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Abstract: Parkinson’s disease (PD) is a proteinopathy associated with the aggregation of α-synuclein
and the formation of lipid–protein cellular inclusions, named Lewy bodies (LBs). LB formation
results in impaired neurotransmitter release and uptake, which involve membrane traffic and require
lipid synthesis and metabolism. Lipids, particularly ceramides, are accumulated in postmortem PD
brains and altered in the plasma of PD patients. Autophagy is impaired in PD, reducing the ability
of neurons to clear protein aggregates, thus worsening stress conditions and inducing neuronal
death. The inhibition of ceramide synthesis by myriocin (Myr) in SH-SY5Y neuronal cells treated
with preformed α-synuclein fibrils reduced intracellular aggregates, favoring their sequestration into
lysosomes. This was associated with TFEB activation, increased expression of TFEB and LAMP2,
and the cytosolic accumulation of LC3II, indicating that Myr promotes autophagy. Myr significantly
reduces the fibril-related production of inflammatory mediators and lipid peroxidation and activates
NRF2, which is downregulated in PD. Finally, Myr enhances the expression of genes that control
neurotransmitter transport (SNARE complex, VMAT2, and DAT), whose progressive deficiency
occurs in PD neurodegeneration. The present study suggests that counteracting the accumulation of
inflammatory lipids could represent a possible therapeutic strategy for PD.

Keywords: Parkinson’s disease; α-synuclein; sphingolipids; ceramide; myriocin; autophagy; oxida-
tive stress

1. Introduction

Parkinson’s disease (PD) is a progressive form of neurodegeneration that can be either
sporadic or caused by various genetic mutations, affecting 1% of people over the age of 60
and up to 4% of those over 85 worldwide [1]. PD is characterized by tremors, rigidity, an
impairment of movements, gait and balance, depression, and, at later stages, dementia [1].
The postmortem brains of PD patients show lipid and protein aggregates named Lewy
bodies (LBs). LBs are characterized by the presence of the lipid-binding protein α-synuclein
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(α-syn) and are associated with the loss of dopaminergic neurons, mainly in the substantia
nigra pars compacta [2,3].

The impairment of cellular traffic is associated with Parkinson’s disease. SNCA (synu-
clein alpha) gene mutations, duplications, and triplications cause autosomal forms of PD,
inducing presynaptic α-syn aggregation, the disruption of ER and Golgi trafficking, and
the impairment of lysosomal function [4,5]. Among the genetic mutations associated with
familial PD or those responsible for increasing the susceptibility to sporadic PD are a num-
ber that are involved in cellular traffic and lysosomal activities (VPS35, LRRK2, ATP6VOA1,
CTS D, and CTS B) and in lipid metabolism (PLA2G6, SYNJ1, GALC, GBA, SMPD1, PANK2,
SREBF1, DGKQ, and ASAH1) [4–8]. Such mutations cause proteinopathies, which lead to
dysfunctions in mitochondrial activity, retromer function, and the sorting machinery for
lysosomal degradation [9–11], as well as dysfunction of the SNARE complex, insuring the
release of neurotransmitters [12,13]. All of the above-reported activities involve membrane
traffic and require lipid synthesis and metabolism [14].

Proteinopathy-induced stress is alleviated by the proteasome system, in addition to
autophagy. Both the proteasome system and autophagy are inefficient or impaired in PD,
worsening stress conditions and inducing neuronal death [15–17]. Autophagy requires
lipid metabolism for the formation of autophagosome membranes, targeting materials for
lysosomal degradation. Recent evidence suggests that lipids can be involved in amplifying
and accelerating the degenerative process in PD in dopaminergic neurons [18,19]. Lipid
metabolism is controlled by transcription factor EB (TFEB), the master regulator of the
stress response. TFEB promotes lysosomal biogenesis, autophagy induction, and lipid oxi-
dation, favoring energy supply and anti-inflammatory and antioxidant responses [20,21].
TFEB interacts with α-synuclein, which is able to sequester TFEB in the cytosol in the
dopaminergic neurons of PD patients, thus preventing its nuclear translocation and ac-
tivity [16,17,22]. Similarly, the oxidative stress responder NRF2 is defective in PD, as
observed in postmortem brains [23], and its pharmacological activation is proposed for
PD therapy [24,25]. Given the crucial role of lipids in neuronal and synaptic develop-
ment and in their functions [26], the defective lysosomal catabolism of lipids and their
accrual are known to cause degeneration in the nervous system [7,27,28]. Mutations in
the glucocerebrosidase gene (GBA) associated with reduced GBA enzymatic activity are
the most common genetic risk factors for PD [29–31]. The peroxidation of accumulated
lipids is, per se, an additive cause of α-syn aggregation [8,32–34]. In GBA-associated PD,
but also in other pathogenetic mutations and in the idiopathic disease, the changes in lipid
metabolism correlate with the severity of both motor and non-motor features [31,35]. PD
mutations are specifically associated with the alteration of sphingolipid homeostasis. An
increase in the sphingolipid ceramide is specifically involved in LB formation and PD
progression [5,36,37]. The inhibition of de novo ceramide synthesis by myriocin (Myr, an
inhibitor of serine palmitoyltransferase) reduced seizures and paralysis upon mechanical
stimulation (bang sensitivity) in a Drosophila model of retromer dysfunction induced by
PLAa2G6 [10].

Notably, lipid alteration has been reported in PD patients. Although the data in the lit-
erature are somewhat conflicting, there is an overall agreement on altered lipid metabolism
in PD. The plasma of PD patients shows variable alteration of glycerophospholipids [7,38]
and ceramides. Furthermore, hexosylceramides were shown to be significantly higher [39],
correlating with psychiatric complications [40,41]. Moreover, an increase in C16:0 acyl
chain ceramides was found in PD plasma [42]. Cholesterol and sphingomyelin are major
components of myelin. Cholesterol accumulation is associated with the increased forma-
tion of intracellular lipid–protein aggregates [42], and oxysterols are increased in the PD
brain [38]. Sphingomyelins and ceramides are increased in postmortem PD brains com-
pared to those of healthy subjects [8,38,43], and it is notable that there is a marked increase
in the transcription of the enzymes responsible for de novo sphingolipid synthesis [38].
We have previously shown that the inhibition of de novo sphingolipid synthesis by Myr
administration to mice prevents an increase in ceramide levels and neuronal loss in a
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mouse model of retinitis pigmentosa [44]. Myr exerts an overall effect on cellular energy
metabolism via the promotion of lipid consumption and ATP production by triggering
autophagy and reducing inflammation and the loss of cell function [8,45]. In the present
study, we investigated the effect of Myr treatment on a cellular model of PD with the aim of
regulating lipid metabolism as a possible therapeutic strategy in restoring neurotransmitter
traffic and neuronal activity in PD.

2. Results
2.1. Myriocin Reduces the Amount of Intracellular α-Syn in SH-SY5Y Cells Treated with
Preformed Fibrils

The preformed α-syn fibrils (hereinafter referred to as fibrils) were exogenously added
to cell cultures of SH-SY5Y to mimic LB formation in PD. As expected, immunostaining
with an α-syn antibody showed a low basal expression of endogenous α-syn (Figure 1A),
whereas in fibril-treated cells, the staining was more diffused in the cytosol and distributed
in the perinuclear region (Figure 1B).

