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Abstract 

Parkinson’s disease (PD) is a common and progressive neurodegenerative disorder 

primarily affecting dopaminergic neurons in the substantia nigra pars compacta (SNpc),  

characterised by motor impairments as well as non-motor symptoms. While dopamine-based 

therapies are effective in fighting the initial stages of the disease, a lack of neuroprotective 

drugs means that the disease continues to progress. Along with the traditionally recognised 

pathological hallmarks of dopaminergic neuronal death and intracellular a-synuclein (a-syn) 

depositions, iron accumulation, elevated oxidative stress and lipid peroxidation damage are 

further conspicuous features of PD pathology. Importantly, the underlying mechanisms 

linking these pathological hallmarks with neurodegeneration remain unclear. Ferroptosis, a 

regulated iron dependent cell death pathway involving a lethal accumulation of lipid 

peroxides, shares several features with PD pathophysiology. Interestingly, a-syn has been 

functionally and pathologically linked with the metabolisms of iron and polyunsaturated fatty 

acids (PUFAs), suggesting a possible link between dysregulated a-syn and iron and lipid 

dyshomeostasis in PD pathology. This project aims to study the potential implication of a-

syn in the ferroptosis pathway, thus demonstrating a pivotal interplay between a-syn and 

ferroptosis in PD. To this extent, we have generated stable LUHMES dopaminergic neuronal 

precursor cell lines with the homozygous PD-linked A53T a-syn mutation, and have 

knocked-out the main 140 amino-acid long a-syn isoform (140 a-syn) via CRISPR/Cas9 

genome editing. We have observed that the PD-linked A53T a-syn mutation increases the 

sensitivity of LUHMES dopaminergic neurons to ferroptosis-induced lipid peroxidation and 

cell death, whilst absence of the main 140 a-syn results in ferroptosis evasion. This response 

was specific to ferroptosis since no difference in apoptosis sensitivity was reported. 

Interestingly, reducing a-syn levels by siRNA also protected dopaminergic neurons from 

ferroptosis to comparable levels as knocking-down the well-established pro-ferroptotic 

modulator acyl-CoA synthetase long chain family member 4 (ACSL4). Using small molecule 

derived neuronal precursor cells (smNPC) from PD patients differentiated into midbrain 

dopaminergic neurons (mDANs), we reproduced our findings and showed that the KO of a-

syn protects mDANs against ferroptosis-induced cell death and lipid peroxidation. In 

addition, we showed intrinsically higher levels of lipid peroxidation and vulnerability to 

ferroptotic cell death in mDANs from a PD patients baring SNCA triplication.  



 XVII  

 

 

Lipidomic analysis of the plasma membrane were conducted in LUHMES dopaminergic 

neurons depleted of a-syn in order to decipher the mechanism resulting in ferroptosis 

resistance. A reduction in PUFA contained in phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE) phospholipids was observed upon a-syn and ACSL4 knock-

down (KD), mirrored by a reduction in the peroxidability index. Surprisingly, a more 

selective a prominent reduction was observed in ether-phospholipids (ether-PL), a subclass of 

phospholipids which were recently shown to be essential for ferroptotic cell death. These 

results provide the first direct link between a-syn and the metabolism of ether-PL and 

demonstrate that the levels of endogenous a-syn can determine the sensitivity of 

dopaminergic neurons to ferroptosis, further strengthening the implication of ferroptosis in 

the pathology of PD.  
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Parkinson’s Disease – Two centuries of research 

 

1.1 Introduction 

Parkinson’s Disease (PD) is a neurodegenerative disease that results predominantly 

from the loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) of the 

midbrain leading to a dopamine deficit in the striatum. It stands as the second most common 

progressive neurodegenerative disorder with an estimate of 7 to 10 million PD patients 

worldwide and a predicted increase as the population ages (Parkinson’s Foundation ). 

Clinically, PD patients present with motor impairments such as bradykinesia, rest tremor, 

rigidity and gait disorders, as well as non-motor symptoms including dysautonomia (anosmia, 

constipation, etc), sleep disturbances, behavioural disorders (anxiety, depression, apathy, etc) 

and cognitive disorders that may progress to dementia (Fearnley and Lees, 1991). These non-

motor symptoms may appear in the individual several years before the onset of the 

characteristic motor symptoms in what is known as the prodromal phase of the disease 

(Postuma et al., 2012). The main pathological hallmarks of the sporadic and familial forms of 

PD are a predominant and progressive degeneration of the dopaminergic neurons of the SNpc 

associated with a systematic progressive iron accumulation, leading to a dopamine depletion 

in the striatum, disappearance of neuromelanin and appearance of intracellular Lewy Bodies 

with the major component consisting of aggregated a-synuclein (a-syn) (Dexter et al., 

1989a; Schneider and Obeso, 2015; Shahmoradian et al., 2019; Spillantini et al., 1997).  

Over the past two hundred years, extensive research has focused on unravelling the 

aetiology, physiopathology and clinical manifestation of Parkinson’s disease with the 

common aim of better understanding the disease in order to delay the disease onset and slow 

the progression via neuroprotective treatments. This chapter provides an overview of the 

disease from the beginnings of PD’s clinical description, risk factors and treatments, down to 

the cellular and molecular level of the disease pathology.  

1.2 Clinical Description. 

First described in the early 19th century, James Parkinson writes in his “Essay on the 

Shaking Palsy”:  
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“Involuntary tremulous motion, with lessened muscular power, in parts not in action 

and even when supported; with a propensity to bend the trunk forwards, and to pass from a 

walking to a running pace: the senses and intellects being uninjured” (figure 1). 

 

 

Over 50 years later, Jean-Martin Charcot provided a more thorough description of the clinical 

spectrum including the arthritic changes, dysautonomia and pain associated with Parkinson’s 

Disease, and identified bradykinesia as one of the cardinal symptoms of the disease (Charcot, 

1886):  

“Long before rigidity actually develops, patients have significant difficulty performing 

ordinary activities: this problem relates to another cause. In some of the various patients 

I showed you, you can easily recognize how difficult it is for them to do things even 

though rigidity or tremor is not the limiting feature. Instead, even a cursory exam 

demonstrates that their problem relates more to slowness in execution of movement 

rather than to real weakness. In spite of tremor, a patient is still able to do most things, 

but he performs them with remarkable slowness. Between the thought and the action 

there is a considerable time lapse. One would think neural activity can only be effected 

after remarkable effort.” 

 

Other cardinal features of Parkinson’s Disease include tremor, rigidity and postural 

instability. Charcot also contributed towards the differentiation of Parkinson’s disease from 

Figure 1.  James Parkinson’s first description of the characteristic motor tremor of Parkinson’s 

Disease. Extract from the first page of “An essay on the Shaking Palsy” written by James 

Parkinson’s in 1817. 
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other tremorous disorders, such as multiple sclerosis, allowing for a distinct diagnosis. 

Furthermore, Charcot noted two subgroups based on the clinical manifestations: the 

tremorous and the rigid/akinetic forms, which still today are suggested as the two major 

subtypes, despite there not being a consensus on the classification of Parkinson’s disease 

subtypes (Charcot, 1886; Kalia and Lang, 2015). The course and prognosis of the disease 

varies depending on the subtype, in which the tremor-dominant form is often associated with  

a slower rate of progression and therefore less functional disability (Jankovic et al., 1990; 

Kalia and Lang, 2015). Moreover, it is hypothesised that the subtypes of Parkinson’s disease 

may have distinct aetiologies and pathogenesis (Marras and Lang, 2013).  

In addition to the “classic” motor symptoms previously mentioned, other motor 

complications are observed amongst PD patients. These include hypomimia with decreased 

eye blink rate, impaired upward gaze, dystonia, shuffling gait, “freezing” and speech 

impairments. (Jankovic, 2008). 

Aside from the motor symptoms, Parkinson’s Disease patients suffer several non-motor 

features including olfactory dysfunction, cognitive impairments, sleep disorders, autonomic 

dysfunction, pain, fatigue, and depression amongst others. These symptoms can precede the 

motor symptoms and appear up to twenty years before the diagnosis occurs with the onset of 

motor features (figure 2). The pathogenic neurodegeneration causing Parkinson’s Disease is 

presumably underway during this prodromal period, which offers a valuable window for 

disease modifying drugs to slow the neurodegeneration, thus progression of the disease. 

Progression of PD is characterised by worsening of motor symptoms which are initially 

managed by pharmacological dopamine treatments. These therapies only provide 

symptomatic relief and, as the disease progresses, the motor and non-motor symptoms 

become greater and complications arise due to long-term treatments. These include motor and 

non-motor fluctuations, dyskinesia and psychosis (Hely et al., 2005). Furthermore, in 

advanced-stages of the disease, several motor and non-motor symptoms become 

unresponsive to the treatments, including postural instability, freezing of gait and speech 

dysfunction. A multi-centric study assessed these motor features in 149 patients who were 

diagnosed with PD over 15 years earlier and reported a series of non-Levodopa(L-DOPA)-

responsive problems: 50% of patients reported choking, whilst symptomatic postural 

hypotension and urinary incontinence occurred in 35% and 41% of patients, respectively. 

Freezing of gait and falls were reported in 81% on patients (Hely et al., 2005). Finally, 

cognitive decline and dementia is prevalent in late-stages of the disease, occurring in 83% of 

patients who have had PD for over 17 years (Hely et al., 2008) (Figure 2). However, there is 
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great phenotypic variability in terms of symptoms and age of onset of symptoms during the 

course of the disease, particularly during the prodromal phase. For example, some patients 

may start with discrete motor symptoms 10 years before diagnosis and only suffer from 

constipation in the advanced stage of the disease. 

 

With advances in treatments and increase in survival times, the later stages of the disease are 

often prolonged in which the combination of the motor and non-motor features in addition to 

the complications arising from long-term treatments lead to strong disabilities, loss of 

independence and eventually death (Coelho and Ferreira, 2012). 

1.3 Risk factors 

Parkinson’s disease is considered the second most common neurodegenerative disorder 

after Alzheimer’s Disease. The prevalence in Europe, North and South America seems to be 

higher when compared to countries in Africa, Asia and the Middle East. (Kalia and Lang, 

Figure 2.  Clinical symptoms and progression of Parkinson’s Disease.  

Parkinson’s Disease diagnosis is marked by the onset of motor symptoms which are associated to the loss 

of ~50% of dopaminergic neurons in the substantia nigra. Non-motor symptoms often precede the 

diagnosis in what it’s known as the prodromal phase which can last up to 20 years. The prodromal phase is 

mainly characterised by non-motor features which evolve as the disease progresses often leading to 

dementia in late stages. The cardinal motor symptoms include bradykinesia, rigidity and tremor, and can 

be managed with symptomatic dopamine therapy. The late stages of the disease are marked by stronger 

motor and non-motors symptoms along with complications related to long-term treatments 
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2015). Age is the greatest risk factor for the disease as evident from the fact that the 

prevalence and incidence increase with age, reaching a peak after 80 years of age  (Driver et 

al., 2009; Pringsheim et al., 2014). Ethnicity and gender are also considered established risk 

factors; in North-America, the incidence of PD is highest in Hispanic individuals, followed 

by non-Hispanics Whites, Asians, and lowest in Blacks (Van Den Eeden et al., 2003). 

Furthermore, the incidence in men is also higher than in women with a male-to-female ratio 

of approximately 3:2 (de Lau and Breteler, 2006). 

 Research has profoundly changed our knowledge on PD pathology and determinants. 

Whilst genetic studies have revealed the heterogeneity of PD and identified specific genes 

and single nucleotide polymorphisms (SNPs) associated with the pathogenesis and aetiology, 

epidemiological studies have contributed towards understanding the contribution of 

behavioural and environmental factors in disease pathogenesis and progression. The key role 

of such behavioural and environmental factors in modifying the risk of developing PD is 

strengthen by the fact that approximately 90% of PD cases have no genetic cause (Ascherio 

and Schwarzschild, 2016; Klein and Westenberger, 2012). An in-depth understanding of the 

risk factors of PD and their interactions could enable the identification of PD in its prodromal 

phase and therefore promote identification of biomarkers, individualisation of treatments and  

neuroprotective interventions before the onset of motor symptoms.  

1.3.1 Genetic contributions 

Although the majority of PD cases are sporadic, the contribution of genetics to PD is 

suggested by the fact that family history of PD or tremor increases the risk of developing the 

disease (Noyce et al., 2012). Furthermore, owing to the clinical and pathological similarities 

between genetic PD and the more common idiopathic cases, genetic PD serves as an 

excellent model for understanding the pathology of PD and enables the identification of at-

risk individuals in the earliest phases of the disease. The crucial impact of genetics in PD 

pathology was first confirmed by the discovery of monogenic forms of the disease which are 

considered to be autosomal and dominant: 

1.3.1.a Autosomal-dominant Parkinson’s disease genes 

SNCA, which encodes the protein a-syn, was the first identified gene to be related with 

autosomal-dominant PD (Polymeropoulos et al., 1997). Although the incidence of SNCA-

related PD is rare, missense mutations and multiplications of the gene locus are known causes 

of early-onset PD with an age of onset ≤	50 years. Patients with SNCA mutations initially 
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respond well to L-DOPA although as the disease progresses, patients often present with 

cognitive decline and dementia (Klein and Westenberger, 2012). Five missense mutations 

have been identified so far: A53T (Polymeropoulos et al., 1997), A30P (Krüger et al., 1998), 

E46K (Zarranz et al., 2004), H50Q (Appel-Cresswell et al., 2013) and G51D (Lesage et al., 

2013). Interestingly, all point mutations are located in the amino-terminal region of the a-syn 

protein, which adopts an a-helical upon binding to phospholipid membranes. The mutations 

in SNCA are thought to increase the propensity of a-syn to adopt stable β sheets and 

exacerbate the formation of toxic oligomers (Bertoncini et al., 2005). A more in-depth 

overview on a-syn and the pathological contributions to PD is provided in section 1.4.1 

“Lewy Body pathology in Parkinson’s disease” and in chapter 3. Despite it being a rare cause 

of the disease, duplications and triplications of SNCA are also associated with increased risk 

of developing PD and diffuse Lewy body disease, with a later age of onset than the observed 

with SNCA mutations (Johnson et al., 2004). Interestingly, an association between SNCA 

copies (duplications vs triplication) and clinical manifestation has been suggested, where 

increased number of SNCA copies lead to earlier disease onset, more severe symptoms and 

faster disease progression (Fuchs et al., 2007; Ross et al., 2008). 

LRRK2 encodes the leucine-rich repeat kinase 2, a protein involved in several cellular 

processes ranging from neurite growth and synaptic morphogenesis, to autophagy, membrane 

trafficking and innate immune response (Brice, 2005). Mutations in LRRK2 is the most 

common cause of late-onset autosomal-dominant and sporadic PD, accounting for 4% of 

genetic PD, and are found in 1% of sporadic PD cases worldwide (Brice, 2005; Lesage et al., 

2006; Ozelius et al., 2006). Clinically, LRRK2-related PD patients usually show mid-to-late 

onset of the disease, and progress slowly. The response to L-DOPA treatments is favourable 

and cognitive decline into dementia is rare. Amongst the more than 50 known LRRK2 

mutations, at least 16 of them seem to be pathogenic, including the six most recurrent 

mutations: p.R114C, p.R1441G, p.R1441H, p.Y1699C, p.G2019S, and p.I2020T) (Klein and 

Westenberger, 2012).  

Missense mutations in other genes have also been proposed to mediate autosomal dominant 

forms of PD: VPS35, DNAJC13 and CHCHD2. A single missense mutation in the VPS35 

gene, A620D, is responsible for a rare form of autosomal-dominant PD: VPS35 encodes the 

vacuolar protein sorting 35 (VPS35), a subunit of the retromer complex that associates with 

endosomes responsible for the intracellular traffic of proteins and lipids between the Golgi 

apparatus, the endoplasmic reticulum (ER), lysosomes and the plasma membrane (Williams 
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et al., 2017). DNAJC13 encodes a chaperone protein (receptor-mediated endocytosis 8 – 

REM-8) which, like VPS35, is also involved in mediating transmembrane protein trafficking 

by regulating the dynamics of clathrin coats on early endosomes. Missense mutations in 

DNAJC13 therefore impair endosomal transport and have also been linked to monogenic 

autosomal dominant forms of PD (Vilariño-Güell et al., 2014). It is worth mentioning, that 

the evidence associating dysregulated endosomal receptor-sorting/recycling and PD 

pathology is highlighted by the aforementioned pathogenic mutations in VPS35, LRRK2 and 

DNAJC13. Although the evidence remains unconclusive, some mutations in EIF4G1 have 

also been linked to PD suggesting an impaired ability of neurons to respond to stress 

conditions. However, some mutation carrier exist with no apparent pathological phenotype, 

meaning further clinical and functional studies on EIF4G1 are required to conclude on its 

implication with autosomal dominant forms of PD (Deng et al., 2015).  

1.3.1.b Autosomal-recessive Parkinson’s disease genes 

Pathogenic mutations in parkin, PINK1 and DJ-1 are responsible for the majority of 

recessively inherited PD (Kalia and Lang, 2015). Mutations in parkin are most commonly 

associated with autosomal recessive PD, as evident from the fact that in patients with PD 

onset before 45 years of age, parkin mutation are found in 50% and 15% of familiar and 

sporadic cases, respectively (Lücking et al., 2000; Periquet et al., 2003). The parkin gene is 

the second largest gene in the human genome, which would explain the large number and 

wide spectrum mutations detected up to date. The parkin mutations which have been reported 

across all exons are mainly point mutations (missense and nonsense mutations), although 

some small indels and whole exon deletions and duplications have also been reported (Abbas 

et al., 1999). The parkin protein is a 465-amino acid long protein with a modular architecture. 

It functions as an E3 ubiquitin ligase responsible for conjugating ubiquitin proteins to lysine 

residues of proteins targeted for degradation via the proteasome. Unlike parkin, mutations in 

the PINK1 gene are mainly point mutations, and are the second most common cause of 

autosomal-recessive early-onset PD, with a frequency that ranges from 1-9% depending on 

ethnicity (Healy et al., 2004; Klein et al., 2006; Rogaeva et al., 2004; Valente et al., 2004). 

The majority of the reported PINK1 mutations are loss-of-function mutations affecting the 

kinase domain of the protein, indicating the importance of the protein’s enzymatic activity in 

the pathogenesis of PD. Interestingly, some studies have suggested a common pathway by 

which PINK1 and parkin may act in synergy to sense and eliminate damaged mitochondria. 

PINK1 is stabilized in mitochondria with lower membrane potential, and as such, it recruits 
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parkin, which becomes enzymatically active and target damage mitochondria for mitophagy 

(Pickrell and Youle, 2015; Vranas et al., 2022; Zhang et al., 2022). Finally, despite the low 

frequency, DJ-1 (or PARK7) is the third gene associated with autosomal-recessive PD, and is 

mutated in about 1-2% of early onset PD cases (Pankratz et al., 2006). DJ-1 forms a dimeric 

structure under physiological conditions, and is thought to act as a cellular sensor of oxidative 

stress (Canet-Avilés et al., 2004; Macedo et al., 2003). Most of the point mutations seem to 

affect the stability and dimerization status of the protein, leading to its loss of function, 

degradation and subsequent reduction in the neuroprotective and antioxidant functions 

(Takahashi-Niki et al., 2004). 

1.3.1.c Genetic risk variants 

In the past decade, almost 900 genetic association studies have identified further 

genetic risk factors or polymorphisms associated with the development of PD (van der Brug 

et al., 2015). Loss of function mutations in GBA remains the greatest genetic risk factor for 

developing PD. GBA encodes the β-glucocerebrosidase enzyme responsible for the 

degradation of glucocerebrosides into glucose and ceramide. Its enzymatic deficiency results 

in excessive storage of its substrate within lysosomes of macrophages and neurons amongst 

other cell types, and is responsible for Gaucher disease (Hruska et al., 2008). A large 

multicentric study including ~5700 PD cases and almost 5000 controls showed an odds ratio 

for any GBA mutation in PD patients vs controls of 5.43 (Sidransky et al., 2009). Variants in 

several Parkinson-designated (SNCA, LRRK2, PARK16, GAK) and other genes (MAPT, GBA, 

APOE, BST1, etc) have also been associated with an increased risk of developing PD (Klein 

and Westenberger, 2012), some of which are depictured in figure 3, but will not be further 

discussed as it is a topic beyond the scope of this thesis manuscript. 
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1.3.2 Environmental contributions 

Risk of developing PD is clearly multifactorial, but the elaborate interplay between the 

various factors remains unclear and requires further deciphering. Following an overview of 

the genetic contribution, section 1.3.2 will provide a brief description of some environmental 

contributors to increased PD risk. 

