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Abstract 

 

In recent years, a particular interest has focused on the accumulation of fatty acids with very 

long chains (VLCFA) in the occurrence of neurodegenerative diseases such as Alzheimer’s 

disease, multiple sclerosis or dementia. Indeed, it seems increasingly clear that this 

accumulation of VLCFA in the central nervous system is accompanied by a progressive 

demyelination resulting in death of neuronal cells. Nevertheless, molecular mechanisms by 

which VLCFA result in toxicity remain unclear. This study highlights for the first time in 3 

different cellular models (oligodendrocytes 158N, primary mouse brain culture, and patient 

fibroblasts) the types of cell death involved where VLCFA-induced ROS production leads to 

autophagy. The autophagic process protects the cell from this VLCFA-induced toxicity. Very 

interestingly, an omega-3, DHA, is able to inhibit this toxicity. Thus, autophagy in addition to 

oxidative stress can offer new therapeutic approaches. 

 

 

 

Keywords : very long chain fatty acid, autophagy, lipotoxicity, neurodegenerative diseases, 

oxidative stress, DHA, rapamycin 
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Introduction 

Many studies tend to demonstrate the role of exogenous and endogenous factors in brain 

aging, especially in patients with neurodegenerative diseases. Among these factors, some fatty 

acids with very long chains (C ≥ 22) found at abnormally high concentrations seem to induce 

a significant toxicity in the central nervous system. This results in major dysfunctions that are 

found in many neurodegenerative pathologies and genetic diseases. For example, C22:0 

(docosanoic acid or behenic acid) and very long-chain fatty acids (VLCFA, C24:0 

(tetracosanoic acid or lignoceric acid) and C26:0 (hexacosanoic acid or cerotic acid)) 

accumulation was observed in patients with Alzheimer’s disease (AD) with stage V-VI 

suggesting that peroxisome-related alterations in AD, through a VLCFA increase, may 

contribute to the progression of AD pathology [1]. Significant higher levels of C26:0 were 

also found in the plasma and red blood cells of patients with dementia [2]. In multiple 

sclerosis (MS), elevations in C26:0 were also found in MS grey matter [3]. Increased VLCFA 

levels were also found in the serum of MS patients [4]. Degradation of VLCFA by β-

oxidation exclusively occurs in the peroxisome. In MS, this VLCFA accumulation implies the 

peroxisome: changes in the expression of the peroxisomal genes but also to the modification 

of the functionality of the peroxisomal proteins [3]. The neurodegenerative disease where the 

peroxisome was the most studied was X-linked adrenoleukodystrophy (X-ALD). X-ALD 

(OMIM 300100) is a rare genetic neurodegenerative disease and the most common and 

frequent peroxisomal disease. The X-ALD primarily affects male children at a rate of 1/17 

000 births. Several molecular dysfunctions can contribute to VLCFA accumulation; this is 

mainly a decrease in peroxisomal β-oxidation and an increase in the elongation of fatty acids 

[5]. Others mechanisms may also contribute to this accumulation through genetic mutations 

such as the mutations in the gene ABCD1 (Xq28), encoding a peroxisomal member of the 

ATP-binding cassette (ABC) transporter subfamily D: ALDP ("AdrenoLeucoDystrophy 
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Protein") or ABCD1 [6, 7]. This transporter participates in the entry of VLCFA-CoA into the 

peroxisome. The mutations in gene ABCD1 cause loss expression or non-expression of 

functional protein leading to accumulation of VLCFA, mainly C24:0, C26:0 and C26:1, in 

tissue and plasma. This disease is also associated with progressive demyelination within the 

peripheral (PNS) and central nervous system (CNS), adrenal insufficiency and inflammatory 

process in areas of demyelination. In CNS, one of the cause of the demyelination process may 

be due to a loss of oligodendrocytes that are responsible for the synthesis of myelin sheaths, 

which enwrap axonal segments. These myelin alteration phenomena are present in 

demyelinating diseases such as MS and X-ALD. The most suitable study model is to use a 

line of oligodendrocytes, since these are the cells involved in the synthesis of myelin. A better 

understanding of interconnections between accumulation of VLCFA (due to peroxisome 

dysfunction) and oligodendrocyte cell death is still needed because these cells thus play a 

central role in the demyelination process. VLCFA could induce some types of cell death such 

as apoptosis, necrosis ([8] [9]). Nevertheless, the mechanisms are not well described and 

understand. Indeed, other types of death may involve the lysosomes that participate in the 

process of autophagy. The main objective is to determine whether apoptosis or necrosis are 

major phenomena involved in the death of oligodendrocyte cells involved in demyelination 

phenomena or whether there is another process involved such as autophagy. Our results have 

shown that following the accumulation of VLCFA, there is a production of ROS accompanied 

by an autophagic process. This process is a protective process for the accumulation of 

VLCFA, which leads to apoptosis and / or necrosis when it can no longer protect the cells. 
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Material and methods 

Cell culture 

Murine oligodendrocytes cells (158N) were seeded at 5,000–10,000 cells/cm2 either in 

Petri dishes (100 mm in diameter), or 12-well plates, and cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 5% (v/v) heat-inactivated fetal bovine serum and 

1% antibiotics (penicillin, streptomycin). The cells were incubated at 37°C in a humidified 

atmosphere containing 5% CO2, trypsinized (0.05% trypsin-0.02% EDTA solution), and 

passaged twice a week. Human skin X-ALD fibroblasts (Coriell Institute GM17819) and WT 

human skin fibroblasts (Coriell Institute GM03348) were seeded at 7,500 cells/cm2 and grown 

in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum at 37 °C 

under 5% CO2 in the absence of antibiotics. The cells were passaged twice a week. 

 Mixed primary cultures of murine astrocytes and oligodendrocytes were isolated 

from one to three-days-old neonatal BALB/cJRj mice pups (Janvier-Europe), which were 

quickly beheaded. The brains were removed, placed in a Petri dish containing 10 mL DMEM 

medium, then meninges and blood vessels were removed by rolling on a sterilized filter paper. 

The cleaned brains were then placed in Petri dish containing 10 mL of complete medium 

(DMEM/10% FCS/1% antibiotics). Brain tissue, after gently diced into small pieces, has been 

dissociated mechanically on a 100 μm cellular sieve. Cells were harvested in 10 mL of 

complete medium, which were used to seed one 12 wells plate (800 μL/well). Primary 

cultures were incubated at 37°C in a humidified environment with 5% CO2. After 4 days of 

culture, the medium was renewed, and then changed twice a week. After 10 days of culture, 

different treatments were realized.  
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Cell treatments 

C24:0 (tetracosanoic acid) and C26:0 (hexacosanoic acid) were from Sigma–Aldrich 

(St. Louis, MO, USA). They were solubilized in α-cyclodextrin (Sigma–Aldrich) as 

previously described [10]. Final concentration of α-cyclodextrin (vehicle) in the culture 

medium is 1 mg/mL for the highest concentration used in VLCFA [11]. The cells were further 

treated for 6 h, 14 h, 24 h and/or 48 h with various VLCFA concentrations (1, 5, 10, and 20 

µM) and with α-cyclodextrin (50 µM, 0.25 mM, 0.5 mM and 1 mM) in HAM’s-F10 medium 

(medium containing no long chain fatty acid).  