Figure 1. Myr reduces α-syn in SH-SY5Y cells. (A–C) SH-SY5Y cells were pretreated with or without
50 µM Myr and then exposed to 0.5 µM α-syn fibrils for 24 h. Immunofluorescent staining of α-syn
(red) and nuclear staining with DAPI (blue) are shown. (D) Summary of results demonstrating the
mean intensity per cell measured as grayscale intensity. Scale bars represent 20 µm. (E) α-syn gene
expression measured by qRT-PCR and represented as fold change compared to control cells (Ctr).
All data, derived from three independent experiments, are expressed as mean ± SEM (* p < 0.05;
*** p < 0.001); one-way ANOVA test followed by Bonferroni correction was used for all data.
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In order to evaluate if sphingolipid synthesis inhibition can reduce the stress caused
by α-syn intracellular accumulation, SH-SY5Y cells were pretreated with Myr at 50 µM for
2 h before the addition of exogenous fibrils. Myr significantly reduced the total amount
of cytosolic α-syn fibrils (Figure 1C,D). Since prolonged treatment with fibrils is known
to enhance the transcription of α-syn, we also investigated the expression of endoge-
nous α-syn. As shown in Figure 2E, SNCA gene transcription was not modulated by
either fibril addition or Myr at the time of treatment. This proves that the reduced α-syn
staining is not related to the modulation of protein synthesis but possibly related to its
lysosomal degradation.

Figure 2. Myr induces co-localization of α-syn inclusions with the lysosomal marker. Confocal immunofluorescent images
of SH-SY5Y cell line treated with 0.5 µM α-syn fibrils for 24 h with or without 50 µM Myr pretreatment. Confocal images
were obtained after co-immunostaining of Lamp2 antibody (red, A,D) and α-syn antibody (green, B,E); co-localization
in merge images is shown in yellow (C,F); DAPI (blue), nuclear counterstaining. Scale bars represent 20 µm. (G) Graph
of quantification of co-localizing fluorophores’ intensity (Li’s ICQ: intensity correlation quotient). Three independent
experiments were performed; the cells corresponding to the dot number were randomly selected among 4 fields of each
group. Data are presented as the intensity correlation of single cells (*** p <0.001); unpaired Student’s t-test was used.
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2.2. Myriocin Induces Autophagy and Lysosomal α-Syn Localization in the PD Cell Model

We previously demonstrated that Myr promotes autophagy in response to stress [45].
Here, we demonstrated that the Myr treatment of SH-SY5Y induces α-syn localization in
lysosomes, as shown by the co-immunostaining of α-syn and lysosome-associated mem-
brane protein 2 (Lamp2), a lysosomal marker (Figure 2A–G). Interestingly, we observed a
more significant co-localization of α-syn inclusions with Lamp2 in Myr-pretreated/fibril-
treated cells than in cells exposed to fibrils only (Figure 2C,F), suggesting that autophagy
induction by Myr drives α-syn fibrils to lysosomes. Figure 2G shows the quantification of
the intensity of the two co-localizing fluorophores according to the intensity correlation
quotient (Li’s ICQ).

TFEB controls lipid metabolism, inflammation, and oxidative stress by inducing au-
tophagy. Here, we observed that Myr activates TFEB by promoting its nuclear translocation
in fibril-treated cells (Figure 3A), and this is accompanied by autophagy induction, as
indicated by the accumulation of LC3II (Figure 3B).

Figure 3. Myr treatment induced TFEB nuclear translocation and autophagy in the PD cell model.
Quantification of nuclear translocation of TFEB by Western blot analysis normalized to β-lamin
(A). Quantification of LC3II/I (B) protein expression by Western blot analysis on whole lysates,
normalized to β-actin. Protein signals were quantified by densitometric analysis. LC3-II* indicates
a longer exposure. Quantification of TFEB (C) and LAMP2a (D) gene transcription by qRT-PCR in
cells treated with 0.5 µM α-syn fibrils for 24 h with or without 50 µM Myr pretreatment. GAPDH
was used as a housekeeping gene. All data are expressed as mean ± SEM (* p < 0.05; *** p < 0.001);
one-way ANOVA test followed by Bonferroni correction was used for all data.

Moreover, Myr modulated gene expression in a PD cellular model (Figure 3B), in line
with what was previously reported by our group [45]. Myr increased the mRNA expression
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levels of TFEB and of one of its downstream-regulated genes, LAMP2a, both in cells treated
with Myr only and in fibril–Myr-treated cells (Figure 3C,D).

Moreover, we observed an increase in the levels of LC3-II protein after Myr treatment
(Figure 3C). These findings suggest that Myr-induced autophagy is sustained by the upreg-
ulation of TFEB and LAMP2a, demonstrating the involvement of autophagy underlying
the effect of Myr on reducing cytosolic α-syn fibrils.

2.3. Myriocin Modulates Sphingolipids and Reduces Inflammation and Oxidative Stress in PD
Cell Model

The fibril treatment of SH-SY5Y cells induced an increase in ceramide and hexosyl-
ceramide levels; ceramides were moderately reduced and hexosylceramides significantly
reduced in Myr-pretreated cells compared to in fibril-treated cells that were not pretreated
(Figure 4A,B). Sphingomyelin (SM) levels were not significantly affected (Figure 4C). More-
over, Myr treatment reduced the fibril-induced upregulation of IL-1β (Figure 4D) and
TNFα gene expression (Figure 4E), which are well-known proinflammatory markers.

Figure 4. Myriocin reduces α-syn-induced inflammation in SH-SY5Y cells. (A–C) LC-MS measurement of ceramide (Cer),
hexosylceramide (HexCer), and sphingomyelin (SM) levels and Myr effects in SH-SY5Y cells treated with 0.5 µM α-syn
fibrils for 24 h with or without 50 µM Myr pretreatment. (D,E) Quantification of IL1-β and TNFα gene transcription by
qRT-PCR in the PD cell model. GAPDH was used as a housekeeping gene. All data, derived from three independent
experiments, are expressed as mean ± SEM (* p < 0.05; ** p < 0.01; *** p < 0.001); one-way ANOVA test followed by
Bonferroni correction was used for all data.

Moreover, in order to investigate the effect of Myr on fibril-mediated oxidative stress,
we quantified the production of malondialdehyde, an advanced lipo-oxidation end-product
implicated in age-related chronic diseases and in PD [46].

Myr significantly reduced the oxidative stress induced by the accumulation of α-syn
fibrils in treated cells (Figure 5A). Moreover, to understand the mechanism underlying
the antioxidant effect of Myr, we evaluated the activation of a key gene involved in the
antioxidant response. In particular, we studied nuclear factor erythroid 2-related factor
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2 (NRF2) and the expression of one of its activated genes, heme oxygenase 1 (HO-1), in
fibril-treated cells after Myr administration.

Figure 5. Myr treatment reduces oxidative stress in the PD cell model. (A) Measurement of lipid peroxidation in cell
supernatant using MDA ELISA kit on SH-SY5Y cells treated with 0.5 µM α-syn fibrils for 24 h with or without 50 µM Myr
pretreatment. (B) Quantification of Nrf2 protein expression by Western blot analysis on whole lysates and normalized
to β-actin. Protein signals were quantified by densitometric analysis. (C) Quantification of HO-1 gene expression by
qRT-PCR. GAPDH was used as a housekeeping gene. All data, derived from three independent experiments, are expressed
as mean ± SEM (* p < 0.05; ** p < 0.01; *** p < 0.001); one-way ANOVA test followed by Bonferroni correction was used for
all data.

In homeostatic conditions, NRF2 is constantly degraded via ubiquitination. We
evaluated its activation by Western blotting and showed that Myr significantly increased
the cytosolic level of the protein (Figure 5B), as expected under sustained autophagy.
Similarly, Myr was able to increase the expression of HO-1, which was reduced by fibril
treatment (Figure 5C), suggesting that Myr could reduce α-syn-induced oxidative stress by
NRF2/HO-1 activation in SH-SY5Y cells.

