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HIGHLIGHTS 

 

A53T α-syn overexpression induced TAG and lipid droplet accumulation in dopaminergic 

neurons. 

Dopaminergic neurons that overexpressed A53T α-syn displayed augmented Acyl-CoA 

synthetase activity.   

Fe induced A53T α-syn aggregation and increased TAG content in neurons.  

Blockage of TAG synthesis reduced A53T α-syn cell viability.  
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ABBREVIATIONS  

The abbreviations used in this study are: ACS, Acyl-CoA synthetase; α-syn, α-synuclein;  

A53T α-syn cells, N27 neurons expressing the vector pcDNA3-A53T α-synuclein; BSA, 

bovine serum albumin; Chol, cholesterol; DCDCDHF, dichlorodihydrofluorescein 

diacetate; DAG, diacylglycerols; DTT , dithiothreitol; EDTA , N,N'-1,2-ethandiylbis[N-

(carboxymethyl)glycine] disodium salt; FA, fatty acid; FAME , fatty acid methyl esters; 

FAS, fatty acid synthase; FBS, fetal bovine serum; FFA, free fatty acid; GC, gas-liquid 

chromatography; HRP, horseradish peroxidase; LDH , lactate dehydrogenase; MAG , 

monoacylglycerol; MTT , 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide; 

OA, Oleic acid; OS, oxidative stress; PBS, phosphate buffer saline; pcDNA cells, N27 

neurons expressing the empty vector pcDNA3; PD, Parkinson’s disease; PL, 

phospholipids;  PMSF, phenylmethylsulfonyl fluoride; ROS, reactive oxygen species; 

SDS, sodium dodecyl sulphate; SDS–PAGE, sodium dodecyl sulphate-polyacrylmide gel 

electrophoresis; TAG , triacylglycerols; TBA, thiobarbituric acid; TBARS, thiobarbituric 

acid reactive substances; TBS-T, Tween-Tris Buffer Saline; UT, untransfected neurons. 
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Abstract 

Pathological α-synuclein (α-syn) overexpression and iron (Fe)-induced oxidative stress 

(OS) are involved in the death of dopaminergic neurons in Parkinson’s disease (PD). We 

have previously characterized the role of triacylglycerol (TAG) formation in the neuronal 

response to Fe-induced OS. In this work we characterize the role of the α-syn variant A53T 

during Fe-induced injury and investigate whether lipid metabolism has implications for 

neuronal fate. To this end, we used the N27 dopaminergic neuronal cell line either 

untransfected (UT) or stably transfected with pcDNA3 vector (as a transfection control) or 

pcDNA-A53T-α-syn (A53T α-syn). The overexpression of A53T α-syn triggered an 

increase in TAG content mainly due to the activation of Acyl-CoA synthetase. Since fatty 

acid (FA) β-oxidation and phospholipid content did not change in A53T α-syn cells, the 

unique consequence of the increase in FA-CoA derivatives was their acylation in TAG 

moieties. 

Control cells exposed to Fe-induced injury displayed increased OS markers and TAG 

content. Intriguingly, Fe exposure in A53T α-syn cells promoted a decrease in OS markers 

accompanied by α-syn aggregation and elevated TAG content.  

We report here new evidence of a differential role played by A53T α-syn in neuronal lipid 

metabolism as related to the neuronal response to OS.  
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1. Introduction 

Parkinson’s disease (PD) is associated with movement disorders and is the second most 

common age-related neurodegenerative disorder after Alzheimer’s disease. PD is a 

multifactorial and complex disorder including epidemiological, genetic and toxicological 

factors whose main cause is the progressive loss of dopaminergic neurons [1]. One of the 

most studied events in the neurodegeneration of the substantia nigra is the overexpression 

and pathological aggregation of α-synuclein (α-syn) [1,2]. The role of α-syn in the 

ethiopathogenesis of PD is supported by post-mortem studies showing pathognomonic 

intracellular inclusions of this protein in the substantia nigra, known as Lewy bodies [3,4]. 

In vivo studies in transgenic mice highlight the involvement of α-syn overexpression (wild 

type and mutated forms) in the development of neurobiological and behavioral impairment 

[3,5,6]. Genome-wide association studies demonstrated several genetic variants for the α-

syn (SNCA) locus related to idiopathic and inherited forms of PD, among which A53T α-

syn, one of the most common variants, generated by aminoacid substitution, is present in 

young onset PD [7–9]. Despite numerous studies on the subject, the physiological role and 

pathological mechanism triggered by α-syn and its variants are not yet clear.  

One of the most intriguing questions regarding α-syn function is its relationship with lipid 

metabolism. Mounting evidence indicates that α-syn overexpression alters neuronal and 

brain phospholipid (PL) levels and also fatty acid (FA) composition [10–13]. α-syn is also 

able to bind lipid bodies (containing triacylglycerol-TAG- and cholesterol-chol-), FA and 

PL [14–16]. We have recently reported that overexpression of wild-type α-syn 

downregulates phospholipase D1 and impacts on neuronal cytoskeleton [17].  
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Another important triggering factor for the onset and progression of PD besides α-syn is 

iron (Fe) accumulation and in consequence, elevated levels of oxidative stress (OS) [18]. In 

this connection, ferrireductase activity has been attributed to α-syn, which thus participates 

in the redox reaction yielding Fe2+ from Fe3+ [19,20]. A53T α-syn has been shown to 

autoaggregate in the presence of Fe and iron chelation is able to revert pathological 

metal/α-syn interactions [9,21–23]. This cumulative evidence points to a link between 

A53T α-syn, lipid metabolism and Fe-induced neuronal damage in PD.  

