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A B S T R A C T   

Disruption of brain cholesterol homeostasis has been implicated in neurodegeneration. Nevertheless, the role of 
cholesterol in Parkinson’s Disease (PD) remains unclear. We have used N2a mouse neuroblastoma cells and 
primary cultures of mouse neurons and 1-methyl-4-phenylpyridinium (MPP+), a known mitochondrial complex I 
inhibitor and the toxic metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), known to trigger a 
cascade of events associated with PD neuropathological features. Simultaneously, we utilized other mitochon-
drial toxins, including antimycin A, oligomycin, and carbonyl cyanide chlorophenylhydrazone. MPP+ treatment 
resulted in elevated levels of total cholesterol and in a Niemann Pick type C1 (NPC1)-like phenotype charac-
terized by accumulation of cholesterol in lysosomes. Interestingly, NPC1 mRNA levels were specifically reduced 
by MPP+. The decrease in NPC1 levels was also seen in midbrain and striatum from MPTP-treated mice and in 
primary cultures of neurons treated with MPP+. Together with the MPP+-dependent increase in intracellular 
cholesterol levels in N2a cells, we observed an increase in 5′ adenosine monophosphate-activated protein kinase 
(AMPK) phosphorylation and a concomitant increase in the phosphorylated levels of mammalian target of 
rapamycin (mTOR). NPC1 knockout delayed cell death induced by acute mitochondrial damage, suggesting that 
transient cholesterol accumulation in lysosomes could be a protective mechanism against MPTP/MPP+ insult. 
Interestingly, we observed a negative correlation between NPC1 protein levels and disease stage, in human PD 
brain samples. In summary, MPP+ decreases NPC1 levels, elevates lysosomal cholesterol accumulation and alters 
mTOR signaling, adding to the existing notion that PD may rise from alterations in mitochondrial-lysosomal 
communication.   

1. Introduction 

Cholesterol has a broad range of roles in the central nervous system. 
As an indispensable constituent of cell membranes, lipid rafts and 
myelin sheets, it is crucial for neurite outgrowth, dendritic spine 
maintenance, and synaptic function [1]. Although disruption in 
cholesterol metabolism has been associated with neurodegenerative 
disorders such as Alzheimer’s and Huntington’s disease, its role in 
Parkinson’s disease (PD) is still debatable. PD is the second most com-
mon aged associated neurodegenerative disease, characterized by motor 
symptoms, as a consequence of the progressive loss of dopaminergic 

neurons in the Substantia Nigra pars compacta (SNpc) [2]. Research 
conducted on the brains of individuals with Parkinson’s disease reveals a 
decrease in mitochondrial complex I activity, elevated generation of 
reactive oxygen species (ROS), and an inadequate antioxidant capacity. 
These findings indicate that mitochondrial dysfunction plays a vital role 
in the progression of neurodegenerative processes. [3,4]. Furthermore, 
the use of mitochondrial complex I inhibitors, including rotenone, 1- 
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and its toxic 
metabolite 1-methyl-4-phenylpyridinium (MPP+), triggers a series of 
events that result in parkinsonism and the development of neuropath-
ological characteristics observed in both humans and animal models of 
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the disease [5–9]. 
While the correlation between the disturbance of cholesterol ho-

meostasis and neurodegeneration is well-established, the direct impact 
on mitochondrial function has only been demonstrated more recently. 
Mitochondrial cholesterol loading is a pivotal factor in the pathogenesis 
of various neurological disorders linked to mitochondrial dysfunction, 
such as Alzheimer’s and Niemann Pick type C (NPC) disease. The dele-
terious effects of mitochondrial cholesterol accumulation involve the 
disruption of the mitochondrial membrane’s physical properties, which 
hinders the transportation of glutathione into the mitochondrial matrix, 
consequently compromising antioxidant defences (for review see [10]). 

These studies underline the role of cholesterol in mitochondrial 
function; nevertheless, the impact of defective mitochondria on 
cholesterol homeostasis has not been fully addressed. Since mitochon-
dria act as signaling platforms, linking metabolism to cellular bio-
energetics and cell fate, and since this organelle can regulate lysosomal 
function, it is plausible that they may also disturb cholesterol meta-
bolism and intracellular trafficking. Interestingly, genome-wide associ-
ation studies have pinpointed SREBF1 as a genetic risk locus for PD [11], 
while a genome-wide RNAi screen identified the protein encoded by 
SREBF1, the sterol-responsive element binding protein 1 (SREBP1), as a 
regulator of the PTEN-induced kinase 1 (PINK1)/parkin mitophagy 
pathway [12]. In rodents, the identification of Srebf1 as a vital tran-
scriptional regulator in midbrain dopaminergic neurogenesis suggests 
that interventions targeting the levels or function of SREBP1 could 
potentially serve as valuable therapeutics. These interventions may help 
prevent the loss of midbrain dopaminergic neurons or facilitate the 
generation of new ones, offering potential benefits for cell replacement 
therapy in Parkinson’s disease (PD) [13]. In line with this, a decrease in 
cholesterol synthesis is suggested to be involved in PD [14]. While 
parkin, an E3 ubiquitin ligase encoded by PARK2, which is mutated in 
patients suffering from early onset familial forms of PD, regulates sys-
temic lipid metabolism, the modulation of cholesterol biosynthesis 
controls parkin expression [15]. Interestingly, in single-cell tran-
scriptomics of human iPSC-derived dopaminergic neurons, Fernandes 
and collaborators, found a population of dopaminergic neurons with an 
expression pattern similar to the one observed in human adult dopa-
minergic neurons, that presented an upregulation in the expression 
levels of cholesterol biosynthesis genes, in comparison with other 
neuronal populations [16]. The authors also observed a downregulation 
of cholesterol biosynthesis genes in these dopaminergic neurons in 
response to oxidative stress, endoplasmic reticulum (ER) stress, and the 
SNCA-A53T mutation. 

Here we aimed to investigate how mitochondrial dysfunction may 
affect neuronal cholesterol homeostasis, and identify potential disease- 
modifying targets in the context of PD. In this study, we show that in-
hibition of mitochondrial complex I in neuronal cells results in a 
decrease in NPC1 expression, and the simultaneous build-up of choles-
terol within lysosomes. Thus, our results support former reports that 
highlight common pathways between PD and lysosomal storage disor-
ders [17]. 

2. Materials and methods 

2.1. Reagents and supplements 

Dulbecco’s Modified Eagle Medium (DMEM), Eagle’s Minimum 
Essential Medium (MEM), Ham’s F-12 1× Medium and Fetal Bovine 
Serum (FBS) were purchased from Corning (Life Sciences, MA, USA). 
Opti-Minimum Essential Medium (Opti-MEM), MEM Non-Essential 
Amino Acids Solution 100×, Hank’s balanced salt solution (HBSS), 
penicillin-streptomycin solution, L-glutamine, 0.05 % trypsin solution, 
Neurobasal medium, B27 supplement, gentamicin and TripLE Express 
were acquired from Gibco® (Thermo Fisher Scientific Inc., MA, USA). 
Thiazolyl Blue Tetrazolium Bromide used in MTT viability assay, L- 
glutamic acid, poly-d-lysine, Amido Black Staining Solution 2×, Filipin 

III from Streptomyces filipinensis, carbonyl cyanide 3-chlorophenylhydra-
zone (CCCP), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
and 1-methyl-4-phenylpyridinium (MPP+), antimycin A and oligomycin 
were bought from Merck (Sigma Aldrich Inc., MO, USA). Proteinase 
inhibitors, DNAse I Recombinant Kit, Cytotoxicity Detection Kit PLUS 
(LDH) and β-galactosidase Reporter Gene Assay (chemiluminescent) 
were purchased from Roche Applied Science (Penzberg, Germany). 
Bovine serum albumin (BSA), polyvinyl difluoride (PVDF) membranes 
and SuperSignal™ West Femto were obtained from Thermo Fisher Sci-
entific Inc. 30 % Acrylamide/Bis-acrylamide and Bio-Rad Protein Assay 
Reagent were obtained from BioRad Laboratories Inc. (CA, USA). So-
dium dodecyl sulfate (SDS) 20 % and NZYTech Reverse Transcriptase Kit 
was acquired from NZYTech Lda (Lisbon, Portugal). Lipofectamine 3000 
and Amplex Red Cholesterol Assay Kit were purchased from Invi-
trogenTM (Thermo Fisher Scientific Inc). NucSpot 470 Nuclear Stain and 
ATP-GloTM Bioluminometric Cell Viability Assay Kit were obtained 
from Biotium (CA, USA). WesternBright™ ECL was purchased from 
Advansta (CA, USA). TRIzol Reagent was bought from Ambion (Thermo 
Fisher Scientific Inc., USA). 