2.4. Myriocin Restores the Expression of Genes Involved in Intracellular Transport and Synaptic
Release in the PD Cellular Model

To investigate the effect of Myr on the cellular modulation of neurotransmitter vesicle
traffic, we evaluated the expression of genes coding for two SNARE complex proteins—T-
SNARE syntaxin 1A (STX1A) and synaptosome-associated protein 25 (SNAP 25)—both of
which are located at neuronal synaptic membranes, as well as V-SNARE vesicle-associated
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membrane protein 2 (VAMP2) and synaptophysin (SYP), which are associated with vesicle
membranes [47]. As expected, fibrils significantly reduced the expression of the vesicle-
associated VAMP2 proteins (Figure 3C) [47]. As reported in Figure 3A–C, Myr treatment
increased the expression of all of the above-mentioned genes, even under fibril treatment.
We also observed a significant reduction in the expression of vesicular monoamine trans-
porter 2 (VMAT2), a gene coding for a specific neurotransmitter vesicular transporter, and
of DAT, a gene coding for the dopamine transporter; Myr was able to restore theirexpression
(Figure 6A–F).

Figure 6. qRT-PCR quantification of genes involved in SNARE complex formation. (A–D) neuro-
transmitter vesicle transport, VMAT2 (E) and dopamine transporter DAT (F). GAPDH was used as a
housekeeping gene. All data, derived from three independent experiments, are expressed as mean
± SEM (* p < 0.05; ** p < 0.01; *** p < 0.001); one-way ANOVA test followed by Bonferroni correction
was used for all data.
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3. Discussion

We here describe the effects of targeting sphingolipid biosynthesis with a specific
inhibitor (Myr) to restore the altered lipid metabolism in a cellular model of PD. Exoge-
nously preformed α-syn fibrils are known to be taken up by neuronal cells, causing a
proteinopathy-related stress, inducing the formation of LB-like intracellular structures.
This triggers oxidative stress and inflammation and impairs cellular functions, mimicking
the alterations observed in PD [48]. Sphingolipid synthesis was later shown to be upregu-
lated in postmortem PD brains, with an unbalanced ratio of sphingolipid metabolites [38].
We previously demonstrated that cystic fibrosis and retinitis pigmentosa proteinopathies
are responsible for increased sphingolipid synthesis and inflammatory ceramide accumu-
lation and that the inhibition of sphingoid base formation reduces inflammation and cell
death [44,45]. Importantly, we demonstrated that Myr reduces not only sphingolipids but
also other lipids, such as glycerolipids [45,49,50]. This may occur because the blockade
of new sphingolipid synthesis is sensed as an alert signal by the cell. Indeed, we showed
that Myr promotes a TFEB-induced stress response. TFEB initiates a transcriptional pro-
gram that reduces inflammation and oxidative stress, induces autophagy [45,51], organizes
cellular lipids by increasing their oxidation [45,51,52] but also by favoring lipid storage for-
mation [8]. These activities all contribute to reducing most of the cellular lipid species [45].
Upon fibril treatment, α-syn inclusions in neuronal cells are effectively reduced by Myr
via an increase in their co-localization in the lysosomal compartment. This is explained
by the Myr-induced promotion of TFEB-mediated autophagy. Myr significantly induces
TFEB nuclear translocation in fibril-treated cells, thus strengthening cellular stress defenses.
Although fibril treatment does not suppress TFEB and LAMP2 transcription, Myr signif-
icantly activates it, as expected from our previous studies [45]. Such a transcriptional
program acts to increase autophagy, as shown by LC3II accumulation, thus directing α-syn
to lysosomes for degradation. The increased transcription of not only TFEB but also its
downstream transcriptional target and lysosomal gene, LAMP2, demonstrates the known
action of TFEB in promoting lysosomal genesis, reducing cell stress.

Myr counteracts the fibril-induced increase in ceramide and significantly lowers the
increase in hexosylceramides. Hexosylceramide accumulation is linked to defective ER,
Golgi traffic, and lysosomal activities associated with oxidative stress, impaired autophagy,
and neurodegeneration [53–55]. As expected, Myr reduces the transcription of inflamma-
tory mediators and almost abolishes the profound effect on lipid peroxidation of fibril
treatment. Oxidative stress is a major cause of PD progression. The pharmacological acti-
vation of NRF2, a key transcriptional factor that sustains the response to oxidative stress,
is considered a therapeutic strategy for the prevention of PD neurodegeneration [23,25].
Myr’s antioxidant action is exerted via inducing NRF2 transcriptional activity. PD is
characterized by the loss of dopamine signaling due to the dysfunction of α-syn. The
latter regulates synaptic functions and plasticity, interacting with the SNARE proteins
that mediate the docking of neurotransmitter vesicles, exocytosis, and neurotransmitter
release [56]. Thus, PD neurodegeneration initiates as a synaptopathy [57], and postmortem
PD brains exhibit an altered balance of the SNARE proteins [58], which are sequestered
within LBs [57]., The progression of degeneration leads to the reduced expression of genes
involved in SNARE complex formation [59]. Upon treatment with fibrils, we observed
a reduced expression of genes coding for SNARE complex (SYP and VAMP2) proteins,
for the monoamine SLC vesicular transporters VMAT2, and for the dopamine transporter
DAT. It was also observed that protecting cells against fibril stress by Myr co-treatment
significantly increased the transcription of all of the above-mentioned genes, indicating
that Myr transcriptionally favors the recovery of cellular functions. In addition, we noted
a significant Myr-induced increase in other SNARE genes, such as SNAP25 and STX1A,
suggesting that the inhibition of sphingolipid synthesis transcriptionally regulates the
vesicular transport of neuromediators.
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This study has strengths and limitations. The use of exogenously preformed α-syn
fibrils quickly induces an intracellular overload, which we observed within 24 h, whereas
PD is a chronic and progressively accumulating form of stress; thus, the response may
differ under sustained and prolonged stimulation, especially if transcriptional activities are
involved. Moreover, SH-SY5Y cells are not differentiated neurons and do not form synapses
or release dopamine. Nonetheless, these cells can model the PD alteration of vesicle traffic
because they express all of the genes involved in dopamine formation and release [60]. The
strength of our study lies in the demonstration that α-syn-induced proteinopathy can be
counteracted by promoting a metabolic shift that is driven by slowing down sphingolipid
synthesis, thereby transcriptionally modifying the PD phenotype.

4. Materials and Methods
4.1. Reagents and Antibodies

For the experiments, we used the following materials: culture media (Gibco-Thermo
Fisher Scientific, Waltham, MA, USA); fetal bovine serum and minimum essential medium
with Earle’s salt (EuroClone Life Science, Pero, MI, Italy); penicillin/streptomycin and RIPA
buffer (Sigma-Aldrich, St. Louis, MO, USA); a protease inhibitor cocktail (Roche, Basilea,
Switzerland); Quick Start™ Bradford Dye Reagent and Clarity™ Western ECL Blotting
Substrates; iScriptTM cDNA synthesis, retro-transcription kit (BioRad, Segrate, MI, Italy);
ReliaPrep™ Miniprep RNA Extraction System and GoTaq qPCR Master Mix (Promega,
Madison, WI, USA); SYBR Green (Takara, Kyoto, Japan); and synthetic oligonucleotides
from Eurofins Genomics (Edersberg, Germany). The primary antibodies used were as
follows: anti-Nrf2 (ElabScience, Houston, TX, USA), anti-β-Actin (Sigma-Aldrich, St.
Louis, MO, USA), anti-Tfeb (ab2636, Abcam, Cambridge, UK), anti-α-synuclein (ab138501
Abcam, Cambridge, UK), and anti-LAMP2 (Santa Cruz Biotechnology, Dallas, TX, USA).
The secondary antibodies were purchased from Jackson Laboratories (Bar Harbor, ME,
USA). The secondary antibodies for immunofluorescence were as follows: Alexa Fluor 488
and Alexa Fluor 546; these were purchased from Thermo Fisher, and the Human MDA
(Malondialdehyde) ELISA Kit was purchased from Fine Test, Labospace (Milan, MI, Italy).