We have previously demonstrated that during Fe-induced OS, dopaminergic neurons 

respond by modulating lipid acylation and TAG accumulation [24]. Based on the above 

data, our aim was to study the role of A53T α-syn in neuronal lipid metabolism during Fe-

induced injury. To this end, N27 dopaminergic cells stably expressing A53T α-syn (A53T 

α-syn) were exposed to Fe and the state of lipid metabolism and cellular oxidative damage 

evaluated.  

 

2. Materials and Methods 

2.1. Materials 

Triton X-100, 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT), 

thiobarbituric acid (TBA), Thioflavin S, DL-Propranolol hydrochloride, Oil Red O, 

Malonyl-CoA and Triacsin C were obtained from Sigma-Aldrich (St. Louis, MO, USA). 

DCDCDHF, Hoechst and DAPI were obtained from Molecular Probes (Eugene, Oreg., 

USA). Ferrous sulphate (J.T.Baker, cat.# 2070-01) and polyvinylidene difluoride 

membranes were obtained from EMD Millipore (Millipore, Bedford, MA). Antibodies: 
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rabbit polyclonal anti-α-synuclein (C-20-R) [sc-7011-R], mouse monoclonal anti-fatty acid 

synthase (FAS) (G-11) [sc48357], anti-tyrosine hydroxylase (TH) (F-11) [sc-25269], goat 

polyclonal anti-actin (C-11) [sc 1615], polyclonal horseradish peroxidase (HRP)-

conjugated goat anti-rabbit IgG, polyclonal HRP-conjugated goat anti-mouse IgG, 

polyclonal HRP-conjugated bovine anti-goat IgG, cerulenin and geneticin (G418) were 

purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Fetal bovine 

serum (FBS) was obtained from Natocor (Córdoba, ARG). RPMI 1640 medium was 

obtained from Gibco (USA). LDH-P UV AA kit was kindly provided by Wiener Lab 

Group (CABA, Bs As, ARG). TG color GPO/PAP AA and enzymatic Colestat were 

purchased from Wiener lab Group. [3H]-oleic acid (OA) and [3H]-glycerol were obtained 

from Perkin-Elmer (Migliore-Laclaustra, CABA, Bs As, ARG). All other chemicals used in 

the present study were of the highest purity available.  

2.2. Methods 

2.2.1. Cell culture and stable expression of α-syn  

The immortalized rat mesencephalic dopaminergic cell line 1RB3AN27, also referred to as 

N27 cells, was kindly donated by Dr. Patricia Oteiza (Department of Nutrition, UC 

DAVIS). Cells were grown in RPMI 1640 medium supplemented with 10 % (v/v) FBS, 

100 U/ml penicillin, 100 µg/ml streptomycin and 0.25 µg/ml amphotericin B in a 

humidified atmosphere of 5 % CO2 at 37°C. Dr. Benjamin Wolozin (Boston University) 

kindly provided the pcDNA3-A53T-α-syn expression vector containing the mutated full-

length human α-syn sequence. pcDNA3-A53T-α-syn or pcDNA3 were transfected into N27 

cells using Lipofectamine 2000 reagent (Invitrogen, CABA, Bs. As., ARG) following the 

procedure recommended by the manufacturer. The polyclonal stable transfected cells were 
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selected 48 h post-transfection in 400 µg/ml of geneticin (G418) and further maintained in 

N27 growth media supplemented with 200 µg/ml of G418. Expression levels of α-syn were 

confirmed by immunocytochemistry. 

2.2.2. Experimental treatments 

In all the experiments carried out, cells were grown to 80%-90% confluence. Fe treatments 

were carried out in serum-free medium. Treatments with inhibitors were performed as 

follows: medium was removed and replaced with serum-free media. Inhibitors were 

subsequently added to the desired final concentration (100 µM DL-Propranolol, 5 µM 

Triacsin C, 5-10 µg/ml Cerulenin and 0.1-10 µM Malonyl-CoA ); controls received vehicle 

alone (0.02% ethanol, water, 0.015% methanol or 0.05% DMSO). In the experiments of Fe 

exposure, after 30 min, 1 mM Fe (FeSO4) or its vehicle (ultrapure water) was added and 

cells were incubated under these conditions for 24 h unless otherwise specified.  

2.2.3. Immunofluorescence microscopy 

N27 cells were grown onto glass coverslips and the growing medium was replaced by 

serum-free medium [24]. After treatments, cells were fixed for 1 h with 4% 

paraformaldehyde in PBS, followed by permeation with Triton X-100 (0.1%) for 15 min. 

For the immunostaining, the non-specific sites were blocked with 2% bovine serum 

albumin (BSA) in PBS at room temperature for 30 min. Cells were incubated with anti α-

syn (1:100 in PBS, 2% BSA) or anti -TH (1:50 in PBS, 2% BSA) for 1 h at room 

temperature.  After three washes with PBS, cells were incubated with Alexa Fluor® 546-

conjugated secondary antibody (1:200, 1 h, room temperature) and Hoechst or DAPI for 

nuclear staining. After washing with PBS, coverslips were mounted and slides were 

observed with a Nikon Eclipse E-600 microscope. Quantification was performed using 
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ImageJ (a freely available application in the public domain for image analysis and 

processing, developed and maintained by Wayne Rasband at the Research Services Branch, 

National Institute of Health, Bethesda, MD, USA) and at least 100 cells for each condition 

were analyzed from two independent cell cultures. 