2.2. Antibodies 

The primary antibodies used in Western Blot analysis were pur-
chased as follow: rabbit anti-mTOR (Cat. #2972), rabbit anti-p-mTOR 
(Ser2448) (Cat. #2971), rabbit anti-AMPKα (Cat. #2532) and rabbit 
anti-pAMPKα (Thr172) (Cat. #2535) from Cell Signaling Technology 
Inc. (MA, USA); rabbit anti-p70S6K (Cat. #AF8962), rabbit anti- 
pp70S6K (T421/S424) (Cat. #AF8965) from R&D Systems (MN, USA) 
and rabbit anti-NPC1 form Novus Bio (Cat. #NB400-148). The goat anti- 
rabbit horseradish peroxidase (Cat. #1706515) secondary antibody, was 
acquired from BioRad Laboratories Inc. For the immunocytochemistry 
assays, the primary antibody rat anti-LAMP2 (Cat. #sc19991) was ac-
quired from Santa Cruz Biotechnology Inc. (Dallas, TX, USA), whereas 
the secondary goat anti-rat Alexa Fluor 594 was obtained from Thermo 
Fisher Scientific Inc. 

2.3. Animal treatments and dissection 

Animal experiments were conducted under the Institutional Portu-
guese and European guidelines (Diário da República, n.◦ 151/2013, 
Série I de 2013-08-07; and 2010/63/EU European Council Directive), 
and approved by the Direção Geral de Alimentação e Veterinária and 
Órgão Responsável pelo Bem-Estar Animal (ORBEA) of the Faculty of 
Pharmacy, Universidade de Lisboa (License nr 1885/2021). Male 
C57BL/6 wild-type mice, aged twelve weeks, were acquired from Har-
lan. Mice were maintained under controlled conditions, including a 12-h 
light-dark cycle, constant temperature (22–24 ◦C), humidity (50–60 %), 
and provided ad libitum access to standard diet and water, in the FFU-
Lisboa Animal House – Campus Lumiar. The animals were separated into 
three groups depending on the treatment regimen. Animals treated with 
MPTP received a single acute i.p. injection of 40 mg/kg body weight and 
were later sacrificed 3 h or 6 h post-injection, whereas control mice were 
injected i.p. with a saline solution and were sacrificed 6 h after injection. 
All mice were anesthetized with isoflurane, decapitated, and the brains 
were collected and separated into hemispheres. One hemisphere was 
used for immunohistochemistry and was immediately fixed with 4 % 
paraformaldehyde and further processed for cryostat sectioning, while 
the midbrain and striatum brain regions were dissected as previously 
described [6–9], and frozen in liquid nitrogen. 

2.4. Human brain samples 

Human brain samples from Parkinson’s disease patients and matched 
controls were obtained from The Netherlands Brain Bank (Project 1525- 
NBB; open access: www.brainbank.nl), following their ethical guide-
lines. All material was collected from donors from whom a written 

I. Caria et al.                                                                                                                                                                                                                                    

http://www.brainbank.nl


BBA - Molecular Basis of Disease 1870 (2024) 166980

3

consent for a brain autopsy and the use of material and clinical infor-
mation for research purposes had been obtained by the NBB. Mesen-
cephalon tissue samples of 4 PD patients (age range: 68–79; m/f: 3/1) 
and 4 control subjects (age range: 77–92; m/f; 2/2), obtained with a 
short post-mortem delay, were selected based on clinical diagnosis and 
confirmed by neuropathological evaluation. Control cases had no known 
clinical history of dementia or motor disturbance and the cause of death 
was unrelated to the central nervoussystem. 

2.5. Cell culture and drug treatments 

N2a mouse neuroblastoma cells were cultured at 37 ◦C and 5 % CO2 
in humidified atmosphere, in 1:1 (v/v) Opti-MEM/high glucose DMEM 
media, supplemented with 10 % heat inactivated FBS, 2 mM L-gluta-
mine, penicillin (100 U/mL) and streptomycin (100 μg/mL). For West-
ern Blot and RT-qPCR analysis, cells were treated with vehicle or 
mitochondrial toxins for 6 or 16 h. MPP+ was used in the concentrations 
of 250 μM or 1 mM, CCCP in 20 μM, antimimycin A in 1 μM and oli-
gomycin in the dosage of 2 μM. For immunocytochemistry assays, cells 
were treated with vehicle, 1 mM of MPP+ or 20 μM CCCP for 16 h. 
Quantification of intracellular cholesterol levels by Amplex Red was 
performed after treatment with vehicle or 100 μM, 250 μM and 1 mM 
MPP+, or 10 μM and 20 μM CCCP for 6 and 24 h. ATP levels were 
measured in cells treated for 3 h with 100 μM, 250 μM, 500 μM and 1 
mM MPP+. 

The SH-SY5Y human neuroblastoma cell line knockout for NPC1 was 
kindly offered by Dr. Daniel Grinberg, Universitat de Barcelona (SH- 
NPC). WT and NPC1 knockdown cells, were maintained in monolayer in 
1:1 (v/v) Eagle’s MEM/Hams F12 media, supplemented with 10 % heat 
inactivated FBS, 2 mM L-glutamine, penicillin (100 U/mL) and strepto-
mycin (100 μg/mL). The positive selection was maintained by the 
addition of 500 μg/mL G418 Sulfate (Gibco®, Thermo Fisher Scientific 
Inc.), to the culture medium. Evaluation of cell death and viability was 
done after treating cells with vehicle or 500 μM, 1 mM and 2 mM of 
MPP+ for 24 and 72 h. 

Primary cultures of mouse cortical neurons were prepared from 15- 
to 17-day-old CD-1 mouse fetuses, as previously described [9,18]. 
Pregnant mice were sacrificed in a CO2 chamber and the embryos were 
collected in HBSS with Ca2+ and Mg2+ and quickly decapitated. After 
removal of olfactory bulbs, white matter and meninges, the brain cortex 
was collected in HBSS without Ca2+ and Mg2+ (HBSS-2). The cortex was 
then mechanically fragmented, transferred into a 0.05 % trypsin solu-
tion, and incubated for 15 min at 37 ◦C. Following trypsinization, cells 
were washed twice with a solution of HBSS-2 and 10 % FBS, and sub-
sequently resuspended in plating medium – Neurobasal medium sup-
plemented with 2 % B27 supplement, 25 μM L-glutamic acid, 0.5 mM L- 
glutamine and 12 mg/mL gentamicin. Isolated neurons were plated with 
a density of 500–650 cells/mm2 on culture plates pre-coated with poly- 
D-lysine and maintained at 37 ◦C in a humidified atmosphere of 5 % CO2. 
Cells were maintained for 10 to 13 DIV before treatments. Half of the 
medium was renewed every 3–4 days, and glutamic acid was only added 
into the medium when plating the cells. All the subsequent media 
changes and cell treatments were free from glutamic acid. 

2.6. Preparation of total protein cell and tissue extracts 

For total protein cell extraction, after PBS washing, N2a cells were 
collected in lysis buffer (50 mM Tris-HCl pH 7.4, 180 mM NaCl, 1 mM 
EDTA, 1 % Triton-X100, 1 mM DTT, 10 mM NaF, 1.25 mM Na3VO4 and 
1× protease inhibitors). Total protein extracts from mouse midbrain and 
striatum were prepared from a pool of two different MPTP-treated mice 
brains from the same experimental group, which were mixed, homog-
enized and resuspended in cell lysis buffer 1× (Cell Signaling Technol-
ogy) supplemented with 1 mM DTT, 1.25 mM Na3VO4 and 1× protease 
inhibitors, as previously described [6–9]. Afterwards, the samples were 
subjected to four cycles of sonication, each lasting 4 s, and subsequently 

centrifuged at 13,000 ×g for 15 min at 4 ◦C. Protein concentration was 
quantified using the Bradford method (Bio-Rad Protein Assay Reagent). 
Total protein extracts from Human brain samples were prepared as 
described for mouse samples. 