4.2. Cells and Treatments

SH-SY5Y cells, a human neuroblastoma cell line provided by ATCC, were grown in
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin at 37 ◦C and 5%
CO2. Pretreatment with Myr (50 µM) was performed for 1 h in 100 mm dishes seeded with
1 × 105 cells each. When indicated, cells were exposed to 0.5 µM preformed α-syn fibrils
(PFFs) for 24 h. Samples were prepared at least in triplicate for each experiment, except for
those differently indicated.

4.3. Preparation of Preformed α-Syn Fibrils

LPS-free recombinant α-syn was produced and purified as previously described, and
α-syn fibrils were obtained by aggregating monomeric α-syn for 7 days at 37 ◦C with
shaking at 1000 rpm (ThermoMixer F1.5 Eppendorf, 1000 rpm) [61]. α-Syn monomer was
resuspended in sterile PBS at 280 µM for the aggregation assay, and after 7 days, fibrils
were collected by centrifugation to remove residual soluble monomeric or oligomeric
species in the supernatant. α-Syn fibrils were then resuspended to a final concentration of
200–250 µM in sterile DBPS, sonicated with a power input of 20 to 30 W for 30 s (pulsing
on/off) at 4 ◦C (Covaris S2 Ultrasonicator) and stored at −70 ◦C until use.

Quality control was performed using transmission electron microscopy (TEM). Briefly,
preformed fibrils were diluted 1:3 in Milli-Q H2O, deposited on a copper grid, washed
twice, and directly stained with 2% uranyl acetate. Samples were then observed via TEM
(FEI Tecnaii G2) [48].
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4.4. Lipid Analysis

The lipids were extracted from cell pellets (200 µg of protein) by monophasic extraction
with water:chloroform:methanol (1:3:6, v/v/v) coupled to alkaline methanolysis. The
purified extracts were analyzed by LC Dionex 3000 UltiMate (ThermoFisher Scientific,
Waltham, MA, USA) coupled to a tandem mass spectrometer AB Sciex 3200 QTRAP (Sciex,
ON, CA). The separation was achieved by reversed-phase chromatography using BEH
C8 100 × 2.1 mm × 1.7 µm (Waters, Milford, MA, USA) with a linear gradient between
eluent A (0.2% formic acid and 2 mM ammonium formate water solution) and eluent B
(methanol, 0.2% formic acid, and 1 mM ammonium formate) [62]. Mass spectrometry
measurement was conducted by multiple reaction monitoring (MRM). The product ion m/z
264 (corresponding to sphingosine) was examined for each precursor ion of ceramides and
hexosylceramides, whereas for sphingomyelins, the product ion m/z 184 (corresponding to
the choline head) was examined. Specifically, the analysis comprised the sphingolipids,
ceramides (Cer, DP 40 eV, and CE 35 eV), hexosylceramides (HexCer, DP 40 eV, and CE
50 eV), and sphingomyelins (SM, DP 40 eV, and CE 50 eV) with fatty acids from C16 to
C24. Quantitative analysis was performed using the MultiQuant software (ver 1.2, Sciex,
ON, CA).

4.5. Microscopy Analysis

Subconfluent SH-SY5Y cells were fixed in 4% paraformaldehyde, permeabilized in
0.1% Triton X-100, and blocked in 1% BSA–PBS for 2 h. Then, the cells were incubated in PBS
buffer with primary antibodies against human α-synuclein and human LAMP2 overnight
at 4 ◦C and washed twice in PBS followed by incubation with secondary antibodies: Alexa
Fluor 555 for α-synuclein immunofluorescence and Alexa Fluor 488 and Alexa Fluor 546 for
co-immunofluorescence (1:100). The nuclei were stained with DAPI (1:1000 dilution) [63].
For negative controls, we incubated the cells with secondary antibody only, to exclude
nonspecific binding. Confocal images were acquired using a Nikon A1 Laser Scanning
Confocal Microscope (60x oil immersion objective). Image quantitation was performed
using the Fiji or ImageJ analysis software. Fluorescence co-localization (the correlation
index) was determined by evaluating fields acquired blindly in each group and by applying
the same selection strategy. The images were analyzed by an automated Fiji–ImageJ plugin,
JACoP [64], to determine Li’s ICA of isolated cells labeled as the region of interest and
excluding clustered cells.

4.6. ELISA Kit

The levels of oxidative stress were measured using an MDA ELISA kit (Fine Test, La-
bospace, Milan, MI, Italy) following the manufacturer’s protocols. Briefly, SH-SY5Y cells were
treated with or without Myr (50 µM) for 24 h. Following the treatments, the supernatant was
collected and centrifuged at 1000× g for 20 min at 2–8 ◦C to remove insoluble impurities and
cell debris. The supernatant was dispensed into the wells; 50 µL of biotin-labeled antibody
(included in the kits) was added, and the plate was incubated at 37 ◦C for 45 min. The samples
were washed three times with wash buffer before adding 100 µL of HRP–streptavidin conju-
gate (SABC). The plate was incubated at 37 ◦C for 30 min. The wells were washed three times
with washing buffer followed by the addition of 90 µL of TMB (3,3′,5,5′-tetramethylbenzidine)
substrate solution; the plate was incubated at 37 ◦C in the dark for 15–20 min. After adding
the stop solution into each well, the absorbance at 450 nm was measured using a microplate
reader (EnSight™, PerkinElmer, Waltham, MA, USA).
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4.7. Protein Extraction and Western Blotting

For the Western blots for transcriptional factors, nuclear and cytoplasmic extracts
were obtained from cells with the NE-PER Nuclear and Cytoplasmic Extraction Reagents
kit (ThermoFisher Scientific) according to the manufacturer’s instructions. Total cellular
proteins were extracted from cells in RIPA buffer. The concentrations of proteins in the
lysates were measured using Quick Start™ Bradford Dye Reagent (reading the OD at
595 nm). Then, 20 µg of proteins per sample were separated on SDS-PAGE gels and
electroblotted onto nitrocellulose (for NRF2) and PVDF (for LC3) membranes. After
washing in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) and blocking with 5%
non-fat dry milk for 1 h at room temperature, the membranes were probed overnight
at 4 ◦C with the primary antibodies. The morning after, the membranes were washed
three times in TBS-T and then incubated with the horseradish peroxidase-conjugated
secondary antibodies [65]. After the final washes, proteins were detected using an enhanced
chemiluminescent horseradish peroxidase substrate, and the relative band intensities were
captured and quantified using Alliance™ UVITEC Cambridge (UK). For LC3 Western
blotting, the images of LC3I and LC3II were detected at different exposure times for the
chemiluminescence detector as previously indicated [66].

4.8. RNA Extraction and qRT-PCR

Total RNA was isolated from harvested cells with the ReliaPrep™ Miniprep RNA
extraction system (Promega, Madison, WI, USA), according to the manufacturer’s instruc-
tions.

Then, 1 µg of purified RNA was reverse transcribed to cDNA. The amplification
was performed for the following target genes: α-SYN, LAMP2A, HO-1, IL-1β, TNF-α,
TFEB, STX1A, VAMP2, SNAP25, SYP, DAT, and VMAT2; all the sequences are available
on request. The relative mRNA expression of the target genes was normalized to the
endogenous GAPDH control gene and is represented as the fold change versus control,
calculated by the comparative CT method (∆∆CT method). The analysis was performed
by referring to control values that did not significantly differ from one another (triplicate
samples; their standard deviation divided by their mean was <1) [27]. Real-time PCR was
performed using SYBR Premix Ex Taq™ II (Takara, Kyoto, Japan); all the other sequences
are available on request.