2.2.4. Triacylglycerol and cholesterol measurement  

After treatments, cells were washed 3 times with PBS, scraped off and subjected to lipid 

extraction following the method of Bligh and Dyer [25]. Lipid extracts were washed twice 

with Bligh and Dyer upper phase, dried under N2, resuspended in chloroform/methanol 

(2:1, v/v) and spotted on silica gel plates. For the resolution of neutral lipids, silica gel G 

plates were used; the mobile phase consisted of hexane: diethylether (80:20, v/v). After 

separation by TLC, the spots corresponding to TAG and chol were scraped off the silica 

and eluted [24]. Total TAG and chol content were measured in aliquots of the lipid extracts 

corresponding to 10 µg lipid P, using commercial kits (TG color GPO/PAP AA and 

enzymatic Colestat). Aliquots were dried under N2 gas and resuspended in 100 µl of 

isopropanol and TAG and cholesterol determination were performed following the 

manufacturer’s instructions.  

2.2.5. Lipid phosphorus measurement  

Lipid phosphorus (lipid P) was determined in total lipid extracts using the chemicals and 

reactions described by Rouser and collaborators [26].  

2.2.6. Assessment of cell viability 

Cell viability was assessed by MTT reduction assay. MTT is a water-soluble tetrazolium 

salt that is reduced by metabolically viable cells to a colored, water insoluble formazan salt. 
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After treatments, MTT (5 mg/ml) was added to the cell culture medium at a final 

concentration of 0.5 mg/ml. After incubating the plates for 2 h at 37ºC in a 5 % CO2 

atmosphere, the assay was stopped and the MTT-containing medium was replaced with 

solubilization buffer (20 % SDS, pH 4.7). The extent of MTT reduction was measured 

spectrophotometrically at 570 nm [24]. Results are expressed as a percentage of the control. 

2.2.7. Oil Red O staining 

For lipid droplet staining, the Oil Red O method was used as described by Bi et al. 2012 

[27] with slight modifications. Cells were grown and fixed as described in 2.2.3. After three 

washes with PBS and one wash with water, cells were incubated with a freshly prepared 

solution of Oil Red O (570 µl of 0.5% Oil Red O in isopropanol and 380 µl of water) for 1 

h. Cells were then rinsed thoroughly with water and nuclei were stained with DAPI. 

Samples were mounted and analyzed in the fluorescence microscope.  

2.2.8. Western blot analysis 

For the preparation of total cell extracts, cells (10 × 106 cells) were rinsed with PBS, 

scraped and centrifuged. The pellet was rinsed with PBS and resuspended in 80 µl of a 

buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 0.1 % Triton X-100, 1 % NP-40, 2 

mM EDTA, 2 mM EGTA, 50 mM NaF, 2 mM β-glycerophosphate, 1 mM Na3VO4, 10 

µg/ml leupeptin, 5 µg/ml aprotinin, 1 µg/ml pepstatin, 0.5 mM PMSF, and 0.5 mM DTT. 

Samples were exposed to one cycle of freezing and thawing, incubated at 4 °C for 60 min 

and centrifuged at 10000 x g for 20 min. The supernatant was decanted and the protein 

concentration was measured [28]. Cell lysates containing 25–50 µg of protein were 

separated by reducing 7–12.5% polyacrylamide gel electrophoresis and electroblotted to 

polyvinylidene difluoride membranes. Molecular weight standards (Spectra™ Multicolor 
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Broad Range Protein Ladder, Thermo Scientific) were run simultaneously. Membranes 

were blocked with 5 % nonfat dry milk in TBS-T buffer (20 mM Tris-HCl [pH 7.4], 100 

mM NaCl, and 0.1 % [wt/vol] Tween 20) for 1 h at room temperature and subsequently 

incubated overnight at 4 ºC with primary antibody (anti-FAS (G-11): sc-48357, anti-α-syn: 

sc-7011, anti-β-actin: sc-47778- Santa Cruz Biotechnology, CA, USA), washed three times 

with TBS-T and then exposed to the appropriate HRP-conjugated secondary antibody for 1 

h at room temperature. Membranes were again washed three times with TBS-T and 

immunoreactive bands were detected by enhanced chemiluminescence (ECL; GE 

Healthcare Bio-Sciences, Bs.As., Argentina) using standard X-ray film (Kodak X-OMAT 

AR; GE Healthcare Bio-Sciences). Immunoreactive bands were quantified using Image 

J[24]. 

2.2.9. Acyl-CoA (ACS) synthetase activity assay 

The ACS activity was measured in cellular homogenates (6 x 106 cells) as described by 

Perez-Chacon et al. 2010 [29]. Briefly, 150 µl of cell lysates were incubated with buffer 

containing 20 mM MgCl2, 10 mM ATP, 1 mM CoA, 1 mM 2-mercaptoethanol, 100 mM 

Tris-HCl (pH 8.0), and [3H]-OA (0.2 µCi, 50 µM) at 37°C for 10 min. The reaction was 

stopped by addition of 2.25 ml isopropanol:heptane:1 M H2SO4 (40:10:1 v/v/v). After the 

addition of 1.5 ml heptane and 1 ml water, the mixture was centrifuged at 1000 x g for 5 

min. The aqueous phase was then washed twice with 2 ml heptane containing 4 mg/ml OA, 

and finally the radioactivity was measured by liquid scintillation counting. ACS activity is 

expressed as dpm of [3H]-oleoyl-CoA per µg of protein.  