7-ketocholesterol (7KC, used as positive control) was provided by Sigma (L’Isle 

d’Abeau Chesnes, France). The purity of 7KC was determined to be 100% by gaseous phase 

chromatography coupled with mass spectrometry. For all experiments, a stock solution of 

7KC was prepared at a concentration of 800 µg/mL, as previously described [12]. In all 

experiments, 7KC was added to the culture medium at the beginning of culture at a final 

concentration of 20 µg/mL, and treatments were carried out for 24 h. 

 Rapamycin was used as an inducer of autophagy (mTOR inhibitor that inhibits itself 

autophagy) and was provided by Sigma (L’Isle d’Abeau Chesnes, France). A stock solution 

was prepared at 1 mM in DMSO and stored at – 20°C. In all experiments, rapamycin was 

added to the culture medium at the beginning of culture at a final concentration of 5 µM with 

or without VLCFA (versus DMSO alone). Bafilomycin was used as an inhibitor of autophagy 

(inhibition of fusion between the lysosome and autophagosome, blocks the autophagic flux). 

A stock solution was prepared at 400 µM in DMSO and stored at – 20°C. In all experiments, 

bafilomycin was added to the culture medium 4 h before the end of culture at a final 

concentration of 400 nM (versus DMSO alone) with or without VLCFA. 

 3-methyladenin was prepared at 100 mM after light heating in water and used at 7.5 

mM. 
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 Docosahexaenoïc acid (DHA) was prepared at 8 mM in α-cyclodextrin (20 mM), 

conserved at 4°C and added in the culture medium at 50 µM with or without VLCFA. 

 

Analysis of cell morphology by phase contrast microscopy 

Cell morphology was observed after 24 h and 48 h of treatment in the absence or 

presence of VLCFA (1, 5, 10 and 20 µM), 7KC (20 µg/mL) and α-cyclodextrin under an 

inverted-phase contrast microscope (Axiovert 40CFL, Zeiss, Jena, Germany). Digitized 

images were obtained with a camera (Axiocam ICm1, Zeiss). 

 

Colorimetric MTT assay 

MTT assay was carried out on oligodendrocytes and fibroblasts plated in 48-wells flat 

bottom culture plates after 24 h or 48 h of treatment with C24:0 or C26:0 (1, 5, 10, and 20 

µM) or 7KC (20 µg/mL) as previously described. The MTT assay was used to evaluate the 

effects of C24:0 and C26:0 on cell proliferation and/or viability. MTT salt is reduced to 

formazan in the metabolic active cells by dehydrogenase to form NADH and NADPH [13]. 

The plates were read at 570 nm with a microplate reader. 

 

LDH Assay 

Upon cell damage or lysis, lactate dehydrogenase (soluble enzyme located in the 

cytosol) is released in culture medium and can be considered as a measurement of 

cytotoxicity. In LDH cytotoxicity assay kit (Interchim), a coupled two-step reaction was used: 

1) the reduction catalyzed by LDH of NAD+ to NADH and H+ by oxidation of lactate to 

pyruvate, 2) the newly-formed NADH and H+ was used by diaphorase to catalyze the 

reduction of a tetrazolium salt to colored formazan (490-520 nm). For the assay of released 

LDH, 100 µL of the cell supernatants was combined with 100 µL of reaction solution 
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containing NAD+, lactic acid, tetrazolium salt, and diaphorase. LDH standards were used: 25 

µL of LDH standard were added in the first tube with 475 µL de culture medium to obtain a 

concentration of 10 mU/mL (1 unit corresponds to the amount of LDH that catalyzes the 

reaction of 1 µmol of substrate per minute) and then doubling dilutions are realized in culture 

medium. Absorbance at 490 nm was measured after 1 h of incubation with gentle shaking at 

room temperature.  

 

Flow cytometric measurement of cell viability with propidium iodide 

Cell viability was determined with propidium iodide (PI; λExmax = 540 nm, λEmmax = 625 nm, 

Sigma) (1 µg/ml) which binds to DNA by intercalating between the bases only if the plasma 

membrane is damaged as is the case for the dead cells [14]. The red fluorescence was 

quantified by flow cytometry in 10,000 cells on a logarithmic scale of fluorescence with a 

Galaxy flow cytometer (Partec-Sysmex). Fluorescence of PI was acquired by using a 630 nm 

longpass filter. Data were analyzed with FlowMax software (Partec-Sysmex). 

 

Flow cytometric measurement of mitochondrial transmembrane potential with DiOC6(3) 

The mitochondrial transmembrane potential was measured by flow cytometry with 3,3’-

dihexyloacarbocyanine iodide (DiOC6(3); λExmax = 484 nm, λEmmax = 501 nm; Molecular 

Probes, Eugene, OR, USA) used at a final concentration of 40 nM. Flow cytometric analyses 

were performed with a Galaxy flow cytometer (Partec-Sysmex). The green fluorescence of 

DiOC6(3) was acquired with a 520/20 nm band pass filter and measured on a logarithmic 

scale. Data were analyzed with FlowMax software (Partec-Sysmex). 

 

Flow cytometric measurement of reactive oxygen species production with dihydroethydium 

and 2′,7′-dichlorofluorescein diacetate 
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Overproduction of superoxide anion (O2
−) and reactive oxygen species including hydrogen 

peroxide, hydroxyl radicals and peroxynitrite, was detected with dihydroethidium (DHE; 

λExmax = 518 nm, λEmmax = 605 nm, Life Technologies, St Aubin, France) and 2′,7′-

dichlorofluorescein diacetate (H2DCFDA, λExmax = 495 nm, λEmmax = 527 nm, Life 

Technologies, St Aubin, France), respectively. DHE diffuses through cell membranes, and is 

rapidly oxidized into ethidium under the action of reactive oxygen species, mainly O2
−. DHE 

(1.6 mM), prepared in dimethyl sulfoxide, was used at 2 μM. H2DCFDA, cell-permeant 

compound, passively diffuses into cells and upon cleavage groups intracellular esterases and 

acetates by oxidation, the non-fluorescent H2DCFDA dichlorofluorescein is converted to 2 ', 

7' (DCF) highly fluorescent. After 15 min at 37°C, the fluorescent signals of DHE and 

H2DCFDA stained cells were collected through a 590/10 nm and a 520/20 band pass filter, 

respectively, on a logarithmic scale on a GALAXY flow cytometer (Partec); 10,000 cells 

were acquired; data were analyzed with Flomax (Partec) software. 