2.7. Western blot analysis 

Total protein extracts from N2a cells or mouse midbrain and striatum 
were denatured for 5 min at 95 ◦C using a mixture of 1:1 (v/v) sample/ 
2× SDS sample buffer (0.25 M Tris-HCl pH 6.8, 4 % SDS, 4 % glycerol, 1 
% β-mercaptoethanol and bromophenol blue). Afterward, proteins were 
resolved on 7.5 % or 10 % SDS-polyacrylamide (37.5:1 crosslinker ratio) 
gel electrophoresis (SDS-PAGE) and transferred to a PVDF membrane. 
For immunodetection, the membranes were blocked in 5 % dry non-fat 
milk in Tris-buffered saline-tween (TBS-T, 20 mM Tris-HCl pH 7.6, 150 
mM NaCl, 0.1 % Tween-20) for 1 h and incubated overnight at 4 ◦C (with 
agitation in a cold chamber) with the specific primary antibodies: rabbit 
anti-p-mammalian target of rapamycin (mTOR) (1:500 5 % BSA in TBS- 
T), rabbit anti-mTOR (1:1000 5 % BSA in TBS-T), rabbit anti-p-AMPK α 
(1:1000 3 % BSA in TBS-T), rabbit anti-AMPKα (1:1000 5 % BSA in TBS- 
T), rabbit anti-p-protein S6 kinase beta-1 (p70S6K) (1:1000 3 % BSA in 
TBS-T), rabbit anti-p70S6K (1:1000 5 % BSA in TBS-T) and rabbit anti- 
NPC1 (1:1000 5 % BSA in TBS-T), After rinsing with TBS-T, membranes 
were incubated with goat anti-rabbit secondary antibody, conjugated 
with horseradish peroxidase (1:5000 5 % non-fat dry milk) in TBS-T for 
1 h at room temperature with agitation. The immunocomplexes were 
visualized by chemiluminescence detection using WesternBright™ ECL 
or SuperSigmal™ West Femto reagents in ChemiDoc™ MP Imaging 
System (Bio-Rad, USA). The amido Black staining was used as loading 
control. Results were analysed using Image Lab Software Version 5.0 
build 18 (Bio-Rad Laboratories, USA) and are displayed as fold induction 
from control samples. 

2.8. Isolation of total RNA 

Total RNA was isolated from N2a cells and from midbrain and 
striatum samples of control and MPTP-treated animals, using the TRIzol 
reagent. Briefly, cells and brain tissue were lysed in TRIzol Reagent and 
incubated at room temperature for 5 min. For each mL of TRIzol used, 
0.2 mL of chloroform was added. Then, samples were vigorously 
agitated for 15 s, incubated 2 to 3 min at room temperature and 
centrifuged at 12,000 ×g for 15 min at 4 ◦C. The aqueous phase was 
recovered, and RNA was precipitated by adding 0.5 mL of isopropanol 
for each mL of TRIzol used, followed by an incubation for 10 min at 
room temperature. After centrifugation at 12,000 ×g for 10 min at 4 ◦C, 
the resulting pellet was washed with 70 % ethanol and airdried. Finally, 
the extracts were resuspended in nuclease-free water and incubated for 
10 min at 55 ◦C. RNA was quantified in the Nanodrop spectrophotom-
eter (Thermo Scientific, USA). 

2.9. Quantitative polymerase chain reaction (RT-qPCR) 

Firstly, 1 μg of RNA from each sample was digested with 0.1 U/μL 
DNAse I Recombinant enzyme for 20 min at 37 ◦C, followed by 10 min at 
75 ◦C, in a VWR Thermal Cycler (VWR International LLC, USA). cDNA 
synthesis was performed with 5 ng/μL mM random hexamers, 0.5 mM 
dNTP mix and 5 U/μL of NZY Reverse Transcriptase enzyme (NZYTech), 
according to the manufacturer’s instructions. The heating program was 
as follows: 10 min at 25 ◦C, 50 min at 50 ◦C, and 5 min at 85 ◦C. 

For RT-qPCR, SensiFAST™ SYBR® Hi-ROX Kit (Bioline, UK) and 
specific primers for each target gene (Table 1) were used. The Quant-
Studio 7 Flex Real-Time PCR System (Thermo Fisher Scientific, USA) 
was used following a cycling program of an initial incubation of 2 min at 
95 ◦C, and 40 cycles of 5 s at 95 ◦C and 20 s at 60 ◦C. Each sample was 
assayed in duplicate and the mRNA levels were normalized to the level 
of Eukaryotic elongation factor 1-alpha (Eef). Reference genes were 
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selected using the NormFinder software [19] and results are presented 
as fold induction over controls, using the ΔΔCt method. Statistical 
analysis was performed using the ΔCt values. 

2.10. Luciferase gene reporter assay 

N2a cells were transfected with Lipofectamine 3000 using 2 μL of 
reagent per microgram of DNA. Cells were transfected with pLDLR- 
luciferase reporter plasmid [26] and CMV-β-galactosidase plasmid. 
The pLDLR-luciferase reporter plasmid contains the sterol responsive 
element (SRE) of the low lipoprotein receptor (LDLR) promotor up-
stream of the luciferase gene. N2a cells were plated at a density of 
20,000 cells transfected with 50 ng of DNA in each well of a 96-well 
plate, in duplicates. Growth medium was replaced in the following 
day, and cells were treated as described above. After treatments, cells 
were washed with PBS and lysed in β-galactosidase reporter gene assay 
lysis buffer 1×. Luciferase and β-galactosidase activity were measured as 
previously described [27]. All readings were performed in FB 12 
luminometer (Berthold Detection Systems, Germany). Normalization of 
the luciferase activity was based on β-galactosidase activity and results 
are presented as fold induction over control samples. 

2.11. Amplex Red cholesterol assay 

The Amplex Red Cholesterol Assay Kit was used according to the 
manufacturer’s instructions. Specifically, cells were lysed in reaction 
buffer, sonicated four times for 4 s and centrifuged at 13,000 ×g for 10 
min at 4 ◦C. In a 96-well plate, the recovered supernatant was diluted 
10× in reaction buffer, to a final volume of 50 μL. In parallel, a 
cholesterol calibration curve and a negative control without cholesterol 
were prepared. Reaction was initiated with the addition of 50 μL of a 
solution containing 300 μM Amplex Red reagent, 2 U/mL horseradish 
peroxidase, 2 U/mL cholesterol oxidase and 0.2 U/mL cholesterol 
esterase in reaction buffer. To measure free cholesterol levels, 50 μL of 
the same solution but without cholesterol esterase was added to the 
samples. Each condition was assayed in duplicate. The levels of esteri-
fied cholesterol were obtained by subtracting the values of free choles-
terol from total cholesterol levels. After incubation for 30 min at 37 ◦C, 
the microplate was read in GloMax Multi+ Detection System (Promega 
Corporation, USA) at 590 nm. The background fluorescence was cor-
rected by subtracting the negative control and normalization of the re-
sults was obtained through protein quantification using Bio-Rad Protein 
Assay Reagent. The Amplex Red Cholesterol Assay kit was also used to 
quantify cholesterol levels in midbrain and striatum of control and 
MPTP-treated mice, using the total protein extracts previously described 
diluted 1:50 in reaction buffer 1×. 

2.12. Immunocytochemistry 

N2a cells were washed with PBS and fixed for 10 min at room tem-
perature with 4 % paraformaldehyde in PBS. After, samples were rinsed 
and incubated with blocking solution (10 % fetal bovine serum, 0,05 % 
Tween-20 in PBS) for 45 min at room temperature. Incubation with the 
primary antibody anti-lysosomal-associated membrane protein 2 
(LAMP2) (1:200 in blocking solution) was performed overnight at 4 ◦C, 
in a humid chamber. Then, the cells were washed with PBS and incu-
bated for 2 h at room temperature with a cocktail of donkey anti-rat 
Alexa Fluor 594 secondary antibody (1:200), and 50 ng/μL Filipin III 
from Streptomyces filipinensis. After rinsing, nuclei were stained with 
NucSpot 470 Nuclear Stain in PBS for 30 min at room temperature. All 
images were acquired in an AxioScope.A1 microscope with an AxioCam 
HR camera (Zeiss, Germany), using 400× magnification in at least ten 
representative random fields. The time of exposure was set for treated 
samples. Quantification of total fluorescence and colocalization was 
performed with ImageJ 1.52i software (National Institutes of Health, 
USA) and results are shown as fold induction over control samples. 

For free cholesterol staining, mice brain slices were dyed with filipin 
III (F4767, Sigma-Aldrich). Briefly, the slices were air-dried and rehy-
drated in phosphate buffer saline, and, posteriorly, 0.05 mg/mL filipin 
III in PBS 1x was added for 2 h in a humid chamber protected from light 
and at room temperature. The slices were then washed in phosphate 
buffer saline and mounted. Fluorescence visualization was performed in 
an AxioScope.A1 microscope with an AxioCam HRm camera. 

2.13. ATP levels 

Measurement of ATP levels was done using ATP-Glo™ Bio-
luminometric Cell Viability Assay Kit according to the manufacturer’s 
protocol. ATP levels were measured in FB 12 luminometer, after adding 
1:1 (v/v) of ATP-Glo detection cocktail (0.4 mg/mL D-luciferin, 1:100 
(v/v) firefly luciferase in ATP-Glo assay solution) and sample, as pre-
viously described [28]. Each condition was assayed in triplicate. The 
results were normalized by accessing the amount of protein present by 
Bradford quantification using Bio-Rad Protein Assay Reagent and are 
expressed as fold induction over control samples. 