2.2.10. β-oxidation assay 
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β-oxidation was measured by means of the release of [3H]-H2O according to Moon and 

Rhead [30]. Confluent 24-well microplates were incubated at 37 °C for 4 h with serum-free 

RPMI containing: [3H]-OA (0.5 µCi/well), OA (1.5 µM) and lipid-free BSA (4  mol 

OA/mol BSA) to allow [3H]-OA incorporation. After incubation, the reaction mixture was 

removed and added to a centrifuge tube with 0.2 ml of 10% trichloroacetic acid. The 

mixture was centrifuged at 8500 x g for 5 min. Supernatants were removed and extracted 

with 1 ml isopropanol:heptane:1 M H2SO4 (40:10:1 v/v/v). The resultant aqueous phase 

was treated with 0.07 ml of 6 N NaOH and subjected to a Dowex- 1X8 column in a Pasteur 

pipette. The column was eluted with 5 ml of distilled water, and each eluate was collected 

in a scintillation vial for counting. Radioactivity corresponding to [3H]-H2O was 

determined in a liquid scintillation spectrometer.  

2.2.11. TAG lipase activity assay 

Cellular homogenates (6 x 106 cells, 100 µl) were incubated with [3H]-Glycerol-TAG 

(350000 dpm/µmol) in 20 mM phosphate buffer, pH 7.0, at 37 °C for 30 min [31]. The 

reaction was stopped by addition of 5 ml chloroform:methanol (2:1 v/v). After the addition 

of 1 ml 0.05% CaCl2, samples were centrifuged at 1000 x g for 5 min. Aqueous phases 

containing [3H]-glycerol were collected in scintillation vials for counting. Organic phases 

were spotted onto TLC plates, overlaid with a monoacylglycerol (MAG) diacylglycerol 

(DAG) and TAG standards for separation of [3H]-glycerol MAG, [3H]-glycerol DAG and 

[3H]-glycerol TAG. After iodine staining, spots were scraped into scintillation vials and 

quantified by liquid scintillation spectrometry. Results are normalized with protein content. 

2.2.12. Thioflavin S staining 
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After incubation with secondary antibody, cells were stained with freshly prepared 0.05% 

Thioflavin S in ethanol: water 1:1 (v/v) for 5 min. They were then washed with 80% 

ethanol for 5 min and nuclei were stained with Hoechst. After washing with PBS, 

coverslips were mounted for fluorescence microscopy [32]. 

2.2.13. Determination of cell oxidant levels 

Cell OS was evaluated using the probe 5 (or 6)-carboxy-2’7’-dichlorodihydrofluorescein 

diacetate (DCDCDHF) which can cross the membrane and following oxidation is converted 

into a fluorescent compound. After the corresponding treatments, the medium was 

discarded and RPMI medium containing 10 µM DCDCDHF was added. After 30 min of 

incubation at 37°C, the medium was removed; cells were rinsed three times with PBS and 

lysed in a buffer containing PBS and 1% NP-40. Fluorescence in the lysates (λex=495, 

λem=530) was measured in an SLM model 4800 fluorimeter (SLM Instruments, Urbana, 

IL) [24]. Results are expressed as AU of absorbance per µg of protein [AU/µg protein]. 

 2.2.14. Determination of lipid peroxidation 

Lipid peroxidation was determined by the thiobarbituric acid reactive substances (TBARS) 

assay, which involves derivatization of malondialdehyde with TBA to produce a pink 

product that is quantified in a UV-VIS spectrophotometer. Briefly, after treatments, cells 

were scraped off into 300 µl of ice-cold water and mixed with 0.5 ml of 30 % 

trichloroacetic acid. Then, 50 µl of 5 N HCl and 0.5 ml of 0.75 % TBA were added. Tubes 

were capped, the mixtures were heated at 100 °C for 30 min in a boiling water bath and the 

samples were centrifuged at 1000 x g for 10 min. TBARS were measured 

spectrophotometrically in the supernatant at 532 nm [24]. Results are expressed as a 

percentage of the control. 
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2.2.15. Measurement of LDH leakage 

Lactate dehydrogenase (LDH) leakage was determined as previously described [24]. After 

treatments, incubation medium was centrifuged at 1000 x g for 10 min at 4 °C. The 

resulting supernatant was used to determine LDH activity, which was measured 

spectrophotometrically using an LDH-P UV AA kit, following the manufacturer’s 

instructions. Briefly, the conversion rate of reduced nicotinamide adenine dinucleotide to 

oxidized nicotinamide adenine dinucleotide was followed at 340 nm. Results are expressed 

as a percentage of the control. 

2.2.16. FA analysis 

FA of all lipid classes from N27 cells (pcDNA and A53T α-syn) were quantified by gas 

chromatography (GC) after the addition of an internal standard (21:0) and conversion of the 

extracted dried lipids into methyl ester derivatives. After lipid extraction by the Bligh & 

Dyer method, fatty acid methyl esters (FAME) were prepared following the alternative 

method of the AOCS Ce 2-66 normative from the American Oil Chemists’ Society, by 

transesterification with 2N KOH in anhydrous methanol. Separation and identification of 

the FAME were carried out in an Agilent 7820A gas chromatograph equipped with a 

split/splitless injector, a flame-ionization detector and a 30 m SP-2380 capillary column of 

0.25 mm i.d. and 0.2 µm film thickness (Supelco Inc., Bellefonte, PA). The operating 

conditions were as follows: oven temperature, 170°C (15 min)–4 °C/min–210°C (10 min); 

injector and detector temperatures were set at 200ºC; injection volume, 2 µl; and carrier 

gas, hydrogen at 18,4 cm s−1. EZChrom Elite software (Agilent Technologies, Inc. 2006) 

was used for data analysis. FAME identification was carried out by comparison with the 
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certified standard Supelco FAME 10 mix 37 (CRM47885, Bellefonte, PA, USA), according 

to the official AOCS method Ce 1b-89. 