 

Measurement of catalase and superoxide dismutase activities 

The measurement of catalase activity is based on the transformation of hydrogen peroxide in 

H2O and dioxygen. More catalase activity will be higher; more hydrogen peroxide will be 

degraded. Cells washed in PBS were lysed in a RIPA buffer (10 mM Tris-HCl, pH 7.2, 150 

mM NaCl, 0.5% Nonidet NP40, 0.5% Na deoxycholate, 0.1% SDS, 2 mM EDTA and 50 mM 

NaF) in the presence of 1/25 complete protease inhibitor cocktail tablets (Roche Diagnostics, 

Indianapolis, IN, USA) for 20 min on ice. Cell lysates were cleared by 15 min centrifugation 

at 12,000 g. The protein concentration was measured in the supernatant using the 

Bicinchoninic Acid Kit for Protein Determination (Sigma Aldrich). For the catalase activity 

measurement, a Mix containing Tris-HCl, pH 7.4, 1 M; H2O2, 400 mM; H2O with a ratio 
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1/1/17 was prepared. 10 μL of protein lysate was added to 190 μL of Mix and the absorbance 

of H2O2 was measured at 240 nm using a Tecan Infinite 200Pro (Tecan, Lyon, France). 

The superoxide dismutase (SOD) catalyzes the conversion of superoxide anions into hydrogen 

peroxide and dioxygen. SOD activity was measured with “SOD assay kit-WST” (Interchim). 

Cells, washed in PBS, were subjected to two freeze / thaw cycles then centrifuged at 10 000 g, 

4°C. 20 µL of supernatant were added to reactional mix and incubated during 20 min at 37°C. 

The absorbance was measured at 450 nm using a Tecan Sunrise™ Reader (Tecan, Lyon, 

France). 

 

Transmission electron microscopy 

Transmission electron microscopy is a valuable tool for characterizing cell death. It was used 

to visualize the potential ultrastructural modifications induced by VLCFA (C24:0 and C26:0 

10 or 20 µM; 24 h), a-cyclodextrin (1 mg/mL for 24 h, used as vehicle to dissolve VLCFA) 

and 7KC (20 µg/mL) on 158N cells, and was conducted as previously described [15]. 

 

Staining conditions with Monodansylcadaverine (MDC) 

Staining with MDC (lysosomotropic agent and solvent polarity probe) has been described as 

identifying acidic compartments as autophagic vacuoles [16]. Its amino group can become 

protonated at low pH, leading to an ion trapping mechanism [17, 18]. MDC (λExmax = 340 

nm, λEmmax = 530 nm, Sigma) was prepared at 0,1 M in DMSO. Cells were seeded at 10 000 

cells/cm2 on 12-mm glass coverslips. After treatment, MDC was added to the culture medium 

at a final concentration of 0,005 mM. After 15 min of incubation at 37°C, cells were washed 

with PBS 1X. Slides were mounted in Dako fluorescent mounting medium (Dako), 

observations were made with an Axioskop microscope (Zeiss), and digitalized images were 

obtained with an Axiocam Zeiss camera. 
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Labeling of lysosomal compartment with LysoTracker 

The characteristics and the cellular distribution of lysosomes, which can be evaluated using 

LysoTracker, was determined on 158N cells cultured on glass coverslips by staining with 

LysoTracker Red (Invitrogen) used at 1 mM. After labeling, the coverslips were washed in 

PBS, mounted in Dako fluorescent mounting medium (Dako), and observed under blue light. 

Observations were made under an Axioskop fluorescent microscope (Zeiss) using green 

excitation, and digitalized images were obtained with an Axiocam Zeiss camera. 

 

Identification of LAMP1 by immunostaining  

Cells were seeded at 10 000 cells/cm2 on 12-mm glass coverslips. After treatment, cells were 

fixed with 4% paraformaldehyde (5–15 min; room temperature), washed three times with 

PBS, and incubated with blocking buffer (PBS, 0.05% saponine (Sigma–Aldrich), 10% goat 

or bovine serum (PANTM Biotech GmbH) (20 min; room temperature)). After washing in 

blocking buffer, cells were incubated (1 h; room temperature) with an anti-LAMP1 primary 

rabbit polyclonal antibody (Abcam) used at 1/300 (diluted in blocking buffer), washed twice 

in PBS, and then incubated for 30 min with a 594-Alexa goat anti-rabbit (Invitrogen) used at 

1/300, respectively. Nuclei were counterstained with Hoechst 33342 (Sigma–Aldrich) used at 

1 mg/mL. After washing with PBS, slides were mounted, observations were made with an 

Axioskop Zeiss microscope, and digitalized images were obtained with an Axiocam Zeiss 

camera. 

 

Protein analysis by polyacrylamide gel electrophoresis and Western blotting 

Cells were lysed in a lysis buffer (120 mM Tris-HCl, pH 6.8, 1, 4 % SDS) in the presence of 

1/25 complete protease inhibitor cocktail tablets (Roche Diagnostics Corporation, 
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Indianapolis, IN, USA) for 30 min on ice. Cell lysates were cleared by a 15 min centrifugation 

at 20,000 g. The protein concentration was measured in the supernatant using the 

Bicinchoninic Acid Solution (Sigma-Aldrich). Fifty to eighty micrograms of proteins were 

diluted in loading buffer (20% glycerol, and 0.02% bromophenol blue), separated on a 

polyacrylamide SDS-containing gel, and transferred onto a nitrocellulose membrane 

(Thermo-Scientific, Waltham, MA, USA). After blocking nonspecific binding sites for 1h 

with 5% nonfat milk in TBST (10 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20, pH 8), the 

membrane was incubated overnight with the primary antibody diluted in TBST with 1-5% 

milk. The antibodies directed against active caspase-3 (#9662), and LC3-I/II (L8918) were 

from Cell Signaling (Ozyme, Saint Quentin Yvelines, France), and (Sigma-Aldrich), 

respectively, and used at 1/1000 final concentration. Antibody directed against β-actin 

(Sigma-Aldrich) was used at 1/10 000 final concentration. The membrane was then washed 

with TBST and incubated (1h, room temperature) with horseradish peroxidase-conjugated 

goat anti-mouse (Santa-Cruz Biotechnology) or anti-rabbit antibody (Santa-Cruz 

Biotechnology or Cell Signaling) diluted at 1/5 000. The membrane was washed with TBST 

and revealed using an enhanced chemiluminescence detection kit (Supersignal West Femto 

Maximum Sensitivity Substrate, Thermo-Scientific) and Chemidoc XRS+ (Bio-Rad). The 

level of cleaved caspase-3 was determined versus actin, and the ratio LC3-II/LC3-I was 

calculated with Image Lab software (Bio-Rad). 
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Results 

 

VLCFA (C24:0 and C26:0) induce cell death of oligodendrocytes 158N cells 

The effects of C24:0 and C26:0 were investigated at 1, 5, 10, and 20 µM on cell growth and 

viability of subconfluent 158N murine oligodendrocytes after 6, 14, 24 and 48 h of treatment. 