2.14. MTT viability assay 

The MTT viability assay was done according to MTT Assay Protocol 
for Cell Viability and Proliferation guidelines from Sigma Aldrich Inc. 
For this, after drug treatments, the reconstituted Thiazolyl Blue Tetra-
zolium Bromide solution was added to cells in a final concentration of 
0.5 mg/mL, following incubation in a humidified atmosphere of 37 ◦C 
with 5 % CO2 for 2 h. Then, the supernatant was removed, and the 
formazan crystals were dissolved in 100 μL of DMSO. Absorbance was 

Table 1 
Details of the mouse primers used for RT-qPCR.  

Gene Forward primer Reverse primer Ref. 

Acat1 5′ GAAGGCTCACTCATTTGTCAGA 3′ 5′ GTCTCGGTAAATAAGTGTAGGCG 3′  
ApoE 5′ CTTCTGGGATTACCTGCGCT 3′ 5′ GTCCTCCATCAGTACCGTTCAG 3′  
Ctsd 5′ GCCTCCGGTCTTTGACAACTT 3′ 5′ CACCAAGCATTAGTTCTCCTCC 3′  
Cyp46a1 5′ CGACGCCAGCCATTCCTCCTT 3′ 5′ AGAGTCCCATAGCCAACCACAAGA 3′  
Eef 5′ ACACGTAGATTCCGGCAAGT 3′ 5′ AGGAGCCTTTTCCCATCTC 3′ [20] 
Hmgcr 5′ CCGGCAACAACAAGATCTGTG 3′ 5′ ATGTACAGGATGGCGATGCA 3′ [21] 
Hmgs 5′ GTCTCCTTGCTTTGCTCGTTC 3′ 5′ GGACAGAGAACTGTGGTCTCC 3′ [22] 
Lamp1 5′ GACGGTGACCAGAGCGTT C 3′ 5′ GTGGGCACTAGGGCATCAG 3′  
Ldlr 5′ GAACTCAGGGCCTCTGTCTG 3′ 5′ AGCAGGCTGGATGTCTCTGT 3′ [23] 
Lipa 5′ TTTAGTCTTGGCTCCCGTG 3′ 5′ CCAAACATGTCCTTGAGAAGAG 3′  
Lss 5′ CCCTGAACTATGTGGCTCT 3′ 5′ ATAGGGTGTTGAGTCCTTCC 3′  
Mvk 5′ ATCGGTATTAAGCAGGTGTG 3′ 5′ GATTGCCAGGTACAGGTAGA 3′  
Npc1 5′ TGGAGAGTGTGGAATTGCGAC 3′ 5′ GGACACCTGGACAGG AACTG 3′  
Tfeb 5′ CCACCCCAGCCATCAACAC 3′ 5′ CAGACAGATACTCCCGAACCTT 3′ [24] 
Srebp2 5′ GCG TTC TGG AGA CCA TGG A 3′ 5′ ACAAAGTTGCTCTGAAAACAAATCA 3′ [25]  
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measured at 570 nm (reference value) and 620 nm (background value) 
using a Varioskan LUX Multimode Microplate Reader (Thermo Fisher 
Scientific Inc.). Results are presented as the percentage of viability 
which was calculated by subtracting the background from the reference 
values, and relative to the control samples. Each condition was assayed 
in triplicate. 

2.15. LDH cytotoxicity assay 

Evaluation of cell death was done by measuring the lactate dehy-
drogenase (LDH) levels in the supernatant using the Cytotoxicity 
Detection Kit PLUS. Accordingly, after the drug treatments, the culture 
supernatant was recovered and centrifuged at 250 ×g for 5 min to 
remove cell debris. A low control that contained only media and a high 
control that contained media with briefly lysed cells were also prepared. 
Each condition was assayed in triplicate. In a new 96-well plate, 50 μL of 
supernatant was mixed with 50 μL of the LDH assay solution and incu-
bated at room temperature protected from light for 20 min. All absor-
bance readings were performed in Varioskan LUX Multimode Microplate 
Reader at 490 nm (reference value) and 690 nm (background value). 
Results are represented as percentage of cytotoxicity relative to the high 
control sample (lysed cells). 

2.16. Statistical analysis 

Data comparisons were evaluated using unpaired Student’s t-test or 
Mann-Whitney test or Wilcoxon Signed Rank Test in case of non- 
parametric data. Additionally, one-way analysis of variance (ANOVA) 
followed by post hoc Tukey’s or Dunnett’s multiple comparisons test, and 
Kruskal-Wallis test followed by Dunn’s for non-parametric data were 
also used for the statistical analysis. Analyses and graphics were 

performed using GraphPad Prism software version 9.0. (GraphPad 
Software Inc., San Diego, CA, USA). Results correspond to mean values 
± standard error of the mean (SEM) and values of p < 0.05 were 
considered statistically significant. 

3. Results 

3.1. Effect of mitochondrial toxins on cholesterol homeostasis in neuronal 
cells 

To determine if mitochondrial dysfunction affects cellular choles-
terol homeostasis, we used N2a neuroblastoma cells treated with two 
mitochondrial toxins: MPP+ and CCCP (Fig. 1). The MPP+ mode of ac-
tion parallels the mitochondrial dysfunction observed post-mortem in 
brains of PD patients, by blocking the multi-subunit enzyme NADH- 
ubiquinone oxidoreductase in the complex I of the electron transport 
chain. This causes a decrease in mitochondrial oxidative phosphoryla-
tion and an increase in oxidative stress [29]. CCCP functions as a 
powerful mitochondrial uncoupling agent, enhancing proton perme-
ability across the inner membrane of the mitochondria. This, in turn, 
leads to the dissipation of the transmembrane potential and subsequent 
depolarization of the mitochondria [30]. 

Treatment of N2a cells with 1 mM MPP+ led to a significant increase 
in the levels of total and free cholesterol after 6 (p < 0.01) and 24 h (p <
0.05) (Fig. 1A), whereas treatment with CCCP did not affect cholesterol 
accumulation at the same time points (Fig. 1B). Consequently, distinc-
tive types of mitochondrial damage result in specific outcomes regarding 
intracellular cholesterol build-up, with the administration of MPP+

causing a swift elevation in cholesterol levels. 

Fig. 1. MPP+ treatment increases cholesterol levels in N2a neuroblastoma cells. Quantification of total (upper panel) and free cholesterol (lower panel) in N2a 
neuroblastoma cells treated with vehicle or 100 μM, 250 μM and 1 mM MPP+ (A), or 10 μM and 20 μM CCCP (B) for 6 and 24 h. Cholesterol levels were determined in 
duplicates using the Amplex Red cholesterol assay. The results are expressed as fold induction over vehicle-treated cells and represent mean values ± SEM obtained 
from at least five independent experiences. Statistical analysis was performed by one-way ANOVA followed by Dunnett’s multiple comparisons test (*p < 0.05; **p 
< 0.01). 

I. Caria et al.                                                                                                                                                                                                                                    



BBA - Molecular Basis of Disease 1870 (2024) 166980

6

3.2. MPP+ reduces NPC1 expression in neuronal cells 

In situations of energy crisis, anabolic pathways such as cholesterol 
biosynthesis are often repressed. Since MPP+ treatment caused an 
overall increase in cholesterol levels in N2a neuroblastoma cells, we 
assessed if this could be due to an increase in cholesterogenic gene 
expression, by directly affecting SREBP2 mRNA expression levels, or by 
altering cholesterol uptake, efflux or intracellular trafficking. To that 
end, we treated N2a cells with 1 mM MPP+ for 16 h and quantified the 
mRNA levels of ApoE, Srebf2, and its canonical target genes Hmgcs1, 
Hmgcr, Ldlr, and Npc1 by RT-qPCR (Fig. 2). In addition, to gain a deeper 
comprehension of the impact of mitochondrial damage on cholesterol 
accumulation, we also treated cells with 20 μM CCCP, and with other 
compounds that mimic mitochondrial oxidative defects such as 1 μM 
antimycin-A, which inhibits complex III [31], and 2 μM oligomycin, 
which blocks ATP synthase [32]. 