1.3.2.a Pesticides 

The associated risk of developing PD with the exposure to pesticides was suggested by 

the discovery of the neurotoxic effects of the metabolite of 1-methyl,4-phenyl-1,2,3,6-tetra 

hydropyridine (MPTP), which in the body is converted to the pro-parkinsonian molecule N-

methyl-4-phenylpyridine (MPP+), with a similar structure to the paraquat pesticide (Davis et 

al., 1979; Langston et al., 1983). A case-control study in France revealed a positive 

association between pesticide exposure and PD in the elderly (Baldi et al., 2003). In a 

longitudinal study, the relative risk (RR) of PD was shown to be increased in men who 

worked more than 10 years on a plantation (RR 1.7), and the RR increased as the exposure 

time is prolonged (RR 1.9 in men who did more than 20 years of plantation work) (Petrovitch 

et al., 2002). An additional study determined a stronger association with intensity rather than 

Figure 3.  Schematic overview of genetic variants in Parkinson’s disease grouped according to allele 

frequency and associated risk of Parkinson’s disease. Image adapted from (Van der Brug et al., 2015).   
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duration of pesticide exposure and showed a significant association of pesticides with tremor-

dominant PD in men, the most typical PD presentation (Moisan et al., 2015). The class of 

pesticides seems to be key in its ability to increase the risk of PD, since individuals exposed 

to pesticides had a 70% higher incidence of PD than those not exposed and no relation was 

found between risk of PD and exposure to acids/solvents, asbestos, coal or stone dust or eight 

other chemicals (Ascherio et al., 2006). This notion is supported by a prospective 

investigation in Finland which showed no association between blood concentrations of 

organochlorine pesticides and increased PD risk (Weisskopf et al., 2010). The Agricultural 

Health study (AHS) assessed whether pesticides causing mitochondrial dysfunction and/or 

oxidative stress are associated with PD in humans and found positive association with the use 

of pesticides that inhibit mitochondrial complex I  such as rotenone (odds ratio (OR) = 1.7; 

95% confidence interval (CI), 1.0-2.8), and with the use of pesticides like paraquat that 

trigger oxidative stress (OR= 2.5, 95% CI, 1.2-3.6) (Tanner et al., 2011). Overall, the 

evidence linking pesticide exposure to PD risk is substantial, however the molecular 

mechanisms behind the neurodegeneration remains uncertain.  

1.3.2.b Traumatic brain injury 

Evidence has shown that traumatic brain injury (TBI) can cause disruption to the blood-

brain barrier (BBB), long-term brain inflammation, mitochondrial dysfunction, increased 

glutamate release and a-syn accumulation in the brain, all pathological features closely 

linked to PD (Acosta et al., 2015; Fischer et al., 2016; Marras et al., 2014). Interestingly, the 

associated risk appears higher soon after the injury and gradually decreases over time. A 

Danish study with over 13 000 PD cases revealed that the RR of PD within 3 months of 

concussion was 6.6 (95% CI 4.4 – 9.9), but the risk descended to 1.9, 1.8 and 1.4 between 4 

and 12 months, 1 and 4 years and between 5 and 9 years, respectively (Rugbjerg et al., 2008). 

Similar results were obtained in a later study which included 18 000 PD cases, in which the 

RR for PD was 3.34 (95% CI 2.72-4.12) within 12 months following head injury, but this 

number decreased to 1.28 after 1-4 years, 1.18 in years 5-9 and 1.17 after 10 years (Fang et 

al., 2012). The early increase in PD risk in the aforementioned studies may be explained by 

reverse causation due to more frequent falls and head injuries in individuals with early PD. It 

is therefore difficult to establish whether there is a long-term increase in the risk of 

developing PD due to TBI. Despite the controversy from human studies, mounting pre-

clinical data indicates there might indeed be an association between TBI and an increased 

risk of developing PD. The question remains as to whether TBI triggers PD pathology or 
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accelerates the pathology in at risk populations. An in vivo study conducted in a chronic TBI 

rat model revealed decreased TH positive neurons in the SNpc relative to sham control, in 

parallel to an increased a-syn accumulation and major histocompatibility complex II 

(MHCII) staining – a protein found in inflammatory microglia cells – in the ipsilateral SN 

compared to the contralateral SN in TBI animals or sham controls (Acosta et al., 2015). It is 

worth mentioning that MCHII staining, which is not normally expressed in the brain, was 

found in post-mortem brains of PD patients (McGeer et al., 1988). In another study, 24 month 

old mice subject to cortical TBI revealed a more pronounced, although transient, 

conformational and post-translational modifications to a-syn that may increase its 

pathological aggregation, when compared to mice injured at the age of 4 months (Uryu et al., 

2003). These results suggest that depending on the age of the individuals and whether they 

were already at-risk individuals, TBI may contribute towards accelerating the pathology of 

PD. Further pre-clinical and clinical studies are required in order to strengthen the association 

between TBI  and increased PD risk. 

1.4 Current treatments 

1.4.1 Symptomatic therapy 

Current pharmacological treatments revolve around dopamine deficit in the midbrain 

and therefore aim to restore dopamine neurotransmission. This strategy however only offers 

symptomatic relief during the initial stages of the disease. The therapeutic arsenal includes 

the dopamine precursor L-DOPA, dopamine agonists and dopamine metabolism inhibitors 

(Connolly and Lang, 2014). Treatment should begin once the symptoms suffice to cause the 

patient disability or discomfort, and aim to improve function and quality of life (Kalia and 

Lang, 2015). Dopamine treatments efficiently manage bradykinesia and rigidity early in the 

disease, however, their efficacy becomes insufficient against more severe symptoms as the 

disability progresses.  

Many PD drugs are associated with adverse reactions which should be taken into account 

when starting the treatment and prescribing them to the patients. Dopamine agonist and L-

DOPA may cause nausea, daytime somnolence and oedema (Kalia and Lang, 2015). 

Dopamine agonists are also associated with impulse control disorders and therefore shouldn’t 

be prescribed to patients with a history of addiction. Another side effect is hallucinations 

which can be especially problematic in elderly patients with cognitive impairments. 
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 Overall, L-DOPA remains the standard most effective treatment in combination with 

decarboxylase inhibitors (Nagatsua and Sawadab, 2009; Yahr et al., 1969). Evidence from a 

randomized, double-blind, placebo-controlled trial suggested that L-DOPA slowed 

progression (as measured by UPDRS) between baseline and 42 weeks compared to the 

placebo group (Fahn et al., 2004). However, a more recent and larger study found no 

evidence of a disease-modifying effect of L-DOPA (Verschuur et al., 2019). Disparity in the 

potential neuroprotective actions of this drug may arise from L-DOPA’s interference with the 

striatal presynaptic dopamine transporter; standardly used as a reporter for nigrostriatal 

degeneration by DAT SPECT in clinical trials (Fahn and Parkinson Study Group, 2005; Fahn 

et al., 2004). The powerful symptomatic action and short half-life of L-DOPA also weakens 

its clinical use with motor complications such as “wearing off” and dyskinesia occurring 4-6 

years after chronic use, depending on disease severity (Agid et al., 1998, 2002; Tran et al., 

2018).  

1.4.2 Management of long-term therapy complications. 

Complications due to long-term dopamine therapies are common features in advanced 

stages of the disease. These complications include both motor and non-motor fluctuations, 

dyskinesia and psychosis (Figure 2). Such complications are believed to be partially caused 

by the pulsatile stimulation of the dopamine receptors in the striatum. This phenomenon 

occurs in late stages of the disease once the intracerebral concentration of L-DOPA becomes 

linked to plasma concentrations (Connolly and Lang, 2014). To delay the onset of such 

complications, dopamine agonists, monoamine oxidase-B (MAO-B) inhibitors or catechol-O-

methyltransferase (COMT) inhibitors are prescribed as concomitant therapies. However, an 

open-label randomized trial assessed the long-term effectiveness of dopamine agonists and 

MAO-B inhibitors over L-DOPA which failed to show any long-term benefits of a L-DOPA 

sparing strategy (PD Med Collaborative Group et al., 2014). In order to avoid the 

characteristic motor and non-motor fluctuation caused by the variable intracerebral dopamine 

concentrations, continuous dopaminergic stimulation is required. This can be achieved either 

by subcutaneous administration of the dopaminergic agonist apomorphine (Drapier et al., 

2016 ; Katzenschlager R, et al., 2018) or by direct and continuous delivery of a stable 

concentrated L-DOPA-carbidopa gel alone (Duodopa, Abbott Laboratories) or with an 

ICOMT (Legicon Lobstor Pharmaceutical) into the duodenum via a percutaneous tube 

attached to a portable infusion pump (Olanow et al., 2014). Another approach consists in a 

dopaminergic stimulation by continuous intra-cerebroventricular delivery of anaerobic 
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dopamine via a subcutaneous tube attached to a pump. Dopamine is directly delivered into 

the lateral ventricle at the entrance of the third ventricle, closest to the nigrostriatal pathway. 

This innovative strategy showed promising results in two in vivo PD mouse models (MPTP 

and 6-hydroxydopamine, 6-OHDA) (Laloux et al., 2017) and is currently being tested in an 

ongoing clinical trial (DIVE – NCT04332276). 

1.4.3 Surgical treatment  

Surgical treatments are focused on treating the advanced-stage motor symptoms of 

Parkinson’s Disease. Substantial number of clinical studies have shown that deep brain 

stimulation (DBS) of the subthalamic nucleus or to a lesser extend internal globus pallidus is 

effective in treating the moderate-to-severe PD motor symptoms (Kleiner-Fisman et al., 

2006; Krack et al., 2003; Wenzelburger et al., 2003). In average, DBS is undertaken 10 to 13 

years post PD diagnosis, once motor symptoms continue to be controlled with L-DOPA, but 

the motor fluctuations and dyskinesia become disabling. Interestingly, the EARLYSTIM trial 

showed that DBS of the subthalamic nucleus early in the course of the disease (mean disease 

duration 7,5 years with +3 years of motor fluctuations) let to a better improved quality of life 

and several secondary outcome measures compared to the best pharmacological treatments 

(Carmona-Torre et al., 2013; Schuepbach et al., 2013). These findings might change the 

current practice around delaying surgical interventions until later stages of the disease. 

1.5  Pathology of Parkinson’s disease  

1.5.1 Lewy Body pathology in PD 

Aggregated a-syn, one of the main components in intracellular Lewy Bodies 

(Spillantini et al., 1997), has long been considered a key pathological hallmark of the disease. 

As previously discussed, the relationship of a-syn to disease pathology has been confirmed 

by genome wide association studies, where single nucleotide polymorphisms associate with 

sporadic PD risk whilst confirmed mutations and duplication/triplication in the SNCA gene 

lead to various clinical manifestations ranging from classical to early onset familial PD 

(Zhang et al., 2018a; Blauwendraat et al., 2019). Despite the involvement of a-syn in PD 

pathology, the exact physiological function of this protein and the mechanisms linking it to 

neurodegeneration remain elusive. A more in-depth analysis on a-syn and its physiological 

functions is provided in chapter 4, whilst this section of the manuscript will mainly focus on 

Lewy body (LB) pathology.  
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The processes by which Lewy pathology arises and its roles in neuronal death remain elusive. 

The current leading hypothesis in PD research proposes that intraneuronal a-syn first adopts 

b-sheet rich amyloid fibrils, which are the basis of the LB (Spillantini et al., 1998). a-syn 

immunohistochemistry staining reveals that the process of classical LB formation follows 

specific stages (figure 4). Under normal conditions, a-syn staining is weakly observed in 

neuronal cell bodies (figure 4A). Within the first stage of LB formation, a-syn staining is 

observed as a diffuse and pale cytoplasmic staining representing the first observable 

abnormal a-syn accumulation (Kovacs et al., 2012; Kuusisto et al., 2003) (figure 4B). Next, 

the staining of a-syn shows an irregular shaped and uneven pattern in neurons (figure 4C), 

followed by a discrete staining corresponding to pale bodies (figure 4D&E) and one or more 

small, early LBs located in the periphery of the pale bodies (figure 4E). Finally, the “early 

LBs” develop into typical ring-shaped LBs with a central core and a surrounding halo (figure 

4F) (Wakabayashi et al., 2013).  

Figure 4. Immunohistochemistry staining of a-synuclein in the different maturation stages of 

Lewy bodies in the substantia nigra. A. No a-syn staining in the cytoplasm of neurons. B. Diffuse 

and pale staining. C. Irregular and uneven staining of a-syn. D. Appearance of the first pale 

bodies as evident from a discrete staining. E. Abnormal a-syn aggregates in the form of pale 

bodies (asterisk) and Lewy body (arrow). F. Ring-shaped Lewy body. Bars = 10μM. Image from 

(Wakabayashi et al., 2013),  
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Proteome studies have shown that LB composition is far more complex than simple a-syn 

aggregates with more than 300 proteins at the core of LB, of which approximately 90 have 

been confirmed by immunohistochemistry staining and are associated with a-syn, protein 

degradation systems, molecular chaperones or axonal damage (Wakabayashi et al., 2013). 

Most recently, and thanks to the advances of modern technologies for electron microscopy 

such as energy filters, direct electron detectors and drift-correcting software for tomography, 

a 3D view of the structural components of LB and Lewy neurites (LN) reveal that in addition 

to a-syn filaments, there is an abundance of crowded membranous material in Lewy 

pathology with membranes originating from vesicles and fragmented organelles including 

lysosomes and mitochondria (Shahmoradian et al., 2019). In addition to crowded organelles 

and membrane fractions in such aggregates, correlative light and electron microscopy 

(CLEM) also reveals a shell of mitochondria surrounding some of the inclusions. These 

recent findings suggest that the membrane crowding observed in Lewy pathology is 

modulated by a-syn, and further supports the hypothesis that impaired organellar trafficking 

contributes to Lewy, and more generally, PD pathogenesis (Hunn et al., 2015). 

The neurodegeneration of dopaminergic neurons is associated with the appearance of LB and 

LN inclusions. In sporadic PD, Lewy pathology seems to occur and propagate in a sequential 

order throughout the different brain regions (Braak et al., 2003) (Figure 5). Most commonly, 

pathology is first detected in the anterior olfactory bulb and/or the dorsal motor nucleus of the 

vagus nerve in the medulla, and is known as Braak stages 1 and 2. At this stage, patients 

present non-motor symptoms such as olfactory disturbances. From the medulla, the 

neuropathological inclusions progress to the medulla oblongate and pontine tegmentum, 

followed the by amygdala and SN. Sleep disturbances and the first motor symptoms appear at 

this stage termed Braak stages 3 and 4. As Lewy pathology reach and continue to propagate 

throughout the temporal cortex and neocortex in Braak stages 5 and 6, patients develop the 

emotional and cognitive disturbances characteristic of the later stages of the disease (Braak et 

al., 2002) (Figure 5; (Doty, 2012)).  
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1.5.2 The role of iron in PD pathology  

Iron serves as a cofactor in a myriad of metabolic processes throughout the body, and is 

particularly essential for brain health as it is involved in neurotransmitter synthesis, 

mitochondrial respiration, myelin synthesis and sulfur-cluster protein synthesis amongst other 

processes (Ferreira et al., 2019; Ward et al., 2014). Due to the high metabolic activity and 

reliance on iron for many of these processes it should not be a surprise that this metal 

accumulates in the brain through age. However, this accumulation is even greater in regions 

of the brain that happen to be associated with neurodegenerative disorders (Belaidi and Bush, 

2016; Haacke et al., 2005). In PD, iron elevation is especially observed in glia and 

dopaminergic neurons of the SNpc, where levels correlate with disease severity (Dexter et al., 

1989a; Hirsch et al., 1991; Pyatigorskaya et al., 2015). In patients, this has been measured by 

iron-sensitive high-field MRI (Hopes et al., 2016; Pyatigorskaya et al., 2015) and quantitative 

susceptibility mapping (QSM) analyses (Wang et al., 2017) as well as post-mortem tissue, 

and is strongly supported in many parkinsonian animal models (Ayton et al., 2013, 2015; 

Devos et al., 2014; Kaur et al., 2003). In PD, abnormal iron accumulation is most likely due 

Figure 5.  The Braak staging of Lewy Bodies pathology in Parkinson’s disease. 

Schematic representation of the Braak stages in Parkinson’s disease showing the initiation sites in 

the vagus nerve of the spinal cord and the progression into the medulla and olfactory bulb 

through to the later infiltration into the substantia nigra and cortical regions. Image adapted from 

(Doty 2012). 
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to an imbalance in the iron homeostatic pathway caused by alterations in iron regulatory 

proteins (Double et al., 2000; Masaldan et al., 2019). Patients carrying mutations that cause 

iron-related proteins to be dysfunctional (e.g. transferrin) have an increased risk of 

developing PD (Borie et al., 2002; Rhodes et al., 2014). Increased levels of Divalent metal 

transporter 1 (DMT1), reported in the SNpc of PD patients as well as several mouse models 

of PD, are likely to contribute to an increased cellular iron import (Bi et al., 2020; Salazar et 

al., 2008). Ferritin levels are also decreased in the SN of post-mortem brains of PD patients 

(Dexter et al., 1990), and ferroportin (FPN) is decreased in several models of PD including 

MPTP and 6-OHDA (Song et al., 2010). Such changes in expression may result in a defective 

iron storage within the cells and an impaired export of iron, further contributing towards iron 

accumulation in the cytosolic labile iron pool (LIP). Of relevance to impaired neuronal efflux 

through FPN, rare variants of amyloid precursor protein (APP), which was shown to stabilise 

FPN at the level of the plasma membrane, with loss of membrane function predispose 

humans to develop PD (Schulte et al., 2015). In addition, APP expression is decreased in the 

SN of PD patients, leading to a similar iron-associated phenotype as APP knockout mice 

(Belaidi et al., 2018; Lei et al., 2012). Furthermore, the ferroxidase activity of CP required to 

facilitate iron efflux through FPN is decreased in both patients and animal models of PD 

(Bharucha et al., 2008; Zhao et al., 2018). Further support for iron elevation as a cause of 

parkinsonian pathology comes from the genetic disorder aceruloplasminemia, in which CP is 

mutated, often leading to a parkinsonian phenotype including gait difficulties, ataxia, 

involuntary movements and cognitive decline that correlate with brain iron deposition 

(Costello et al., 2004; Piperno et al., 2020; Xu et al., 2004). It is likely that an unregulated 

modulation of iron import and reduced efflux contribute towards the elevation of intracellular 

iron required for increased vulnerability to free radical formation and oxidative stress. 

Based on the extensive evidence supporting the impact of iron on PD pathology, iron 

chelation has been investigated as a possible therapeutic strategy (Devos et al., 2020; 

Masaldan et al., 2019; Moreau et al., 2018). Iron chelation in the MPTP mouse model 

restores iron to physiological levels in correlation with preventing cell toxicity and 

behavioural deficits (Ayton et al., 2013; Devos et al., 2014). Deferiprone (DFP) is currently 

used clinically for systemic iron overload disorders such as beta thalassemia and was recently 

investigated in a double-blind, randomized, placebo-controlled clinical trial of early-stage 

PD: Over 12 months, patients receiving daily doses of DFP showed a promising decrease in 

motor handicap progression as well as reduced iron deposition in the SN (Devos et al., 2014). 
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The potential of DFP as a disease modifying treatment for PD is now being assessed in a 

phase 3 multicentre clinical trial (FAIRPARK II – NCT01539837). Importantly, similar 

results have been observed in an independent phase 2 randomised double-blind placebo 

controlled clinical trial (Martin-Bastida et al., 2017).  

