial FP effects disappear, free
radicals increase again [24], and SOD values return to those found in VitK3 treated neurones (table 1).
The influence of FP on GPX is not so clear, in these experiments FP has demonstrated to exert its action
not only by its interaction with S1P receptors, but also by other mechanisms. When blocking the S1P
receptor with the antagonist, we abolish that receptor-interaction effects but we still would have other
non-receptor mechanisms. These would include an increase in expression of Nrf2, OHl and
thioredoxin, and also an increase in Nrf2 translocation to the nucleus [24], being these factors, especially
Nrf2 and OH1 important to increase antioxidant enzymes such as GPX. Something similar occurs with
CAT where no clear results on the influence of S1P were obtained, in these experiments, we did not see
effects of VitK3 incubation on CAT activity, nor with the addition of FP. Interestingly when the S1P
receptor was blocked, we found a decrease in the activity of this enzyme without a clear explanation;
although we could argue that the decrease could be related to the increase in SOD and GPX previously
found, that would reduce the H20O2 and in turns would decrease CAT [62]. In the study of protein
nitrosylation, we found a similar behaviour than in SOD. Neurones incubated with VitK3 showed an
increase in protein nitrosylation that was reverted in presence of FP, the blockade of S1P receptor
abolishes FP beneficial effects, increasing nitrosylation again to levels close to those found in VitK3
treated neurones, agreeing with other authors [63]. All the effects of FP on glycolysis were mediated
through its interaction with S1P receptors, as all of these effects disappear when the S1P antagonist is
present, being affected the basal glycolysis, glycolytic capacity, glycolytic reserve and the capacity to
maintain the aldolase activity; this finding is common with other authors who also found the need of
interaction of FP whit its receptor to develop its glycolytic protective actions [47,53]. In the study of G-
6-PHD activity, the effect of FP was also mediated by the interaction with its specific S1P receptor, as
the increase in G-6-PHD activity was totally abolished when the S1P antagonist was present in the
incubation media.

4. Conclusions

In global, our data support that in extreme neuronal situations such as in neurodegenerative
diseases, where damaged mitochondria fail to cover the ATP needs and oxidative environment turns
aggressive, other sources of ATP and antioxidants need to be used. Our results show, in one hand a
beneficial effect of FP increasing glycolytic and pentose phosphate metabolism and hence ATP
production and redox buffering capacity, which are important factors against neurodegeneration. On
the other hand, FP also exerts a beneficial effect on mitochondrial oxidative damage, which would
improve neuronal condition by improving mitochondrial function and restoring oxidative balance in
neurones. Both actions would make this drug a potential therapeutic tool for the treatment of
neurodegenerative processes, either to slow progression or alleviate symptoms.

Author contributions: Conceptualization, J. P., O.F., EM-M. and M. G-F.; methodology, A.G., N.V,, EL, S.C,
S-Y.R.C. and F. B; formal analysis, A. G., E. M-M,, F. B, ].P. and M. G-F.; writing-original draft preparation, A.
G., O.F, M. G-F,, EM-M. and ].P.; writing review and editing, J. P. and M. G-F.; supervision, A. G., E. M-M. M.
G-F and J. P.; project administration, J.P.; funding acquisition, J. P., O. F. and M. G-F.. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the following projects: PS13/14: Study of the non-immunological
mechanisms of action of Gilenya (Fingolimod) as therapeutic tool in Multiple Sclerosis and/or other
neurodegenerative diseases. Novartis Farmacéutica S.A.; CTS507 and CTS156 from Consejeria de Economia
Innovacién Ciencia y Empresa, Junta de Andalucia. N. Valverde was supported by Proyectos I+D+I-Programa
Operativo FEDER Andalucia 2014-2020 (UMA18-FEDERJA-004) Junta de Andalucia and Fondo Social Europeo
(EU).


https://doi.org/10.20944/preprints202011.0709.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2020 d0i:10.20944/preprints202011.0709.v1

Acknowledgements: We wish to thanks Dr. Ernest Arenas for providing SN4741 cells and Vanessa de Luque for
technical assistance.

Conflicts of interest: O.F. received honoraria as consultant in advisory boards, and as chairmen or lecturer in
meetings, and has also participated in clinical trials and other research projects promoted by Bayer, Biogen-Idec,
Merck-Serono, Teva, Novartis, Actelion, Allergan, Almirall, Sanofi-Genzyme and Roche. E. M-M. received
honoraria as consultant in advisory boards by Novartis. The remaining authors declare no competing interests.