4.9. Statistical Analysis

The data are expressed as mean ± SEM and were calculated from experimental
replicates. Significance was evaluated by one-way ANOVA tests followed by Bonferroni
correction (p < 0.05) or two-tailed Student’s t-tests, as specified in the figure legends.
Statistical analysis was performed using the GraphPad Instat software, and the graph
illustrations were generated by the GraphPad Prism software version 8 for MacOs (La Jolla,
CA, USA).

5. Conclusions

PD is a proteinopathy associated with defective intracellular vesicle traffic and altered
lipid homeostasis (Scheme 1). The inhibition of de novo sphingolipid synthesis activates a
transcriptional response, involving autophagy and an antioxidant defense mechanism, that
restores the expression of the proteins required for neurotransmitter vesicle traffic. The
regulation of lipid synthesis and metabolism may be an innovative and promising strategy
for counteracting PD neurodegeneration.
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Scheme 1. Proposed therapeutic action of Myr in the PD cellular model.
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ASAH1 N-acylsphingosine amidohydrolase 1
α-syn α-synuclein
ATP6VOA1 ATPase H+ transporting V0 subunit a1
Cer ceramide
CTS cathepsin
DGKQ diacylglycerol Kinase theta
GALC galactosylceramidase
GBA glucosylceramidase beta
HO-1 heme oxygenase 1
ICQ intensity correlation quotient
LB Lewy bodies
LRRK2 leucine-rich repeat kinase 2
Myr myriocin
NRF2 nuclear factor (erythroid-derived 2)-like 2
nSMase neutral sphingomyelinase
PANK2 pantothenate kinase 2
PD Parkinson’s disease
PLA2G6 phospholipase A2 group VI
PPARs peroxisome proliferator activated receptors
SYNJ1 synaptojanin 1
SNAP25 synaptosomal-associated protein 25
SNARE soluble N-ethylmaleimide-sensitive factor attachment receptor
SM sphingomyelin
SMPD1 sphingomyelin phosphodiesterase 1
STX1A syntaxin 1A
SREBF1 sterol regulatory element binding transcription factor 1
TFEB transcription factor EB
VAMP2 vesicle-associated membrane protein 2
VMAT2 vesicular monoamine transporter 2
VPS35 VPS35 retromer complex component

References
1. Chaudhuri, K.R.; Schapira, A.H. Non-motor symptoms of Parkinson’s disease: Dopaminergic pathophysiology and treatment.

Lancet Neurol. 2009, 8, 464–474. [CrossRef]
2. Lees, A.J.; Hardy, J.; Revesz, T. Parkinson’s disease. Lancet 2009, 373, 2055–2066. [CrossRef]
3. Wong, K.; Sidransky, E.; Verma, A.; Mixon, T.; Sandberg, G.D.; Wakefield, L.K.; Morrison, A.; Lwin, A.; Colegial, C.; Allman, J.M.;

et al. Neuropathology provides clues to the pathophysiology of Gaucher disease. Mol. Genet. Metab. 2004, 82, 192–207. [CrossRef]
[PubMed]

4. Cooper, A.A.; Gitler, A.D.; Cashikar, A.; Haynes, C.M.; Hill, K.J.; Bhullar, B.; Liu, K.; Xu, K.; Strathearn, K.E.; Liu, F.; et al.
Alpha-synuclein blocks ER-Golgi traffic and Rab1 rescues neuron loss in Parkinson’s models. Science 2006, 313, 324–328.
[CrossRef]

5. Lin, G.; Wang, L.; Marcogliese, P.C.; Bellen, H.J. Sphingolipids in the Pathogenesis of Parkinson’s Disease and Parkinsonism.
Trends Endocrinol. Metab. 2019, 30, 106–117. [CrossRef] [PubMed]

6. Mazzulli, J.R.; Zunke, F.; Isacson, O.; Studer, L.; Krainc, D. α-Synuclein–induced lysosomal dysfunction occurs through disruptions
in protein trafficking in human midbrain synucleinopathy models. Proc. Natl. Acad. Sci. USA 2016, 113, 1931–1936. [CrossRef]
[PubMed]

7. Xicoy, H.; Wieringa, B.; Martens, G.J.M. The Role of Lipids in Parkinson’s Disease. Cells 2019, 8, 27. [CrossRef]
8. Abbott, S.K.; Li, H.; Munoz, S.S.; Knoch, B.; Batterham, M.; Murphy, K.E.; Halliday, G.M.; Garner, B. Altered ceramide acyl chain

length and ceramide synthase gene expression in Parkinson’s disease. Mov. Disord. Off. J. Mov. Disord. Soc. 2014, 29, 518–526.
[CrossRef]

http://doi.org/10.1016/S1474-4422(09)70068-7
http://doi.org/10.1016/S0140-6736(09)60492-X
http://doi.org/10.1016/j.ymgme.2004.04.011
http://www.ncbi.nlm.nih.gov/pubmed/15234332
http://doi.org/10.1126/science.1129462
http://doi.org/10.1016/j.tem.2018.11.003
http://www.ncbi.nlm.nih.gov/pubmed/30528460
http://doi.org/10.1073/pnas.1520335113
http://www.ncbi.nlm.nih.gov/pubmed/26839413
http://doi.org/10.3390/cells8010027
http://doi.org/10.1002/mds.25729


Int. J. Mol. Sci. 2021, 22, 6469 15 of 17

9. Henry, A.G.; Aghamohammadzadeh, S.; Samaroo, H.D.; Chen, Y.; Mou, K.; Needle, E.; Hirst, W.D. Pathogenic LRRK2 mutations,
through increased kinase activity, produce enlarged lysosomes with reduced degradative capacity and increase ATP13A2
expression. Hum. Mol. Genet. 2015, 24, 6013–6028. [CrossRef]

10. Lin, G.; Lee, P.-T.; Chen, K.; Mao, D.; Tan, K.L.; Zuo, Z.; Lin, W.-W.; Wang, L.; Bellen, H.J. Phospholipase PLA2G6, a Parkinsonism-
Associated Gene, Affects Vps26 and Vps35, Retromer Function, and Ceramide Levels, Similar to α-Synuclein Gain. Cell Metab.
2018, 28, 605–618.e6. [CrossRef] [PubMed]

11. Song, P.; Trajkovic, K.; Tsunemi, T.; Krainc, D. Parkin Modulates Endosomal Organization and Function of the Endo-Lysosomal
Pathway. J. Neurosci. 2016, 36, 2425–2437. [CrossRef]

12. Granata, A.; Watson, R.; Collinson, L.; Schiavo, G.; Warner, T.T. The Dystonia-associated Protein Torsin a Modulates Synaptic
Vesicle Recycling. J. Biol. Chem. 2008, 283, 7568–7579. [CrossRef]

13. Wang, C.; Ma, Z.; Yan, D.-Y.; Liu, C.; Deng, Y.; Liu, W.; Xu, Z.-F.; Xu, B. Alpha-Synuclein and Calpains Disrupt SNARE-Mediated
Synaptic Vesicle Fusion During Manganese Exposure in SH-SY5Y Cells. Cells 2018, 7, 258. [CrossRef]

14. Bhat, S.; El-Kasaby, A.; Freissmuth, M.; Sucic, S. Functional and Biochemical Consequences of Disease Variants in Neurotransmitter
Transporters: A Special Emphasis on Folding and Trafficking Deficits. Pharmacol. Ther. 2020, 222, 107785. [CrossRef] [PubMed]

15. Erustes, A.; Stefani, F.Y.; Terashima, J.Y.; Stilhano, R.S.; Monteforte, P.T.; Pereira, G.; Han, S.W.; Calgarotto, A.K.; Hsu, Y.-T.;
Ureshino, R.; et al. Overexpression of α-synuclein in an astrocyte cell line promotes autophagy inhibition and apoptosis.
J. Neurosci. Res. 2018, 96, 160–171. [CrossRef] [PubMed]