2.2.17. Statistical analysis 

Data represent the mean value ± SD of at least three independent experiments; each 

experiment was performed in triplicate. Statistical significance was determined by either 

Student’s t-test or one-way ANOVA followed by a Tukey’s test. p-values lower than 0.05 

were considered statistically significant. For cytochemistry studies, 10 fields per sample 

were analyzed in each case. The Western blots shown are representative images of samples 

from three independent experiments. 

 

3. Results 

3.1. Characterization of lipid status in A53T α-syn neurons 

We have previously reported that Fe exposure modulates neuronal lipid metabolism and 

that TAG content increases in response to oxidative injury [24]. In this work, our aim was 

to study the lipid metabolism status in neurons overexpressing A53T α-syn and exposed to 

Fe injury. For this purpose, we worked with dopaminergic N27 neurons (untransfected-UT) 

and two derived cell lines that stably express either the empty vector (pcDNA) or the 

mutant form of α-syn A53T (A53T α-syn). The expression of α-syn in A53T α-syn cells 

was evaluated by immunocytochemistry. A53T α-syn cells showed increased levels of the 

protein with respect to controls pcDNA and UT cells (Fig. 1A).  

To evaluate whether A53T α-syn has any effect on lipid status we first checked TAG, PL 

and chol content. To determine whether the transfection and antibiotic-directed selection of 
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stable cell lines could affect lipid content, we also checked lipid levels in UT and pcDNA 

cells. Both UT and pcDNA cells showed similar chol, PL and TAG content (Fig. 1B-D). 

A53T α-syn cells displayed a 40 % increase in TAG levels with no changes in PL and chol 

content when compared with pcDNA and UT controls (Fig. 1B-D). Cell viability in A53T 

α-syn cells showed a slight decrease (10 %) with respect to controls (Fig. 1E). We also 

evaluated TAG content in two different neuronal lines (N27 and human IMR-32 cells) 

stably transfected with the wild type form of α-syn: while N27 cells showed no changes, 

levels of lipids were increased in IMR-32 cells (data not shown). We assume that levels of 

α-syn expression depending on the cellular type govern this lipid switch more than the 

specific form of the protein (mutated vs wild type). Our results demonstrate that α-syn 

overexpression in A53T α-syn cells is able to alter neuronal TAG content without 

substantial changes in cell viability. For this reason, our experimental system could 

constitute a cellular model for studying the early events of PD when the mutated A53T 

form of α-syn is present. 

To confirm the increase in α-syn expression in A53T α-syn cells, protein levels were 

evaluated by Western blot. Cells transfected with the vector containing the A53T α-syn 

form displayed a 300 % increase in α-syn protein levels with respect to empty vector 

controls (Fig. 2A). In order to further characterize the TAG increase in A53T α-syn cells, 

we evaluated the presence of lipid droplets using Oil Red O staining. We observed an 

increase in lipid droplets formation in cells overexpressing the A53T form of α-syn 

compared to pcDNA controls (Fig. 2B). We also checked the dopaminergic marker 

Tyrosine Hydroxylase (TH) and detected no changes induced by A53T α-syn 

overexpression (Fig. 2C). The lack of TH alteration and the small changes observed in cell 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

17 

 

viability (Fig. 1E) argue in favor of a mild injury produced by A53T α-syn overexpression 

that is accompanied by the accumulation of TAG, a rather unusual occurrence in healthy 

neurons. 

Cumulative evidence indicates that α-syn overexpression and aggregation are associated 

with the presence of several changes in lipid metabolism [15,16,33–36]. To correlate the 

increase in TAG content observed in A53T α-syn cells with the above mentioned findings, 

we then checked acylation capacity by analyzing Acyl-CoA synthetase (ACS) activity. 

A53T α-syn cells displayed increased ACS specific activity, thus showing a higher FA 

availability (Fig. 3A). This higher FA bioavailability is a necessary condition for the 

increase in TAG levels; however another metabolic pathway requiring CoA esterification is 

mitochondrial FA β-oxidation, which we then proceeded to analyze by measuring [3H]-H2O 

release from [3H]-OA pre-labeled cells. We detected no changes in FA β-oxidation when 

comparing pcDNA and A53T α-syn cells (Fig. 3B). Taking into account the higher ACS 

activity with no changes in FA β-oxidation levels observed in A53T α-syn cells and the 

increased TAG levels, the most probable fate of FA-CoA derivatives is their esterification 

in glycerol moieties. To discard the possibility that the TAG increase could be due to a 

downregulation of lipase activity, we also evaluated TAG hydrolysis in cellular lysates. For 

this purpose, we measured the generation of [3H]-glycerol, [3H]-glycerol MAG and [3H]-

glycerol DAG, using [3H]-glycerol-TAG as substrate. We did not detect differences in the 

rate of TAG hydrolysis between pcDNA and A53T α-syn cells (Fig. 3C). 

We also observed that A53T α-syn cells expressed higher levels (a 300% increase) of FAS 

than pcDNA cells (Fig. 3D). To evaluate the FA bioavailability, we then analyzed the total 

FA content in both cellular lines. We observed a 15 % increase in FA content in A53T α-
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syn cells (Fig. 3E). Our results indicate that the overexpression of α-syn in A53T α-syn 

cells upregulates neuronal lipid metabolism by promoting an increase in neuronal TAG 

content. 