Results presented in Fig. 2 show that the mRNA levels of Srebf2 were 
significantly reduced by all the compounds tested, including MPP+ (15 
%), antimycin-A (35 %), oligomycin (50 %), and CCCP (50 %). The 
mRNA levels of the SREBP2 target genes Hmgcs, Hmgcr and Ldlr, were 
also significantly and concomitantly decreased by the mitochondrial 
toxins MPP+, antimycin-A, and oligomycin. Although our results 
showed a clear trend, CCCP did not lead to a significant decrease in the 
mRNA levels of these genes. ApoE expression was only significantly 
reduced by antimycin-A. Interestingly, the mRNA levels of NPC1, that 
mediates cholesterol export from lysosomes and is implicated in the 
lysosomal storage disease Niemman-Pick type C disease [33], were 
specifically decreased by MPP+ to approximately 50 % of control levels 
(p < 0.01). 

3.3. MPP+ treatment leads to lysosomal cholesterol accumulation in 
neuronal cells 

Impaired egress resulting from loss-of-function mutations in either 

the NPC1 or NPC2 genes leads to the accumulation of unesterified 
cholesterol in late endosomes/lysosomes, ultimately causing lysosomal 
dysfunction and neuronal cell death [33]. Since our results showed that 
MPP+ leads to a decrease in Npc1 transcripts, we assessed if there were 
any changes in intracellular cholesterol distribution. N2a cells treated 
with MPP+, antimycin A, oligomycin, and CCCP were labeled with fili-
pin III together with immunocytochemistry for LAMP2 (Fig. 3). Filipin 
III, derived from Streptomyces filipinensis, is a natural fluorescent anti-
biotic that exhibits specific affinity for free cholesterol. Its binding 
properties enable the visualization of cholesterol accumulation patterns 
in cells. [34]. Overlapping this signal with the LAMP2 immunocyto-
chemistry pattern allowed us to determine if cholesterol was sequestered 
in lysosomes. 

Interestingly, MPP+ treatment increased filipin III fluorescence per 
cell, to approximately 1.5-fold relative to control values (p < 0.001), 
reflecting an increase in free cholesterol levels (Fig. 3B). In contrast, the 
other compounds did not affect free cholesterol accumulation. 
Furthermore, treatment with mitochondrial toxins did not significantly 
affect LAMP2 immunocytochemistry patterns, but the relative LAMP2 
fluorescence doubled in CCCP-treated cells (Fig. 3C). 

Co-localization analysis of filipin III and LAMP2 immunofluores-
cence signals showed that although there was no overall redistribution 
of cholesterol in the cell (Fig. 3D1), there was a 1.4-fold increase in free 
cholesterol detected in lysosomes (Fig. 3D2). These results corroborate 
those depicted in Fig. 1 and indicate that the observed increase in 
cholesterol levels is due to its accumulation in lysosomes. As a positive 
control, we have used U18666A. U18666A is a compound that can 
mimic the accumulation of unesterified cholesterol in late-endosomal/ 
lysosomal compartments similar to that occurring in NPC1-deficient 
cells (Supplementary Fig. 1). 

Drug-induced impairment of mitochondrial function has been shown 
to elicit stress signaling pathways that regulate lysosome biogenesis that 
could mediate the observed increase in lysosomal cholesterol levels 
[35]. Therefore, we evaluated by RT-qPCR analysis the mRNA levels of 

Fig. 2. MPP+ reduces NPC1 mRNA levels in N2a neuroblastoma cells. RT-qPCR analysis of the mRNA levels of genes involved in biosynthesis (Srebf2, Hmgcs, and 
Hmgcr), efflux (ApoE), uptake (Ldlr) and intracellular cholesterol transport (Npc1), in N2a neuronal cells treated with different mitochondrial toxins. N2a neuro-
blastoma cells were treated 1 mM MPP+, 1 μM antimycin A (ANTI), 2 μM oligomycin (OLIGO) or 20 μM CCCP for 16 h. Samples were assayed in duplicate and values 
were normalized to the internal standard Eef. Data is represented as mean values ± SEM from at least five individual experiments and is expressed as fold change over 
control. Statistical analysis was performed by Student’s t-test for MPP+ and one-way ANOVA followed by Dunnett’s multiple comparisons test for ANTI, OLIGO and 
CCCP treatments (*p < 0.05; **p < 0.01; ***p < 0.001 vs vehicle treated cells). 
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Fig. 3. MPP+ treatment induces unesterified cholesterol accumulation in the late endosome/lysosome pathway. A) N2a neuroblastoma cells were treated with 
vehicle, 1 mM of MPP+, 1 μM antimycin A (ANTI), 2 μM oligomycin (OLIGO) or 20 μM CCCP for 16 h. After fixation, cells were labeled with filipin III and NucSpot, 
and immunostained with LAMP2. Images are representative of filipin III (blue), LAMP2 (red) and nuclei (green), and co-localized pixels of LAMP2 with filipin III 
(white). In the lower panel higher magnification images are shown. Scale bar: 20 μm. The quantification of relative fluorescence for filipin III (B) and LAMP2 (C) was 
done using the values of average fluorescence normalized to total cell number. Results are represented as mean values ± SEM from at least four individual ex-
periments and is expressed as fold change over control. D) Colocalization was determined using Mander’s co-occurrence values from JaCoP plugin in ImageJ software 
(National Institutes of Health, USA). Data is represented as fold induction from control samples in mean values ± SEM, from fourteen independent experiences. (*p <
0.05; **p < 0.01). Statistical analysis was performed by Kruskal Wallis followed by Dunn’s multiple comparisons test (B and C) or by Student’s t-test (D). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

I. Caria et al.                                                                                                                                                                                                                                    



BBA - Molecular Basis of Disease 1870 (2024) 166980

8

Tfeb, and TFEB-lysosomal target genes in N2a neuroblastoma cells 
treated with vehicle or with the mitochondrial drugs for 16 h (Fig. 4). As 
TFEB targets, we selected lysosomal-associated membrane protein 1 
(Lamp1), the lysosomal protease cathepsin D (Ctsd) and lipase A lyso-
somal acid type (Lipa). We observed a reduction of approximately 50 % 
in Tfeb mRNA levels in cells treated with MPP+, suggesting a decrease in 
lysosomal biogenesis (p < 0.05). However, at least at this time-point, 
Ctsd mRNA levels in the same samples were 1.5-fold higher than in 
controls (p < 0.05). Our results also show that oligomycin significantly 
reduced Lipa mRNA levels (p < 0.001). 

In agreement with our previous results, we show that different 
mitochondrial drugs used to induce mitochondrial oxidative defects lead 
to different cellular outcomes in terms of intracellular cholesterol 
accumulation. Indeed, concomitantly to its effect on the downregulation 
of NPC1, MPP+ treatment leads to an increase in cholesterol accumu-
lation in lysosomes. 

3.4. MPP+ leads to AMPK activation and decreased SREBP2 activity 

Our results suggest that mitochondrial dysfunction induced by MPP+

leads on one hand to a reduction in cholesterogenic gene expression, and 
on the other hand to an increase in intracellular cholesterol levels, likely 
due to its accumulation in the endo-lysosomal pathway. The mutual 
dependence between mitochondria and lysosomes is emphasized by 
numerous lines of evidence. For instance, it has been shown that under 
acute mitochondrial stress, AMPK is activated and results in mTORC1 
inhibition [36]. In addition to the interaction with mTORC1, AMPK 
directly phosphorylates and negatively regulates HMGCR, the rate 
limiting enzyme in the cholesterol synthesis pathway [37]. The AMPKα 
subunit also associates with the precursor and nuclear forms of SREBP1 
or SREBP2 isoforms to inhibit their activity [38]. Moreover, in NPC 
disease, loss of NPC1 function induces cholesterol build-up within ly-
sosomes, resulting in hyperactivation of mTORC1, impaired mitochon-
drial function, and subsequent neurodegeneration [39]. 

Although the role of NPC1 loss-of-function mutations on aberrant 
cholesterol-mTORC1 signaling has been investigated [39], the effect of 
MPP+-dependent downregulation of NPC1 on mTORC1 activity has not 
been addressed. Thus, we focused on investigating the activation of the 
AMPK/mTOR signaling pathway, given its importance in regulating 
lipid metabolism, and because its activation has been described within 
the context of PD [40–44]. 

To confirm that MPP+ leads to a rapid decrease in cellular energy 
levels in N2a cells, we treated cells with vehicle or with increasing 
concentrations of MPP+ for 3 h, and measured ATP levels (Fig. 5A). As 
expected, we observed a dose-dependent decrease in ATP levels, 
reaching up to 50 % in cells treated with 1 mM MPP+. Western Blot 
analysis was used to determine the phosphorylation levels of AMPK 
(Fig. 5B). We observed an early and transient increase in AMPK phos-
phorylation after MPP+ treatment. Indeed, when neuronal cells were 
treated with 1 mM MPP+ for 6 h, the ratio between phosphorylated (p- 
AMPK) and total AMPK protein was increased by approximately 3.5-fold 
(p < 0.05), while no changes were detected after 16 h of MPP+ treat-
ment, when compared with vehicle-treated cells. 