16. Menzies, F.M.; Fleming, A.; Caricasole, A.; Bento, C.F.; Andrews, S.P.; Ashkenazi, A.; Füllgrabe, J.; Jackson, A.; Sanchez, M.J.;
Karabiyik, C.; et al. Autophagy and Neurodegeneration: Pathogenic Mechanisms and Therapeutic Opportunities. Neuron 2017,
93, 1015–1034. [CrossRef]

17. Menzies, F.M.; Fleming, A.; Rubinsztein, D.C. Compromised autophagy and neurodegenerative diseases. Nat. Rev. Neurosci.
2015, 16, 345–357. [CrossRef]

18. Kim, H.; Park, J.-H.; Kim, K. Lipid-like components released from degenerating dopaminergic neurons trigger the dynamic
migration of microglia. Biochem. Biophys. Res. Commun. 2012, 426, 18–25. [CrossRef]

19. Hallett, P.J.; Engelender, S.; Isacson, O. Lipid and immune abnormalities causing age-dependent neurodegeneration and
Parkinson’s disease. J. Neuroinflamm. 2019, 16, 153. [CrossRef] [PubMed]

20. Settembre, C.; Ballabio, A. TFEB regulates autophagy: An integrated coordination of cellular degradation and recycling processes.
Autophagy 2011, 7, 1379–1381. [CrossRef] [PubMed]

21. Chao, X.; Wang, S.; Zhao, K.; Li, Y.; Williams, J.A.; Li, T.; Chavan, H.; Krishnamurthy, P.; He, X.C.; Li, L.; et al. Impaired
TFEB-Mediated Lysosome Biogenesis and Autophagy Promote Chronic Ethanol-Induced Liver Injury and Steatosis in Mice.
Gastroenterology 2018, 155, 865–879.e12. [CrossRef]

22. Decressac, M.; Bjorklund, A. TFEB: Pathogenic role and therapeutic target in Parkinson disease. Autophagy 2013, 9, 1244–1246.
[CrossRef]

23. Lastres-Becker, I.; Ulusoy, A.; Innamorato, N.G.; Sahin, G.; Rabano, A.; Kirik, D.; Cuadrado, A. Alpha-Synuclein expression and
Nrf2 deficiency cooperate to aggravate protein aggregation, neuronal death and inflammation in early-stage Parkinson’s disease.
Hum. Mol. Genet. 2012, 21, 3173–3192. [CrossRef] [PubMed]

24. Fu, M.-H.; Wu, C.-W.; Lee, Y.-C.; Hung, C.-Y.; Chen, I.-C.; Wu, K.L. Nrf2 activation attenuates the early suppression of
mitochondrial respiration due to the α-synuclein overexpression. Biomed. J. 2018, 41, 169–183. [CrossRef]

25. Lee, J.A.; Son, H.J.; Choi, J.W.; Kim, J.; Han, S.H.; Shin, N.; Kim, J.H.; Kim, S.J.; Heo, J.Y.; Kim, D.J.; et al. Activation of the Nrf2
signaling pathway and neuroprotection of nigral dopaminergic neurons by a novel synthetic compound KMS99220. Neurochem.
Int. 2018, 112, 96–107. [CrossRef] [PubMed]

26. Bieberich, E. It’s a Lipid’s World: Bioactive Lipid Metabolism and Signaling in Neural Stem Cell Differentiation. Neurochem. Res.
2012, 37, 1208–1229. [CrossRef]

27. Pennetta, G.; Welte, M.A. Emerging Links between Lipid Droplets and Motor Neuron Diseases. Dev. Cell 2018, 45, 427–432.
[CrossRef] [PubMed]

28. Barber, C.N.; Raben, D.M. Lipid Metabolism Crosstalk in the Brain: Glia and Neurons. Front. Cell. Neurosci. 2019, 13, 212.
[CrossRef]

29. Sidransky, E.; Nalls, M.A.; Aasly, J.O.; Aharon-Peretz, J.; Annesi, G.; Barbosa, E.R.; Bar-Shira, A.; Berg, D.; Bras, J.; Brice, A.; et al.
Multicenter analysis of glucocerebrosidase mutations in Parkinson’s disease. N. Engl. J. Med. 2009, 361, 1651–1661. [CrossRef]

30. Mitsui, J.; Mizuta, I.; Toyoda, A.; Ashida, R.; Takahashi, Y.; Goto, J.; Fukuda, Y.; Date, H.; Iwata, A.; Yamamoto, M.; et al. Mutations
for Gaucher Disease Confer High Susceptibility to Parkinson Disease. Arch. Neurol. 2009, 66, 571–576. [CrossRef]

31. Petrucci, S.; Ginevrino, M.; Trezzi, I.; Monfrini, E.; Ricciardi, L.; Albanese, A.; Avenali, M.; Barone, P.; Bentivoglio, A.R.; Bonifati,
V.; et al. GBA-Related Parkinson’s Disease: Dissection of Genotype-Phenotype Correlates in a Large Italian Cohort. Mov. Disord.
Off. J. Mov. Disord. Soc. 2020, 35, 2106–2111. [CrossRef]

32. Liu, L.; Zhang, K.; Sandoval, H.; Yamamoto, S.; Jaiswal, M.; Sanz, E.; Li, Z.; Hui, J.; Graham, B.; Quintana, A.; et al. Glial Lipid
Droplets and ROS Induced by Mitochondrial Defects Promote Neurodegeneration. Cell 2015, 160, 177–190. [CrossRef]

33. Ikenaka, K.; Suzuki, M.; Mochizuki, H.; Nagai, Y. Lipids as Trans-Acting Effectors for α-Synuclein in the Pathogenesis of
Parkinson’s Disease. Front. Neurosci. 2019, 13, 693. [CrossRef] [PubMed]

http://doi.org/10.1093/hmg/ddv314
http://doi.org/10.1016/j.cmet.2018.05.019
http://www.ncbi.nlm.nih.gov/pubmed/29909971
http://doi.org/10.1523/JNEUROSCI.2569-15.2016
http://doi.org/10.1074/jbc.M704097200
http://doi.org/10.3390/cells7120258
http://doi.org/10.1016/j.pharmthera.2020.107785
http://www.ncbi.nlm.nih.gov/pubmed/33310157
http://doi.org/10.1002/jnr.24092
http://www.ncbi.nlm.nih.gov/pubmed/28573674
http://doi.org/10.1016/j.neuron.2017.01.022
http://doi.org/10.1038/nrn3961
http://doi.org/10.1016/j.bbrc.2012.07.167
http://doi.org/10.1186/s12974-019-1532-2
http://www.ncbi.nlm.nih.gov/pubmed/31331333
http://doi.org/10.4161/auto.7.11.17166
http://www.ncbi.nlm.nih.gov/pubmed/21785263
http://doi.org/10.1053/j.gastro.2018.05.027
http://doi.org/10.4161/auto.25044
http://doi.org/10.1093/hmg/dds143
http://www.ncbi.nlm.nih.gov/pubmed/22513881
http://doi.org/10.1016/j.bj.2018.02.005
http://doi.org/10.1016/j.neuint.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29158022
http://doi.org/10.1007/s11064-011-0698-5
http://doi.org/10.1016/j.devcel.2018.05.002
http://www.ncbi.nlm.nih.gov/pubmed/29787708
http://doi.org/10.3389/fncel.2019.00212
http://doi.org/10.1056/NEJMoa0901281
http://doi.org/10.1001/archneurol.2009.72
http://doi.org/10.1002/mds.28195
http://doi.org/10.1016/j.cell.2014.12.019
http://doi.org/10.3389/fnins.2019.00693
http://www.ncbi.nlm.nih.gov/pubmed/31333408