1.5.3 The role of oxidative stress in PD pathology 

Oxidative stress (OS) is considered a major contributor to the pathophysiology 

underlying PD (figure 6) and is well reported in patients as well as all PD animal models (Li 

et al., 1997; Pearce et al., 1997; Trist et al., 2019). Indeed, a number of parkinsonian models 

induce an OS response that results in a phenotype similar to PD. Cellular damage caused by 

OS comprises of protein oxidation, leading to protein dysfunction and structural changes, 

DNA oxidation and cell membrane disruption due to lipid peroxidation. OS is induced by an 

imbalance in the redox state caused not only by an excessive reactive oxygen species (ROS) 

production but also by an insufficient antioxidant system response to reduce these reactive 

species. ROS are defined as highly reactive molecules derived from oxygen and include free 

radicals such as superoxide (O2
-) and hydroxyl radicals (·OH) as well as non-radical 

molecules like H2O2 (Kim et al., 2015). ·OH are considered one of the most volatile ROS 

responsible for the cytotoxicity effect underlying oxidative stress and are predominantly 

generated from hydrogen peroxide (H2O2) and free cytosolic Fe2+ through the Fenton 

Reaction. Mitochondria are one of the main sites of H2O2 and ROS production, particularly 

O2
-, via the respiratory chain complexes used to transport electrons (Cadenas and Davies, 

2000; Lin and Beal, 2006) (figure 6). In the brain, the majority of the O2
- is produced by 

Complex I, and it is not a coincidence that this is the primary location from which ROS is 

generated in various neurodegenerative diseases (Zorov et al., 2014). Indeed, in PD patients a 

dysfunctional Complex I is present in the SN and frontal cortex as well as fibroblast and 

platelets from these patients; all of which may lead to increased O2
- production (Lin and Beal, 

2006; Zorov et al., 2014). The deficiency in complex I is related to a CoQ10 deficit, an 

antioxidant molecule and radical trapper, further contributing to ROS production in 

mitochondria and lipid peroxidation in membranes. Furthermore, dopamine, which is 

synthesised in dopaminergic neurons, can rapidly become oxidised in the cytosol and 

contribute to oxidative damage. It is therefore essential that appropriate dopamine storage in 

vesicles is achieved to reduce the risk of oxidative stress (Figure 6). 

Cells are equipped with an antioxidant system to maintain a balanced redox state, 

which, if compromised, can result in excessive oxidative stress and subsequent cell death. 
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The maintenance of glutathione (GSH) is one such antioxidant system heavily used by the 

brain to remove ROS by directly interacting and removing the highly reactive O2
- and ·OH 

radicals (Dringen, 2000; Gandhi and Abramov, 2012). Oxidative stress in PD may in part be 

due to a reduction in GSH levels that appear to be particularly evident in the SN of PD (Sofic 

et al., 1992; Sian et al., 1994; Pearce et al., 1997). The Sian et al study measured GSH levels 

in several port-mortem brain regions from PD, progressive supranuclear palsy, multiple-

system atrophy and Huntington’s disease patients, and the only significant change observed 

was a specific 40% reduction in the SN from PD patients. The fact that no changes were 

reported in the other diseases suggests that the alterations in GSH levels were not a general 

consequence of neurodegeneration, but were specific to PD pathology (Sian et al., 1994). 

Interestingly, a recent analysis of DNA methylation in 1132 PD cases and 999 controls 

associated hypermethylation in the promoter region of the SLC7A11 gene (encoding the 

cysteine-glutamate antiporter XcT-) with risk of PD (Vallerga et al., 2020). This 

hypermethylation of SLC7A11 results in a downregulation of system XcT- which would lead 

to a depletion in the intracellular cysteine pool, required for GSH biosynthesis. A similar 

reduction in GSH level has been shown to trigger the activation of neuronal 12-lipoxygenase 

(ALOX12) and subsequent accumulation of lipid hydroperoxides (LOOH) (Li et al., 1997). 

These observations further support the concept that the decrease of GSH in the SN from PD 

patients is not simply a consequence of neuronal death but a direct indication of oxidative 

stress. Moreover, as GSH is a natural ligand for Fe2+ (Hider and Kong, 2011), its reduction in 

the SN of PD patients would not only impair the antioxidant capacity of dopaminergic 

neurons but also increase the LIP, further contributing to the generation of ·OH  and other 

ROS via the Fenton reaction. 

DJ-1 is another cellular antioxidant enzyme known to play a key role in regulating 

oxidative stress, ROS formation and mitochondrial function. As previously mentioned, loss 

of function mutations in the DJ-1 gene have been linked to autosomal-recessive early onset 

PD with increased mitochondrial oxidant stress, a drop in basal cellular respiration, oxidized 

dopamine accumulation and lipid ROS accumulation (Burbulla et al., 2017; Cao et al., 2020). 

One would anticipate that such changes to GSH levels and the increase in LOOH would 

impact upon the expression and activity of key antioxidant enzymes such as GPX4. In post-

mortem tissue from PD patients’ brains, protein levels of GPX4 are increased compared to 

control subjects (Blackinton et al., 2009). More recently, GPX4 levels were confirmed to be 

increased relative to cell density of surviving neurons, despite the apparent reduction when 
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measuring against total tissue (Bellinger et al., 2011). This implies that only the remaining 

neurons in the SN of PD patients were able to counter an oxidative environment through an 

appropriate GPX4 response to prevent cell death. Interestingly, this phenomenon has also 

been reported in in vitro and in vivo models of stroke (Alim et al., 2019; Zille et al., 2017). 

Recent advances in imaging technology are increasing our capability to measure 

oxidative stress in living PD patients using positron emission tomography (PET). Copper(II)-

diacetyl-bis(4-methylthiosemicarbazonato) (Cu-ATSM) is a PET tracer initially developed 

for hypoxia imaging but has recently shown potential in reflecting the redox state within the 

body (Floberg et al., 2020). Interestingly, this brain blood barrier penetrant imaging agent 

was identified as being neuroprotective in multiple animal models of Parkinson’s disease 

(Hung et al., 2012) and prevent lipid peroxidation without altering the oxidation state of iron. 

While functional imaging of oxidative stress is currently considered to mainly detect 

mitochondrial dysfunction, it still appears sensitive enough to show an elevation of striatal 

oxidative stress in PD patients when compared to controls (Ikawa et al., 2011).  

Despite the strong evidence implicating oxidative stress in PD pathology and the 

neuroprotective properties of antioxidants reported in models of PD, outcomes from clinical 

trials have remained inconsistent (reviewed in (Kim et al., 2015)). Clinical studies with 

exogenous antioxidant therapies are mixed with some reporting efficacy (Etminan et al., 

Figure 6.  Cellular contributors to oxidative stress in Parkinson’s Disease. 

The increase generation of ROS caused by a dysfunction of DJ-1, impaired dopamine storage, 

dysfunctional complex I in mitochondria, an elevation of intracellular iron in the labile iron pool 

and decreased GSH level all contribute to cellular oxidative stress in PD pathology. 
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2005; Ross et al., 2016; Spindler et al., 2009) whilst others fail to demonstrate a significant 

effect (Parkinson Study Group QE3 Investigators et al., 2014). A major component of this 

disparity could lie with many clinical trials not having the appropriate pharmacokinetic 

measurements taken, a lack of confirmation in target engagement in the brain, inappropriate 

treatment duration and/or uncontrolled variances in endogenous antioxidant potential within 

the patient (Devos et al., 2021).  

1.5.4 The role of lipid peroxidation in PD pathology 

The brain has the second highest concentration of lipids, after adipose tissue. The 

proportion of these lipids are largely arachidonic acid (AA) and docosahexaenoic acid (DHA) 

which contain four and six double bonds respectively (Larrieu and Layé, 2018). The bis-

allylic carbons found adjacent to two carbons with double bonds are they key positions 

within lipids that drive peroxidation as they increase susceptibility to attack from reactive 

radicals, ALOXs and surrounding lipid peroxides (Yang et al., 2016). Importantly, the high 

oxygen consumption of the brain and the accumulation of iron with age and disease 

progression makes it particularly sensitive to lipid peroxidation. Dexter et al, were the first to 

demonstrate the involvement of lipid peroxidation in PD as a cause of nigral cell death 

(Dexter et al., 1986). Brain post-mortem analyses revealed a reduction in polyunsaturated 

fatty acids (PUFAs) but not monounsaturated fatty acids (MUFAs) in the SN of PD patients 

compared to controls (Dexter et al., 1986). Conversely, levels of malondialdehyde (MDA), a 

toxic by-product of lipid peroxidation, were elevated in the same tissue and LOOH increased 

in plasma (Sharon et al., 2003). MDA levels were increased both in early and late PD patients 

whilst LOOH levels were only significantly increased in later stages of the disease. This 

suggests that while MDA could be a useful biomarker for PD, changes in LOOH levels may 

correlate better with disease progression (de Farias et al., 2016). Further studies have 

revealed a correlative increase in another lipid peroxidation metabolite, 4-hydroxy-2-nonenal 

(4-HNE), as well as HNE-protein adducts, with pathology from Lewy bodies in the SN of PD 

patients and brainstem of DLB (Di Domenico et al., 2017). Interestingly, in the CSF of PD 

patients, elevated 4-HNE correlates with an accumulation of iron in the SN (Selley, 1998; Di 

Domenico et al., 2017).  

The mechanism by which lipid peroxidation is involved with PD pathology was expanded 

upon by Shchepinov et al whereby MPTP treated mice were protected against nigrostriatal 

injury upon supplementation with deuterated-polyunsaturated fatty acids (D-PUFAs) 

(Shchepinov et al., 2011). D-PUFAs have deuterium in the place of the bis-allylic hydrogens, 
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which slows radical generation and lipid peroxidation compared to hydrogenate-PUFAs 

(Shchepinov et al., 2011).   

Moreover, the 85-kDa group VI calcium-independent phospholipase A2 beta (PLA2G6) is 

another key enzyme in the metabolism of lipids associated with neurodegeneration with brain 

iron accumulation (NBIA). This enzyme hydrolyses the sn-2 acyl chain of 

glycerophospholipids to release free fatty acids and lysophospholipids. PLA2G6 localizes to 

the mitochondria and has proposed roles in the remodeling of membrane phospholipids, 

signal transduction, calcium signaling, cell proliferation and cell death (Kinghorn and 

Castillo-Quan, 2016). Patients with homozygous PLA2G6 mutations suffer from NBIA, that 

has neuropathological similarities to both Parkinson’s and Alzheimer’s disease: as well as 

iron accumulation, these include widespread Lewy bodies, dystrophic neurites and cortical 

neuronal neurofibrillary tangles (Gregory et al., 2008). In a recent study, Kinghorn et al, 

showed that knocking-out the drosophila homologue of the PLA2G6 gene, iPLA2-VIA, 

resulted in reduced survival, locomotor deficits, organismal hypersensitivity to oxidative 

stress (in particular the mitochondria) and a strong association with increased lipid 

peroxidation levels (Kinghorn et al., 2015). D-PUFA were also shown to rescue the aged-

associated locomotor abnormalities and restore mitochondrial membrane potential in this 

model. 

An elevation of iron in combination with high levels of PUFAs within dopaminergic 

neurons in the brain and reduced GSH levels creates an environment particularly sensitive to 

oxidative stress and more specifically lipid peroxidation. Therefore, targeting lipid 

peroxidation with antioxidant or radical trapper molecules in combination with iron chelation 

therapy therefore represent a potential therapeutic strategy for PD. 

1.6   Conclusion 

The research contributions of the scientific community over the past two centuries have 

allowed us to answered several questions around the aetiology and pathology of the PD, 

leading to a more accurate clinical diagnosis and the generation of effective symptomatic 

treatments. However, today there remains an unmet need for disease modifying drugs that 

will slow disease progression and ideally lead to neuroprotection. In order to overcome this 

demand, it is essential that we fully understand the molecular mechanisms underlying 

neuronal death in the SNpc and other relevant brain regions affected in the disease. Thanks to 

more significant in vitro neuronal models, several cell death pathways have been discovered 

and characterised over the past decades and implicated in PD pathogenesis. (reviewed in 
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(Guiney et al., 2017) This thesis is specifically focused on the novel cell death pathway 

termed ferroptosis, which was previously implicated in in vitro and in vivo models of PD in 

our laboratory (Do Van et al., 2016). The next chapter will provide a detailed overview of the 

regulatory mechanisms of ferroptosis, and will present the evidence for its implication in 

synucleinopathies such as PD. 
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Introduction - Chapter 2: 

 
Ferroptosis - an iron dependent cell death pathway 

2.1 Introduction 

Cell death is a key process tightly integrated with other biological reactions, critical in 

shaping an organism’s development, homeostasis and disease. It is noteworthy to recognize 

the distinction between “accidental cell death”, caused by severe physical, chemical and 

mechanical insults and cannot be reversed by molecular mediation, and “regulated cell 

death”, which is under the control of specific intrinsic cellular mechanisms as evident from 

the fact that it can be modulated pharmacologically and genetically. Furthermore, 

“programmed cell death” is considered as a subset of regulated cell death that is 

predetermined to occur during normal physiological contexts such as development (Galluzzi 

et al., 2015). 

Apoptosis was the first regulated and programmed cell death pathway to be 

characterised at the molecular level, and was soon considered to be the pathological process 

involved in PD related neuronal death. This was mainly due to the fact that until recently, 

only a few types of regulated cell death were known, and these were identified predominantly 

by using oncogenic cell lines (i.e. neuroblastoma). Since then, multiple cell death 

mechanisms have been studied and implicated in PD pathogenesis (reviewed in (Guiney et 

al., 2017)), including anoikis (Li et al., 1999; Saha et al., 2000; Gary and Mattson, 2001), 

autophagy (Chu et al., 2009; Dehay et al., 2010), necroptosis (Mogi et al., 1994; Wu et al., 

2015), parthanatos (Mandir et al., 1999; Outeiro et al., 2007) and pyroptosis (Koprich et al., 

2008).  

More recently, ferroptosis has been established as a regulated cell death 

morphologically and mechanistically distinct from apoptosis and other known cell death 

pathways (Dixon et al., 2012). Ferroptotic cell death results from iron induced lipid peroxides 

that accumulate to toxic levels (Yang and Stockwell, 2016), and interestingly, several PD 

pathological hallmarks are known key features and/or triggers in the ferroptotic cell death 

pathway. These include iron overload (Dexter et al., 1987, 1989a; Ayton et al., 2015), 

elevated lipid peroxidation (Dexter et al., 1986, 1989b; de Farias et al., 2016), reduced GSH 

levels (Sofic et al., 1992; Sian et al., 1994; Pearce et al., 1997; Li et al., 1997), XcT 

downregulation (Vallerga et al., 2020), DJ-1 depletion (Bonifati et al., 2003; Cao et al., 2020) 

and CoenzymeQ10 (CoQ10) reduction (Battino et al., 1996; Mischley et al., 2012). Together, 
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these well- established diseases features strongly implicate this regulated cell death pathway 

in the neurodegeneration observed in PD. Furthermore, we have previously shown that 

ferroptosis is indeed a prevalent mechanism for neuronal cell death in in vitro and in vivo 

pro-oxidant models of PD (Do Van et al., 2016), and there is an indication that some familial 

PD patients carry mutations in proteins important in modulating pathways that alter 

ferroptosis sensitivity (Cao et al., 2020; Vallerga et al., 2020). 

Although the precise metabolic pathways are still currently being elucidated, the past 

few years of extensive research have deciphered several regulatory mechanisms as well as 

numerous specific inducer and inhibitor reagents. This chapter will review the current 

understanding of the regulatory mechanisms of ferroptosis and present the evidence for the 

involvement of this newly defined cell death in PD neuropathology. 

2.2 The biochemical control of ferroptosis 

The initiation, execution and inhibition of ferroptosis lies at the intersection of the 

metabolism of amino acids, lipids and iron, but importantly, the sensitivity to ferroptosis can 

be modulated by several other pathways and processes (figure 7) (Tang et al., 2021). 

2.2.1 Amino acid and glutathione metabolism 

Although the termed ferroptosis was coined in 2012, aspects of this cell death pathway 

were described long before. In the mid-twentieth century, pioneering work conducted by 

Harry Eagle showed that depriving cell of the amino acid cysteine resulted in cell death 

(Eagle, 1955), whilst the endogenous synthesis of cysteine made cells resistant to such cell 

death (Coltorti et al., 1956; Eagle et al., 1961). Today, the relevance of the metabolism of 

amino acid in controlling ferroptosis is confirmed by the fact that cysteine is required for the 

biosynthesis of glutathione (GSH), an endogenous antioxidant and the substrate of 

glutathione peroxidase 4 (GPX4), a key anti-ferroptosis enzyme responsible for reducing 

lipid hydroperoxides (LOOH) to lipid alcohols (LOH), thus supressing ferroptosis. For the 

reduction of LOOH to LOH, GPX4 requires reduced GSH as an electron donor, releasing 

oxidised glutathione (GSSG). GSH is synthesised in the cell from glutamate and cysteine, the 

latter being the rate-limiting substrate. Cysteine can either be synthesised from methionine 

via the transsulfuration pathway or taken up in the form of an oxidised cystine dimer via the 

XcT antiporter before being reduced into the amino acid cysteine. Of relevance to PD 

pathology, Cao et al have recently shown that DJ-1 acts as a ferroptosis inhibitor by 

preserving the transsulfuration pathway, and thereby the biosynthesis of cysteine and GSH 
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(Cao et al., 2020). An heterodimer of the XcT unit (encoded by SLC7A11), that forms the 

Xc- system, and the 4F2 unit (encoded by SLC3A2) responsible for localizing the Xc- system 

to the plasma membrane, is required for intracellular cystine transport (Oestreicher and 

Morgan, 2019). An impairment of the XcT unit leads to a depletion in the intracellular 

cysteine pool, with consequential impairment of GSH biosynthesis and GPX4 activity. The 

subsequent lipid peroxide accumulation results in cell death by ferroptosis. Blocking GSH 

bioavailability through erastin-induced inhibition of the XcT antiporter or buthionine 

sulfoximine (BSO) induced inhibition of glutamate-cysteine ligase (GCL); the rate-limiting 

enzyme in the first step of GHS synthesis, suffices to trigger ferroptosis (Dixon et al., 2012).  

On the other hand, elevating intracellular GSH levels with cysteine precursors such as n-

acetylcysteine (NAC) can protect against ferroptosis (Yang et al., 2014). Of note, the 

expression or activity of SLC7A11, thus the sensitivity to ferroptosis, is regulated by a 

variety of factors such as Nrf2 (figure 11) (Chen et al., 2017), p53 (figure 12) (Jiang et al., 

2015), BRCA1-associated protein 1 (BAP1) (Zhang et al., 2018b), mucin 1, cell surface-

associated (MUC1) (Hasegawa et al., 2016), or BECN1 (Song et al., 2018), which in turn 

form a complex network to control GSH levels in ferroptosis. As mentioned in the previous 

chapter, a recent study reported an increased risk of developing PD associated with 

hypermethylation, thus downregulation of SLC7A11 (Vallerga et al., 2020). These findings 

suggests that an impaired cystine import and subsequent GSH biosynthesis may contribute 

towards PD pathogenesis through ferroptosis induction. 

Glutamate and glutamine (L-Gln) are also important regulators of ferroptosis (Gao et 

al., 2015) as glutamate is exchanged for cystine in a 1:1 ratio by the XcT system, meaning 

that glutamate levels can impact on XcT function, thus GSH levels. Indeed, high extracellular 

concentrations of glutamate inhibit the XcT system and induce ferroptosis, quite likely 

explaining the toxic effects of high glutamate concentrations in the nervous system (Dixon et 

al., 2012). L-Gln is the most abundant amino acid in the body, and through glutaminolysis, 

cells use L-Gln as a nitrogen source for the biosynthesis of nucleotides, amino acids, and 

hexamine as a carbon source for the tricarboxylic acid (TCA) cycle (DeBerardinis et al., 

2008). Interestingly, glutaminolysis was shown to be essential for ferroptosis cell death as 

evident from the fact that the absence of L-Gln, or when glutaminolysis is inhibited, cysteine 

starvation or blockage of cystine import fail to induce the accumulation of lipid peroxidation 

and ferroptosis (Gao et al., 2015). This finding may be explained by the fact that a-

ketoglutarate (aKG), a product of glutaminolysis, is required for ferroptosis (Gao et al., 
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2015). Increased aKG promotes ferroptosis through at least two mechanisms. On one hand, 

aKG-mediated citrate production in mitochondria is used to produce acetyl-CoA in the 

cytoplasm through ATP citrate lyase (ACL) (Lee et al., 2020). Acetyl-CoA is a precursor of 

phospholipid biosynthesis by Acetyl-CoA Carboxylase Alpha (ACACA) and fatty acid 

synthase (FASN). On the other hand, aKG stimulates dihydrolipoamide dehydrogenase 

(DLD) to generate mitochondrial ROS and increase local iron level during cystine 

deprivation-induced ferroptosis (Shin et al., 2020). Therefore, aKG is a metabolic 

intermediate for the induction of ferroptosis by promoting ROS and lipid production. 

 

 

 

Figure 7. Molecular pathways regulating ferroptosis. Schematic representation of the different 

molecular pathways involved in ferroptosis induction, in addition to several antioxidant 

components responsible for preventing membrane oxidative damage, thus ferroptotic cell 

death. Figure adapted from (Tang et al., 2021).   
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2.2.2 Lipid metabolism. 