The concentrations were chosen according to the measurements made from the plasma of 

healthy subjects (1-5 µM) and patients with X-ALD (10-100 µM) and according to those 

frequently used in different in vitro and in vivo models of X-ALD (fibroblasts, 158N cells, rat 

hippocampal cell cultures of oligodendrocytes and astrocytes) [11, 19, 20]. Different tests 

were used to evaluate the effects of VLCFA on the 158N: MTT assay (based on succinate 

dehydrogenase activity, reflects cell proliferation and/or viability), propidium iodide (PI) 

staining for the identification of cells with damage plasma membrane and/or dead cells, 

release of LDH in the culture medium. Regardless of the considered test, the most pronounced 

effects were observed with C24: 0 and C26: 0 at 20 µM. The different results obtained are: 1) 

a reduction of MTT positive cells (Fig 1A, left), 2) a time dependent increase in the number of 

PI positive cells (Fig 1A, center), 3) a progressive increase in LDH release in the culture 

medium (Fig 1A, right). At 10 µM, the effects are less pronounced and are mainly observed 

with the MTT assay. VLCFA, at 1 or 5 µM, have no effect on cell viability. We observed the 

same effect in phase contrast microscopy (data not shown), over time and with increasing 

concentrations of VLCFA; the cells gradually take off from the culture dish. We can also 

notice that the 158N cells are somewhat more sensitive to C24:0 compared to C26:0. 

Together, these results show cytotoxic effects of VLCFA on oligodendrocyte 158N cells. 
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Apoptosis / necrosis pathways are not the primary events in the VLCFA-induced cell 

death 

Using classical characterization methods of cell death, we evaluated the ability of VLCFA to 

induce necrosis or apoptosis, two major types of cell death, on 158N murine 

oligodendrocytes. 

For these experiments, VLCFA were used at 10-20 µM after 6, 14, 24 and 48 h of treatment, 

which correspond to cytotoxic concentrations observed on 158N cells; 7-ketocholesterol 

(7KC; 20 µg/mL) was used as a positive compound of apoptosis as it is known to induce 

condensation/fragmentation of the nucleus and caspase-3 activation on U937 cells and 158N 

cells [21]. At 24 h of treatment with VLCFA, there were few cells (10%) positive with 

TUNEL staining (Supplementary data) and few cells (10%) with condensed/fragmented 

nuclei (Fig 1B). The activation of caspase-3 evaluated by the presence of cleaved capspase-3, 

was only observable for 24 h with the highest concentration in VLCFA: 20 µM 

(Supplementary data). In parallel, the percentage of cells with a necrotic profile (trypan blue 

positive cells) increased with time and with the concentration of VLCFA (Fig1B). Early 

necrosis sets in from 14h, with appearance of trypan blue colored cells but without correlation 

with LDH release, then necrosis is effective at 24h with a good correlation between the 

percentage of trypan blue colored cells and LDH release. Treatment with 7KC for 24 h 

induces an apoptotic mode of cell death: 95% of cells with condensed and/or fragmented 

nuclei characteristic of apoptotic cells; 65% of cells containing fragmented DNA (a late 

apptotic criteria) (Supplementary data). In addition, the use of a caspase inhibitor, z-vad-fmk, 

does not decrease the toxicity induced by VLCFA. Together, these results demonstrated that 

treatment with VLCFA do not induced apoptosis or necrosis of 158N cells before 24 h.  
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Reactive oxygen species production and antioxidant defences play a role in the effects of 

VLCFA (C24:0 and C26:0) 

In neurodegenerative diseases such as Alzheimer's, Parkinson's disease or multiple sclerosis, 

the implication of oxidative stress is no longer to be demonstrated  is well established. On the 

other hand, what is important in our model is to establish if an oxidative stress is well induced 

and what part is taken by this oxidative stress in the triggering of the death induced by the 

VLCFA.  

Overproduction of superoxide anion (O2
−) and reactive oxygen species that are key players in 

oxidative stress process was evaluated by DHE and H2DCFDA, respectively, through a 

kinetic of 6 h to 48 h under treatment with VLCFA. The presence of superoxide anion was 

demonstrated at 24 h and 48 h with C24:0 and C26 0 (20 µM) (Fig. 2A). The increase in 

superoxide anion production was dependent on the duration of treatment. An increase in ROS 

levels in cells (increased oxidation of H2DCFDA) was observed later to 48 h with VLCFA 

used at 20 µM (Fig. 2A). 

Antioxidant defenses were evaluated by measuring catalase activity and superoxide dismutase 

activity. Catalase catalyzes the dismutation of hydrogen peroxide and superoxide dismutase 

allows the elimination of superoxide anions. VLCFA induced an increase in SOD activity at 

14 h of treatment and this activity further decreases to the same level than in the control (Fig. 

2B). VLCFA also induced an increase in catalase activity to 24 and / or 48 h of treatment 

according to the VLCFA considered and the concentration used (Fig. 2B). SOD activity is 

correlated with an increase in mitochondrial depolarization, which no longer allows 

mitochondrial SOD activity to be measured in late times (Fig. 2C). 

Defense mechanisms would first be effective (no oxidative stress statistically detected at early 

times but a measure of SOD activity at 14 h.) and then these would be exceeded, resulting in 

significantly increased levels of ROS observed at 24 and 48 h. Treatment of oligodendrocytes 
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with VLCFA induces toxicity and oxidative stress at an early stage since activation of 

antioxidant defenses is measured at 14 h. 

Are cell death observed by various authors is concomitant to this toxicity, or induced by it?  

 

VLCFA (C24:0 and C26:0) induces relocation and aggregation of lysosomes in 158N 

cells 

The physiopathology of different diseases is linked to the impaired function of the major 

cellular proteolytic mechanisms mediated especially by the lysosome. Indeed, the lysosomes 

can participate in the oxidative stress increases, the setting up of a cell death whether it is 

autophagic or not. In this way, we have tried to evaluate the involvement of lysosomes 

following treatment with VLCFA. Using transmission electron microscopy, it has been shown 

that vacuoles double membrane containing cellular compartments such as mitochondria, are 

present in the cytoplasm of C24:0- and C26:0-treated cells at VLCFA concentrations of 10 

µM and compared with untreated cells or α-cyclodextrin-treated cells (Fig 3A). These 

vacuoles suggest the implication of lysosomes in the cell death induced by VLCFA (Fig 3A). 