Int. J. Mol. Sci. 2021, 22, 6469 16 of 17

34. Ugalde, C.L.; Lawson, V.A.; Finkelstein, D.I.; Hill, A.F. The role of lipids in α-synuclein misfolding and neurotoxicity. J. Biol.
Chem. 2019, 294, 9016–9028. [CrossRef]

35. Alcalay, R.N.; Levy, O.A.; Waters, C.C.; Fahn, S.; Ford, B.; Kuo, S.H.; Mazzoni, P.; Pauciulo, M.W.; Nichols, W.C.; Gan-Or, Z.;
et al. Glucocerebrosidase activity in Parkinson’s disease with and without GBA mutations. Brain J. Neurol. 2015, 138, 2648–2658.
[CrossRef] [PubMed]

36. Bras, J.; Singleton, A.; Cookson, M.R.; Hardy, J. Emerging pathways in genetic Parkinson’s disease: Potential role of ceramide
metabolism in Lewy body diseas. FEBS J. 2008, 275, 5767–5773. [CrossRef] [PubMed]

37. Plotegher, N.; Bubacco, L.; Greggio, E.; Civiero, L. Ceramides in Parkinson’s Disease: From Recent Evidence to New Hypotheses.
Front. Neurosci. 2019, 13, 330. [CrossRef] [PubMed]

38. Cheng, D.; Jenner, A.M.; Shui, G.; Cheong, W.F.; Mitchell, T.W.; Nealon, J.R.; Kim, W.S.; McCann, H.; Wenk, M.R.; Halliday, G.M.;
et al. Lipid pathway alterations in Parkinson’s disease primary visual cortex. PLoS ONE 2011, 6, e17299. [CrossRef] [PubMed]

39. Pujol-Lereis, L.M. Alteration of Sphingolipids in Biofluids: Implications for Neurodegenerative Diseases. Int. J. Mol. Sci. 2019, 20,
3564. [CrossRef]

40. Mielke, M.M.; Maetzler, W.; Haughey, N.J.; Bandaru, V.V.; Savica, R.; Deuschle, C.; Gasser, T.; Hauser, A.K.; Graber-Sultan, S.;
Schleicher, E.; et al. Plasma ceramide and glucosylceramide metabolism is altered in sporadic Parkinson’s disease and associated
with cognitive impairment: A pilot study. PLoS ONE 2013, 8, e73094. [CrossRef]

41. Xing, Y.; Tang, Y.; Zhao, L.; Wang, Q.; Qin, W.; Zhang, J.-L.; Jia, J. Plasma Ceramides and Neuropsychiatric Symptoms of
Alzheimer’s Disease. J. Alzheimer’s Dis. 2016, 52, 1029–1035. [CrossRef]

42. García-Sanz, P.; Orgaz, L.; Fuentes, J.M.; Vicario, C.; Moratalla, R. Cholesterol and multilamellar bodies: Lysosomal dysfunction
in GBA-Parkinson disease. Autophagy 2018, 14, 717–718. [CrossRef] [PubMed]

43. Murphy, K.E.; Gysbers, A.M.; Abbott, S.K.; Tayebi, N.; Kim, W.S.; Sidransky, E.; Cooper, A.; Garner, B.; Halliday, G.M. Reduced
glucocerebrosidase is associated with increased α-synuclein in sporadic Parkinson’s disease. Brain 2014, 137, 834–848. [CrossRef]

44. Strettoi, E.; Gargini, M.C.; Novelli, E.; Sala, G.; Piano, I.; Gasco, P.; Ghidoni, R. Inhibition of ceramide biosynthesis preserves
photoreceptor structure and function in a mouse model of retinitis pigmentosa. Proc. Natl. Acad. Sci. USA 2010, 107, 18706–18711.
[CrossRef] [PubMed]

45. Mingione, A.; Cas, M.D.; Bonezzi, F.; Caretti, A.; Piccoli, M.; Anastasia, L.; Ghidoni, R.; Paroni, R.; Signorelli, P. Inhibition of
Sphingolipid Synthesis as a Phenotype-Modifying Therapy in Cystic Fibrosis. Cell. Physiol. Biochem. 2020, 54, 110–125. [CrossRef]
[PubMed]

46. Ozbey, G.; Nemutlu-Samur, D.; Parlak, H.; Yildirim, S.; Aslan, M.; Tanriover, G.; Agar, A. Metformin protects rotenone-induced
dopaminergic neurodegeneration by reducing lipid peroxidation. Pharmacol. Rep. 2020, 72, 1397–1406. [CrossRef]

47. Chen, F.; Chen, H.; Chen, Y.; Wei, W.; Sun, Y.; Zhang, L.; Cui, L.; Wang, Y. Dysfunction of the SNARE complex in neurological and
psychiatric disorders. Pharmacol. Res. 2021, 165, 105469. [CrossRef]

48. Plotegher, N.; Stringari, C.; Jahid, S.; Veronesi, M.; Girotto, S.; Gratton, E.; Bubacco, L. NADH fluorescence lifetime is an
endogenous reporter of α-synuclein aggregation in live cells. FASEB J. 2015, 29, 2484–2494. [CrossRef]

49. Signorelli, P.; Pivari, F.; Barcella, M.; Merelli, I.; Zulueta, A.; Cas, M.D.; Rosso, L.; Ghidoni, R.; Caretti, A.; Paroni, R.; et al. Myriocin
modulates the altered lipid metabolism and storage in cystic fibrosis. Cell. Signal. 2021, 81, 109928. [CrossRef]

50. Cas, M.D.; Zulueta, A.; Mingione, A.; Caretti, A.; Ghidoni, R.; Signorelli, P.; Paroni, R. An Innovative Lipidomic Workflow to
Investigate the Lipid Profile in a Cystic Fibrosis Cell Line. Cells 2020, 9, 1197. [CrossRef]

51. Mingione, A.; Ottaviano, E.; Barcella, M.; Merelli, I.; Rosso, L.; Armeni, T.; Cirilli, N.; Ghidoni, R.; Borghi, E.; Signorelli, P. Cystic
Fibrosis Defective Response to Infection Involves Autophagy and Lipid Metabolism. Cells 2020, 9, 1845. [CrossRef]

52. Bonezzi, F.; Piccoli, M.; Cas, M.D.; Paroni, R.; Mingione, A.; Monasky, M.M.; Caretti, A.; Riganti, C.; Ghidoni, R.; Pappone, C.; et al.
Sphingolipid Synthesis Inhibition by Myriocin Administration Enhances Lipid Consumption and Ameliorates Lipid Response to
Myocardial Ischemia Reperfusion Injury. Front. Physiol. 2019, 10, 986. [CrossRef] [PubMed]

53. Sugano, E.; Edwards, G.; Saha, S.; Wilmott, L.A.; Grambergs, R.C.; Mondal, K.; Qi, H.; Stiles, M.; Tomita, H.; Mandal, N.A.
Overexpression of acid ceramidase (ASAH1) protects retinal cells (ARPE19) from oxidative stress. J. Lipid Res. 2019, 60, 30–43.
[CrossRef] [PubMed]

54. Checa, A.; Khademi, M.; Sar, D.G.; Haeggström, J.Z.; Lundberg, J.O.; Piehl, F.; Olsson, T.; Wheelock, C.E. Hexosylceramides as
intrathecal markers of worsening disability in multiple sclerosis. Mult. Scler. J. 2015, 21, 1271–1279. [CrossRef] [PubMed]

55. Jones, E.E.; Zhang, W.; Zhao, X.; Quiason, C.; Dale, S.; Shahidi-Latham, S.; Grabowski, G.A.; Setchell, K.D.R.; Drake, R.R.;
Sun, Y. Tissue Localization of Glycosphingolipid Accumulation in a Gaucher Disease Mouse Brain by LC-ESI-MS/MS and
High-Resolution MALDI Imaging Mass Spectrometry. SLAS Discov. Adv. Life Sci. R&D 2017, 22, 1218–1228. [CrossRef]

56. Burré, J. The Synaptic Function of α-Synuclein. J. Park. Dis. 2015, 5, 699–713. [CrossRef]
57. Bridi, J.C.; Hirth, F. Mechanisms of alpha-Synuclein Induced Synaptopathy in Parkinson’s Disease. Front. Neurosci. 2018, 12, 80.