As mentioned before, the expression of cholesterogenic genes is 
under the strict control of the endoplasmic reticulum membrane-bound 
transcription factor SREBP2. SREBPs require a two-step proteolytic 
cleavage to generate a smaller active form, capable of entering the nu-
cleus and binding to sterol regulatory elements (SRE) sequences in the 
promoters of the target genes [45]. To investigate if MPP+ treatment 
leads to changes in the transcriptional activity of SREBP, we performed a 
reporter gene assay using the pLDLR-luc plasmid, which contains the 
SRE-sequence of the LDLR promoter upstream of the luciferase gene 
[26]. N2a cells were transfected with the pLDLR-luc reporter plasmid 
and 24 h after treated with vehicle or 250 μM MPP+, for 24 h (Fig. 5C). 
We observed a significant decrease in luciferase activity after MPP+

treatment (approximately 55 %; p < 0.001), suggesting a decrease in 
SREBP2 transcriptional activity which correlates with the decrease in 
the mRNA levels of SREBP2 target genes involved in cholesterol 

Fig. 4. MPP+ treatment leads to changes in the expression levels of genes involved in late endosomes/lysosome pathways in N2a neuroblastoma cells. RT-qPCR 
analysis of the mRNA levels of genes involved in LE/LY pathway (Lamp1, Tfeb, Lipa and CtsD), in N2a neuronal cells treated with vehicle, 1 mM MPP+, 1 μM 
antimycin A (ANTI), 2 μM oligomycin (OLIGO) or 20 μM CCCP for 16 h. Samples were assayed in duplicate and values were normalized to the internal standard Eef 
(eukaryotic translation elongation factor). For the mRNA analysis Student’s t-test was performed for MPP+ and one-way ANOVA followed by Dunnett’s multiple 
comparisons test for ANTI, OLIGO and CCCP treatments (*p < 0.05; ***p < 0.001 vs vehicle treated cells). 
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synthesis and uptake (Fig. 2). 
We next analysed the phosphorylation levels of mTOR, as well as the 

phosphorylation of p70 S6 Kinase, as a measure of mTORC1 activity 
(Fig. 6). 

Interestingly, our results show a transient 1.6-fold increase in the p- 
mTOR/mTOR ratio 6 h after treatment with 1 mM MPP+ (Fig. 6). 
Contrary to what was expected, we did not observe a concomitant in-
crease in the phosphorylation levels of p70 S6 Kinase (Fig. 6). The 
cellular response to CCCP treatment, differed from MPP+ since we did 
not observe any alteration in mTOR phosphorylation 6 h after treatment 
(Fig. 7B). Nevertheless, and as expected, we observe a 3.7 and 3-fold 

increase in p-AMPK/AMPK ratio 6 and 16 h after CCCP administration 
(Fig. 7A). Together, our results suggest that, in neuronal cells, MPP+

leads to a decrease in SREBP transcriptional activity, either due to AMPK 
activation, or in response to the accumulation of cholesterol in lyso-
somes. Concomitantly, we observed an early and transient increase in 
the phosphorylation levels of mTOR. 

3.5. NPC1 knockout protects against MPP+-induced cell death 

To understand if the decrease in NPC1 levels, induced by MPP+ and 
MPTP treatment, might be a protective or a deleterious stress response 

Fig. 5. MPP+ triggers AMPK signaling pathway activation and represses SREBP2 transcriptional activity. A) ATP levels analysis of N2a neuronal cells treated with 
100 μM, 250 μM, 500 μM or 1 mM of MPP+ for 3 h. ATP levels were determined using the ATP Assay Kit and normalized using total protein values. Each condition 
was assayed in triplicate. Results are presented as mean values ± SEM of seven different experiments. Statistical analysis was performed by one-way ANOVA followed 
by Dunnett’s multiple comparisons test (*p < 0.05). B) Western Blot analysis of p-AMPK/AMPK protein levels ratio after treatment with vehicle or 250 μM or 1 mM of 
MPP+ for 6 or 16 h. In the lower panel are representative immunoblots for p-AMPK, AMPK and Amido Black staining. Data is represented as fold induction from 
vehicle-treated cells and is expressed as mean values ± SEM of three different experiments. Statistical analysis was performed by Kruskal Wallis followed by Dunn’s 
multiple comparisons test (*p < 0.05). C) Relative Srebp2 promoter activity in N2a neuronal cells treated with 250 μM MPP+ for 24 h. Cells were transfected with 
pLDLR-luciferase plasmid, containing the luciferase coding-gene downstream to the SRE-sequence of the LDLR promoter. Data is shown as fold induction over the 
promoter activity in vehicle-treated cells, and normalized luciferase activities were expressed as mean values ± SEM of duplicates from six independent experiments. 
Statistical analysis was performed using the Wilcoxon Signed Rank Test (**p < 0.01). 
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Fig. 6. N2a neuronal cells treated with MPP+ show an early and transient induction of mTOR signaling. Western Blot analysis of p-mTOR/mTOR and p-p70/p70 
protein levels ratio, after treatment with vehicle or 250 μM or 1 mM of MPP+ for 6 or 16 h. (A) Results are shown as fold induction from vehicle treated cells and 
expressed as mean values ± SEM of at least three different experiments. (B) Representative immunoblots for p-mTOR, mTOR, p-p70, p70 and Amido Black staining, 
which was used as loading control. Statistical analysis was performed by Kruskal Wallis followed by Dunn’s multiple comparisons test (*p < 0.05). 

Fig. 7. N2a neuronal cells treated with CCCP show later activation of mTOR signaling. Western Blot analysis of (A) p-AMPK/AMPK protein levels ratio and (B) p- 
mTOR/mTOR and p-p70/p70 protein levels ratio, after treatment with vehicle or 20 μM CCCP for 6 h or 16 h. Lower panels show representative immunoblots for p- 
AMPK, AMPK, p-mTOR, mTOR, p-p70, p70 and Amido Black staining, which was used as loading control. Results are shown as fold induction from vehicle treated 
cells and expressed as mean values ± SEM of at least three different experiments. Statistical analysis was performed by Kruskal Wallis followed by Dunn’s multiple 
comparisons test (*p < 0.05). 
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we used a neuronal SH-SY5Y cell line with NPC1 genetic deletion (SH- 
NPC). 

Wild-type SH-SY5Y (SH-WT) and SH-NPC were treated with 
increasing concentrations of MPP+ for 24 h followed by analysis of MTT 
reduction (Fig. 8A). In SH-WT cells we observed a significant decrease in 
MTT reduction of approximately 30, 40 and 57 %, in cells treated with 
0.5, 1 and 2 mM MPP+, respectively. Interestingly, in SH-NPC cells, 
treatment with 0.5 mM MPP+ did not lead to any significant decrease in 
MTT reduction, while treatment with 1 and 2 mM MPP+ decreased cell 
viability by 30 % and 40 %. These results show that when compared to 
SH-WT, SH-NPC cells require higher MPP+ concentrations to undergo a 
similar reduction in cell viability. 

To confirm that the NPC1 knock-out affects the cellular response to 
MPP+ we further determined LDH release, as a measure of cell death. 
SH-WT and SH-NPC were treated with increasing concentrations of 
MPP+ for 72 h and LDH release was determined (Fig. 8B). In SH-WT cells 
we observed a significant increase in LDH release of approximately 54 
and 74 %, in cells treated with 1 and 2 mM MPP+, respectively. Inter-
estingly, in SH-NPC cells, treatment with either 0.5 or 1 mM MPP+ did 
not lead to increased LDH release, while treatment with 2 mM MPP+ did 
(42 %). This further shows that SH-NPC cells are more resistant to 
MPP+-induced cell death compared to SH-WT. 

These results suggest that the transient intracellular cholesterol 

accumulation observed after MPP+ treatment might be a protective 
cellular mechanism triggered in response to mitochondrial damage, 
hampering the activation of signaling pathways that activate cell death 
mechanisms. 

3.6. NPC1 levels are decreased in the striatum and midbrain of MPTP- 
treated mice 

Taking in consideration the changes in cholesterol homeostasis eli-
cited by MPP+ in N2a neuroblastoma cells, we investigated if similar 
alterations could be observed in an in vivo model of PD. Accordingly, we 
firstly analysed whether MPTP was able to trigger cholesterol accumu-
lation in samples of striatum and midbrain of mice treated with a single 
i.p. dose of 40 mg/kg MPTP or saline, and sacrificed 3 or 6 h after in-
jection. The selected time points are due to the close temporal rela-
tionship that exists between the formation of MPP+ - reaching its peak at 
3 h following MPTP treatment - and the inhibition of mitochondrial 
respiration in the CNS by MPP+ [46]. Nevertheless, we could not detect 
any change in the levels of total and free cholesterol (data not shown). 
This was not surprising, since small alterations in intracellular choles-
terol levels are masked by bulk myelin-associated cholesterol in the CNS. 