Given the important position held by lysosomes in some process of vacuolisation, we evaluate 

the effects of VLCFA on lysosomal morphology, and cytoplasmic distribution of lysosomes 

on 158N cells treated with C24:0 and C26:0 at 5, 10, 20 µM for 6, 14, 24 and 48 h (Fig 3B). 

To determine these effects, observations were made using fluorescence microscopy with 

untreated, α-cyclodextrin-, or VLCFA-treated 158N cells cultured on glass slides and stained 

with LysoTracker or MDC, or immunolabelled with a LAMP1 rabbit polyclonal antibody. 

LysoTracker, that readily crosses cell membranes, is highly selective for acidic organelles, 

LAMP1 (Lysosomal-associated membrane protein 1) is considered as lysosome marker and 

MDC, lysosomotropic agent, preferentially accumulates in autophagic vacuoles. Under these 

conditions, when compared with untreated or α-cyclodextrin treated cells, topographical and 
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morphological changes are observed in lysosomes after LysoTracker staining or with 

LAMP1, mainly when VLCFA were used at 10 and 20 µM from 6 h treatment (Fig 3B). Thus, 

whereas the lysosomes were regularly distributed in the cytoplasm of untreated cells (or α-

cyclodextrin-treated cells), relocation and aggregation of lysosomes are observed into the 

cytoplasm of the 158N cells treated by C24: 0 and C26: 0, mainly at 10 and 20 µM; there is 

also the presence of larger vacuoles (Fig 3B). In cells treated with C24:0 or C26:0 at 10 and 

20 µM (24 h), 40 to 50 % of cells with changes in lysosome topography were observed. In 

untreated cells, MDC staining is uniform in the cytoplasm, whereas with treatment with 

VLCFA, wide green fluorescent structures are present in the cytoplasm. The percentage of 

cells, with these green fluorescent structures, was 30-35 % with C24:0 or C26:0 at 20 µM 

from 6 h of treatment. These different observations obtained with lysotracker and MDC 

staining, TEM and LAMP-1 immunolabelling suggest an implication of lysosomes in 

VLCFA-induced toxicity that could leading to an autophagic porcess. Indeed, during 

autophagic process, autophagosomes fuse with lysosomes, which induce the degradation of 

material sequestered.  

 

Autophagy, a defense mechanism to protect oligodendrocytes from toxicities induced by 

VLCFA 

During autophagy, the first step is autophagosome formation then fusion with lysosomes to 

form autolysosomes where there will be degradation of the material trapped in the double 

membrane vacuoles. To determine the induction of an autophagic process, we used LC3 

(Light Chain 3) immunoblotting, bafilomycin A1 treatment and p62 immunolabelling. During 

elongation of autophagosome membrane, the LC3 protein is cleaved (LC3-I form) and 

conjugated to phosphatidylethanolamine (LC3-II form). The LC3-II form is built on both 

sides of the membrane of the autophagosome, and constitue a key marker of the formation of 
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autophagosome. In immunoblotting, we evaluate the effects of VLCFA on LC3 status on 

158N cells treated with C24:0 and C26:0 at 1, 5, 10, and 20 µM for 6, 14, 24 and 48 h 

compared to the 7KC used at 50 μM (Fig 4A). 7-ketocholesterol is an inducer of autophagy 

on 158N cells, with an increase in the presence of the LC3-II form at 14 h of treatment. 

Concerning the VLCFA, the C24: 0 to 10 μM induces an increase in the LC3-II form from 24 

h of treatment, to 20 μM an increase of the form LC3-II is observed from 14 h of treatment. 

For C26: 0, an increase of the LC3-II form is observed from 24 h of treatment (Fig 4A). The 

results obtained (increase in LC3-II) can be interpreted in two different ways: upregulation of 

autophagosome formation or blockage of autophagic degradation. In order to answer this 

question, inhibitors acting on the lysosomes can be used. Bafilomycin A1 was used as an 

inhibitor of late stages of autophagy, inhibiting fusion between lysosomes and 

autophagosomes. The results obtained with bafilomycin A1 will provide information on 

autophagic flux, and allow us to determine whether the autophagic process is inhibited or not. 

If the levels of LC3-II remain unchanged in the presence of inhibitor, this will mean that the 

observed increase without inhibitor is due to blocked autophagic flux. On the other hand, if 

the levels increase in the presence of inhibitor, this will indicate that there is an increase in the 

autophagic flux under the effect of the treatment. This is what we observe here, during 

treatment with VLCFA, there is an increase in the levels of LC3-II between the conditions 

without and with inhibitor (Bafilomycin A1) (Fig 4B). This indicates that the VLCFA induces 

an autophagic process which degrades the contents of the vacuoles by the lysosomes. 

To confirm these results, we carry out an immunolabeling of the p62 protein. Protein p62 is 

involved in autophagic process and is degraded by autophagy; its presence in vacuoles and the 

size of these vacuoles were evaluated (Fig 4C). A marked increase in the number and size of 

p62 positive vacuoles, when cells are treated with VLCFAs, is observed, unlike untreated 

cells, where diffuse scarring in the cytoplasm is observed. At 6 h of treatment, with the 
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VLCFA at 20 μM, diffuse labeling is observed in the cytoplasm with the appearance of some 

positive p62 vacuoles (Fig 4C). At 6 h of treatment, for C24: 0 and C26: 0 to 10 μM, 10% and 

22% of the cells possess positive p62 vacuoles respectively. While 80 and 75% of the cells 

possess vacuoles with C24: 0 and C26: 0 to 20 μM respectively. The longer the treatment 

time, more p62 positive vacuoles are observed. Thus at 24 h, more than 70% of the cells are 

p62 positive with C24: 0 to 10 and 20 μM, while 50% and 87% of the cells have positive p62 

vacuoles with C26: 0 to 10 and 20 μM respectively (Fig 4C). 

The VLCFA induce an autophagic process that appears early, without being inhibited during 

its development, going as far as the recycling of autolysosomes. 

In order to investigate whether the autophagic process was responsible for the cell death of 

oligodendrocytes following the accumulation of VLCFAs, the inhibitor of the molecular 

target of rapamycin (mTOR), that plays a crucial role in regulating autophagy, rapamycin was 

used (when mTOR is inhibited, autophagy is activated). If using rapamycin, more cell death is 

observed, this will indicate that autophagy is involved in the VLCFA-induced cell death of 

oligodendrocytes. If, on the contrary, an increase in survival is observed, this will indicate that 

autophagy is a protective mechanism that is set up to respond to the toxicity induced by 

VLCFA. We place ourselves at 24 h and 48 h of treatment where the effects are most visible 

in terms of toxicity. The effects of rapamycin are evaluated by phase contrast microscopy (Fig 

4D) and MTT (Fig 4D). When the cells are treated with C24: 0 or C26: 0 to 20 μM, there is a 

decrease in the number of cells and a rounding of the cells, compared to the control cells (Fig 

4D). When a rapamycin co-treatment (5 μM) / VLCFA (20 μM) is used, an increase in the 

number of cells present and a larger spreading of the cells is observed (Fig 4D). Similar 

results are obtained with the MTT test. When cells are treated with VLCFA, mitochondrial 

activity and / or cell number decrease, while rapamycin is added, mitochondrial activity and / 

or cell number increase without a return to value of control (Fig 4D). The activation of 



20 

 

autophagy by the use of rapamycin protects the cells from the toxicity induced by the 

VLCFA. The involvement of autophagy as a protective mechanism is confirmed by the use of 

3-methyladenine which is an inhibitor of the autophagic pathway. At a concentration of 7.5 

mM, we obtained a decrease in the number of MTT positive cells, indicating an increase in 

VLCFA toxicity in the presence of an autophagy inhibitor (Supp Data 2). 