References

1. Dienel, G.A. Brain glucose metabolism: Integration of energetics with function. Physiol. Rev. 2019, 99,

949-1045, d0i:10.1152/physrev.00062.2017.

2. Yellen, G. Fueling thought: Management of glycolysis and oxidative phosphorylation in neuronal
metabolism. J. Cell Biol. 2018, 217, 2235-2246, d0i:10.1083/jcb.201803152.

3. Camandola, S.; Mattson, M.P. Brain metabolism in health, aging, and neurodegeneration. EMBO ]. 2017,
36, 1474-1492, doi:10.15252/embj.201695810.

4. Blaszczyk, J.W. Energy metabolism decline in the aging brain; pathogenesis of neurodegenerative

disorders. Preprints 2020, 2020090539, doi:10.20944/preprints202009.0539.v1.

5. Muddapu, V.R.; Dharshini, S.A.P.; Chakravarthy, V.S.; Gromiha, M.M. Neurodegenerative Diseases —Is
Metabolic Deficiency the Root Cause? Front. Neurosci. 2020, 14, 213, d0i:10.3389/fnins.2020.00213.

6. Barnham, K.J.; Masters, C.L.; Bush, A.I. Neurodegenerative diseases and oxidative stress. Nat. Rev. Drug
Discov. 2004, 3, 205-14, d0i:10.1038/nrd1330.

7. Uttara, B.; Singh, A. V; Zamboni, P.; Mahajan, R.T. Oxidative stress and neurodegenerative diseases: a
review of upstream and downstream antioxidant therapeutic options. Curr. Neuropharmacol. 2009, 7, 65—

74, d0i:10.2174/157015909787602823.

8. Elfawy, H.A.; Das, B. Crosstalk between mitochondrial dysfunction, oxidative stress, and age related
neurodegenerative disease: Etiologies and therapeutic strategies. Life Sci. 2019, 218, 165-184,
doi:10.1016/j.1fs.2018.12.029.

9. Devine, M.J.; Kittler, ].T. Mitochondria at the neuronal presynapse in health and disease. Nat. Rev.
Neurosci. 2018, 19, 63-80, d0i:10.1038/nrn.2017.170.

10. Rangaraju, V.; Calloway, N.; Ryan, T.A. Activity-driven local ATP synthesis is required for synaptic
function. Cell 2014, 156, 825-835, d0i:10.1016/j.cell.2013.12.042.

11. Hussain, T.; Tan, B.; Yin, Y.; Blachier, F.; Tossou, M.C.B.; Rahu, N. Oxidative Stress and Inflammation:
What Polyphenols Can Do for Us? Oxid. Med. Cell. Longev. 2016, 2016, doi:10.1155/2016/7432797.

12. Aldini, G.; Altomare, A.; Baron, G.; Vistoli, G.; Carini, M.; Borsani, L.; Sergio, F. N-Acetylcysteine as an
antioxidant and disulphide breaking agent: the reasons why. Free Radic. Res. 2018, 52, 751-762,
d0i:10.1080/10715762.2018.1468564.


https://doi.org/10.20944/preprints202011.0709.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2020 d0i:10.20944/preprints202011.0709.v1

13. Pérez, R.; Garcia-Fernandez, M.; Diaz-Sanchez, M.; Puche, ].E.; Delgado, G.; Conchillo, M.; Muntané, J.;
Castilla-Cortazar Larrea, I. Mitochondrial protection by low doses of insulin-like growth factor-I in

experimental cirrhosis. World ]. Gastroenterol. 2008, 14, 2731-2739, d0i:10.3748/wjg.14.2731.

14. Martin-Montafiez, E.; Pavia, J.; Santin, L.J.; Boraldi, F.; Estivill-Torrus, G.; Aguirre, J.A.; Garcia-
Fernandez, M. Involvement of IGF-II receptors in the antioxidant and neuroprotective effects of IGF-II
on adult cortical neuronal cultures. Biochim. Biophys. Acta - Mol. Basis Dis. 2014, 1842, 1041-1051,
doi:10.1016/j.bbadis.2014.03.010.

15. Fu, Y.,; Zhang, N.; Ren, L.; Yan, Y.; Sun, N.; Li, Y.-].; Han, W.; Xue, R.; Liu, Q.; Hao, J.; et al. Impact of an
immune modulator fingolimod on acute ischemic stroke. Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 18315—
20, doi:10.1073/pnas.1416166111.