2.2.2.a Lipid synthesis 

The peroxidation of polyunsaturated fatty acids (PUFAs) in the membrane 

phospholipids (PL) is a key step in promoting ferroptosis (Yang et al., 2016). Therefore, 

increased synthesis of PUFAs and their incorporation into membrane PL promotes 

subsequent lipid peroxidation under oxidative stress conditions. In other words, the lipid 

composition of the plasma membrane can determine cellular susceptibility to ferroptosis 

whereby long chain PUFAs increase the risk for lipid peroxidation whilst monounsaturated 

fatty acids (MUFAs) appear to decrease such risk (Magtanong et al., 2019). For PUFAs to be 

incorporated into the PL of the plasma membrane, they first need to be conjugated to 

Coenzyme-A (CoA) by the enzyme acyl-CoA synthetase long-chain family member 4 

(ACSL4). PUFA-CoA can then be incorporated into the plasma membrane by 

lysophosphatidylcholine acyltransferase 3 (LPCAT3). The importance of LPCAT3 in the 

ferroptosis pathway was initially pointed out by Dixon et al (Dixon et al., 2015) but later 

confirmed by Doll et al (Doll et al., 2017) where LPCAT3 deletion mildly protected 

fibroblast against ferroptosis. ACSL4, but not other members of the ACSL family, is a key 

player in the ferroptosis pathway as it enriches cellular membranes with long chain omega-6 

(w-6) fatty acids. Inhibiting or genetically depleting ACSL4 prevents ferroptosis-induced 

lipid peroxidation and subsequent associated cell death (Doll et al., 2017). The selectivity of 

ACSL4 over the other ACSLs in regulating the ferroptosis pathway is likely due to its 

substrate preference for arachidonic acid (AA), one of the main PUFAs implicated in 

ferroptosis (Yan et al., 2015). Indeed, phosphatidylethanolamines (PE) containing AA and 

adrenic acid (AdA) are the lipids most susceptible to ferroptosis-related peroxidation (Yang 

and Stockwell, 2016; Kagan et al., 2017). This phenomenon is supported by the fact that 

human cells enriched with AA show greater sensitivity to ferroptosis (Yang et al., 2016). Of 

note, dietary supplementation with mixed w-6 and w-3 PUFAs restore ferroptosis sensitivity 

in ACSL4-deficient cells (Doll et al., 2017) and can favour the development of ferroptosis-

related inflammatory bowel disease in mice (Mayr et al., 2020), supporting the role of w-6 

and w-3 PUFAs in ferroptosis.  

Recently, another class of phospholipids - ether-linked phospholipids (ether-PL) were 

reported to be essential for ferroptotic-lipid peroxidation and subsequent cell death, adding to 

the source of PUFAs that become oxidised during ferroptosis (Zou et al., 2020a; Cui et al., 

2021). Unlike ester-linked diacyl phospholipids, ether-PL possess and ether bond at the 
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glycerol sn-1 position. Ether-PL comprise two subclasses: alkyl-ether phospholipids (ePL) 

and vinyl-ether phospholipids, also known as plasmalogens (pPL). In the sn-2-position, ether-

PL most often contain a PUFA, which is prone to peroxidation. Finally, in the sn-3 position, 

ether-PL present a polar head group, commonly a phosphoethanolamine and phosphocholine 

(figure 8).  

 

 

 

The biosynthesis of ether-PL commences in the peroxisomes and implicates specific 

enzymes such as fatty acyl coenzyme A reductase (FAR1), glyceronephosphate O-

acyltransferase (GNPAT) and alkylglyceronephosphate (AGPS).  First, FAR1 reduces fatty 

acyls coenzyme A (FA-CoA, mainly palmitoyl and stearoyl CoA) to fatty-alcohols. In the 

peroxisome, fatty-alcohols are transferred to acyldihydroxyacetone phosphate (acyl-DHAP) 

by AGPS to yield alkyldihydroxyacetone phosphate (alkyl-DHAP). Acyl-DHAP in the 

peroxisome is obtained by the acylation of dihydroxyacetone phosphate (DHAP) by GNPAT. 

Next, alkyl-DHAP is reduced to 1-alkyl-glycerol-3-phosphate (AGP or 1-alkylG3P). The 

maturation of AGP into ether-PL is completed in the ER where PUFAs are incorporated into 

the sn-2 position following their conversion to PUFA-CoA by ACSL4. Transmembrane 

protein 189 (TMEM189) is responsible for converting ePL into pPL. Finally, ether-PL are 

distributed to the plasma membrane through the Golgi apparatus (Balgoma and Hedeland, 

2021). In mammalian cells, pPL are enriched in the inner leaflet of the plasma membrane, 

Figure 8. Chemical structure of glycerophospholipids. Schematic 

representation of the distinct structures of diacyl phospholipids and the two 

subtypes of ether-linked phospholipids, alkyl-ether phospholipids (ePL) and 

plasmalogens (pPL). 
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and their excess can inhibit FAR-1 activity, thus the initial step in the synthesis of all ether-

PL (Honsho et al., 2017) (figure 9). 

 

 

Cui et al. recently identified FAR1 as a critical factor for saturated fatty acid (SFA)-

mediated ferroptosis as FAR1 catalyses the reduction of SFA to fatty alcohols, the first key 

step in ether-PL synthesis. They also showed that by increasing the synthesis of pPL, thus the 

amount present in the plasma membrane inner leaflet, TMEM189 abrogates FAR1-ether-PL 

ferroptosis axis (Cui et al., 2021). Moreover, Zou et al. showed in clear-cell renal carcinoma 

(ccRCC) and ovarian carcinoma cells (OVCAR-8) that impairing ether-PL synthesis by 

Figure 9. Synthesis of ether-linked phospholipids. Schematic representation 

of cell biosynthesis, location and regulation of ether-phospholipids. Figure 

adapted from (Balgoma and Hedeland, 2021).  
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depleting cells of peroxisomes or FAR1 and AGPS rendered cells resistant to ferroptotic cell 

death (Zou et al., 2020a). Interestingly, using SH-SY5Y neuroblastoma cells, they reported 

an acquired sensitivity to ferroptosis in correlation with differentiation-dependent enrichment 

of ether-PL in the plasma membrane, further strengthening the essential role of ether-PL in 

ferroptosis lipid peroxidation (Zou et al., 2020a). In another study, Perez et al. found 

contradicting results where inhibiting AGPS sensitised Caenorhabditis elegans and HT-1080 

cells to dihomogamma-linolenic acid (DGLA)- and RSL3-induced ferroptosis (Perez et al., 

2020), thus further research is required to establish the tissue- and context-dependent role of 

ether-PL in ferroptosis. 

2.2.2.b Lipid peroxidation 

The oxidation of PUFAs from membrane PL can occur via non-enzymatic and/or 

enzymatic mechanisms. The free cytosolic Fe2+ that constitutes the LIP participates in the 

Fenton reaction producing highly reactive ·OH from H2O2, which in turn mediate the 

oxidation of PUFAs contained in membrane PL (Dixon and Stockwell, 2014). This process 

takes place via three steps: initiation, propagation and termination. Firstly, reactive radicals 

abstract a hydrogen atom from a bis-allylic carbon to form the carbon-centred lipid radical 

(PL∙). Such radicals rapidly react with oxygen forming lipid peroxyl radicals (PLOO∙), which 

can subsequently abstract further hydrogens from neighbouring lipids to propagate the 

generation of new PLOO∙	and lipid hydroperoxides (PLOOH) (Girotti, 1998). The lipid 

peroxidation reaction can be inhibited by the ferroptosis suppressor protein 1 (FSP1)-

CoQ10H2 system or when antioxidant enzymes, such as GPX4, donate electrons and reduce 

the pLOOH to PLOH (figure 10). 

 In addition to the Fenton reaction, iron can mediate the generation of lipid peroxides 

by serving as a cofactor to the family of lipoxygenase enzymes (ALOX). The mammalian 

lipoxygenases (ALOX) family, consisting of six members (ALOXE3, ALOX5, ALOX12, 

ALOX12B, ALOX15 and ALOX 15B), plays a tissue- or cell-dependent role in mediating 

PUFAs peroxidation to produce AA/AdA-PE-OOHs, thus leading to ferroptosis (figure 10) 

(Shah et al., 2018; Shintoku et al., 2017; Yang et al., 2016). For instance, ALOX15 is 

involved in p53-mediated ferroptosis in H1299 cells whereby p53-target gene 

spermidine/spermine N1-acetyltransferase 1 (SAT1) enhances the expression of ALOX15 (Ou 

et al., 2016). Moreover, ALOX12 is required for ferroptosis caused by p53-mediated 

downregulation of SLC7A11 in H1299 cells (Chu et al., 2019). In vivo, ALOX12 or 
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ALOX15 do not seem to be required for GPX4 depletion-induced ferroptotic damage in the 

kidney (Friedmann Angeli et al., 2014) and T cells (Matsushita et al., 2015). However, 

ALOX15 was shown to be essential for erastin- or RSL3-induced ferroptotic cell death in 

airway epithelial cells, kidney epithelial cells and cortical and hippocampal neurons through 

binding to the partner phosphatidylethanolamine-binding protein 1 (PEBP1), allowing 

ALOX15 to recognize stearoyl-AA-PE to generate lipid peroxides (Wenzel et al., 2017).  

 

ALOX are not the only regulators of lipid peroxidation in ferroptosis as evident from 

the fact that cytochrome p450 oxidoreductase (POR) combines with two cofactors (flavin 

mononucleotide (FMN) and flavin adenine dinucleotide (FAD)) to directly supply electrons 

to the P450 enzyme from nicotinamide adenine dinucleotide phosphate (NADPH) thereby 

promoting PUFA peroxidation in cancer cells in an ALOX-independent manner (Zou et al., 

2020b). It remains unknown whether other oxygenases, such as cyclooxygenases (COXs) and 

peroxygenases, play a similar role in lipid peroxidation. COX2 is usually considered as a 

biomarker, not a driver of ferroptosis since it doesn’t directly oxidize phospholipids, but can 

oxidize lysophospholipids (Yang et al., 2014). Interestingly, COX2 may mediate ferroptosis 

in neuronal cells after TBI since miR-212-5p overexpression attenuates ferroptosis while 

Figure 10. Membrane lipid peroxidation. The oxidation of PL in the plasma membrane can occur 

through an enzymatic or non-enzymatic route. The initiation can therefore be triggered  by hydroxyl 

radicals (·OH) or ALOXs enzymes attaching the membrane PL. Following the propagation of such 

oxidative stress, the reduction of PLOOH to PLOH ensured via selenoprotein GPX4. FSP1 can also limit 

lipid peroxidation through restoration of antioxidant CoQ10-H2 
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downregulation of miR-212-5p promoted ferroptotic cell death partially by targeting COX2 

in HT-22 and Neuro-2a cells (Xiao et al., 2019).  

2.2.2.c Lipid peroxidation detoxification 

 Keeping LOOH within physiological parameters is a key component in minimizing 

susceptibility to ferroptosis. Lipophilic antioxidants and lipid peroxide scavengers can block 

ferroptosis by preventing lipid peroxidation (Friedmann Angeli et al., 2014; Skouta et al., 

2014). Under physiological conditions, the cell combats lipid peroxidation with GPX4, an 

essential selenoprotein that reduces LOOH to LOH. Importantly, GPX4 is the only member 

of the glutathione peroxidase family capable of reducing LOOH, supporting its central 

enzymatic role in the ferroptosis pathway (Cozza et al., 2017; Forcina and Dixon, 2019). 

Direct inactivation of GPX4 by RSL3 is one of the most common strategies to induce 

ferroptosis experimentally. Deletion of GPX4 in mice is embryonically lethal (Seiler et al., 

2008), whilst conditionally knocking out GPX4 in mice leads to acute renal failure, 

hippocampal and motor neuron neurodegeneration and early death of mice (Friedmann 

Angeli et al., 2014). In addition, overexpression of GPX4 protects against cell death induced 

by RSL3 (Yang et al., 2014). For the reduction of LOOH to LOH, GPX4 requires reduced 

GSH as an electron donor, releasing GSSG. Recently in an attempt to uncover genes able to 

protect against ferroptosis through glutathione-independent pathways, the flavoprotein 

“apoptosis inducing factor mitochondria-associated 2” (AIFM2), was identified to rescue cell 

death caused by GPX4 deletion (Bersuker et al., 2019; Doll et al., 2019). Renamed 

“ferroptosis suppressor-protein 1” (FSP1), it suppresses ferroptosis by catalysing the 

regeneration of CoQ10, also known as ubiquinone, to its reduced form CoQ10-H2 or 

ubiquinol; a potent mitochondria and lipid peroxyl radical trapping antioxidant. A recent 

study proposed that FSP1 can abrogate ferroptosis through a CoQ10-independent mechanism 

by boosting the endosomal sorting complexes required for transport (ESCRT)-III membrane 

repair system. However, this study failed to identify a direct downstream target of FSP1, and 

thus, the underlying mechanism remains unclear (Dai et al., 2020a). Dai et al. had previously 

explored the impact of membrane repair mechanisms on ferroptosis and identified that 

ESCRT-III negatively regulates ferroptosis in cancer cells (PANC1 and HepG2). They found 

that classical ferroptosis inducers (i.e. erastin and RSL3) triggered the accumulation of 

ESCRT-III subunits (CHMP5 and CHMP6) in the plasma membrane, likely in an attempt to 

counter excess lipid peroxidation and cell death. Importantly, knocking-down CHPM5 or 

CHMP6 rendered human cancer cells more vulnerable to lipid peroxidation-mediated 
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ferroptosis in vitro and in vivo (Dai et al., 2020b). Moreover, PLA2G6 was shown to avert 

ferroptosis by removing from the plasma membrane the ferroptotic 15-hydroperoxy(Hp)-

arachidonoyl-phophatidylethanolamine (15-HpETE-PE) death signal (Sun et al., 2021). 

2.2.3 Iron metabolism 

As the name implies, iron plays a central role in ferroptosis. Co-treatment with several 

sources of iron sensitizes cells to ferroptosis triggered by erastin or RSL3 (Dixon et al., 2012; 

Gao et al., 2015) and depletion of iron using drugs such as DFP or genetically silencing 

transferrin receptor 1 (TfR1) to prevent cellular iron import protects cells against ferroptosis 

(Do Van et al., 2016; Gao et al., 2015). Indeed, Hemin and ferric ammonium citrate were 

shown to promote erastin or FINO2-induced ferroptosis in HT-1080 fibroblast cells (Kwon et 

al., 2015). Iron has two oxidation states: ferrous (Fe2+) or ferric (Fe3+). Although the exact 

mechanisms through which iron promotes ferroptosis remain unclear, it has been suggested 

that i. ferrous iron directly induces lipid peroxidation (Dixon and Stockwell, 2014), ii. iron 

loads the iron-dependent ALOX12/15 which enzymatically induces lipid peroxidation (Li et 

al., 1997; Yang et al., 2016; Wenzel et al., 2017), and iii. iron loading of the hypoxia 

inducible factor prolyl-hydroxylase 1 induces ATF4-dependent pro-death gene transcription 

(Karuppagounder et al., 2016). In biofluids such as cerebrospinal fluid (CSF), iron is 

predominantly bound to transferrin (Tf). Iron-loaded Tf (holo-Tf) incorporates two ferric 

(Fe3+) atoms and is internalized into a cell through clathrin-mediated TfR1-dependent 

endocytosis. Once in the endosome, iron is released from Tf due to its acidic environment 

and the metalloreductase STEAP3 reduces the bound insoluble Fe3+ to its soluble ferrous 

(Fe2+) form (Knutson, 2007). Iron is then released into the cytosol through DMT1, with Tf 

and TfR1 being recycled back to the membrane for further use (figure 7). Similar to Tf, 

lactotransferrin (LTF) also functions as a positive regulator of ferroptosis by increasing iron 

uptake (Wang et al., 2020). Neuronal import of iron can also occur directly through the 

DMT1 channel on the plasma membrane, allowing for a less regulated import pathway 

(Belaidi and Bush, 2016). The appropriate levels of free cytosolic iron in the LIP need to be 

tightly maintained to avoid the excess generation of free ·OH and other radicals (figure 7). 

The function of ferritin (FT) is in part to safely store excess iron in the cytosol but 

neuromelanin also serves as a key iron storage protein specifically in dopaminergic neurons. 

FT can be degraded by lysosomes in order to increase free iron levels in the cell. This process 

is termed ferritinophagy, and inhibiting nuclear receptor coactivator 4 (NCOA4)-mediated 

ferritinophagy, increases iron storage and was shown to limit ferroptosis in cancer cells. On 
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the other hand, increasing cellular iron availability by enhancing autophagic degradation of 

FT promotes sensitization to ferroptosis (Gao et al., 2016; Hou et al., 2016). Furthermore, the 

overexpression of ferritin mitochondrial (FTMT), an iron-storage protein in mitochondria, 

inhibits erastin-induced ferroptosis in neuroblastoma cells (Wang et al., 2016), supporting the 

wide anti-ferroptosis role for iron storage proteins. The only known export pathway for iron 

is through the transmembrane channel FPN in which iron, oxidized to Fe3+ by a ferroxidase 

such as ceruloplasmin, can exit the cell (Hare et al., 2013) (figure 7). The overexpression of 

FPN inhibits, whilst the knockdown of FPN increases ferroptosis through modulation of iron 

efflux in breast cancer cells (Ma et al., 2016). In select cells (including neurons) APP is 

required to facilitate iron efflux by stabilising FPN on the plasma membrane (Lei et al., 2012; 

McCarthy et al., 2014; Belaidi et al., 2018; Tsatsanis et al., 2019). 

As mentioned in the previous chapter, several aspects of the metabolism of iron seem 

impaired in PD pathology. Indeed, increased iron import via DMT1 upregulation (Salazar et 

al., 2008) in combination with a defective storage due to FT and neuromelanin decrease 

(Dexter et al., 1990), and an impaired iron efflux through FPN (Song et al., 2010), result in an 

abnormal accumulation of iron within neurons, potentially increasing their sensitivity to 

ferroptosis. Importantly, iron chelation has shown promising results in the MTPT mouse 

mode, whereby physiological iron levels are restored in correlation with prevention of cell 

toxicity and behavioural deficits (Ayton et al., 2013; Devos et al., 2014). This therapeutic 

strategy has also been assessed in several clinical trials showing a promising decrease in 

motor handicap scores (Devos et al., 2014; Martin-Bastida et al., 2017). 

2.2.4 Other metabolic pathways controlling ferroptosis sensitivity 

Several other factor have been shown to modulate the sensitivity of cells to ferroptosis. 

Nuclear factor erythroid-2-related factor 2 (Nrf2), a master transcription factor that 

coordinates the antioxidant response, is known to protect against ferroptosis (Harvey et al., 

2009; Sun et al., 2016; Liu et al., 2020). Upon binding to the antioxidant response element of 

the target gene promoters, Nrf2 can control the expression of NAD(P)H:quinone 

oxidoreductase 1 (Kovac et al., 2015), several iron related proteins (i.e. FTH1, FPN and heme 

oxygenase 1 (HMOX1)) (Kerins and Ooi, 2018), GPX4 (Osburn et al., 2006) and other key 

ferroptosis regulators involved in GSH biosynthesis (i.e. XcT, GLC and glutathione 

synthetase (GSS)) (Osburn et al., 2006; Liu et al., 2020) (reviewed in (Song and Long, 

2020)). The first evidence of the protective role of Nrf2 against ferroptosis was obtained in 

hepatocellular carcinoma cells (HCC). Under normal conditions, KEAP1, an adapter protein 
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of the Cul3 ubiquitin E3 ligase complex responsible for Nrf2 ubiquitination and degradation, 

maintains low levels of Nfr2, preventing gene transcription and establishing ferroptosis 

sensitivity (figure 11a). Following a continuous ferroptosis stimulus, p62 mediates the 

degradation of KEAP1, thus stabilising Nrf2 which initiates a multi-step activation pathway, 

starting with nuclear translocation, followed by heterodimerization with its partner MAF 

protein, recruitment of transcription coactivators and binding to the antioxidant response 

element (ARE) in the promoter of the target genes. (Sun et al., 2016) (figure 11b). 

Continuous exposure to erastin was later shown to result in Nrf2-dependent upregulation of 

cystathionine b-synthase (CBS), the enzyme responsible for the biosynthesis of cysteine, in 

an attempt to counter cell death in ovarian cancer cells (Liu et al., 2020). 