Autophagy, observed following an accumulation of VLCFA, protects against the cytotoxicity 

induced by these same VLCFAs. 

 

VLCFA-induced autophagy is reproduced in a mixed primary culture from mouse brain 

In the nervous system, oligodendrocytes interact with neurons, and astrocytes. In a primary 

culture model of mouse brain, these different cell types can be found. In this mixed culture 

model, the majority cells are the astrocytes, and then the oligodendrocytes, some neurons are 

present. These mixed cultures were treated with VLCFA. Their effects were evaluated using 

an MTT test (evaluation of mitochondrial activity and / or number of cells), by studying the 

secretion of LDH in the culture medium, the presence of an apoptotic and / or autophagic 

process. At the level of toxicity analysis, as for 158N cells, VLCFAs induce a decrease in the 

number of live cells and / or the number of cells with functional mitochondria when using the 

MTT test (FIG. 5A). This decrease occurs in a dose-dependent manner. The toxic effect of 

VLCFA is observable from 6 hours of treatment with a reduction of nearly 50% of the 

reduction rate of MTT for the 10 μM concentration. The release of LDH into the culture 

medium is observable from 6 hours of treatment but at higher concentrations 20 μM (Fig 5B). 

With respect to the possible induction of apoptosis death, Hoechst 33342 staining was 

performed but no condensed and / or fragmented nuclei were found (data not shown). The 

effect of VLCFA on the induction of a possible autophagic process was evaluated, a decrease 

in the LC3-I form and an increase in the LC3-II form was observed when primary cultures 
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were treated with VLCFA (Fig. 5C). The presence of an autophagic process is mainly 

detected for concentrations at 20 μM for C24: 0 or C26: 0 at early treatment times from 10 h 

(Fig. 5C). This autophagic process takes place until the lysosomes degrade the contents of the 

vacuoles. Indeed, when the mixed cultures of cells are treated with bafilomycin A1 and the 

VLCFAs, an increase in the LC3-II / LC3-I ratio is observed (FIG. 5D). Immunolabelling of 

the p62 protein was also performed. The presence of p62 positive vacuoles is detected as early 

as 6 h of treatment, for the concentration at 20 μM (Fig 5E). VLCFAs are toxic at 20 μM on 

mixed cultures of cells, and induce a non-apoptotic death process associated with the 

induction of an autophagic process. The presence of cell types other than oligodendrocytes 

does not alter the sequence of events as they have been described with the 158N cell line. 

 

 

 

X-ALD patient fibroblasts reflect the autophagy process induced by VLCFA 

The results obtained previously were in a general context of neurodegenerative diseases 

where oligodendrocytes may be involved. The results obtained are therefore tested on an 

example of a neurodegenerative disease, X-ALD. To study the cytotoxicity on cells of the 

central nervous system, very few cellular models based on the use of cells from patients 

exists. The models available are models of skin fibroblasts obtained after biopsy. The effect of 

very long-chain fatty acids has been studied on WT fibroblasts (GM03348, Coriell Institute) 

and on X-ALD fibroblasts (GM17819, Coriell Institute), the latter no longer express the 

ABCD1 protein and have a β -oxidation greatly diminished. The fibroblasts were treated with 

C24: 0 and C26: 0 at concentrations of 10 and 20 μM for 6, 14, 24 and 48 h. Their effects 

were evaluated using an MTT assay (evaluation of mitochondrial activity and / or number of 

cells), and by studying the presence of an apoptotic and / or autophagic process. In these cells, 
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the decrease in MTT reduction is greater when VLCFA concentration and duration of 

treatment increase, however X-ALD fibroblasts appear to be more sensitive to VLCFA than 

WT fibroblasts (Fig 6A/B). At 24 h of treatment, the rate of reduction of MTT increases from 

100% for non-treated cells to 60% for WT fibroblasts and to 50% for X-ALD fibroblasts 

when treated with C24: 0 to 20 μM. This difference is more marked with C26: 0 to 20 μM, 

with a reduction of MTT to 50% for WT fibroblasts and to 30% for X-ALD fibroblasts. With 

respect to the possible induction of apoptosis death, Hoechst 33342 staining was performed 

but no condensed and / or fragmented nuclei were found. The possible induction of a process 

of autophagy was evaluated by studying the cleavage and binding to phospholipids of the LC3 

protein (Fig. 6B) and by immunolabelling the p62 protein (Fig 6D). In WT fibroblasts, there 

was no change in the LC3-II ratio on LC3-I during VLCFA treatments. On the other hand, in 

X-ALD fibroblasts, an increase in the LC3-II / LC3-I ratio depending on the treatment time 

and the VLCFA concentration is observed. At 24 h of treatment, this ratio is multiplied by 

two when X-ALD fibroblasts are treated with C24: 0 to 20 μM and multiplied by three when 

treated with C26: 0 to 20 μM (Fig 6B). When the mixed cultures of cells are treated with 

bafilomycin A1 and the VLCFAs, an increase in the LC3-II / LC3-I ratio is observed, 

indicating that the induced autophagic process continues to its full term i.e. the degradation of 

the vacuolar content (Fig 6C). Immunolabelling of the p62 protein was also performed. In WT 

or X-ALD fibroblasts, controls (untreated) or treated by the vehicle (α-cyclodextrin), diffuse 

scarring is observed in the cytoplasm. In the WT cells, some vacuoles are present. X-ALD 

fibroblasts exhibit larger and larger vacuoles. These different data suggest that when the cells 

are deficient in ABCD1 transporter and accumulate VLCFAs, there is induction of an 

autophagic process as could be shown with 158N oligodendrocytes and astrocyte / 

oligodendrocyte mixed primary cultures. 
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DISCUSSION 

Age-related diseases, particularly neurodegenerative diseases, are becoming increasingly 

important in terms of public health. However, the mechanisms underlying these pathologies 

are still not well known. Many factors can be taken into account, such as metabolic factors 

with the accumulation of very long chain fatty acids due to a defect in the metabolism of 

peroxysomes. The various experiments conducted aim to improve the knowledge of how 

VLCFAs work by using an oligodendrocyte model, which are myelin synthesizing cells and 

are therefore key elements in demyelinating neurodegenerative diseases. The mechanisms 

identified were also assessed in the specific context of X-linked adrenoleukodystrophy. 