16. Miguez, A.; Garcia-Diaz Barriga, G.; Brito, V.; Straccia, M.; Giralt, A.; Ginés, S.; Canals, ].M.; Alberch, J.
Fingolimod (FTY720) enhances hippocampal synaptic plasticity and memory in Huntington’s disease
by preventing p75 NTR up-regulation and astrocyte-mediated inflammation. Hum. Mol. Genet. 2015, 24,

4958-4970, d0i:10.1093/hmg/ddv218.

17. Asle-Rousta, M.; Kolahdooz, Z.; Dargahi, L.; Ahmadiani, A.; Nasoohi, S. Prominence of Central
Sphingosine-1-Phosphate Receptor-1 in Attenuating Ap-Induced Injury by Fingolimod. ]. Mol. Neurosci.
2014, 54, 698-703, doi:10.1007/s12031-014-0423-3.

18. Son, ].H.; Chun, H.S; Joh, T.H.; Cho, S.; Conti, B.; Lee, ].W. Neuroprotection and neuronal differentiation
studies using substantia nigra dopaminergic cells derived from transgenic mouse embryos. . Neurosci.

1999, 19, 10-20, d0i:10.1523/JNEUROSCI.19-01-00010.1999.

19. Pasquali-Ronchetti, I.; Garcia-Fernandez, M.I.; Boraldi, F.; Quaglino, D.; Gheduzzi, D.; De Vincenzi
Paolinelli, C.; Tiozzo, R.; Bergamini, S.; Ceccarelli, D.; Muscatello, U. Oxidative stress in fibroblasts from
patients with pseudoxanthoma elasticum: Possible role in the pathogenesis of clinical manifestations. .

Pathol. 2006, 208, 54-61, d0i:10.1002/path.1867.

20. Jammer, A.; Gasperl, A.; Luschin-Ebengreuth, N.; Heyneke, E.; Chu, H., Cantero-Navarro, E;
Groflkinsky, D.K.; Albacete, A.A.; Stabentheiner, E.; Franzaring, J.; et al. Simple and robust
determination of the activity signature of key carbohydrate metabolism enzymes for physiological

phenotyping in model and crop plants. J. Exp. Bot. 2015, 66, 5531-5542, d0i:10.1093/jxb/erv228.

21. Wu, M,; Neilson, A.; Swift, A.L.; Moran, R.; Tamagnine, J.; Parslow, D.; Armistead, S.; Lemire, K.; Orrell,
J.; Teich, J.; et al. Multiparameter metabolic analysis reveals a close link between attenuated
mitochondrial bioenergetic function and enhanced glycolysis dependency in human tumor cells. Am. J.

Physiol. - Cell Physiol. 2007, 292, 125-136, doi:10.1152/ajpcell.00247.2006.

22. Heo, ].Y,; Park, J.H.; Kim, S.J.; Seo, K.S.; Han, ].S.; Lee, S.H.; Kim, ].M.; Park, J. II; Park, S.K.; Lim, K.; et
al. DJ-1 Null Dopaminergic Neuronal Cells Exhibit Defects in Mitochondrial Function and Structure:
Involvement of Mitochondrial Complex I Assembly. PLoS One 2012, 7, 32629,
doi:10.1371/journal.pone.0032629.


https://doi.org/10.20944/preprints202011.0709.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2020 d0i:10.20944/preprints202011.0709.v1

23. Lofaro, F.D.; Boraldi, F.; Garcia-Fernandez, M.; Estrella, L.; Valdivielso, P.; Quaglino, D. Relationship
between mitochondrial structure and bioenergetics in Pseudoxanthoma elasticum dermal fibroblasts.

Front. Cell Dev. Biol. 2020, 8, 1532, doi:10.3389/FCELL.2020.610266.

24. Martin-Montafiez, E.; Pavia, J.; Valverde, N.; Boraldi, F.; Lara, E.; Oliver, B.; Hurtado-Guerrero, I;
Fernandez, O.; Garcia-Fernandez, M. The S1P mimetic fingolimod phosphate regulates mitochondrial
oxidative stress in neuronal cells. Free Radic. Biol. Med. 2019, 137, 116-130,
doi:10.1016/j.freeradbiomed.2019.04.022.

25. Milkovic, L.; Cipak Gasparovic, A.; Cindric, M.; Mouthuy, P.-A.; Zarkovic, N. Short Overview of ROS
as Cell Function Regulators and Their Implications in Therapy Concepts. Cells 2019, 8, 793,
do0i:10.3390/cells8080793.