 

Nrf2 has been extensively studied in the context of PD pathology where and age-related 

decline in activity leads to reduced GSH levels (Suh et al., 2004; Todorovic et al., 2016). In 

PD patients, Nrf2 and downstream effectors are highly transcribed in blood leukocytes 

compared to controls (Petrillo et al., 2020). Interestingly, these Nrf2 transcripts correlate with 

PD duration, suggesting that Nrf2 plays a role in fighting the intrinsic oxidative stress 

observed during disease pathology. Furthermore, the cellular localisation of Nrf2 appears to 

be predominantly nuclei in the SN of PD patients, in contrast to the cytoplasmic location in 

Figure 11.  The role of Nrf2 in determining ferroptosis sensitivity. a. Under physiological 

conditions, KEAP1 mediates the degradation of Nfr2, preventing gene transcription, resulting in 

ferroptosis sensitivity.   b. Under ferroptosis stimulus, p62 increases Nrf2 stability through the 

inactivation of KEAP1, allowing for Nfr2-mediated transcription of target genes involved in GSH 

production, antioxidant response and iron metabolism, all contributing to ferroptosis resistance.   
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affected brain regions from other neurodegenerative diseases such as Alzheimer’s disease 

(AD) or Lewy body variant of AD (Ramsey et al., 2007). Such nuclear translocation in PD 

indicates a cellular and/or disease dependent recruitment of Nrf2 caused by an intrinsic 

vulnerability of dopaminergic neurons to oxidative stress. It is worth noting that Nrf2 

response to oxidative stress may not be unique to ferroptosis as Nrf2 inhibition has also been 

implicated in apoptosis cells death (Zhang et al., 2016). 

P53 plays a dual role in ferroptosis (figure 12). On one hand, it can promote ferroptosis 

by transcriptionally inhibiting SLC7A11 expression leading to GSH depletion and 

subsequent ferroptosis in several cancer cell lines (Jiang et al., 2015). As previously 

mentioned, p53 can also sensitise cells to ferroptosis through regulating lipid peroxidation via 

the transcriptional induction of SAT1 (Ou et al., 2016), increasing ALOX15 expression, or 

glutaminase 2 (GSL2), an enzyme involved in the first step of glutaminolysis (Gao et al., 

2015).  

 

On the contrary, p53 can prevent ferroptosis by modulating other transcriptional targets, such 

as FSP1, originally termed p53-responsive gene 3 (PRG3) (Horikoshi et al., 1999). Moreover, 

Figure 12.  The role of p53 in determining ferroptosis sensitivity. p53 can either enhance or 

inhibit ferroptosis in a context- and cell-dependent manner. P52 can promote ferroptosis by 

inhibiting SCL7A11 expression or promoting SAT1 and GLS2 expression. On the contrary, p52 

prevents ferroptosis by inducing p21 expression resulting in increased GSH levels. 
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the p53-mediated transcriptional upregulation of cyclin-dependent kinase inhibitor 1A (p21) 

was shown to inhibit ferroptosis in human fibrosarcoma cells thanks to slowed GSH 

depletion and reduced accumulation of toxic lipid peroxidation (Tarangelo et al., 2018).  

In relation to PD pathology, an increase in p53 levels and activity is observed in 

selected brain regions from PD patients (Mogi et al., 2007) as well as in PD animal and 

cellular models (da Costa et al., 2009). Mutations in parkin was shown to correlate with an 

increase in p53 mRNA levels and consequent transcriptional activity in cells and mouse 

brains, and familial parkin missense and deletion mutations enhanced p53 expression in 

human brains affected my juvenile PD (da Costa et al., 2009). Consistently, p53 gene 

deletion reduced dopaminergic neuronal loss in the substantia nigra and striatum of the 

MPTP mouse model (Qi et al., 2016), suggesting a more prominent pro-ferroptosis role of 

p53 in this particular PD mouse model. 

NADPH is an intracellular reductant involved in the elimination of LOOH. Intracellular 

NADPH levels are considered as a biomarker for ferroptosis sensitivity, but accurate 

measurement of NADPH level is difficult in patients. Several studies with biofluids from PD 

patients have demonstrated an altered level of NADPH oxidase (NOX), an enzyme complex 

which oxidises NADPH to generate oxygen species. The NOX subunits NOX1 and NOX4 

are both increased in the SN in several PD mammalian models (Cristóvão et al., 2009; Choi 

et al., 2012) as well as PD patients (Zawada et al., 2015). 

Selenium (Se) is considered a key element in the cellular antioxidant machinery as it is 

crucial for selenocysteine generation and the synthesis of selenoproteins such as GXP4 

(Friedmann Angeli and Conrad, 2018). Se abundance can thus impact upon ferroptosis 

sensitivity, whereby supplementation promotes ferroptosis resistance and a deficit leads to 

increased sensitivity, presumably through modulating GPX4 levels and activity (Cardoso et 

al., 2017). In line with an intrinsically high oxidative environment, the level of Se in the brain 

is highest in the SN and caudate (Cadet, 1986). Multiple studies report a protective role of Se 

in several PD models: Se supplementation reduces motor impairments and DNA damage in a 

rat model of Parkinson induced by Paraquat (Ellwanger et al., 2015), and a single dose of Se 

was sufficient to reverse the depletion of striatal dopamine and its metabolites in the MPTP 

mouse model (Khan, 2010). In line with GPX4 expression levels, Selenoprotein P, a peptide 

with a high content of Se in the form of selenocysteine, was reportedly reduced in PD SN 

compared to control brains but increased relative to cell density (Bellinger et al., 2012).  
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Overall, a great number of studies have independently and over the years shown that 

ferroptosis share common features with the pathological mechanisms associated with PD 

(Table 1), strengthening our hypothesis that ferroptosis may indeed contribute towards 

neuronal death in PD. This topic was the subject of a literature review we published in 

Progress in Neurobiology in 2021 (Figure 13; Annexe 2). 

 

2.3 Studying ferroptosis experimentally 

2.3.1 Ferroptosis induction 

Pharmacologically, several compounds have the ability to specifically induce 

ferroptosis (figure 14). One of the main strategies for triggering ferroptosis in cells is via the 

inhibition of XcT system thus blocking cystine import. Erastin was the first molecule 

identified to trigger ferroptosis via inhibiting SLC7A11 in Ras-dependent oncogenic cell 

lines (Dixon et al., 2012). Since then, other compounds have been developed and identified to 

block XcT-mediated cystine import and trigger ferroptosis. These include the derivate of 

erastin, imidazole ketone erastin (IKE), which has a better solubility and high stability, 

Erastin2 with increased efficiency and potency, and drugs like sorafenib and sulfasalazine.  

Figure 13.  Review article on ferroptosis and its role in Parkinson’s Disease. 
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 Table 1.  Common features shared between ferroptosis molecular pathways and PD pathology. 
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Further down the XcT-GSH-GPX4 ferroptosis axis, BSO can induce ferroptosis on its 

own by inhibiting GCL, the rate-limiting enzyme in GSH biosynthesis, or enhance cellular 

sensitivity to ferroptosis induction by other agents (Dixon et al., 2012; Sun et al., 2016). 

Another common strategy to trigger ferroptosis experimentally is via direct or indirect 

inhibition of GPX4. Small molecules such as RSL3, FIN56, ML210 and FINO2 can therefore 

efficiently prevent GPX4-mediated detoxification of LOOH resulting in their accumulation 

and subsequent cell death. In addition to promoting GPX4 degradation, FIN56 also blocks 

CoQ10 production (Shimada et al., 2016). Furthermore, the activity of FSP1 in ferroptosis 

can be specifically inhibited by a small-molecule compound called iFSP1, blocking CoQ10-

mediated antioxidant defence and resulting in ferroptotic cell death. Iron alone does not 

suffice to trigger ferroptosis, however, increasing the cytosolic LIP by iron supplementation, 

increasing ferritinophagy and/or preventing FPN-mediated iron efflux are all successful 

strategies in increasing cellular sensitivity to ferroptosis induction by other agents (Dixon et 

al., 2012; Gao et al., 2015; Kwon et al., 2015). Finally, a study conducted in C. elegans, and 

later confirmed in human cancer cells (HT-1080), reported ferroptotic cell death induced by 

dietary PUFA DGLA, whilst dietary and endogenous MUFAs inhibited ferroptosis (Perez et 

al., 2020). 

2.3.2 Ferroptosis inhibition 

Experimentally, inhibition of ferroptosis is mainly achieved through three strategies: i. 

iron depletion by iron chelation treatments including DFP and deferoxamine (DFO), or by 

reducing iron import by Tfr1 knockdown (Dixon et al., 2012; Gao et al., 2015; Do Van et al., 

2016), ii. decreasing PUFA-containing phospholipids and their oxidation thanks to ACSL4 

inhibitors such as rosiglitazone, troglitazone and pioglitazone (Doll et al., 2017), ALOXs 

inhibitors including Zileuton, MK886, PD146176 and Balcalein, or deuterated PUFAs 

(Beaudoin-Chabot et al., 2019), and iii. scavenging lipid LOOH with radical trapping agents 

(RTAs) (figure 14). Of note, several LOX inhibitors were later shown to block ferroptosis via 

their radical trapping action rather than via a specific inhibition of ALOXs enzymes (Shah et 

al., 2018). Importantly, genetically depleting cells of ACSL4 or certain ALOXs enzymes will 

also promote a ferroptosis resistant phenotype in vitro and in vivo (Doll et al., 2017).  

There are three types of RTAs that are widely used as ferroptotic cell death inhibitors: 

phenolic compounds such as a-tocopherol (a-TOH) and vitamine E (Burton and Ingold, 

1986), amines including ferrostatin-1 (fer-1) and liproxstatin-1 (lpx-1) (Shah et al., 2017), 
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and nitroxides (Krainz et al., 2016; Griesser et al., 2018). Finally, boosting the endogenous 

antioxidant systems is also effective in preventing ferroptosis, for instance by supplementing 

with NAC (Yang et al., 2014), Se (Alim et al., 2019), and idebenone (an analogue of CoQ10) 

(Shimada et al., 2016), or by treatment with allosteric GPX4 activators (Li et al., 2019). 

2.3.3 Assays for ferroptosis assessment 

There are a number of methods available to measure ferroptotic response related to iron 

and, more importantly, lipid metabolism. Measuring intracellular iron content can allow us to 

determine ferroptosis susceptibility. This can be accurately measured by inductively-coupled 

plasma mass spectrometry (ICP-MS) or with the use of fluorescent probes such as Ferrum 

430, Ferrum 569 and Ursa520-R although they can only be used to quantify the amount of 

Fe3+ but not the toxic Fe2+. To overcome this limitation, the heavy metal indicator Phen Green 

Figure 14. Molecular inducers and inhibitors of ferroptosis. Schematic representation of the 

different molecular pathways involved in ferroptosis with the molecular inducers in red and 

inhibitors in green. Figure adapted from  (Tang et al., 2021).   
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SK can be used to detect the level of Fe2+ although it may also react with other metals (Tang 

et al., 2021).  

Regarding lipid peroxidation, several methods exist to detect their presence. These 

include assays for the direct quantification of LOOHs as well as assays that measure lipid 

peroxidation end-products or antioxidant molecules like GSH. The most widely used probes 

for measuring lipid peroxidation during ferroptosis are the fluorometric C11-BODIPY and 

LiperFluo. They are both lipophilic probes that can interact with peroxyl radicals, although 

LiperFluo is the only one able to interact with phospho-LOOHs (Kagan et al., 2017). Lipid 

peroxidation in mitochondria can also be specifically measured with probes like MitoPerOx, 

MitoPeDPP and MicoCLox, while MitoSOX is more widely used for detecting mitochondrial 

O2
- in cells. All the above mentioned fluorescent probes are suitable for either fluorescent 

microscopy staining or flow cytometry.  

Lipid oxidation products can also be identified and quantified in cells and tissue 

samples via mass spectrometry, in addition to using monoclonal antibodies specific for MDA 

or 4-HNE in immunohistochemistry staining. Furthermore, the end-products of ALOXs-

mediated arachidonic acid peroxidation 15-hydroxyeicosatetraenoic acid (15-HETE) can also 

be quantified with ELISA kits. 

Finally, in order to confirm that ferroptotic cell death is specifically being induced in 

the experimental models, ferroptosis inhibitors or knocking-down ferroptotic regulators (i.e. 

ACSL4 or ALOXs) are strategies that should be used in parallel to show a protection in cell 

viability assays.  

2.4 Conclusions and perspectives 

Over the past years, there’s been an outbreak of ferroptosis research which has led to 

the publication of over 3500 articles since 2012, with more than 1500 articles being published 

in 2021 alone. Ferroptosis is now defined as a regulated necrosis, tightly controlled at 

multiple levels and implicating several metabolic pathways reviewed in this chapter. At the 

core of the process, we know that PUFA-containing PLs are highly sensitive to oxidation by 

either an enzymatic (ALOXs and POR) or non-enzymatic (iron-dependent Fenton reaction) 

route, however the question remains as to what is the final effector of ferroptosis cell death. 

Iron accumulation and lipid peroxidation can be considered as intermediate events in 

ferroptosis, but are not the final executors of this novel cell death pathway. This statement is 

supported by the fact that not all damage caused by lipid peroxidation results in ferroptosis, 
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and key ferroptosis regulators also play a role in regulating other types of cell death. For 

example, the activation of SLC7A11 also avoids apoptosis under oxidative stress (Ku et al., 

2020), and GPX4 was reported to also inhibit apoptosis (Q et al., 2004), necroptosis (Canli et 

al., 2016) and pyroptosis (Kang et al., 2018) in response to various tissue injuries. These 

observations suggest that there might be a crosstalk between the different cell death pathways 

and thus they may all contribute towards disease pathogenesis. Indeed, different types of cell 

death usually occur downstream of a common stress response and often share similar initial 

signals and molecular regulators for example at the level of ER stress, redox stress and 

mitochondrial dysfunction. Future research on ferroptosis should therefore address this 

question in order to determine the regulatory pathways that determines the fate of cells.  

In regards to the pathological role of ferroptosis in PD, further direct implications 

between PD pathological markers and ferroptosis are required to strengthen the link between 

excessive ferroptotic cell death and neurodegeneration. a-syn aggregation has long been 

considered a key pathological hallmark in PD. Despite the involvement of a-syn in PD 

pathology, the exact physiological and pathological functions of the protein remain elusive. 

Establishing a synucleinopathy link to ferroptosis would strengthen the implication of this 

novel type of cell death in PD. Based on the multiple studies showing a link between a-syn 

dysfunction and impaired iron and lipid metabolisms, we hypothesised that a-syn may play a 

role in determining cellular susceptibility to ferroptosis. Interestingly, iron chelators, D-

PUFAs and fer-1 all suppress cell death induced by toxic a-syn oligomers (Angelova et al., 

2020), meeting the basic criteria set out to define ferroptosis (Yang and Stockwell, 2016; 

Tang et al., 2021). The next chapter will provide an overview on a-syn and discuss the 

evidence associating a-syn to iron and lipid metabolism. 
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Introduction - Chapter 3: 
 

Alpha synuclein – Physiological and pathological implications in 

Parkinson’s disease 

3.1 Introduction  

The protein alpha-synuclein (a-syn) is a member of the synuclein family along with b- 

and g- synuclein. It was first identified in the central nervous system of Torpedo californica 

by Maroteaux in 1988 (Maroteaux et al., 1988) and was named based on its cellular 

localisation as the protein was initially found both in the synapses and the nuclear envelope, 

hence the name “synuclein”. It was almost a decade after its discovery that a-syn became the 

focus of intense neurodegenerative research when it was identified as the major component of 

Lewy bodies and Lewy neurites in 1997, establishing the protein as a major hallmark of 

synucleinopathies (Spillantini et al., 1997). The different synucleinopathies include 

Parkinson’s disease (PD), dementia with Lewy Bodies (DLB), multiple systems atrophy 

(MSA) and pure autonomic failure (PAF). PD and DLB share common pathological traits 

although the clinical manifestations differ significantly. In PD, it is the dopaminergic neurons 

in the substantia nigra pars compacta (SNpc) that are most affected, resulting in a loss of 

dopamine neurotransmission and the subsequent motor impairments. Non-motor impairments 

are also widely observed amongst PD patients preceding the motor symptoms, or latter in the 

progression of the disease in the form of psychiatric and cognitive alterations (Hely et al., 

2008). In DLB, the Lewy body pathology is observed at the level of the cortex and the CA2/3 

region of the hippocampus (Dickson et al., 1991), which may explain the Alzheimer’s-like 

symptoms, such as dementia and cognitive decline. DLB patients may also suffer from 

hallucinations and fluctuation of attention starting as early as 1 year since the onset of motor 

symptoms (Mayo and Bordelon, 2014; McKeith et al., 2017). In MSA, a-syn accumulates in 

glial cytoplasmic inclusions mainly in oligodendrocytes. Interestingly, a-syn is poorly 

expressed in oligodendrocytes, raising the question of how these aggregates are formed. One 

possible explanation is that these cells are unable to efficiently clear a-syn, resulting in its 

accumulation. Alternatively, and in line with the prion-like propagation hypothesis, a-syn 

may be released into the extracellular space by neurons and taken up by oligodendrocytes 

(Reyes et al., 2014; Steiner et al., 2018). In terms of the clinical manifestation, MSA patients 

display Parkinson-like symptoms such as bradykinesia, motor weakness, muscular rigidity, 
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tremor and balance impairments. PAF is a rare sporadic neurodegenerative disorder 

considered as a synucleinopathy in 2000 when the pathological LBs and LNs were found in 

the sympathetic ganglia and postganglionic sympathetic axons (Arai et al., 2000). Although 

the symptoms of the disease are usually related to the periphery with hypoperfusion in the 

neck area and urinary and sexual dysfunctions, studies have suggested that PAF can progress 

to PD, DLB or MSA, therefore posing as an intermediate state (Kaufmann et al., 2004; 

Kaufmann and Goldstein, 2010).   

Despite the implication of a-syn in the above mentioned synucleinopathies, and the 

extensive research around the physiological and pathological functions of a-syn, many 

questions remain unanswered and a clear direct mechanism linking the protein to the different 

diseases pathologies is yet to be established. Deciphering such mechanisms, whether they 

directly or indirectly link the protein to the physiopathology of the disease, will enable the 

identification of novel therapeutic strategies. This chapter will first provide an overview on 

the structure of a-syn and its putative physiological functions. Next, the pathological 

implications of a-syn mutations and overexpression will be described, in addition to the links 

between the protein and both the metabolisms of iron and lipids which provide evidence for a 

potential implication of a-syn in the ferroptosis pathway.  

 

3.2 The structure of a-synuclein 

a-syn is a small, 140 amino acid (aa) long soluble protein highly expressed in neurons 

and encoded by the SNCA gene located at position 21 in the long arm of chromosome 4 

(Shibasaki et al., 1995). It’s aa sequence can be divided into three major domains, correlating 

with both physiological and pathological putative functions (figure 15):  

1.  The N-terminal domain (aa 1 to 60) contains a consensus sequence of aa repeated 7 

times (KTKEGV) with alpha-helical propensity. This structure is similar to that of 

apolipoproteins A2 upon lipid binding (Vamvaca et al., 2009), allowing a-syn to bind and 

interact with fatty acids and lipids in the plasma and mitochondrial membranes (Vamvaca 

et al., 2009; Zigoneanu et al., 2012). Of note, this region bares the known mutations 

responsible for familial PD forms. 

2. The central domain (aa 61-95) is known as the non-amyloid beta component (NAC). It 

is highly hydrophobic and prone to aggregation when acquiring beta-sheet structure, as 
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suggested by the fact that an ablation of this region reduces oligomer and fibril formation 

(Giasson et al., 2001). 

3. The C-terminal domain (aa 96-140), is negatively charged and rich in acidic amino 

acids, providing its natively disordered structure. Thanks to its undefined secondary 

structure, this region contributes to a-syn solubility, protecting it against aggregation 

(Eliezer et al., 2001). Several studies have associated the C-terminal domain with the 

modulation of membrane binding of a-synuclein (Davidson et al., 1998; Eliezer et al., 

2001; Perrin et al., 2000), but also multiple protein (Burré et al., 2018) and ion interactions 

(Bai et al., 2015; Bartels et al., 2019; Lautenschläger et al., 2018). 

The exact conformation of a-syn inside the cells remains a matter of debate. Most likely, 

several conformations of a-syn co-exist in the cytosol depending on the cellular localisation, 

lipid binding, oligomerization, mutations and posttranslational modifications. Initially, a-syn 

was reported natively unfolded in solution and monomeric state (Uversky, 2003). However, 

more recently, several studies reported tetramer conformations enriched in a-helixes, 

resistant to oligomerization (Bartels et al., 2011; Wang et al., 2011).                                  