In agreement with our in vitro data, in the midbrain we could observe 
a time-dependent significant decrease in the levels of Ldlr, Npc1 and Lipa 

Fig. 8. NPC1 knock-out protects against MPP+-induced cell death. SH-SY5Y cells, control (SH-WT) and knock-out for NPC1 (SH-NPC), were treated with increasing 
concentration of MPP+. A) MTT reduction was accessed 24 h after treatment with 0.5, 1 and 2 mM MPP+. Results represent mean values ± SEM of at least ten 
independent experiments performed in triplicates and are expressed as a percentage of MTT reduction relative to the correspondent vehicle-treated cells. B) LDH 
released from cells was determined with the CytoTox96® Non-Radioactive Cytotoxicity Assay kit 72 h after treatment with 0.5, 1 and 2 mM MPP+. Results represent 
mean values ± SEM of at least five independent experiments performed in triplicates and are expressed as a percentage of LDH release in lysed cells. Statistical 
analysis was performed by Kruskal Wallis followed by Dunn’s multiple comparisons test, for the MTT reduction assay, and by one-way ANOVA followed by Dunnett’s 
multiple comparisons test, for the LDH release assay (*p < 0.05, **p < 0.01, ***p < 0.001). 
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transcripts when compared with vehicle-treated controls (Fig. 9A). Npc1 
mRNA levels decreased 55 % 6 h after MPTP treatment, while Ldlr 
decreased about 50 % and Lipa about 30 % in the same samples. In the 
striatum we observed a similar profile, with significant decreases in the 
mRNA levels of Apoe and Npc1 6 h after MPTP treatment, while Lipa 
mRNA levels were already significantly decreased at 3 h, and further 
reduced to 65 % of control values 6 h after MPTP administration 
(Fig. 9A). 

Thus, in the nigro-striatal pathway of mouse brain MPTP adminis-
tration recapitulates the mRNA changes seen in N2a cells after MPP+

treatment, namely a decrease in the expression of genes involved in 
cholesterol-internalization and lysosomal content such as Ldlr, Npc1 and 
Lipa. Such changes further suggest that mitochondrial dysfunction could 
lead to an impairment in cholesterol distribution via late endosomal/ 
lysosomal pathway. 

To further confirm these results, and to determine if the previously 

Fig. 9. NPC1 mRNA levels are downregulated in the midbrain and striatum of MPTP-treated mice. A) RT-qPCR analysis of the mRNA levels of genes involved in 
biosynthesis (Srebf2, Hmgcs, Hmgcr, Mvk and Lss), efflux (ApoE and Cyp46a1), uptake (Ldlr), storage (Acat1 and Lipa) and intracellular cholesterol transport (Npc1). 
Mice were treated with a single i.p. injection of 40 mg/kg of MPTP or saline and sacrificed after 3 or 6 h. Normalization was achieved using the internal standard Eef. 
Data is represented as mean values ± SEM from at least five animals per condition, and each sample was assayed in duplicate. Statistical analysis was performed by 
one-way ANOVA followed by Dunnett’s multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001). B) RT-qPCR analysis of Npc1, Lipa, and Ldlr mRNA levels, in 
primary cultures of mouse cortical neurons 15 days in vitro. Neurons were treated for 3 h with 500 μM MPP+, or for 16 h with 250 μM MPP+. Values were normalized 
using the internal standard Eef. Data is represented as mean values ± SEM from at least five individual experiments, performed with two technical replicates and is 
expressed as fold change over control. Statistical analysis was performed by one-way ANOVA followed by Dunnett’s multiple comparisons test (*p < 0.05; **p <
0.01; ***p < 0.001 vs vehicle treated cells). C) Western Blot analysis of NPC1 protein levels in primary cultures of mouse cortical neurons 15 days in vitro treated for 
3 h with 500 μM MPP+. Left panel show representative immunoblots for NPC1, and β-actin which was used as loading control, and Amido Black staining. Results are 
shown as fold induction over vehicle treated cells and are expressed as mean values ± SEM of at least three different experiments. Statistical analysis was performed 
using Student’s t-test. 
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described changes can be due to gene expression changes that occur in 
neurons, we evaluated the Npc1 mRNA and protein levels in primary 
cultures of mice cortical neurons, and the transcript levels of genes that 
were shown to be downregulated in the midbrain of MPTP-treated mice, 
such as Lipa and Ldlr. In agreement with our in vivo results, treatment 
with 500 μM MPP+ led to an early significant decrease of Npc1 tran-
scripts and protein levels 3 h following MPP+ treatment (Fig. 9B and C). 
This agrees with previous results that show that the effect of MPP+ in 
primary cultures of mice neurons is faster and more striking in com-
parison with neuroblastoma cells, since neurons largely depend on 
oxidative phosphorylation. Due to this fact, for the analysis of MPP+

effect at later time points, we are obliged to treat cells with 250 μM 
MPP+, since higher concentrations induced substantial cell death. 
Interestingly, after an initial downregulation, Npc1 levels are increased 
2-fold 16 h after MPP+ treatment. Similarly, Lipa expression levels are 
downregulated by MPP+ treatment at an early time-point, while no 
changes are detected at the later time point. Surprisingly, Ldlr expression 
shows an opposite response to MPP+ in vitro. 

3.7. NPC1 protein levels are inversely correlated with Braak stage in PD 
patients 

To further corroborate our results, we obtained Human brain sam-
ples from the Netherlands Brain Bank. Mesencephalon tissue samples of 
4 PD patients (age range: 68–79; m/f: 3/1) and 4 control subjects (age 
range: 77–92; m/f; 2/2), were selected based on clinical diagnosis 
confirmed by neuropathological evaluation. Controls had no known 
clinical history of dementia or motor disturbance and the cause of death 
was unrelated to the CNS. We started by evaluating by Western blot 
analysis the protein expression level of NPC1 in total protein extracts 
isolated from the human tissue samples (Fig. 10A). Our results shown a 
high variability in NPC1 expression levels both in controls and PD pa-
tients, and no significant differences were observed. Nevertheless, when 
we correlated NPC1 protein levels normalized to β-actin, with age and 
Braak stage in PD patients and controls, we observed a significant 
negative correlation between NPC1 protein levels and Braak stage, 
showing that as disease progresses, there is a concomitant 

Fig. 10. NPC1 protein levels decrease as Braak stage increases in PD patients. A) NPC1 protein levels were determined in 4 PD patients (PD) and 4 age-matched 
controls (C) by Western blot analysis. In the right panel the immunoblots of NPC1 and the loading control, β-actin is shown. Results are plotted in the right 
panel as fold induction over the mean values of NPC1 levels found in controls ± SEM. Statistical analysis was performed using Student’s t-test. B) Correlation between 
NPC1 protein levels normalized to β-actin, age and Braak stage in PD patients and controls. Each point represents a separate case. The best-fit linear regression (solid 
lines) and 95 % confidence intervals (interrupted lines) are superimposed. Only significant p-values (and associated Pearson correlation coefficient r) are shown. 
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downregulation of NPC1 (Fig. 10B). 

4. Discussion 

In recent years, there has been a growing body of research indicating 
that lysosomal dysfunction plays a vital role in PD, as evidenced by 
genetic, biochemical, and cellular pathway studies [17]. Indeed, vari-
ants in the GBA gene, which encodes for glucocerebrosidase, are 
established as the most common risk factors for PD [47]. Patients 
harboring a GBA mutation exhibit an earlier disease onset, a higher 
likelihood of affected relatives, and an increased tendency for atypical 
clinical manifestations. Additionally, approximately 56 % of Parkinson’s 
disease patients carry at least one potentially deleterious variant in a 
lysosomal storage disorder gene, while 21 % carry multiple alleles [48]. 

Herein, we show that MPP+-induced mitochondrial dysfunction 
leads to an NPC1-like phenotype, characterized by the accumulation of 
unesterified cholesterol within lysosomes. Interestingly, parkinsonian 
syndrome has been described in NPC1 heterozygotes [49,50], while in in 
vitro models of heterozygous and homozygous GBA1 mutations, lyso-
somal dysfunction was accompanied by increased intracellular choles-
terol levels when compared to wild type GBA1 cells [51]. 