3.2. Role of lipid metabolism in A53T α-syn cells  

Based on the results demonstrating an increase in TAG levels in A53T α-syn cells, and to 

further investigate the far-reaching implications of α-syn overexpression for lipid 

metabolism we proceeded to investigate the effect of inhibiting FA and TAG de novo 

synthesis on the neuronal fate. For this purpose, we measured cell viability after 

pharmacological inhibition of key enzymes involved in both processes. A53T α-syn cells 

were more resistant to different concentrations of the pharmacological FAS inhibitor, 

Cerulenin (Fig. 4A). We also analyzed cellular viability in the presence of Malonyl-CoA, 

an allosteric inhibitor of the key enzyme in FA β-oxidation carnitine palmitoyl-transferase-

1. We detected no alterations in cellular viability in pcDNA or A53T α-syn cells (Fig. 4B). 

To evaluate the role of TAG de novo synthesis in the neuronal response to α-syn 

overexpression we used Triacsin C for inhibiting ACS, the enzyme responsible for FA 

activation before esterification in the glycerol backbone. A53T α-syn cells showed 

diminished viability in the presence of Triacsin C (Fig. 4C). In addition, we also used DL-

Propranolol for inhibiting lipin-1, the rate-limiting step enzyme in TAG synthesis. The 

presence of DL-Propranolol rendered A53T α-syn cells more sensitive and affected cell 

viability (Fig. 4D), thus demonstrating that α-syn overexpression in A53T α-syn neurons 

increase TAG levels as a neuroprotective strategy. We cannot rule out that TAG 

appearance, rather unusual for a neuronal phenotype, could constitute an early marker of 

neuronal injury.  
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3.3. Effect of Fe exposure on A53T α-syn neurons 

As previously stated, Fe accumulation and the consequent OS increase are hallmarks of the 

dopaminergic neuron environment in PD [18]. To evaluate the effect of the metal injury on 

A53T α-syn neurons, cells were exposed to Fe (1 mM) and α-syn aggregation and OS 

parameters were evaluated.  

A53T α-syn cells exposed to Fe showed increased levels of α-syn compared with cells 

treated with vehicle (Fig. 5). A similar effect was observed in pcDNA cells. This is in 

agreement with previous findings that the metal is able to modulate α-syn expression at the 

translational level [37]. To determine the effect of Fe on A53T α-syn aggregation we used 

the intracellular probe Thioflavin S. The extent of Thioflavin S fluorescence indicates the 

presence of protein aggregates. A53T α-syn cells exposed to Fe showed the highest levels 

of fluorescence, thus demonstrating that metal exposure induced increased α-syn 

aggregation (Fig. 5).  

To determine the role of Fe in neuronal injury in A53T α-syn cells, OS markers were then 

evaluated. The reactive oxygen species (ROS) content (measured by using the probe 

DCDCDHF) observed in pcDNA cells exposed to Fe was higher than that in A53T α-syn 

cells (Fig. 6A). Moreover, ROS levels were reduced by α-syn overexpression in A53T α-

syn cells after Fe challenge. In harmony with these results, Fe-exposed A53T α-syn cells 

showed a decrease in lipid peroxide levels and LDH release compared with pcDNA cells 

(Fig. 6B and C). However, A53T α-syn cells exposed to Fe showed the highest levels of 

TAG (Fig. 6D). These findings suggest that the stable expression of α-syn in A53T α-syn 

cells could exert a protective function against Fe-induced OS in dopaminergic neurons. 
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This effect could be mediated at least in part by the sequestration of Fe during the 

aggregation of A53T α-syn. 

 

4. Discussion 

One of the most characteristic events in PD is the accumulation and aggregation of different 

α-syn variants in the substancia nigra pars compacta. The mutated form of the presynaptic 

protein α-syn, A53T, is one of the leading causes of early-onset familial PD. Besides 

overexpression and aggregation of different α-syn variants, another intriguing characteristic 

of PD is Fe accumulation [38,39]. The role of Fe in the ethiopathogenesis of this pathology 

is supported not only by its higher levels in the brain (post-mortem determination in PD 

patients) but also by reports showing that the administration of Fe chelators and the 

overexpression of Fe-binding proteins are neuroprotective strategies in PD animal models 

[23,40,41]. In line with this, the A53T α-syn mutant presents high Fe affinity and an 

increased rate of oligomerization when complexed with the metal [9,22]. Recent in vivo 

experiments in Drosophila, showed that Fe overload can trigger different 

neurodegeneration phenotypes in the presence of the A53T α-syn mutant, clear evidence of 

the interaction between the mutated protein and the metal [42]. 