Figure 15. SNCA gene localisation, mRNA and protein structure. The SNCA gene located in 

chromosome 4 is transcribed into the mRNA containing 6 exons. The 140 amino acid long 

a-synuclein protein contains three main regions: amphipathic region, NAD region and the 

acidic tail, with 7 repeats spanning the first two regions. 
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Upon lipid binding, a-syn adopts either a single elongated a-helix or a broken a-helix 

depending on the membrane curvature (Bussell and Eliezer, 2003; Chandra et al., 2003). 

Under pathological conditions,  a-syn is reported to adopt a b-sheet conformation 

contributing the its aggregation and depositions into Lewy bodies (Conway et al., 1998; El-

Agnaf et al., 1998; Narhi et al., 1999; Yonetani et al., 2009). These b-sheet conformers have 

long been considered neurotoxic, despite there been an ongoing debate on the exact nature of 

the neurotoxic species and the mechanisms leading to such neurotoxicity (figure 16). 

 

During transcription, the SNCA gene can undergo alternative splicing, or in-frame 

splicing, and create different transcripts. In-frame splicing is characterized by the deletion of 

one or more exons retaining the original reading frame, producing shorter functional proteins 

(Gámez-Valero and Beyer, 2018). In the case of SNCA, the exons 3 and 5 can be alternatively 

spliced giving rise to at least four transcripts and isoforms (figure 17): 

- a-syn 140 is the main, most abundant and studied isoform originated from a 

SNCA mRNA containing the full coding sequence (exons 2 to 5), producing the 

140-aa long protein.  

Figure 16. Schematics of a-synuclein conformations associated with its physiological and 

pathological functions. Under physiological conditions, a-syn is mainly unstructured. Upon 

binding to curved membranes, such as synaptic vesicles, a-syn undergoes a conformational 

change and adopts a-helixes. Under pathological conditions, soluble a-syn forms b-sheet-like 

protofibrils which can convert into larger amyloid fibrils and aggregate into Lewy bodies. Image 

adapted from (Burré et al., 2018). 
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- a-syn 126 arises from the translation of the mRNA lacking exon 3. This results in 

a protein which is 126 amino acids long. This isoform lacks part of the lipid 

binding domain located in exon 3, and is believed to be less prone to aggregation 

(Beyer, 2006a; Gámez-Valero and Beyer, 2018).  

- a-syn 112 isoforms lacks exon 5 and results in a protein with a shorter C-terminal 

region. This variation is thought to increase a-syn aggregation propensity (Beyer, 

2006a; Gámez-Valero and Beyer, 2018).  

- Finally, when both exon 3 and 5 are alternatively spliced, the isoform a-syn 98 is 

generated, characterised by a shortening of the N-terminal (as in a-syn 126) and 

the interruption of the C-terminal domain (as observed in a-syn 112).  

 

Interestingly, differential expression of a-syn 126 and 112 was reported in the brains of DLB 

and AD patients when compared to controls (Beyer, 2006a; Beyer et al., 2006). a-syn 126 

mRNA were shown to be significantly decreased whilst a-syn 112 mRNA levels were up-

regulated in DLB and AD patients’ brains when compared to control patients (Beyer et al., 

2006). Importantly, a-syn 126 is characterized by its inability to bind cellular membranes due 

to the interruption and loss of several a-helixes needed for the protein-membrane 

interactions. Membrane-bound a-syn is thought to be a crucial initial step towards 

aggregation and provide the seeds for deposition of the less aggregation prone cytosolic 

forms (Lee et al., 2002). In view of these observations and its markedly reduced expression in 

DLB and AD patients, it can be suggested that a-syn 126 acts as a protective, aggregation-

preventing isoform. On the other hand, the a-syn 112 expression levels were shown to be 

two-fold increase in DLB patients when compared to controls, suggesting a possible 

involvement of a-syn 112 in DLB pathogenesis (Beyer, 2006b). Indeed, several studies have 

reported that C-terminal shortening enhances aggregation of a-syn (Crowther et al., 1998; 

Murray et al., 2003; Liu et al., 2005).  
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3.3 a-synuclein expression and localisation 

Despite the predominant expression of a-syn in the brain, particularly in the neocortex, 

hippocampus, striatum, thalamus and cerebellum (Nakajo et al., 1990; Jakes et al., 1994; Iwai 

et al., 1995), a-syn can be detected in the bone marrow, muscle, liver, kidney, lung, heart, 

cerebrospinal fluid (CSF), blood plasma and red blood cells (where a-syn is believed to be 

involved in the curvature of the cells) (Hashimoto et al., 1997; Askanas et al., 2000; Shin et 

al., 2000; Tamo et al., 2002; Ltic et al., 2004; Burré et al., 2018). a-syn protein levels are 

often mirrored by mRNA levels (Burré et al., 2018), and expression can be altered by several 

external factors such as herbicide paraquat (Manning-Bog et al., 2002),  MPTP (Vila et al., 

2000), injury to the brain (Acosta et al., 2015), but also intracellular dopamine and iron levels 

(Perez et al., 2002; Friedlich et al., 2007), which will be further described in later sections. 

During development of cultured neurones, a-syn is primarily localised in the cell body of 

immature neurons and the presynaptic terminal becomes enriched in a-syn once neurons 

become mature (Withers et al., 1997). The late localisation of a- syn in the presynapse 

suggest it does not play a role in the synapse development bur rather in proper synaptic 

Figure 17. SNCA mRNA variants generated by alternative splicing. Through alternative splicing 

of exon 3 and 5, four different mRNA transcripts of a-syn can be generated. a-syn 140 is the 

most studied and predominant isoform whilst the three remaining variants remain poorly 

studied. 
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neurotransmission. Moreover, several studies have reported a-syn localisation and binding to 

mitochondria in tissue from PD patients or from transgenic mouse models (Li et al., 2007; 

Zhang et al., 2008; Devi et al., 2008). The potential function of a-syn in mitochondria 

remains unclear due to studies where both overexpression and loss of a-syn expression lead 

to mitochondrial dysfunction (Ellis et al., 2005). In addition to its localisation to the synapse 

and mitochondria, a-syn has also been associated with the Golgi apparatus and various 

secretory and endosomal compartments other than synaptic vesicles (Baksi et al., 2016). Of 

note, oligomeric a-syn accumulate in the ER in the brains of PD patients and animal models 

of synucleinpathy (Bellucci et al., 2011; Colla et al., 2012) further implicating the protein in 

defective endosomal transport in PD pathology. 

 

3.4  Post-translational modifications 

In addition to alternative splicing, the structure and functions of a-syn can be vastly 

altered by post-translational modifications such as phosphorylation, acetylation, nitration, 

oxidation, ubiquitination and truncation. These PTMs have been associated to physiological 

and pathological forms of a-syn linked to increased aggregation and oligomerization (Duce 

et al., 2017).  

Among the different PTM, phosphorylation is the most studied. a-syn is constitutively 

phosphorylated with several phosphorylation sites identified on either tyrosine, threonine or 

serine residues (e.g. Y39, S87, Y129 and S129) (Okochi et al., 2000; Pronin et al., 2000; 

Paleologou et al., 2010). S129 is the phosphorylated residue most typically affiliated with 

pathology since it is identified in almost 90% of aggregated a-syn in the brains of PD and 

DLB patients, while only 4% is identified in healthy brains (Fujiwara et al., 2002; Nishie et 

al., 2004; Waxman and Giasson, 2008). Several studies have suggested that phosphorylation 

of a-syn may regulate the structure, membrane binding and therefore oligomerization and 

fibril formation propensity of the protein (Waxman and Giasson, 2008; Paleologou et al., 

2010). In vivo studies have supported the observations from human samples with transgenic 

mice expressing the mutated A53T a-syn showing phosphorylated S129 in pathological 

inclusions (Waxman and Giasson, 2008). Additional work conducted on transgenic 

Drosophila show that phosphorylation at S129 is a key mechanism controlling a-syn 

toxicity, as evident from the fact that replacing S129 with the phosphorylation-incompetent 

residue alanine completely attenuates a-syn toxicity in both dopaminergic neurons and 
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retinal cells. Conversely, mutation of S129 to aspartate in order to mimic phosphorylation 

significantly enhances the aggregation and toxicity of a-syn (Chen and Feany, 2005). Whilst 

collective studies have elucidated the mechanisms of toxicity related to aggregation, the role 

of phosphorylation in membrane interaction is becoming apparent. Several studies have 

shown that phosphorylation at S129, S87 and Y39 may lead to the inability of a-syn to bind 

membranes (Paleologou et al., 2010; Fiske et al., 2011; Nübling et al., 2014), which may 

impact the protein’s putative physiological function on vesicular transport and uptake (Hara 

et al., 2013; Duce et al., 2017).  

a-syn is natively acetylated in the N-terminal in residues K6 and K10, which contribute 

to the proper protein folding increasing its resistance to aggregation (Fauvet et al., 2012; 

Bartels et al., 2014).  Indeed, upon deacetylation by Sirtuin 2, the aggregation and 

cytotoxicity of a-syn increases (Bu et al., 2017). Moreover, several studies have suggested 

that N-terminal acetylation is required for correct lipid membrane binding, with a higher 

binding affinity for vesicles containing lower negative charge and higher curvature – 

properties that relate closely to synaptic vesicles (Maltsev et al., 2012; Dikiy and Eliezer, 

2014).  

These observations support the hypothesis that a putative physiological role of a-syn is 

to mediate vesicular transport through synaptic vesicle docking and fusion (Yavich et al., 

2004; Lou et al., 2017) and that PTMs like phosphorylation and/or acetylation may therefore 

modulate the ability of a-syn to control vesicle trafficking.  

3.5  Functions of a-synuclein  

The vast majority of a-syn research has focused on the pathological functions of its 

aggregates and their contribution to PD pathology. Less is known about the physiological 

significance of the putative functions of a-syn and whether its pathological association to PD 

is due to a loss of function, a gain of toxic function, or both. 

a-syn has been reported to interact with a variety of proteins suggesting it may have a 

number of functions in conjunction with these protein interactions. These include, but are not 

limited to, binding and inhibiting phospholipase D (Jenco et al., 1998; Ahn et al., 2002; 

Payton et al., 2004; Gorbatyuk et al., 2010), regulating the interaction of the small GTP-

binding protein rab1 and rab3 with synaptic vesicle membranes (Chen et al., 2013), binding 

to the SNARE protein synaptobrevin-2 and chaperoning SNARE-complex assembly (Burré 

et al., 2010, 2014), binding to and regulating tyrosine hydroxylase (TH) in part via 
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modulation of the iron metabolism, binding to DJ-1 (Zondler et al., 2014; Tanudjojo et al., 

2021) (Masliah et al., 2000; Perez et al., 2002; Baptista et al., 2003; Wu et al., 2011),  and 

synphilin-1 (Engelender et al., 1999; Ribeiro et al., 2002), regulating microtubule-dependent 

trafficking by binding to tubulin (Lee et al., 2006), and enhancing tau phosphorylation 

(Jensen et al., 1999; Haggerty et al., 2011; Siegert et al., 2021). 

 

3.5.1 Vesicle trafficking and neurotransmitter release 

Substantial evidence from both in vitro and in vivo models have reported that a-syn is 

associated with intracellular vesicle trafficking. Firstly, overexpression of a-syn was shown 

to inhibits ER-Golgi trafficking in yeast, which could be rescued by overexpressing rab1, the 

relevant rab GTPase for this function (Cooper et al., 2006). Similar findings were reported in 

retinal epithelial cells where overexpressing a-syn led to reduced trafficking of hydrolyses 

from the Golgi to the lysosomes, thus impaired lysosomal activity (Baksi and Singh, 2017). 

Here again, rab1a overexpression rescued the phenotype. Defects in endosomal trafficking 

was also reported in mammalian cells with prefibrillar a-syn aggregates (Gosavi et al., 2002), 

and the A53T PD-mutation appear to inhibit ER to Golgi transport more potently than WT by 

inhibiting SNARE complex assembly (Thayanidhi et al., 2010). Indeed, physiological WT a-

syn has repeatedly been shown to have a role in chaperoning the assembly of SNARE 

complexes as evident from the fact that a-, b- and g- synuclein triple KO mice have reduced 

SNARE-complex assembly, present neuropathological signs and shortened survival (Burré et 

al., 2010; Greten-Harrison et al., 2010). These studies, in addition to those on PD-linked 

LRRK2, GBA, VPS35, and DNAJC13 mutations, further strengthen the implication of a 

defective endolysosomal system, notably the autophagy-lysosomal degradation pathway, in 

PD pathology.  

The presynaptic localization of a-syn (Maroteaux et al., 1988), its interaction with 

synaptic vesicles and synaptobrevin-2 (Burré et al., 2010) and its SNARE-complex 

chaperoning activity (Burré et al., 2014; Lou et al., 2017) strongly suggest that a-syn plays a 

role in neurotransmitter trafficking and release (figure 16). It is understood that the fusion and 

clustering of SNARE-associated vesicles to the synaptic membrane can be regulated by a-

syn associating with the vesicle associated membrane protein 2 (VAMP2/synaptobrevin-2). 

By keeping VAMP2 in close proximity with the T-SNAREs, a-syn can control stimulated 

neurotransmitter release (Duce et al., 2017). Furthermore, in the triple synuclein KO mice 
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model, Greten-Harrison and colleagues, reported a 30% reduction in the excitatory synapse 

size as well as alterations in synaptic structure and transmission (Greten-Harrison et al., 

2010). The effect of a-syn on neurotransmission and synaptic plasticity has been investigated 

in both KO and in overexpressing models generating conflicting results where a-syn both 

promotes (Abeliovich et al., 2000; Liu et al., 2004; Gureviciene et al., 2007; Greten-Harrison 

et al., 2010) and inhibits neurotransmission (Larsen et al., 2006; Senior et al., 2008; Yavich et 

al., 2006). Interestingly, this functions doesn’t seem unique to a-synuclein as b- and g- 

synuclein appear to also mediate neurotransmission.  

3.5.2 Dopamine synthesis and transport 

It is becoming increasingly evident that a-syn plays a physiological role in dopamine 

homeostasis. Firstly, in both a-syn transgenic mice (Masliah et al., 2000) and a-syn-

transfected dopaminergic cells (Perez et al., 2002), the activity of TH was significantly 

reduced suggesting that a-syn modulates dopamine synthesis by inhibiting the expression 

and activity of TH. To confirm this, a simpler cell-free system was used to examine whether 

TH activity could be directly modulated by a-syn. Perez and colleagues found that the 

activity of isolated TH was inhibited by recombinant human a-syn in a dose-dependent 

manner (Perez et al., 2002). Furthermore, it is known that only phosphorylated TH is active 

and this form is thus required for dopamine synthesis (Toska et al., 2002). a-syn has been 

shown to colocalize and bind to dephosphorylated TH, stabilizing this inactive form of TH 

(Peng et al., 2005; Perez et al., 2002). Interestingly, both A30P and A53T mutant a-syn have 

shown similar inhibitory effects on TH (Perez et al., 2002). Another study reported that 

phosphorylation of a-syn upregulates TH activity and dopamine synthesis in dopaminergic 

MN9D cells, likely due to the regulation of a-syn’s functions due to the different post-

translational modifications (Wu et al., 2011). Of note, a-syn can also indirectly mediate 

cellular dopamine synthesis through the regulation of intracellular iron which serves as a 

cofactor for TH activity. In parallel, cellular dopamine levels also depend on dopamine 

reuptake from the synaptic space via the dopamine transporter (DAT), and a-syn has been 

shown to attenuate DAT activity by reducing the uptake velocity of dopamine (Wersinger 

and Sidhu, 2003; Sidhu et al., 2004). Interestingly, this regulatory effect on DAT activity has 

been reported with WT and A30P a-syn, but not the A53T mutant form (Wersinger et al., 

2003, 2004). Regarding the A53T mutation, one study reported increased cytosolic dopamine 
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levels in A53T a-syn expressing mutant dopaminergic neurons, likely due to an impaired 

activity in dopamine storage into vesicles (Cabin et al., 2002; Lotharius et al., 2002). Indeed, 

a separate study reported that overexpression of mutant A53T a-syn in differentiated 

mesencephalic neurons led to a downregulation of the vesicular dopamine transporter 

(VMAT2), enhancing cytoplasmic dopamine and increasing intracellular superoxide levels 

(Lotharius and Brundin, 2002). Indeed, excessive cytosolic dopamine due to impaired a-syn 

functions will facilitate the oxidation of dopamine, contributing to ROS generation and 

increase oxidative stress. In turn, higher oxidative stress can potentiate the aggregation of a-

syn further impairing the functions of the protein thus entering a pathological vicious cycle 

(Yu et al., 2005).  

3.6 The pathological effects of PD-associated mutations and multiplications in a-

synuclein. 

As previously mentioned, the majority of studies aimed at deciphering the pathological 

implications of a-syn have focused on the aggregation of the protein. However, some other 

studies have reported neurotoxic alterations to cellular processes due to a-syn point 

mutations and/or overexpression which will be described in the following section . 

3.6.1 A53T a-synuclein point mutation 

The A53T a-syn point mutation was the first disease-linked mutation discovered in 

1997 (Polymeropoulos et al., 1997). The PD-associated mutations of a-synuclein have 

primarily been studied for their effect in enhancing a-syn aggregation and oligomerization 

(figure 16) (Conway et al., 1998; El-Agnaf et al., 1998; Narhi et al., 1999). However, several 

studies have also reported alterations to several cellular organelles such as mitochondria, ER 

and Golgi apparatus: Overexpression of A53T a-syn in vivo revealed inhibition of 

mitochondrial complex I, increased mitochondrial autophagy (mitophagy) and ROS 

generation (Chinta et al., 2010; Junn and Mouradian, 2002). Other studies have also reported 

that the A53T point mutation up-regulates mitophagy in primary neurons (Choubey et al., 

2011) and overexpression of A53T a-syn in transgenic mice was shown to increase 

mitochondrial degeneration (Martin et al., 2006). Other than mitochondrial impairments, ER 

associated stress was observed in a cell culture model of A53T a-syn-induced cell death 

(Smith et al., 2005). The work of Smith and colleagues reported that the expression of A53T 

a-synuclein in differentiated PC12 cells caused cell death accompanied by a decrease in 
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proteasome activity, increased ER stress and intracellular ROS levels, mitochondrial 

cytochrome C release and elevation of caspase-9 and -3 activities (Smith et al., 2005). The 

A53T point mutations has also been associated with an increased vulnerability to iron-

induced toxicity as evident from the work conducted by Zhu and colleagues where iron 

treatment caused a more severe motor decline in flies expressing the A53T mutation 

compared to WT a-syn (Zhu et al., 2016). Furthermore, iron treatment was shown to induce 

selective dopaminergic neuronal loss in the flies that expressed A53T mutant a-syn, 

suggesting an increased vulnerability to iron accumulation toxicity in cells expressing mutant 

a-syn  (Zhu et al., 2016). 

3.6.2 a-synuclein overexpression 

Similarly to a-syn A53T mutation, studies focused on elevated a-syn levels due to 

SNCA duplication/triplications have primarily focused on the increased aggregation and 

accumulation of the protein. However, it is important to note that elevated a-syn levels also 

result in several organelle dysfunction. In multiple cell types, including neurons, a-syn 

overexpression was shown to promote mitochondrial fission and result in fragmentation of 

mitochondria. Importantly, the fragmentation involved a direct interaction of a-syn with 

mitochondrial membranes (Nakamura et al., 2011). Furthermore, a-syn overexpression 

appears to inhibit complex I (Devi et al., 2008; Nakamura et al., 2008), which is known to 

contribute to increased mitochondrial ROS production (Hsu et al., 2000; Junn and 

Mouradian, 2002). Indeed, overexpression of WT or mutant a-syn in SH-SY5Y 

neuroblastoma cells lead to increased intracellular ROS generation and vulnerability to 

dopamine-induced cell death (Junn and Mouradian, 2002). Furthermore, transcriptomic 

analysis conducted on dopaminergic neurons derived from iPSC from PD patients baring 

SNCA triplication revealed a dysregulation in many mitochondrial genes, a reduction in basal 

respiration and maximal respiration, changes in mitochondrial morphology, but also 

increased levels of IRE1a, one of the effectors on the ER stress pathway (Zambon et al., 

2019). A separate study also reported that overexpression of a-syn severely delayed ER-

Golgi transport in non-neuronal cells by inhibiting ER/Golgi SNARE protein function 

(Thayanidhi et al., 2010). 
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3.7 Implications on the role of a-synuclein in ferroptosis 

In addition to the already mentioned associations between mutations or overexpression 

of a-syn and increased intracellular ROS generation, the functions of a-syn with greater 

relevance to ferroptosis include those modulating the metabolisms of iron (table 2) and 

lipids (table 3). 