26. Armstrong, J.A.; Cash, N.J.; Ouyang, Y.; Morton, ].C.; Chvanov, M.; Latawiec, D.; Awais, M.; Tepikin, A.
V.; Sutton, R.; Criddle, D.N. Oxidative stress alters mitochondrial bioenergetics and modifies pancreatic
cell death independently of cyclophilin D, resulting in an apoptosis-to-necrosis shift. J. Biol. Chem. 2018,
293, 8032-8047, doi:10.1074/jbc.RA118.003200.

27. Tang, B.L. Glucose, glycolysis, and neurodegenerative diseases. |. Cell. Physiol. 2020, 235, 7653-7662,
do0i:10.1002/jcp.29682.

28. Zilberter, Y.; Zilberter, M. The vicious circle of hypometabolism in neurodegenerative diseases: Ways

and mechanisms of metabolic correction. J. Neurosci. Res. 2017, 95, 2217-2235, d0i:10.1002/jnr.24064.

29. Lakhter, A.J.; Hamilton, J.; Dagher, P.C.; Mukkamala, S.; Hato, T.; Dong, X.C.; Mayo, L.D.; Harris, R.A;
Shekhar, A.; Ivan, M.; et al. Ferroxitosis: A cell death from modulation of oxidative phosphorylation and
PKM2-dependent glycolysis in melanoma. Oncotarget 2014, 5, 12694-12703,
doi:10.18632/oncotarget.3031.

30. Bai, B.; Lunn, S.; Avila, R; Wang, J.; Chmura, D.; Benson, E.; Kidd, G.; Medicetty, S.; Trapp, B.
Fingolimod reduces axonal transection during demyelination (P1.153). Neurology 2015, 84.

31. Brand, M.D.; Nicholls, D.G. Assessing mitochondrial dysfunction in cells. Biochem. | 2011, 435, 297-312,
d0i:10.1042/BJ20110162.

32. Tavakol, S.; Hoveizi, E.; Tavakol, B.; Azedi, F.; Ebrahimi-Barough, S.; Keyhanvar, P.; Joghataei, M.T.
Small molecule of sphingosine as a rescue of dopaminergic cells: A cell therapy approach in

neurodegenerative diseases therapeutics. J. Cell. Physiol. 2019, 234, 11401-11410, doi:10.1002/jcp.27774.

33. Desler, C.; Hansen, T.L.; Frederiksen, J.B.; Marcker, M.L.; Singh, K.K.; Juel Rasmussen, L. Is There a Link
between Mitochondrial Reserve Respiratory Capacity and Aging? |. Aging Res. 2012, 2012, 1-9,
doi:10.1155/2012/192503.

34. Mancini, A.; Gaetani, L.; Gentili, L.; Di Filippo, M. Finding a way to preserve mitochondria: new
pathogenic pathways in experimental multiple sclerosis. Neural Regen. Res. 2019, 14, 77-78,
doi:10.4103/1673-5374.243707.


https://doi.org/10.20944/preprints202011.0709.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2020 d0i:10.20944/preprints202011.0709.v1

35. Franco-Iborra, S.; Vila, M.; Perier, C. Mitochondrial Quality Control in Neurodegenerative Diseases:
Focus on Parkinson’s Disease and Huntington’s Disease. Front. Neurosci. 2018, 12, 342,

d0i:10.3389/fnins.2018.00342.

36. Weinert, M.; Cowley, S.A.; Alavian, K.N.; Matthews, P.M.; Owen, D.R. Exploring the mitochondrial
TSPO protein as a possible immunometabolic modulatory target for treatment of multiple sclerosis.

Mult. Scler. |. 2019, 25, 515.

37. Cadenas, E.; Davies, K.J.A. Mitochondrial free radical generation, oxidative stress, and aging. Free Radic.

Biol. Med. 2000, 29, 222-230, doi:10.1016/S0891-5849(00)00317-8.

38. Wu, H,; Wang, X.; Gao, J.; Liang, S.; Hao, Y.; Sun, C.; Xia, W.; Cao, Y.; Wu, L. Fingolimod (FTY720)
attenuates social deficits, learning and memory impairments, neuronal loss and neuroinflammation in

the rat model of autism. Life Sci. 2017, 173, 43-54, doi:10.1016/].LFS.2017.01.012.