Our studies reveal that A53T α-syn neurons exposed to Fe displayed lower ROS and lipid 

peroxidation levels than pcDNA cells. The decreased in OS markers in the presence of 

A53T α-syn cells might be a consequence of the enhanced Fe binding properties of the 

mutated form of α-syn [9,22]. It is important to note that our experiments were performed 

with Fe 1 mM, a concentration we have previously shown to trigger mild oxidative injury 

in dopaminergic neurons [24]. Under our experimental conditions an increase in the 
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aggregated form of α-syn (measured as Thioflavin S fluorescence) can be observed in Fe-

exposed neurons. It has been reported that higher metal concentrations (10 mM) promote 

protein fibrillation [9]. Another consequence of the Fe binding capacity of A53T α-syn 

might be its enhanced aggregation. This metal -induced aggregation could be implicated in 

the metal scavenger activity of the mutated protein, thus diminishing Fe oxidant activity. In 

this connection, wild-type α-syn has been reported as a ferrireductase, which may help cells 

to maintain the Fe(II)/Fe(III) ratio necessary for dopamine synthesis [19]. The possibility 

cannot be discarded that the mutant A53T-α-syn -either because of the substitution of 

alanine by threonine, or because of the aggregation induced by the metal- is unable to act as 

a ferrireductase, thus lowering the Fe (II) levels necessary for the Fenton reaction. Protein 

concentration may be another factor involved. In experiments performed with hydroxyurea 

in Saccharomyces cerevisiae, the balance between protection and toxicity was dependent 

on the α-syn concentration and its subcellular localization [43]. Moreover, it cannot be 

ruled out that the apparent protective role of A53T α-syn observed in our experiments is 

due to an early function that when lost, triggers neurodegeneration.  

Equally striking is the fact that α-syn has a strong tendency to bind FA, PL and lipid 

droplets and to alter several aspects of lipid metabolism [15,44–46]. Moreover HEK 293 

cells overexpressing A53T α-syn and subjected to FA overload showed increased TAG 

levels [13,45]. Based on these data, it can be hypothesized that there is a strong correlation 

between neuronal lipid metabolism, α-syn pathology and Fe accumulation in PD. In 

harmony with this hypothesis, we show here that the stable expression of A53T α-syn in 

dopaminergic neurons disturbs neuronal lipid metabolism and that this effect is even more 

pronounced in the presence of Fe. An unexpected characteristic of A53T α-syn neurons is 
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the higher TAG content and increased lipid droplet formation with respect to control cells. 

The rise in TAG levels was accompanied by an increase in ACS activity without alterations 

in FA β-oxidation or TAG hydrolysis. Our results demonstrate that TAG accumulation was 

enhanced mainly by the increased bioavailability of FA-CoA derivatives. Since PL content 

was not affected, the unique consequence of this exacerbated ACS activity was the elevated 

levels of TAG. Based on our experiments performed with the mutant A53T we cannot rule 

out that others forms of α-syn overexpression had the same effect depending on the levels 

of protein expression. Pioneering work from Murphy’s lab demonstrated that wild-type α-

syn, but not mutants, modulate brain arachidonate metabolism through the modulation of 

ACS activity [47]. Further studies demonstrate that the ablation of α-syn expression (SNCA 

knock-out mice) induces a significant reduction in the incorporation rate of arachidonic and 

docosahexaenoic acid into brain PL, thus promoting increased proinflammatory cytokine 

secretion [10,11,36]. Moreover, it has been reported that α-syn mutants (A53T and A30P) 

displayed differential TAG turnover in lipid loaded HeLa cells [45]. 

Our results demonstrate that α-syn overexpression in A53T α-syn cells induces a TAG 

increase that could be a consequence of ACS upregulation, revealing its involvement in 

lipid metabolism. This unexpected lipid metabolic switch for a neuronal cell could indicate 

the onset of the neurodegenerative process.  

 

5. Conclusions 

We have previously shown that during Fe-induced OS, the increase in TAG content in 

dopaminergic neurons is a smart neuroprotective approach for preserving arachidonic acid 

from lipid peroxidation [24]. In agreement with this, A53T α-syn cells were also able to 
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modulate TAG metabolism to face mild oxidative damage. Our results suggest that the 

early cellular events triggered by α-syn in A53T cells involve alterations in lipid 

metabolism that lead to TAG accumulation and neuroprotection against Fe-induced 

oxidative stress. This metabolic switch could be indicative of the early onset of 

dopaminergic neurodegeneration (Graphical Abstract).  
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Figure legends 

Fig. 1. Lipid status in A53T α-syn-N27 cells (A) α-syn expression in dopaminergic 

neurons. Fluorescence photomicrographs of UT, pcDNA and A53T α-syn cells. 

Representative images from three different experiments are shown. Fluorescence intensity 
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quantification (AU) is shown in the graph below the images. (B) Chol levels in UT, pcDNA 

and A53T α-syn neurons. Chol levels were determined by a colorimetric assay as described 

in Materials and Methods. (C) Lipid phosphorus content in UT, pcDNA and A53T α-syn 

cells. Total lipid phosphorus content was determined by the method of Rouser et al. 

(Rouser et al., 1970). Results are expressed as µg of lipid phosphorus. (D) TAG content in 

UT, pcDNA and A53T α-syn cells. TAG content was determined by an enzyme-specific 

colorimetric assay as specified in Materials and Methods. (E) Determination of cellular 

viability in UT, pcDNA and A53T α-syn cells using MTT reduction assay. (B, D-E) Results 

are expressed as a percentage of the control and represent mean ± SD (n=3). *p < 0.05 with 

respect to the control condition.  

Fig. 2. Characterization of A53T α-syn cells. (A) Immunoblot of α-syn expression levels in 

lysates from pcDNA and A53T α-syn cells from two independent experiments. One 

representative blot of three different experiments is presented. Bands of α-syn (19 kDa) 

were quantified through scanning densitometry. The data in the graph on the right represent 

the ratio between α-syn and β-actin (mean ± SD of three different experiments, *p  <  0.05 

with respect to the control). (B) Oil Red O staining for lipid droplets. Fluorescence 

photomicrographs show the formation of lipid droplets (white arrows) in pcDNA and A53T 

α-syn cells. (C) Expression of TH in pcDNA and A53T α-syn neurons. Pictures show TH 

expression levels analyzed by immunocytochemistry. The graph below represents the 

fluorescence intensity (AU). (B-C) DAPI was used for nuclear staining. 