3.7.1 a-synuclein and iron metabolism 

Over the past two decades, the interactions between a-syn and iron metabolism have 

been extensively studied and reviewed (e.g. (Duce et al., 2017; Moreau et al., 2018; Chen et 

al., 2019a)). However, since the emergence of ferroptosis, this relationship should be 

reassessed and placed in the ferroptosis context. Indeed, both iron deposition and a-syn 

aggregation are neuropathological hallmarks of PD. As previously described, excessive brain 

iron accumulation can result in the generation of ROS and subsequent irreversible oxidative 

damage of lipids, proteins and DNA (Dixon and Stockwell, 2014). Such toxicity is 

exacerbated in dopaminergic neurons as iron and dopamine are two highly oxidative 

molecules thus forming a toxic couple reinforcing the prooxidant features of these two 

molecules (Hare and Double, 2016; Song and Xie, 2018). Of note, iron depositions coexist 

with a-syn in the core of LB in the remaining dopaminergic neurons of SNpc of PD brains 

(Castellani et al., 2000), and the SN, cortex and globus pallidus in brains of 

neurodegeneration with brain iron accumulation (Neumann et al., 2000). This observation 

suggest a common underlying pathological mechanism leading to iron deposition and 

formation of a-syn aggregates. This is supported by the fact that both Fe2+ and Fe3+ strongly 

bind to a-syn and promote its oligomerization by converting this intrinsically disordered 

protein into a β-sheet structure (Hashimoto et al., 1999; Ostrerova-Golts et al., 2000; Uversky 

et al., 2001; Peng et al., 2010). Indeed, iron exposure to neuronal cultures overexpressing a-

syn with the familial mutation A53T increases aggregate formation and vulnerability to iron 

induced toxicity (Ostrerova-Golts et al., 2000). Furthermore, a-syn oligomers interacting 

with iron in neurons to induce ROS and lipid peroxidation production, reduce GSH levels 

(Deas et al., 2016), and have subsequently been shown to induce ferroptosis via iron-

dependent lipid peroxidation (Angelova et al., 2020). This is particularly poignant with the 

knowledge that dopaminergic neurons are high in iron and have an intrinsically high 

oxidative environment due to their dopamine metabolism. Iron chelation has not only been 

shown to be neuroprotective against PD related neurotoxin insult (i.e MPTP, 6-OHDA and 
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Paraquat) but can reduced a-syn aggregation in vitro and rescue behavioural deficits induced 

by iron exposure in a mouse model of a-syn aggregation (Carboni et al., 2017).  

While iron can modulate the biophysical nature of a-syn, this protein may in turn also have a 

role in neuronal iron homeostasis. a-Syn contains an iron response element (IRE) within its 

5’UTR mRNA region; a binding site involved in regulating the translation of the protein 

upon modulation of neuronal iron load (Friedlich et al., 2007). As an iron regulated protein, 

iron depletion causes a decrease in translation of a-syn (Febbraro et al., 2012), whilst 

overexpression of a-syn in neurons results in higher levels of Fe2+ (Ortega et al., 2016). 

It is generally accepted that iron promotes the formation of large oligomers of a-syn. 

However, there is emerging evidence that a-syn in turn plays a role in iron homeostasis. On 

one hand, it has been suggested that a-syn acts as a ferrireductase reducing Fe3+ to Fe2+ and 

increases susceptibility to iron-dependent ROS and LOOH production (Davies et al., 2011). 

This process, largely dependent on copper as a cofactor and on NADH as an electron donor, 

was reported in SH-SY5Y neuroblastoma cells where overexpression of a-syn (WT and 

mutant forms) led to an increase of the proportion of intracellular Fe2+ among total iron 

(Davies et al., 2011). This finding is supported by an in vivo study conducted in rats 

overexpressing human a-syn, where ferrireductase activity is correlated to the expression of 

a-syn in the SN. However, this was not the case in the SN and striatum of the brains of PD 

patients, maybe due to the loss of function of aggregated a-syn (McDowall et al., 2017).  

More recently, Baksi and colleagues have proposed that a-syn directly mediates iron 

metabolism by facilitating the uptake of transferrin-bound iron, and colocalizes with TfR1 in 

the plasma membrane. In retinal epithelial cells, they found that depletion of a-syn results in 

TfR retention in recycling endosomes and subsequent depletion of cellular iron stores (Baksi 

et al., 2016), whilst an increase in a-syn seem to affect lysosomal activity by disrupting the 

trafficking of lysosomal hydrolases thus impairing ferritinophagy (Baksi and Singh, 2017); a 

process linked to ferroptosis (Hou et al., 2016; Latunde-Dada, 2017; Masaldan et al., 2018). 

An alternative mechanism in which a-syn is proposed to modulate cellular iron import is 

through an ability to upregulate the iron transport protein DMT1. Bi el al, showed that a-syn-
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induced p38 mitogen-activated protein kinase (MAPK) phosphorylation of parkin, 

inactivating its E3 ubiquitin ligase activity and reducing DMT1 degradation (Bi et al., 2020). 

3.7.2 a-synuclein and lipid metabolism 

The association of a-syn to membrane and lipids has been widely studied. Of relevance 

to this PhD project, the evidence linking a-syn with cellular lipid metabolism further 

implicates a-syn in ferroptosis. First, a-syn has a close association with cellular membrane 

structures as suggested by the fact that the protein can be isolated from either cytosolic or 

intracellular membrane fraction (Sharon et al., 2001). Moreover, a-syn has a high degree of 

sequence homology with apolipoproteins and binds lipids through its N-terminal region. 

Indeed, the 11-residue repeats located in the N-terminal domain are reminiscent of those in 

the class A2 apolipoproteins, responsible for carrying lipids, such as membrane 

phospholipids, by reversibly binding to them (Perrin et al., 2000). Of particularly high 

binding affinity are the PUFAs a-linolenic acid, DHA and eicosapentaenoic acid (Fecchio et 

al., 2018; Ugalde et al., 2019), supporting the hypothesis of a role in lipid transport between 

cytosolic and membranous cellular compartments (Sharon et al., 2001). Interestingly, it 

seems the PD-associated point mutations A30P and A53T have little or no effect on the 

ability of a-syn to bind lipids (Perrin et al., 2000; Yu et al., 2005). Furthermore, the 

interaction between a-syn and PUFAs was shown to affect endocytosis and vesicle recycling 

Table 2. Interplay between a-synuclein and the metabolism of iron. 
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in both neuronal and non-neuronal cells and specifically activate synaptic vesicle recycling 

after neuronal stimulation by enhancing clathrin-mediated endocytosis (Ben Gedalya et al., 

2009). When exposed to free or phospholipid-bound PUFAs, a-syn undergoes structural 

changes including an increased propensity to oligomerize (Sharon et al., 2001; Broersen et 

al., 2006; Lücke et al., 2006; De Franceschi et al., 2009), whereas MUFAs have no effect on 

a-syn aggregation (Fecchio et al., 2018). Lipid peroxidation products from PUFA, such as 

HNE, can also induce modifications to a-syn and equally promote the formation of toxic 

oligomers in human neuroblastoma cells (Shamoto-Nagai et al., 2018). Conversely, a role for 

a-syn in brain lipid metabolism has also been suggested, since fatty acid uptake, 

incorporation into phospholipids and turnover appear affected in the absence of the protein 

(Golovko et al., 2005, 2006, 2007). a-syn modulates the metabolism of certain membrane 

PUFAs including linoleic acid, dihomo-gamma-linoleic acid, AdA and AA, as evident from 

the fact that both the lipid ratio of these PUFAs in the plasma membrane and the membrane 

fluidity are increased when a-syn is overexpressed in neuronal cultures as well as in brain 

tissue from PD and DLB patients (Sharon et al., 2003). In contrast, the cytosolic fatty acid 

composition is altered and the membrane fluidity reduced in brains of a-syn KO mouse 

(Golovko et al., 2006). Importantly, Golovko and colleagues reported a reduction in AA-CoA 

mass and AA incorporation into PLs in the brains of SNCA KO mice, with an opposite effect 

on DHA incorporation and turnover, suggesting a metabolic compensation for the reduced 

incorporation of AA (Golovko et al., 2007). Importantly, the reduction in AA-CoA mass and 

incorporation was due to a reduction in total ACSL activity (Golovko et al., 2006). The 

ACSL activity was restored upon addition of exogenous a-syn, indicating a role of a-syn in 

the control of ACSL4 in AA-CoA formation. This is of particular importance to ferroptosis as 

a modulation in ACSL4 activity by a-syn, thus a remodelling in the plasma membrane 

PUFAs composition, would directly implicate this protein to a regulatory pathway of 

ferroptosis. A separate study conducted in mice lacking a-syn reported a 26% reduction in 

total brain mass of mitochondria-specific phospholipid, cardiolipin, and its acyl side chain 

showed a 51% increase in saturated fatty acids and a 25% reduction in omega-6 PUFAs (Ellis 

et al., 2005). These abnormalities in mitochondrial membrane composition were associated 

with a reduction in complex I/III activity. Finally, another study also suggests that a-syn 

contributes to membrane remodelling by sensing lipid packing defects and inducing lateral 

expansion of lipids (Ouberai et al., 2013). These findings strongly indicate that a-syn has a 
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role in membrane fatty acid compositions, thereby regulating membrane fluidity, vesicle 

assembly and subsequent synaptic transmission. Indeed, as previously mentioned, a-syn 

seems to play a crucial role in synaptic vesicle assembly and recycling, a process highly 

dependent on the plasma membrane composition and in which phospholipase D2 (PLD2) is 

known to be involved with (Yu et al., 2005). Interestingly, several studies have reported that 

a-syn interact with PLD2 and inhibits its activity, suggesting another mean by which a-syn 

may modulate the plasma membrane composition via inhibiting the activity of PLD2 (Jenco 

et al., 1998; Ahn et al., 2002). Interestingly, two more recent studies conducted in rats 

showed that the lipase activity of PLD2 was responsible for severe neurodegeneration of 

dopamine neurons, loss of striatal dopamine and associated motor deficit, all of which were 

restored upon co-expression of human a-syn (Gorbatyuk et al., 2010; Mendez-Gomez et al., 

2018). 

Finally, technological advances in transmission electron microscopy in association with 

light microscopy imaging has enabled a clearer understanding of Lewy Body composition, 

revealing a high level of membranous content, fragmented organelles and vesicles at the core 

of a-syn immunoreactivity (Shahmoradian et al., 2019), suggesting that somewhere along the 

pathological line, a disruption in the role of a-syn in the metabolism of  lipids ultimately 

results in the deposition of membrane fractions and vesicles within a-syn aggregates and LB.   

 

Table 3. Interplay between a-synuclein and the metabolism of lipids 
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Overall, iron and PUFA dependent studies suggest that a-syn’s physiological and/or 

pathological functions may generate, over time, a pro-ferroptotic environment in 

dopaminergic neurons. Specifically how a-syn functionally regulates membrane composition 

remains unclear but Golovko and colleagues have shown in vivo that a-syn plays a key role 

in the metabolism of brain AA (Golovko et al., 2006);  the main substrate of ALOX15 and 

ACSL4, two key enzymes implicated in the ferroptosis pathway. Direct or indirect 

enrichment of cellular membranes with AA, amongst other PUFAs, by a-syn under the 

pathological conditions of elevated free labile iron and oxidative stress, may lead to further 

lipid peroxidation and drive neurons towards ferroptosis. Further research is essential to 

strengthen this hypothesis and establish whether a-syn’s ability to regulate both iron and 

lipid homeostasis in neurons can be implicated in the ferroptosis pathway. 

3.8 Conclusion 

One can safely consider a-syn as the most studied protein in synucleinopathy research, 

such as PD. Today, we have an extensive, hence complex, vision of the putative 

physiological roles this protein may perform within neurons. These include, but are not 

limited to, synaptic vesicle assembly, endosomal transport, neurotransmitter release, 

dopamine synthesis and handling, modulation of iron homeostasis, lipid transport and plasma 

membrane phospholipid composition. Despite our knowledge on a-syn, it remains unclear 

how this protein is associated to the pathological features of PD and most specifically its 

implication in neuronal death. We can imagine that a disruption in a-syn functions may in 

part result in intracellular free iron accumulation, improper storage of dopamine, thus 

increased oxidation, elevated PUFAs in the cellular membranes, all of which would facilitate 

a pro-ferroptotic environment in a subpopulation of neurons known to have an intrinsically 

high oxidative environment. The recent finding that a-syn oligomers bind the plasma 

membrane to drive ferroptosis cell death through lipid peroxide generation provide the first 

direct evidence to support ferroptosis as a pathological mechanism in synucleinopathies 

(Angelova et al., 2020). We have decided to take this further and assess the potential 

implication of endogenous a-syn in ferroptosis using two highly relevant human 

dopaminergic neuronal cell models: Lund human mesencephalic cells (LUMES) and small-

molecule derived neuronal precursor cells (smNPC) differentiated into midbrain neurons 

(mDANs).  
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Materials and Methods - Chapter 4: 
 

PhD Preface 

4.1 Research context and hypothesis 

Since the early twentieth century, PD’s pathological features were known to include the 

degeneration of dopamine neurons, alpha synuclein (α-syn) aggregation within Lewy bodies 

and iron accumulation (Lhermitte et al., 1924) in the SNpc. Today we known that PD is a 

multifactorial and complex disorder whose aetiology sits in the interplay between 

epidemiological, genetic and toxicological factors. Several therapeutic strategies have been 

explored over the past decades and have led to the generation of drugs efficient at treating the 

motor symptoms of the disease but lack any neuroprotective potential. What is important to 

understand is that the many pathological features today identified in in vitro and in vivo 

models of PD ultimately result in the death of dopaminergic neurons. It is therefore essential 

to fully understand and characterise the regulation of cell death and how a deregulation may 

lead to the excessive neuronal death observed in PD in order to generate efficient 

neuroprotective or disease-modifying therapies. For many years, the pathological process 

involved in PD related neuronal death was considered to be apoptosis. This was mainly due 

to the fact that until recently, only a few types of programmed cell death were known, and 

these were identified predominantly by using oncogenic cell lines (i.e. neuroblastoma). Since 

then, multiple regulated cell death mechanisms have been identified and studied and 

implicated in PD pathogenesis ( reviewed in (Guiney et al., 2017)), including anoikis (Li et 

al., 1999; Saha et al., 2000), autophagy (Chu et al., 2009; Dehay et al., 2010), necroptosis 

(Mogi et al., 1994; Wu et al., 2015), parthanatos (Mandir et al., 1999; Outeiro et al., 2007) 

and pyroptosis (Koprich et al., 2008).  

More recently, ferroptosis has been established as a regulated necrosis that is 

morphologically and mechanistically distinct from apoptosis and other known cell death 

pathways (Dixon et al., 2012). Ferroptosis is characterised by iron dependent lipid 

peroxidation (Stockwell et al., 2017). Interestingly, several PD pathological hallmarks are 

known key features and/or triggers in the ferroptotic cell death pathway. These include iron 

overload (Ayton et al., 2015; Dexter et al., 1987, 1989a; Hirsch et al., 1991; Pyatigorskaya et 

al., 2015), elevated lipid peroxidation (Dexter et al., 1986, 1989b; de Farias et al., 2016), 

reduced GSH levels (Li et al., 1997; Pearce et al., 1997; Sian et al., 1994; Sofic et al., 1992), 
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XcT downregulation (Vallerga et al., 2020), DJ-1 depletion (Bonifati et al., 2003; Cao et al., 

2020) and CoQ10 reduction (Battino et al., 1996; Mischley et al., 2012; Bersuker et al., 2019; 

Doll et al., 2019). Together, these well-established diseases features strongly implicate this 

regulated cell death pathway in the neurodegeneration observed in PD. To this extent, our 

laboratory was the first to show that ferroptosis is a prevalent cell death pathway in several 

oxidative stress in vitro and in vivo models of Parkinsonism (Do Van et al., 2016). The 

discovery of ferroptosis therefore opens a new therapeutic avenue that can be targeted in the 

hopes of slowing the disease progression. 

In addition to being a major component of Lewy body pathology, a-syn is implicated in PD 

causality by genome wide association studies of sporadic PD and autosomal dominantly 

inherited mutations and duplication/triplication in the SNCA gene that lead to various clinical 

phenotypes ranging from typical late-onset to rapid progressive early-onset familial PD 

(Blauwendraat et al., 2019; Zhang et al., 2018a). Despite the genetic support for the 

involvement of a-syn in PD pathology, the exact neuropathological mechanisms linking this 

protein to the death of dopaminergic neurons remain unclear. Interestingly, a-syn has been 

functionally linked with the metabolism of both iron and lipids, suggesting a possible 

interplay between dysregulated a-syn and other PD pathological hallmarks related to 

ferroptosis. We raise the hypothesis that ferroptosis could be the missing part in the 

relationship between synucleinopathy, iron accumulation, oxidative stress and related cell 

death in PD. Establishing the implication of ferroptosis in neurodegenerative diseases such as 

AD, Amyotrophic lateral sclerosis (ALS) and PD, will lead to interest in generating a range 

of anti-ferroptosis based therapies that could delay onset of disease and slow the progression. 

 

4.2 Thesis Objectives 

The aims of this PhD project are to: 

• Optimise the CRISPR/Cas9 genome editing technique in LUHMES cells in 

order to generate in vitro synucleinopathy models. 

• Investigate whether a-synuclein is implicated in the ferroptosis pathway in 

dopaminergic neurons. 

• Characterise the role of a-synuclein in ferroptosis via the interplay between a-

syn and the metabolisms lipids. 
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 4.3 Materials and methods 

4.3.1 Cell culture 

4.3.1.a  LUHMES cells 

LUHMES cells are neuronal precursor cells, conditionally-immortalized which can be 

differentiated in 5 days into post-mitotic dopaminergic neurons by shutting-down the v-myc 

transgene. For LUHMES cell culture, Nunclon plastic cell culture flasks and well-plates were 

pre-coated with 50µg/ml of poly-L-ornithine a 1µg/ml fibronectin. Cells were grown at 37ºC 

in a humidified 95% air, 5% CO2 atmosphere. Proliferating cells are maintained in advanced 

DMEM/F12 media supplemented with N2, 2mM L-glutamine and 40ng/ml recombinant 

basic fibroblast growth factor. For standard differentiation, 2x106 cells were seeded in a T75 

flask for 2 days and the proliferative media was replaced by differentiation media (d0) 

(advanced DMEM/F12, 1x N2 supplement, 2mM L-glutamine, 1mM dibutyryl cAMP, 

1µg/ml tetracycline and 2ng/ml recombinant human GDNF). After 2 days of pre-

differentiation (d2), cells were harvested with trypsine, centrifuged for 5 minutes at 300g, 

counted and seeded in appropriate supports in differentiation media. Cells were left to fully 

differentiate for 3 more days (d5) (Figure 18). 

 

4.3.1.b Small-molecule derived neuronal precursor cells (smNPC) derived 

midbrain neurons 

Small molecule derived neuronal precursor cells (smNPC) were differentiated from 

iPSC as described in (Reinhardt et al., 2013). smNPC were culture on Matrigel-coated 

culture plates and smNPC expansion medium consisted of N2B27 supplemented with CHIR, 

Seed	from	flasks	into	

plates

d0 d2 d5

Change	to	

differentiation	

media

d-2

Seed	2x106 cells	

into	T75	flask

Predifferentiation Differentiation	

Mature	neuron

Treatment	

Neuronal	precursor	 cell

Figure 18. LUHMES maintenance and differentiation timeline. 
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PMA and ascorbic acid (AscA), with a medium change every other day. For splitting, cells 

were digested into single cells with a 15 minutes incubation at 37ºC with prewarmed accutase 

(PAA). Cells were diluted and collected with DMEM and centrifuged at 200g for 5 mins. The 

cells pellet was resuspended in fresh smNPC expansion medium and plated on Matrigel-

coated culture plates. 

For generation of midbrain dopaminergic neurons, smNPC expansion medium was changed 

to N2B27 with 100ng/ml FGF8, 1µM PMA and 200µM AscA. After 8 days, media was 

changed to maturation medium: N2B27 with 10ng/ml BDNF, 10ng/ml GDNF, 1ng/ml TGF-

b3, 200µM AA and 500µM cAMP. Neuronal maturation and differentiation of smNPC was 

performed for at least 28 days to generate midbrain-specific dopaminergic neurons.  