39. Bajpai, V.K.; Alam, M.B.; Quan, K.T.; Kwon, K.R.; Ju, M.K,; Choi, H.].; Lee, ].S.; Yoon, ].I.; Majumder, R.;
Rather, I.A; et al. Antioxidant efficacy and the upregulation of Nrf2-mediated HO-1 expression by (+)-
lariciresinol, a lignan isolated from Rubia philippinensis, through the activation of p38. Sci. Rep. 2017, 7,
1-10, doi:10.1038/srep46035.

40. Beckman, J.S.; Koppenol, W.H. Nitric oxide, superoxide, and peroxynitrite: the good, the bad, and ugly.
Am. ]. Physiol. Physiol. 1996, 271, C1424—-C1437, doi:10.1152/ajpcell.1996.271.5.C1424.

41. Chang, A.H.K,; Sancheti, H.; Garcia, J.; Kaplowitz, N.; Cadenas, E.; Han, D. Respiratory substrates
regulate S-nitrosylation of mitochondrial proteins through a thiol-dependent pathway. Chem. Res.

Toxicol. 2014, 27, 794-804, doi:10.1021/tx400462r.

42, Moncada, S.; Bolanos, J.P. Nitric oxide, cell bioenergetics and neurodegeneration. J. Neurochem. 2006, 97,

1676-1689, doi:10.1111/j.1471-4159.2006.03988..x.

43. Miguez, A.; Garcia-Diaz Barriga, G.; Brito, V.; Straccia, M.; Giralt, A.; Ginés, S.; Canals, ].M.; Alberch, J.
Fingolimod (FTY720) enhances hippocampal synaptic plasticity and memory in Huntington’s disease
by preventing p75 NTR up-regulation and astrocyte-mediated inflammation. Hum. Mol. Genet. 2015, 24,
4958-4970, d0i:10.1093/hmg/ddv218.

44, Efstathopoulos, P.; Kourgiantaki, A.; Karali, K,; Sidiropoulou, K.; Margioris, A.N.; Gravanis, A.;
Charalampopoulos, I. Fingolimod induces neurogenesis in adult mouse hippocampus and improves

contextual fear memory. Transl. Psychiatry 2015, 5, ¢685-e685, d0i:10.1038/tp.2015.179.

45. Hardingham, N.; Dachtler, J.; Fox, K. The role of nitric oxide in pre-synaptic plasticity and homeostasis.

Front. Cell. Neurosci. 2013, 7, d0i:10.3389/fncel.2013.00190.

46. Diaz-Garcia, C.M.; Mongeon, R.; Lahmann, C.; Koveal, D.; Zucker, H.; Yellen, G. Neuronal Stimulation
Triggers Neuronal Glycolysis and Not Lactate Uptake. Cell Metab. 2017, 26, 361-374.e4,
doi:10.1016/j.cmet.2017.06.021.

47. Lee, HJ.; Jung, Y.H.; Choi, G.E.; Kim, ].S.; Chae, CW; Lim, ].R.; Kim, S.Y.; Lee, ].E.; Park, M.C.; Yoon,


https://doi.org/10.20944/preprints202011.0709.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2020 d0i:10.20944/preprints202011.0709.v1

JH,; et al. O-cyclic phytosphingosine-1-phosphate stimulates HIFla-dependent glycolytic
reprogramming to enhance the therapeutic potential of mesenchymal stem cells. Cell Death Dis. 2019, 10,

1-21, d0i:10.1038/s41419-019-1823-7.

48. Ashrafi, G.; Ryan, T.A. Glucose metabolism in nerve terminals. Curr. Opin. Neurobiol. 2017, 45, 156-161,
do0i:10.1016/j.conb.2017.03.007.

49, Hardas, S.S.; Sultana, R.; Clark, A.M.; Beckett, T.L.; Szweda, L.I; Murphy, M.P.; Butterfield, D.A.
Oxidative modification of lipoic acid by HNE in Alzheimer disease brain $. Redox Biol. 2013, 1, 80-85,
doi:10.1016/j.redox.2013.01.002.

50. Trapp, B.D,; Stys, P.K. Virtual hypoxia and chronic necrosis of demyelinated axons in multiple sclerosis.

Lancet Neurol. 2009, 8, 280291, doi:10.1016/51474-4422(09)70043-2.

51. Furst, A.].; Rabinovici, G.D.; Rostomian, A.H.; Steed, T.; Alkalay, A.; Racine, C.; Miller, B.L.; Jagust, W.J.;
Jagust, W. Cognition, glucose metabolism and amyloid burden in Alzheimer’s disease. Neurobiol Aging

2012, 33, 215-225, doi:10.1016/j.neurobiolaging.2010.03.011.