Indeed, X-linked adrenoleukodystrophy is the most frequent neurodegenerative peroxisomal 

disorder, caused by mutations in the ABCD1 gene and characterized by VLCFA 

accumulation, abnormal myelination and cell death. A better knowledge of the mechanisms 

involved would make it possible to envisage new therapeutic approaches. Taking the example 

of X-ALD, current therapies are not yet fully satisfactory. Curative therapy for X-ALD 

patients is not available. Therapeutic strategies targeting VLCFA (Lorenzo’s oil) have failed 

to stop cerebral involvements [22]. Allogenic bone marrow transplantation is an effective 

treatment but associated with morbidity and mortality. Another possibility is hematopoietic 

stem cell gene therapy which is effective, but with possibilities of use that seem restricted. It 

is therefore necessary to continue to seek potential therapeutic targets.  

The various experiments previously carried out on the action of very long chain fatty acids 

and oligodendrocytes, in particular the work of Baarine et al, were carried out under 

conditions where the medium was either serum-free or with a small percentage of serum [23]. 

Since the percentage of serum is an important factor for cell growth and/or the induction of 

certain death processes such as autophagy, toxicity and oxidative stress studies were carried 

out under normal culture conditions, i. e. with 5% SVF but with a medium that does not 



24 

 

contain VLCFA. The results obtained are similar to those presented by Baarine et al [23]. We 

therefore went further in determining the mechanisms of cell death induced by VLCFAs in 

the oligodendrocyte model. One possibility is to prevent the cell death of the cells of the 

neuronal nervous system and more particularly that of the oligodendrocytes, cells that 

synthesize myelin. Different groups have studied cell death in the nervous system in the 

context of X-ALD but the type of death described is different. Death by necrosis or by 

apoptosis has been described. In the brain of X-ALD patients, apoptotic death (DNA ladder 

pattern and terminal deoxynucleotidyl transferase staining) was observed [24]. In the brain of 

patients suffering from the brain shape of X-ALD, oligodendrocytes die by apoptosis with 

evidence of activated caspase-3 and fragmentation of DNA [25]. Death by apoptosis has also 

been observed in brain areas with microglia activation [26]. The Ito group, on the other hand, 

described a death of the oligodendrocytes by cytolysis [9]. This study shows that there is 

certainly a process of apoptosis and loss of membrane integrity but these two processes occur 

at late times and are probably the consequence of impossibility for the cell to resist the 

damage induced by the accumulation of VLCFAs. These results may explain the 

discrepancies observed in the brains of patients of the studies cited above. On the other hand, 

what is interesting is that the cells respond to the accumulation of VLCFA by the induction of 

an autophagic process. This autophagic process is observed at early times and is accompanied 

by mitochondrial involvement and oxidative stress. These last two processes have already 

been demonstrated in vivo (organotypic culture of spinal cord) or in vitro (human fibroblasts), 

which validates our different models used [20]. Autophagy is a physiological process that 

allows the cell to respond to stress by recycling its own constituents but can become 

deleterious when the cell can no longer counteract stress. This leads to the activation of other 

cell death pathways such as apoptosis and necrosis [27]. In neurodegenerative diseases, 

autophagy is rather presented as a protective mechanism when induced. Whether in 
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neurodegenerative diseases or other pathologies, the mTOR protein is described as a potential 

target; we have therefore chosen to use rapamycin to evaluate the protective or deleterious 

effects of the autophagic process [28, 29]. It was demonstrated that the autophagic process 

induced to its full term ie the degradation of the material contained in the 

autophagolysosomes and that this process was rather a protector for the cells via the use of 

rapamycin. Indeed, in experiments with rapamycin, we were able to show that an induction of 

the autophagic process made it possible to reduce the toxicity induced by the very long chain 

fatty acids. Autophagy would be a protective mechanism put in place following the stress 

induced by the accumulation of VLCFA. In some cells, this protection would not be sufficient 

and would lead to the appearance of apoptotic or necrotic processes as we observed in later 

times. Launay et al showed in a mouse model X-ALD (Abcd1- / Abcd2 - / -) that when they 

used a derivative of rapamycin (tensirolimus), they restored autophagic flux and inhibited 

axonal degeneration [30]. In addition, the Smith team demonstrated that induction of 

autophagy decreased demyelination in a rat animal model possessing a mutation in the gene 

coding for the Myelin Basic Protein [31]. Autophagy can be a therapeutic target considered in 

addition to the existing therapies and described previously, since the use of dietary rapamycin 

may have been shown to be effective in other conditions such as age-related vascular 

dysfunctions [32]. Autophagy and neurodegenerative diseases are closely linked. In many 

neurodegenerative diseases, there is a malfunction of the autophagic process: impaired 

autophagosome formation (Alzheimer's, Parkinson's, Huntington's, Amyotrophic lateral 

sclerosis), disrupted lysosomal function (Alzheimer's, Parkinson's [33]. For these pathologies, 

research is oriented towards activators of autophagy of natural origin, which can lead to the 

development of new drugs, as in the case of Parkinson's disease : Oxindole alkaloids isolated 

from U. rhynchophylla, Conophylline, polyphenols (curcumin, resveratrol, Amurensin G), or 

disaccharides, triterpenes, flavonoids [34]. 
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The results of this study are in favor of an intensive search for new molecules natural or not 

able to activate the autophagy at the neuronal level or reduce VLCFA toxicity at an early 

stage 
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Figure legends 

Figure 1: Evaluation of cytotoxicity of VLCFA (C24:0 and C26:0) on 158N murine 

oligodendrocytes. 158N cells were cultured for 6, 14, 24 and 48 h in the absence or presence 

C24:0 and C26:0 in a range of concentrations from 1 to 20 µM. A: On the left grafts, the 

effects of VLCFA on cell proliferation and mitochondrial metabolism were evaluated with the 

MTT assay. The integrity of cytoplasmic membranes of cells was evaluated with the PI test 

presented on the charts at the center and with LDH assay on the right grafts. B: The 

percentage of apoptotic cells (cells with condensed and/or fragmented nuclei) was determined 

by fluorescence microscopy after staining with Hoechst 33342 (black bars) and the percentage 

of necrotic cell was determined with trypan blue (white bars). Data shown are mean ± SD 

from minimum three independent experiments realized in triplicat. Significance of the 
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difference between VLCFA-treated cells and α-cyclodextrin-treated cells was determined 

with Mann-Whitney test: * p < 0.05; ** p<0.01, *** p<0.001, and # p<0.0001. 