Fig. 3. Characterization of lipid metabolism in A53T α-syn cells. (A) ACS activity in 

pcDNA and A53T α-syn cells was determined through the radioactivity assay described in 

Materials and Methods. Results are expressed as dpm of [3H] oleoyl-CoA per µg of protein 
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and represent mean ± SD (n=3). *p < 0.05 with respect to the control condition. (B) FA β-

oxidation was measured in pcDNA and A53T α-syn neurons by means of the release of 

[3H]-H2O as described in Materials and Methods. Results are expressed as dpm of [3H]-

H2O per ml and represent mean ± SD (n=3, ns= no significant difference with respect to the 

control condition). (C) TAG lipase activity was studied in pcDNA and A53T α-syn neurons 

as described in Materials and Methods. Data represent dpm of tritiated species (glycerol, 

MAG and DAG) normalized with protein content. Results represent mean ± SD (n=3, ns= 

no significant difference with respect to the control condition). (D) Expression levels of 

FAS in pcDNA and A53T α-syn neurons were analyzed by Western blot. Western blot 

images are representative of three different experiments. (E) Total FA content. FA of all 

lipid classes from pcDNA and A53T α-syn cells were quantified by GC as describe in 

Materials and Methods. Results are expressed as µg FA normalized by phospholipid P 

content and represent mean ± SD (n=3, * p < 0.05 with respect to the control condition).  

Fig. 4. Role of lipid metabolism enzymes in A53T α-syn cell viability. The schematic view 

shows the FA synthesis/degradation and Kennedy pathways and site of action of the 

pharmacological inhibitors: Cerulenin (FAS inhibitor), Malonyl-CoA (β-oxidation 

inhibitor), Triacsin C (ACS inhibitor) and DL-Propranolol (lipin 1 inhibitor). (A) Effect of 

the FAS inhibitor Cerulenin on cell viability. pcDNA and A53T α-syn cells were exposed 

to different concentrations of Cerulenin or its vehicle and cell viability was assayed by 

MTT reduction. (B) Effect of the β-oxidation inhibitor Malonyl-CoA on cell viability. 

pcDNA and A53T α-syn cells were treated with different concentrations of Malonyl-CoA 

or its vehicle and cell viability was assayed by MTT reduction. (C) Effect of Triacsin C on 

cell viability. pcDNA and A53T α-syn cells were exposed to the ACS inhibitor Triacsin C 
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(5 µM) or its vehicle and cell viability was evaluated by the MTT reduction assay. (D) 

Effect of DL-Propranolol on cell viability. pcDNA and A53T α-syn cells were treated with 

the lipin inhibitor DL-Propranolol (100 µM) or its vehicle and cell viability was determined 

by the MTT reduction assay. (A-D) Results are expressed as a percentage of the control and 

represent mean ± SD (n=3, * p< 0.05 with respect to the control condition).  

Fig. 5. A53T α-syn aggregation after Fe exposure. pcDNA and A53T α-syn neurons cells 

were treated under control conditions and in the presence of Fe (1 mM) for 24 h. After 

treatments, cells were processed for immunocytochemistry studies with an antibody against 

α-syn (red) and subsequently incubated with Thioflavin S (green) as described in Materials 

and Methods. Nuclei were stained with Hoechst (blue). Representative images of three 

different experiments are shown. The data in the graphs represent the fluorescence intensity 

of α-syn (left panel) and Thioflavin S (right panel) (mean ± SD of three different 

experiments, * p < 0.05 with respect to the control). 

Fig. 6. Effect of Fe exposure on the neuronal response to A53T α-syn variant. (A) Cell 

oxidant levels in pcDNA and A53T α-syn cells after Fe exposure. Cells were treated with 

Fe (1 mM) or its vehicle for 24 h and subsequently incubated in the presence of 10 µM 

DCDCDHF in order to determine ROS levels. Results are expressed as AU normalized by 

protein content and represent mean ± SD (n=3, * p< 0.05 with respect to the control 

condition). (B) Lipid peroxide levels in pcDNA and A53T α-syn cells exposed to Fe. Cells 

were treated as described in A and lipid peroxidation was evaluated by TBARS 

determination. Results are expressed as a percentage of the control and represent mean ± 

SD (n=10, * p < 0.05 with respect to the control condition). (C) Plasma membrane 

permeability in pcDNA and A53T α-syn cells after Fe exposure. LDH leakage assay was 
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assessed after cells were treated with the conditions described in A. Results are expressed 

as a percentage of the control and represent mean ± SD (n=6, * p< 0.05 with respect to the 

control condition). (D) Effect of Fe treatment on TAG levels in A53T α-syn cells. TAG 

content was analyzed in pcDNA and A53T α-syn cells treated as described in A. Results 

are expressed as a percentage of the control and represent mean ± SD (n=3, * p< 0.05 with 

respect to the control condition).  

Graphical Abstract. Effect of A53T α-syn overexpression and Fe exposure on neuronal 

lipid metabolism. A53T α-syn overexpression increased FAS expression levels, ACS 

activity and TAG content. A53T α-syn diminished ROS generation and lipid peroxidation 

induced by Fe-exposure. A53T α-syn cells exposed to Fe showed increased TAG content. 

The appearance of TAG in A53T α-syn cells could constitute a marker of neuronal injury 

during the early stages of PD.  
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