52. Rone, M.B.; Cui, Q.-L.; Fang, J.; Wang, X.L.-C.; Zhang, J.; Khan, D.; Bedard, M.; Almazan, G.; Ludwin,
S.K.; Jones, R.; et al. Neurobiology of Disease Oligodendrogliopathy in Multiple Sclerosis: Low
Glycolytic Metabolic Rate Promotes Oligodendrocyte Survival. 2016, doi:10.1523/J]NEUROSCI.4077-
15.2016.

53. Geffin, R.; Martinez, R.; de las Pozas, A.; Issac, B.; McCarthy, M. Fingolimod induces neuronal-specific
gene expression with potential neuroprotective outcomes in maturing neuronal progenitor cells exposed

to HIV. J. Neurovirol. 2017, 23, 808-824, d0i:10.1007/s13365-017-0571-7.

54. Evangelopoulos, M.E.; Miclea, A.; Schrewe, L.; Briner, M.; Salmen, A.; Engelhardt, B.; Huwiler, A.; Chan,
A.; Hoepner, R. Frequency and clinical characteristics of Multiple Sclerosis rebounds after withdrawal

of Fingolimod. CNS Neurosci. Ther. 2018, doi:10.1111/cns.12992.

55. Cai, R,; Zhang, Y.; Simmering, J.E.; Schultz, J.L.; Li, Y.; Fernandez-Carasa, I.; Consiglio, A.; Raya, A.;
Polgreen, P.M.; Narayanan, N.S,; et al. Enhancing glycolysis attenuates Parkinson’s disease progression

in models and clinical databases. . Clin. Invest. 2019, 129, 4539-4549, do0i:10.1172/JCI129987.

56. Manzo, E.; Lorenzini, I.; Barrameda, D.; O’Conner, A.G.; Barrows, ].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, doi:10.7554/eLife.45114.

57. Herrero-Mendez, A.; Almeida, A.; Fernandez, E.; Maestre, C.; Moncada, S.; Bolanos, J.P. The bioenergetic
and antioxidant status of neurons is controlled by continuous degradation of a key glycolytic enzyme

by APC/C-Cdhl. Nat. Cell Biol. 2009, 11, 747-752, d0i:10.1038/ncb1881.

58. Nobrega-Pereira, S.; Fernandez-Marcos, P.J.; Brioche, T.; Gomez-Cabrera, M.C.; Salvador-Pascual, A,;
Flores, ].M.; Vifa, J.; Serrano, M. G6PD protects from oxidative damage and improves healthspan in

mice. Nat. Commun. 2016, 7, 1-9, d0i:10.1038/ncomms10894.


https://doi.org/10.20944/preprints202011.0709.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2020 d0i:10.20944/preprints202011.0709.v1

59. Dunn, L.; Allen, G.F.G.; Mamais, A.; Ling, H.; Li, A.; Duberley, K.E.; Hargreaves, L.P.; Pope, S.; Holton,
J.L.; Lees, A,; et al. Dysregulation of glucose metabolism is an early event in sporadic Parkinson’s disease.

Neurobiol. Aging 2014, 35, 1111-5, d0i:10.1016/j.neurobiolaging.2013.11.001.

60. Heiss, E.H.; Schachner, D.; Zimmermann, K.; Dirsch, V.M. Glucose availability is a decisive factor for

Nrf2-mediated gene expression. Redox Biol. 2013, 1, 359-365, d0i:10.1016/j.redox.2013.06.001.

61. Hayes, ].D.; Ashford, M.L.J. Nrf2 Orchestrates Fuel Partitioning for Cell Proliferation. Cell Metab. 2012,
16, 139-141, doi:10.1016/j.cmet.2012.07.009.

62. Kodydkova, J.; Vavrova, L.; Kocik, M.; 74k, A.; Kodydkova, ]J. Human Catalase, Its Polymorphisms,
Regulation and Changes of Its Activity in Different Diseases. Folia Biol. 2014, 60, 153-167.

63. Cantalupo, A.; Gargiulo, A.; Dautaj, E.; Liu, C.; Zhang, Y.; Hla, T.; Di Lorenzo, A. SIPR1 (Sphingosine-
1-Phosphate Receptor 1) Signaling Regulates Blood Flow and Pressure. Hypertension 2017, 70, 426—434,
doi:10.1161/HYPERTENSIONAHA.117.09088.


https://doi.org/10.20944/preprints202011.0709.v1