 

Figure 2: Effects of VLCFA (C24:0 and C26:0) on ROS production and anti-oxidant 

defense mechanisms on 158N murine oligodendrocytes. Murine oligodendrocytes (158N) 

were cultured for 6, 14, 24 and 48 h in the absence (control) or in the presence of α-

cyclodextrin (vehicle: 1 mM) or VLCFA (C24:0 or C26:0: 1, 5, 10, 20 µM). A: ROS 

production - The effects of C24:0 and C26:0 on the production of intracellular superoxide 

anion (O2
.-) and on the production of intracellular ROS production were evaluated with DHE 

and H2DCFDA. B: Anti-oxidant defense mechanisms were evaluated with catalase activity 

and superoxide dismutase (SOD) activity. Data shown are mean ± SD from minimum three 

independent experiments realized in triplicat. Significance of the difference between VLCFA-

treated cells and α-cyclodextrin-treated cells was determined with Mann-Whitney test: * p < 

0.05; ** p<0.01, *** p<0.001, and # p<0.0001. 

 

Figure 3: Effects of VLCFA (C24:0 and C26:0) on lysosomes on 158N murine 

oligodendrocytes. A: Ultrastuctural features of 158N murine oligodendrocytes treated with 

VLCFA. Subconfluent 158N cells were cultured without or with C24:0 and C26:0 at 20 µM. 

or with α-cyclodextrin (vehicle: 1 mM) for 24 h. B: Effects of C24:0 and C26:0 (10 and 20 

mM; 6 and 24 h) on the morphological aspects and on the distribution of lysosomes evaluated 

by staining with LysoTracker Red and by indirect immunofluorescence staining with an 

antibody raised against LAMP1. The presence of acid vacuoles linked to the fusion of 

lysosomes and autophagic vacuoles was evaluated after staining with monodansylcadaverine 

(MDC). Data shown are representative from minimum three independent experiments. 

 

Figure 4: Effects of VLCFA (C24:0 and C26:0) on autophagic process on 158N murine 
oligodendrocytes. A: Autophagy was evaluated in western blotting by conversion of LC3-I to 

LC3-II [ratio LC3-II/LC3-I], B: autophagic flux by the use of bafilomycin and in 

immunofluorescence staining with an antibody raised against p62 (C). D: The effect on cell 

growth, cell adhesion, and cell detachment was determined by phase contrast microscopy. 

Murine oligodendrocytes were cultured with C24:0 and C26:0 at 20 µM in presence or not of 

rapamycine at 5 µM for 24 and 48 h. The effects of VLCFA and/or rapamycin on cell 

proliferation and mitochondrial metabolism were evaluated with the MTT assay. Data shown 

are representative from minimum three independent experiments. 

 

 

Figure 5: Effects VLCFA (C24:0 and C26:0) on a mixed primary culture from mouse 

brain. Mixed primary culture, from mouse brain, was cultured for 6, 14, 24 and 48 h in the 

absence or presence C24:0 and C26:0 at 10 and 20 µM. A: the effects of VLCFA on cell 

proliferation and mitochondrial metabolism were evaluated with the MTT assay. B: The 

integrity of cytoplasmic membranes of cells was evaluated with LDH assay. Data shown are 

mean ± SD from minimum three independent experiments realized in triplicat. Significance of 

the difference between VLCFA-treated cells and α-cyclodextrin-treated cells was determined 

with Mann-Whitney test: * p < 0.05; ** p<0.01, *** p<0.001, and # p<0.0001. C: Autophagy 

was evaluated in western blotting by conversion of LC3-I to LC3-II [ratio LC3-II/LC3-I], D: 

autophagic flux by the use of bafilomycin and E: in immunofluorescence staining with an 

antibody raised against p62.  
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Figure 6: Effects VLCFA (C24:0 and C26:0) on on X-ALD patient fibroblasts. 

Fibroblasts WT or X-ALD were cultured for 6, 14, 24 and 48 h in the absence or presence 

C24:0 and C26:0 at 10 and 20 µM. A: the effects of VLCFA on cell proliferation and 

mitochondrial metabolism were evaluated with the MTT assay. Data shown are mean ± SD 

from minimum three independent experiments realized in triplicat. Significance of the 

difference between VLCFA-treated cells and α-cyclodextrin-treated cells was determined 

with Mann-Whitney test: * p < 0.05; ** p<0.01, *** p<0.001, and # p<0.0001. B: Autophagy 

was evaluated in western blotting by conversion of LC3-I to LC3-II [ratio LC3-II/LC3-I], C: 

autophagic flux by the use of bafilomycin and D: in immunofluorescence staining with an 

antibody raised against p62.  

 

Figure 7: Schematic representation of the the induction of cell death by VLCFA. The 

schema proposed is based on the data obtained in the present study. VLCFA first induce 

oxidative stress that impacts the mitochondrial activity. The exact relationship between 

mitochondria and peroxisome has yet to be defined. The induction of autophagy would make 

it possible to fight against mitochondrial and peroxisomal dysfunction and to eliminate altered 

mitochondria and peroxisomes. If the autophagic process is not sufficient to prevent cell 

death, the cells would move towards cell death. 

 

Supplementary data 1: Evaluation of the apoptotic process on 158N cells. Nuclear 

condensation and/or fragmention characteristic of apoptotic cells was realized by staining 

with Hoechst 33342 (A); the evaluation of DNA fragmentation was determined by the 

TUNEL technic (B) and the cleavage of caspase-3 was determined by western blotting (C). 

158N cells were treated with VLCFA at 10 and 20 µM for 24 h and 48 h, or with 7-

ketocholesterol at 50 µM (7KC) for 24 h, used as a positive apoptotic control.  A: 158N cells 

were incubated with Hoechst 33342 at 2 µg/mL and observed under a fluorescence 

microscope at x1000 magnification. B: The fragmented DNA was labelled by the TUNEL 

technique (green fluorescence) and the cell nuclei were stained with Hoechst 33342 at 2 

µg/mL (blue fluorescence). C: The result presented for caspase 3 was obtained by western 

blot; it is representative of 3 experiments carried out independently; the ratio (density cleaved 

Caspase 3 / density uncleaved Caspase 3) was determined. 

  

Supplementary data 2 : Evaluation of cytotoxicity of VLCFA (C24:0 and C26:0) in 

presence of 3 MA (3-methyladenin) on 158N murine oligodendrocytes. 158N cells were 

cultured for 24 h in the absence or presence C24:0 and C26:0 at 10 or 20 µM with or without 

3-methyladenin at 7.5 mM. The effects of VLCFA on cell proliferation and mitochondrial 

metabolism were evaluated with the MTT assay. Significance of the difference between 

VLCFA-treated cells and VLCFA and 3MA-treated cells was determined with Mann-Whitney 

test: * p < 0.05; ** p<0.01, *** p<0.001, and # p<0.0001. 
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