[CrossRef] [PubMed]
58. McCormack, A.; Keating, D.J.; Chegeni, N.; Colella, A.; Wang, J.J.; Chataway, T. Abundance of Synaptic Vesicle-Related Proteins

in Alpha-Synuclein-Containing Protein Inclusions Suggests a Targeted Formation Mechanism. Neurotox. Res. 2019, 35, 883–897.
[CrossRef]

http://doi.org/10.1074/jbc.REV119.007500
http://doi.org/10.1093/brain/awv179
http://www.ncbi.nlm.nih.gov/pubmed/26117366
http://doi.org/10.1111/j.1742-4658.2008.06709.x
http://www.ncbi.nlm.nih.gov/pubmed/19021754
http://doi.org/10.3389/fnins.2019.00330
http://www.ncbi.nlm.nih.gov/pubmed/31001082
http://doi.org/10.1371/journal.pone.0017299
http://www.ncbi.nlm.nih.gov/pubmed/21387008
http://doi.org/10.3390/ijms20143564
http://doi.org/10.1371/journal.pone.0073094
http://doi.org/10.3233/JAD-151158
http://doi.org/10.1080/15548627.2018.1427396
http://www.ncbi.nlm.nih.gov/pubmed/29368986
http://doi.org/10.1093/brain/awt367
http://doi.org/10.1073/pnas.1007644107
http://www.ncbi.nlm.nih.gov/pubmed/20937879
http://doi.org/10.33594/000000208
http://www.ncbi.nlm.nih.gov/pubmed/31999897
http://doi.org/10.1007/s43440-020-00095-1
http://doi.org/10.1016/j.phrs.2021.105469
http://doi.org/10.1096/fj.14-260281
http://doi.org/10.1016/j.cellsig.2021.109928
http://doi.org/10.3390/cells9051197
http://doi.org/10.3390/cells9081845
http://doi.org/10.3389/fphys.2019.00986
http://www.ncbi.nlm.nih.gov/pubmed/31447688
http://doi.org/10.1194/jlr.M082198
http://www.ncbi.nlm.nih.gov/pubmed/30413652
http://doi.org/10.1177/1352458514561908
http://www.ncbi.nlm.nih.gov/pubmed/25480867
http://doi.org/10.1177/2472555217719372
http://doi.org/10.3233/JPD-150642
http://doi.org/10.3389/fnins.2018.00080
http://www.ncbi.nlm.nih.gov/pubmed/29515354
http://doi.org/10.1007/s12640-019-00014-0


Int. J. Mol. Sci. 2021, 22, 6469 17 of 17

59. Agliardi, C.; Meloni, M.; Guerini, F.R.; Zanzottera, M.; Bolognesi, E.; Baglio, F.; Clerici, M. Oligomeric alpha-Syn and SNARE
complex proteins in peripheral extracellular vesicles of neural origin are biomarkers for Parkinson’s disease. Neurobiol. Dis. 2021,
148, 105185. [CrossRef]

60. Korecka, J.A.; Van Kesteren, R.E.; Blaas, E.; Spitzer, S.O.; Kamstra, J.; Smit, A.B.; Swaab, D.F.; Verhaagen, J.; Bossers, K. Phenotypic
Characterization of Retinoic Acid Differentiated SH-SY5Y Cells by Transcriptional Profiling. PLoS ONE 2013, 8, e63862. [CrossRef]

61. Streubel-Gallasch, L.; Giusti, V.; Sandre, M.; Tessari, I.; Plotegher, N.; Giusto, E.; Masato, A.; Iovino, L.; Battisti, I.; Arrigoni, G.;
et al. Parkinson’s Disease-Associated LRRK2 Interferes with Astrocyte-Mediated Alpha-Synuclein Clearance. Mol. Neurobiol.
2021. [CrossRef]

62. Burrello, J.; Biemmi, V.; Cas, M.D.; Amongero, M.; Bolis, S.; Lazzarini, E.; Bollini, S.; Vassalli, G.; Paroni, R.; Barile, L. Sphingolipid
composition of circulating extracellular vesicles after myocardial ischemia. Sci. Rep. 2020, 10, 1–14. [CrossRef]

63. Mingione, A.; Verdelli, C.; Ferrero, S.; Vaira, V.; Guarnieri, V.; Scillitani, A.; Vicentini, L.; Balza, G.; Beretta, E.; Terranegra, A.; et al.
Filamin A is reduced and contributes to the CASR sensitivity in human parathyroid tumors. J. Mol. Endocrinol. 2017, 58, 91–103.
[CrossRef]

64. Bolte, S.; Cordelières, F.P. A guided tour into subcellular colocalization analysis in light microscopy. J. Microsc. 2006, 224, 213–232.
[CrossRef] [PubMed]

65. Mingione, A.; Maruca, K.; Chiappori, F.; Pivari, F.; Brasacchio, C.; Quirino, T.; Merelli, I.; Soldati, L.; Bonfanti, P.; Mora, S. High
parathyroid hormone concentration in tenofovir-treated patients are due to inhibition of calcium-sensing receptor activity. Biomed.
Pharmacother. 2018, 97, 969–974. [CrossRef] [PubMed]

66. Jinn, S.; Drolet, R.E.; Cramer, P.E.; Wong, A.H.-K.; Toolan, D.M.; Gretzula, C.A.; Voleti, B.; Vassileva, G.; Disa, J.; Tadin-Strapps,
M.; et al. TMEM175 deficiency impairs lysosomal and mitochondrial function and increases α-synuclein aggregation. Proc. Natl.
Acad. Sci. USA 2017, 114, 2389–2394. [CrossRef] [PubMed]

http://doi.org/10.1016/j.nbd.2020.105185
http://doi.org/10.1371/journal.pone.0063862
http://doi.org/10.1007/s12035-021-02327-8
http://doi.org/10.1038/s41598-020-73411-7
http://doi.org/10.1530/JME-16-0184
http://doi.org/10.1111/j.1365-2818.2006.01706.x
http://www.ncbi.nlm.nih.gov/pubmed/17210054
http://doi.org/10.1016/j.biopha.2017.11.037
http://www.ncbi.nlm.nih.gov/pubmed/29136775
http://doi.org/10.1073/pnas.1616332114
http://www.ncbi.nlm.nih.gov/pubmed/28193887

	Introduction 
	Results 
	Myriocin Reduces the Amount of Intracellular -Syn in SH-SY5Y Cells Treated with Preformed Fibrils 
	Myriocin Induces Autophagy and Lysosomal -Syn Localization in the PD Cell Model 
	Myriocin Modulates Sphingolipids and Reduces Inflammation and Oxidative Stress in PD Cell Model 
	Myriocin Restores the Expression of Genes Involved in Intracellular Transport and Synaptic Release in the PD Cellular Model 

	Discussion 
	Materials and Methods 
	Reagents and Antibodies 
	Cells and Treatments 
	Preparation of Preformed -Syn Fibrils 
	Lipid Analysis 
	Microscopy Analysis 
	ELISA Kit 
	Protein Extraction and Western Blotting 
	RNA Extraction and qRT-PCR 
	Statistical Analysis 

	Conclusions 
	References