By quantifying the levels of total, free and esterified cholesterol, we 
show that N2a neuroblastoma cells have increased cholesterol levels as 
an early response to a high dose of MPP+ treatment. Moreover, this 
outcome seems to be exclusive to the parkinsonism-inducing toxin since 
other drugs that target mitochondrial function did not induce a similar 
response. In agreement, MPP+ specifically reduced NPC1 mRNA levels, 
when compared to the mitochondrial uncoupler CCCP and to other 
mitochondrial toxins (i.e., antimycin-A that targets complex III, and 
oligomycin that targets ATP synthase). The decrease in NPC1, both at 
the mRNA and protein levels, is also observed in primary cultures of 
mouse neurons treated with MPP+. 

The interdependence of cholesterol accumulation and lysosomal 
dysfunction has been well acknowledged in Niemann-Pick type C dis-
ease [52], but this has been hardly addressed in other neurodegenerative 
disorders, although accumulation of cholesterol in lysosomes has been 
associated with defective autophagy. In this case, the maturation of 
autophagosomes is impaired because of defective amphisome formation 
caused by failure in SNARE machinery [53]. 

In parallel with the MPP+-induced accumulation of unesterified 
cholesterol within lysosomes we observed a decrease in the expression 
and transcriptional activity of SREBP2, and in its downstream targets, 
Hmgcs and Hmgcr. Thus, our data suggest that drug-induced mitochon-
drial insult leads to intracellular cholesterol accumulation and conse-
quently to a decrease in SREBP transcriptional activity and a 
downregulation of genes involved in cholesterol synthesis. Since the 
decreased expression of cholesterogenic genes was observed with all the 
mitochondrial toxins tested, the inhibition of cholesterol synthesis is 
most likely a common response to mitochondrial oxidative damage, and 
to the decrease in ATP levels. Interestingly, Wall and colleagues, 
demonstrated that in human fibroblasts, inhibiting the mitochondrial 
respiratory chain results in a decrease in intracellular levels of sterol 
intermediates involved in cholesterol biosynthesis [54]. This research 
also highlights the impact of rotenone and oligomycin A on various 
metabolites within the cholesterol synthesis pathway, with distinct ef-
fects on different parts of the pathway. For instance, while antimycin A, 
but not rotenone, significantly reduced the precursors of sterol synthe-
sis, namely squalene and oxidosqualene, all three mitochondrial in-
hibitors — rotenone, antimycin A, and oligomycin A — showed a 
significant reduction in lanosterol, the initial metabolite dedicated to 
cholesterol synthesis. Furthermore, downstream sterol metabolites such 
as zymosterol, zymostenol, lathosterol, and desmosterol were consis-
tently diminished when the respiratory chain was inhibited, regardless 
of the specific complex affected. Notably, despite the decrease in these 
intermediates, rotenone-induced inhibition led to an elevation in the 
intracellular free cholesterol pool, aligned with our own research 

findings, and suggesting that the effect of MPP+ is probably because of 
complex I inhibition. 

Moreover, not all mitochondrial insults affected the endosomal/ 
lysosomal pathway equally, since there was a specific repression of Npc1 
and of markers of lysosomal biogenesis after treatment with MPP+. 
Interestingly, our results show decreased Tfeb expression after MPP+

treatment. TFEB is a transcription factor that remains in close associa-
tion with lysosomal membranes due to phosphorylation by mTORC1. 
However, during situations of energy depletion, AMPK supresses 
mTORC1 activity resulting in its release. This allows TFEB to reach the 
nucleus, stimulating the expression of various proteins involved in 
lysosomal function [55,56]. 

There is extensive evidence of AMPK activation under stressful 
conditions like oxidative stress [57–59]. For instance, in SH-SY5Y cells 
treated with 2 mM MPP+ there is an increase in p-AMPK levels as soon as 
2 h after treatment, and this activation could be prevented by pre- 
treatment with the antioxidants N-acetylcysteine and butylated 
hydroxyanisole [42]. It is also well documented that under acute 
mitochondrial stress, AMPK is activated which results in mTORC1 in-
hibition [36]. In agreement, our results show an early and transient 
activation of AMPK together with decreased ATP levels. Interestingly, 
we observed that at the same time-point there is an increase in mTOR 
phosphorylation. These findings contradict prior studies that suggested 
that the pharmacologically-induced impairment of mitochondrial 
function leads to mTORC1 inhibition, primarily attributed to AMPK 
activation resulting from decreased energy levels [60]. Contrary, and in 
agreement with our results, it has been described that in mitochondrially 
defective neurons, ribosomal S6 and S6 kinase phosphorylation increase 
over time, despite activation of AMPK [61]. Understanding this para-
doxical simultaneous activation of AMPK and mTORC1 at 6 h of MPP+

treatment requires further studies. Nonetheless, in NPC disease it has 
been reported that loss of NPC1 function leads to mTORC1 hyper-
activation [39]. 

The increase in lysosomal cholesterol levels and the concomitant 
increase in mTOR phosphorylation induced by MPP+ can explain the 
differential effect of MPP+ and CCCP on the activation of autophagy. 
Indeed, we and others have shown that in neuronal cells, CCCP treat-
ment induces the lipidation of LC3II as early as 3 h after treatment [62], 
while autophagy activation is delayed after complex I inhibition [9,63]. 
Autophagy can have both positive and unfavorable consequences, and 
excessive or prolonged activation of autophagy can lead to the degra-
dation of functional mitochondria, which could exacerbate mitochon-
drial dysfunction and contribute to neurodegeneration. Indeed, it is 
possible that the accumulation of cholesterol within the cell, which is 
observed following treatment with MPP+, is a protective cellular 
mechanism activated in response to mitochondrial damage, that may 
delay the activation of signaling pathways that would otherwise trigger 
the induction of cell death. In agreement we observed that cells knock- 
out for NPC1 are more resistant to MPP+-induced cell death compared 
with cells that express this protein. 

Mitochondrial dysfunction may be reversible and delaying auto-
phagy activation could give the cell time to repair the mitochondrial 
damage, rather than disposing of it. Indeed, mitochondria can still 
function to some extent even when complex I is inhibited, and alterna-
tive pathways can counterweigh for the loss of complex I activity. For 
example, complex II (succinate dehydrogenase) can provide electrons to 
the electron transport chain, downstream of complex I, bypassing the 
need for complex I activity [64]. Notably, a comprehensive analysis of 
mitochondrial respiration in neuronal cells following MPP+ treatment 
revealed that before complex I inhibition, there is an augmentation of 
complex II activity, indicating the existence of a compensatory mecha-
nism [65]. Additionally, alternative electron carriers, such as the 
glycerol-3-phosphate shuttle and the electron-transferring flavoprotein 
system, can also contribute to electron transport and maintain mito-
chondrial function in the absence of complex I activity [66]. Delaying 
the activation of autophagy could also give the cell time to mount a 
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proper stress response to the mitochondrial dysfunction. Interestingly, 
the functionality of mitochondrial complex I has emerged as a signifi-
cant contributor to the initiation, extent, and duration of the autophagic 
response. Remarkably, phenformin treatment or genetic impairments in 
complex I have demonstrated the ability to inhibit autophagy induced 
by mTOR inhibitors, while approaches that enhance mitochondrial 
metabolism have shown to augment autophagy [67]. The search for 
autophagy inhibitors through phenotypic screening yielded the identi-
fication of aumitin, a novel compound with potent autophagy inhibitory 
properties [68]. Following target identification and validation, it was 
determined that aumitin exerts its inhibitory effect on mitochondrial 
respiration by specifically targeting complex I. 

In agreement with our in vitro data, MPTP administration re-
capitulates in the nigro-striatal pathway of mouse brain, the decreased 
expression of genes involved in cholesterol uptake and lysosomal con-
tent such as Ldlr, Npc1 and Lipa. Conversely, we did not observe alter-
ations in the levels of total cholesterol (data not shown). This is not 
surprising, since transient cholesterol accumulation would be difficult to 
detect, due to bulk myelin cholesterol. Additionally, the analysis of 
NPC1 levels in human PD brain samples, suggests that the levels of this 
protein progressively decrease with the disease course, which confirms 
our previous results in different in vitro and in vivo models, and high-
lights NPC1 as a player in the pathogenesis of PD. Interestingly, NPC1 
mRNA and protein levels were also shown to be affected in Alzheimer’s 
disease (AD) brain samples, however an up-regulation was detected in 
the hippocampus and frontal cortex of AD when compared to the con-
trols [69]. 

In summary, we demonstrate that in neuronal cells, inhibition of 
mitochondrial complex I by MPP+ leads to reduced NPC1 expression, 
intracellular cholesterol accumulation and altered mTOR signaling, and 
that the knock-out of NPC1 protects cells against cell death induced by 
acute mitochondrial damage. Thus, NPC1 should also be considered a 
potential disease-modifying target in PD. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbadis.2023.166980. 
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