4.3.1.c smNPC characterization – FACS staining 

To determine the efficiency of differentiation into midbrain neurons, cells at day 31 and 

above were disaggregated and fixed with 4% PFA in suspension. Following permeabilization 

with saponin and blocking with BSA, cells were intracellularly stained with antibodies 

against neuronal marker Tuj1 or Map2 and dopaminergic marker TH. Staining was then 

analysed using a Fortessa X20 FACS in order to determine the % of TH positive neurons 

relative to the appropriate isotype control. 

4.3.2 CRISPR/Cas9 genome editing 

The experimental procedure for generating CRISPR/Cas 9 clones on Luhmes cells was 

adapted from on Shah et al, 2016, with some minor alterations., in order to generate stable 

CRISPR clones which can continue to be differentiated into dopaminergic neurons for 

experimentations (Figure 19).  Chapter 5 will provided a more detailed description of the 

optimisation process of CRISPR/Cas9 transfection in LUHMES cells. 

Figure 19. Outline of CRISPR/Cas9 genome editing protocol for stable cell line generation. 
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4.3.2.a Plasmid and cloning 

 The CRISPR plasmid px458 was purchased from Addgene and originated from the 

Zhang lab. The crispor.tefor.net online web tool was used for sgRNA design (Table1) and the 

100 base pair long A53T ssODN was ordered from TibMolBio 

(CTAgATACTTTAAATATCATCTTTggATATAAgCACAATgAAgCTTACCTgTTgTCA

CACCATgCACCACTCCCTCCTTggTTTTggAgCCTACAAAAAC). sgRNA ligation with 

the plasmid was performed overnight and the following day OneShot E.Coli bacteria were 

transformed with the appropriate plasmids. Bacteria were then spread on separate labelled LB 

agar plates with ampycilin (50µg/ml) and colonies were left to grow overnight at 37ºC. The 

following day, 25 individual colonies were picked and PCR analyses were conducted using 

primers spanning the px458 plasmid and the sgRNA fragments. After an initial validation, the 

remaining bacteria were put back in culture and allowed to grow overnight before extracting 

the plasmid (according to manufactures protocol), dosing and sequencing for final validation. 

 

sgRNA name Experiment Sequence (5'→ 3') 

A53Tguide41up Insertion of A53T point 

mutation 

CACCgTggTgCATggTgTggCAAC 

A53Tguide41rev AAACgTTgCCACACCATgCACCAC 

Guide5G1s  

 

 

 

a-syn KO by deleting exon 2 

CACCgTgAATTCCTTTACACCACAC 

Guide5G1as AAACgTgTggTgTAAAggAATTCAC 

Guide3G1s CACCgCCATggATgTATTCATgAA 

Guide3G1as AAACTTCATgAATACATCCATggC 

GuideA5G4s 
 

CACCgTggTgCTTgTTCATgAgTgA 

GuideA5G4as AAACTCACTCATgAACAAgCACCAC 

Guide3G4s 
 

CACCgATAATCAATACTCTAAATgC 

Guide3G4as AAACgCATTTAgAgTATTgATTATC 

 

4.3.2.b Transfection method 

LUHMES cells were transfected by nucleofection (Lonza) using the Amaxa P3 Primary 

cell kit (V4XP-3024)) and the 4D Nucleofector device, or the Basic nucleofector kit for 

primary neurons (VPI-1003) and the Nucleofector II device. Luhmes cells were dissociated 

with trypsine, centrifuged at 300g for 5 minutes and resuspended in PBS for cell counting. 

Aliquots of 2x106 cells were pipetted into 15ml falcons and these were centrifuged for 10 

minutes at 100g. PBS was removed and cells were resuspended with 82µl of transfection 

Table 4. sgRNA and their sequences used to generate CRISPR/Cas9 LUHMES sub-clones. 
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solution and 18µl of Supplement 1. 3ug of either the GFP positive control or px458+sgRNA 

plasmid were added to the cell suspension. 10µl of 10µM ssODN was added before 

transferring cells into a cuvette. Electoporation was conducted with the EM-110 program 

when using the Nucleofector 4D device and the X-01 program when using the Nucleofector 

II device. Cells were immediately transferred into 15ml falcons containing pre-warmed 

proliferation media before seeding into 6 well plates at a density of 1x106 cells per well. 

Media was changed after a minimum of 6 hours. 

4.3.2.c FACS sorting 

Efficiently transfected LUHMES cells will express GFP allowing for FACS sorting. 24 

hours after the nucleofection, the media from the 6 well plate was collected and filtered using 

a 0,22µm filter. 50µl of this “conditioned” media was added into the middle 60 wells of a 

coated 96 well plate, and topped to 100µl with “fresh” proliferation media. Transfected cells 

were harvested, centrifuged for 5 mins at 300g and resuspended with 1ml PBS. As a negative 

control, the autofluorescence was determined in non-nucleofected Luhmes cells, and the GFP 

positive cells were determined with the cells transfected with the GFP control plasmid 

provided with the kit. CRISPR/Cas 9 transfected cells were then sorted with a FACS Aria 

machine according to theit GFP expression, one single cell per well. Cells were left to grow 

at 37ºC and at day 6 post-sorting 100ul of proliferation media was added to 96 well-plate. 

4.3.2.d Clones amplification and selection 

Approximately 9 days post nucleofection, single cell colonies grown in 96 well plates 

were transferred into 24 and 6-well plate. As cells continue to proliferate, they are moved to 

T25 and T75 flask and are left to proliferate until they are confluent enough to freeze several 

5 million-cell vials. Genomic DNA is isolated from each surviving clone and sequenced. 

4.3.2.e CRISPR/Cas9-mediated SNCA KO in smNPC 

Control smNPC line C4 - WT was previously described and characterised in (Boussaad 

et al., 2020). C4 - SNCA KO iPSC were generated as described in (Barbuti et al., 2020a). The 

Cas9 plasmid pX330 (Addgene, 42230) containing a sgRNA targeting the human SNCA 

sequence gctgctgagaaaaccaaaca was transfected into C4 -WT cells. Briefly, iPSCs were 

dissociated to single cells using PAA and plated in iPS media as described in (Barbuti et al., 

2020b; Boussaad et al., 2020), plus Rho-Kinase Inhibitor Y-27632 (10µM, Abcam 
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ab120129). 1 x 106 cells were then electroporated using the 2D-Amaxa nucleofector unit 

(Lonza, Basel, Switzerland) with program B16. After electroporation, 1mL of E8 was added 

to the cuvette before being placed at 37ºC for 10 minutes. Cells were then plated into 6-well 

plates and cell selection was achieved using antibiotic resistance to puromycin when small to 

medium-sized colonies began to appear. 

4.3.3 Cell viability assay 

Briefly, a stock solution was prepared at a concentration of 10mg/ml by dissolving 

resazurin dye (7-hydroxy-3H-phenoxazin-3-one 10-oxide) in dH2O. Approximately 4x104 

LUHMES or mDANs were plated on coated 96-well plates in appropriate medium. 

Cytotoxicity was assayed 24 or 48h post treatment by adding resazurin solution (10% of cell 

culture volume per well – final concentration 100µg/ml) and cells were left to incubate for 2h 

at 37ºC. Samples were analysed fluorometrically on a microplate reader (Mithras LB950 or 

BioTek citation 5 imaging reader, Ex= 540nM, Em= 600nM). Background signals obtained 

from cell-free wells were subtracted from each sample. Cell viability under treatment 

conditions were reported as a percentage relative to untreated control cells. 

4.3.4 Lipid peroxidation analysis 

LUHMES cells were seeded at day 2 of differentiation in 24 well-plates at a density of 

300 000 cells per well and left to complete the differentiation until day 5. Following 

ferroptosis induction (6h, 20-30nM RSL3, or 24h, 20µM Arachidonic acid + 20µM 

FeCl3:NTA), cells were collected with the addition of 200µl trypsin and 800µl PBS, 

centrifuged for 5 minutes at 300g and resuspended in 200µl PBS containing the LIVE/DEAD 

(Thermo Fisher - L23105) probe for cell viability measurements. Following a 15 minutes 

incubation at 37ºC, an additional 200µl of PBS containing C11-BODIPY (Thermo Fisher - 

D3861) probe was added to the cells at a final concentration of 1µM. Cells were incubated 

for another 15 minutes at 37ºC and analysed using the FORTESSA X20 flow cytometer (BD 

Biosciences). Data were collected from at least 10 000 cells and C11-BODIPY staining was 

analysed from the living single cell population (Figure 20). Data was analysed using the 

Kaluza software (figure 20).  
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For smNPC derived midbrain neurons, lipid peroxidation measurements were 

conducted as described above with some minor alterations: Following treatment, cells were 

collected with prewarmed accutase and centrifuged at 500g for 5 minutes. Cells were 

resuspended in 300µl of PBS containing 2µM C11-BODIPY and incubated for 20 minutes at 

37ºC. For staining of viable cells, 17µg/ml DAPI was added to the cells immediately before 

measurement. 

4.3.5 siRNA-mediated knock-down of a-syn and ACSL4 

siRNA transfection was performed by preparing solution A - RNAiMAX lipofectamine 

(ThermoFisher Scientific, 10601435) and OptiMEM (ThermoFisher Scientific, 10149832), 

and solution B consisting of siRNA (10µM) and OptiMEM. The siRNA control-A (sc-

37007), control-B (sc-44230), a-syn (sc-29619) and ACSL4 (sc-60619) were purchased from 

SantaCruz Biotechnology. After 5 minutes of incubation, both solutions were combined 

Dead cells 

Single Cells 
C11-BODIPY+ 

cells 

Figure 20. Example of lipid peroxidation analysis using the software Kaluza. Following an 

initial gating to select the live cells, single cells are gated and the percentage of C11-

BODIPY+ cells measured. 
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vol:vol and transferred to wells before seeding day 2 pre-differentiated LUHMES cells. Cells 

were left to fully differentiate for an additional 3 days before treatments. siRNA-mediated 

KD efficiency was measured by PCR and western blot 72h post transfection.  

For smNPC derived midbrain, the media was removed from seeded cells in 24-well plates 

and replaced by 400µl maturation media per well. The siRNA mix was prepared as follow: 

for 1 well, 1,5µl RNAiMAX lipofectamine was carefully mixed with 50µl OptiMEM and 

separately, 1,5µl of the control or a-syn siRNA were mixed with 50µl OptiMEM. The two 

solutions were left to incubate at room temperature for 5 minutes before carefully mixing 

vol:vol. The transfection solution was left to incubate at room temperature for an additional 

15 minutes before adding 100µl per well. 6h later, 500µl of maturation was added to each 

well and cells were left for 72h before conducting any experimentation or extracting the 

RNA. 

4.3.6 Western blot 

Cells were lysed in RIPA buffer containing 1% phosphatase and protease inhibitors for 

15mins at 4ºC. Cells were fully lysed by sonicating for 15 seconds with 1 second impulses 

every 0,5s with an amplitude of 20%. Cell debris was removed by centrifugation at 1000g for 

10 minutes, 4ºC and protein concentration was determined using a BCA protein assay kit. For 

western blot analysis, samples were denaturated by heating at 90ºC for 10 minutes in 

standard loading dye for SDS-Page and loaded on 4-20% SDS gels. Proteins were transferred 

onto polyvinylidene difluoride (PVDF) or nitrocellulose membranes. For optimal a-syn 

detection, blots were then fixed with 4%PFA for 30 mins at room temperature before 

blocking with either 5%BSA TBS-Tween 20 0.1% or 5% NFDM TBS-T 0.05% (non-fat dry 

milk) for 1 hour at room temperature. The blots were incubated with the indicated primary 

antibodies diluted in either 5% BSA TBS-T  or 5% NFDM TBT-T 0.05%, according to 

manufacturer’s instructions, overnight at 4ºC. The following day, primary antibodies were 

washed 3x 5mins with TBS-T 0.1% and 3x 5mins with TBS. Membranes were incubated 

with species-specific secondary antibodies conjugated to horseradish peroxidase which was 

detected by enhanced chemiluminescence with Amersham ECL detection reagents. 

Chemiluminescence signals were visualised with Fujifilm LAS (4000), and quantification of 

the signals was done using ImageJ and protein quantification was normalized to β-actin 

signals and expressed as ratio. 
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4.3.7 Quantitative reverse transcription PCR 

Total RNA was extracted from differentiated cells in either 6 well-plates or 24 well-

plates using the QIAGEN RNAeasy extraction kit according to manufacturer’s instructions. 

Total RNA was dosed with BioSpec-nanodrop and a DNase step was performed on 2µg of 

total RNA before reverse transcription with Superscript II reverse Transcriptase 

(ThermoFisher Scientific, 18064022) using random primers (ThermoFisher Scientific, 

48190011) in a 40µl reaction. PCR amplification of the cDNA was quantified using the 

LightCycler FastStart DNA Master SYBR Green I (Roche, 3003230). The housekeeping 

gene control was TBP. Primers were designed using NCBI primer design and purchased from 

TibMolBio. Threshold cycles were determined for each gene and expression levels were 

calculated relative to TBP.  

4.3.8 Lipid extraction 

Lipids were extracted from cells according to the method of Folch et al, 1957 (Folch et 

al., 1957). Briefly, 3 million cells were homogenized with 2mL of NaCl solution in water 

(0.73%). Lipids were extracted with 10 ml of CHCl3/CH3OH (2:1, v/v), and vortexed for 1 

minute. Mixture was centrifuged at 3000 rpm for 3 minutes. The upper phase was discarded 

and the lower phase collected through a protein interface using a Pasteur pipette. After 

evaporation, the lipid extract (lower phase) was re-dissolved in 200µL of CHCl3/CH3OH 

(2:1, v/v) and stored, under nitrogen, at -20°C until further analyses. 

4.3.9 Analysis of phospholipid molecular species 

In the 200µl lipid extract, 10µl of internal standards mixture containing 320µg/ml 

PC(14:0/14:0) and 160µg/ml PE(14:0/14:0) were added. The process of identification and 

quantification of phospholipids species was performed on a Thermo UltiMate™ 3000 

coupled to an Orbitrap FusionTM Tribrid Mass Spectrometer equipped with an EASY-MAX 

NGTM Ion Source (H-ESI) (Thermo Scientific). Separation of phospholipid classes was 

achieved under HILIC conditions using Kinetex Hilic 100 x 2.1 mm, 1.7µm column 

(Phenomenex), with a flow of 0.500 mL.min−1. The mobile phase consisted of (A) 

CH3CN/H2O (96/4, v/v) containing 10 mM ammonium acetate and (B) CH3CN/H2O (50/50, 

v/v) containing 10 mM ammonium acetate. The injection volume was 10 µL and the column 

was maintained at 50°C. PL species were detected by high resolution mass spectrometry 

(HRMS) analysis, and H-ESI source parameters were optimized and set as follows: ion 
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transfer tube temperature of 285°C, vaporizer temperature of 370°C, sheath gas flow rate of 

35 au, sweep gas of 1 au and auxiliary gas flow rate of 25 au. Positive and negative ions were 

monitored alternatively by switching polarity approach with a static spray voltage at 3500V 

and 2800V in positive and negative respectively. Mass spectra in full scan mode were 

obtained using the Orbitrap mass analyzer with the normal mass range and a target resolution 

of 240,000 (FWHM at m/z 200), on a mass range to charge ratio m/z form 200-1600 using a 

Quadrupole isolation on a normal mass range. All MS data were recorded using a max 

injection time of 100 ms, automated gain AGC target (%) at 112.5, RF lens (%) at 50 and one 

microscan. An Intensity Threshold filter of 1.103 counts was applied. For MS/MS analyses, 

data-dependent mode was used for the characterization of PL species. Precursor isolation was 

performed in the Quadrupole analyzer with an isolation width of m/z 1.6. Higher-energy 

Collisional Dissociation was employed for the fragmentation of PL species with optimized 

stepped collision energy of 27%. The linear ion trap was used to acquire spectra for fragment 

ions in data-dependent mode. The AGC target was set to 2.104 with a max injection time of 

50 ms. All MS and MS/MS data were acquired in the profile mode.  

The Orbitrap Fusion was controlled by XcaliburTM 4.1 software. Data of high accuracy and 

the information collected from fragmentation spectra, with the help of the LipidSearchTM 

software (Thermo) and the LIPID MAPS® database (https://www.lipidmaps.org/) were used 

for PL species identification. 

The index of peroxidability for PC and PE (PI = (% monoenoic FA × 0.025) + (% dienoic FA 

× 1) + (% trienoic FA × 2) + (% tetraenoic FA × 4) + (% pentaenoic FA×6) + (% hexaenoic 

FA × 8)) was calculated according to (Naudí et al., 2017). 

4.3.10 Organotypic brain slice cultures 

Organotypic brain slice (OBS) cultures were prepared based on a modified protocol by 

(Gogolla et al., 2006). Briefly, C57Bl6 mice pups (day 8-10) were decapitated and skulls 

opened along the commissural lines. Brains were separated with a sagittal cut along the 

brain midline to obtain two separate hemispheres. The resulting brain hemispheres were 

placed in ice-cold artificial CSF (GBSSK) composed by Gey’s Balanced Salt Solution 

(GBBS, Sigma G9779) supplemented with 33.3mM glucose 45% (Sigma, G8769) and 

100mM Kynurenic acid (Sigma, K3375). The brain hemispheres were set in GBSSK 

containing 2% low-melting-point agarose in order to obtain a solid block which was glued 

onto the chuck of an ice-cooled vibratome (figure 21). 350μm sagittal slices were cut using 
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the vibratome Leica VT1200 with low frequency (1.9mm) and speed (0.12mm/s). The slices 

were collected and transferred into 6-well plates containing ice-cold GBSSK. Slices were 

then placed on interface-style Millicell® culture inserts, 30 mm, hydrophilic PTFE, 0.4µM 

(Millipore PICMORG50) in 6 well plates containing 1,1 mL of sterile slice culture medium 

(25% (v/v) Basal medium eagle (BME) (Ozyme, BE12-105F), 25% (v/v) 2X MEM Eagle 

EBSS (Ozyme, BE12-668F), 25% (v/v) Heat inactivated Horse serum (ThermoFisher 

26050070), 1% (v/v) GlutaMAX (ThermoFisher, 35050061), 1% (v/v) 

penicillin/streptomycin (ThermoFisher, 15140-122) and 1,375% (v/v) Glucose 45% wt/vol 

in sterile H2O, adjusted to pH 7,4 and sterile filtered (0.2 μm)). Brain slices were incubated 

at 37°C, 5% CO2, and the slice culture medium was changed every 2-3 days.  

 

4.3.10.a  siRNA-mediated knock-down of a-syn and ACSL4 in OBS 

OBSs dedicated for siRNA-mediated KD were prepared and cultured as previously 

described. Accell siRNA mediated KD protocol was adapted from (Ruigrok et al., 2018). At 

day 3 of OBS culture, the media was replaced by siRNA culture media which consisted of 

the previously described media with the exception that it contained 1% (v/v) heat 

inactivated horse serum and 2% (v/v) B-27 supplement. 1µM of either non-targeting control 

(Horizon discovery, D-001910), a-syn (Horizon discovery, E-042790) or ACSL4 siRNA 

(Horizon discovery, E-‘65318) was added to the wells containing the siRNA culture media 

and slices were returned to the incubator and left for 96h before protein extraction and 

Western blot analysis 

Figure 21: Mice brain hemispheres inclusion in 2% agarose GBSSK and vibratome set-

up. 



Materials and Methods – Chapter 4 

 75 

4.3.10.b  TH DAB immunohistochemistry staining of OBSs 

Slices dedicated for TH DAB immunohistochemistry staining were fixed right after 

brain slicing for 40 mins with 4% PFA at room temperature followed by 3 washes with 

PBS. Slices were then transferred into 24-well plates and permeabilized with PBS, 0,1% 

Triton, 3% H2O2 for 20 mins at room temperature followed by blocking in normal goat 

serum (NGS) diluted 1:10 in 4% BSA, 1% Triton, PBS for 4 hours at room temperature and 

low agitation. After 3x 5 mins washes with PBS, slices were incubated with primary rabbit 

antibody anti- mouse TH (abcam, ab152) diluted 1:250 in 5% NGS, 4% BSA, 1% Triton, 

PBS over night at 4ºC. The following day, primary antibody was washed with 3x 5 mins 

PBS and slices were incubated with secondary antibody anti-IgG anti rabbit diluted 1:500 in 

PBS 4% BSA, 1% Triton for 2 hours at room temperature under low agitation- Finally, 

slices were incubates with VECTASTAIN® Elite ABC-HRP Kit, Peroxidase (Eurobio, PK-

6100) for 1 hour. Following 3x 5mins PBS washes, TH staining was performed by addition 

of 3,3’-Diaminobenzidine (DAB) chromogen diluted 1:50 in PBS, 0.03% H2O2 for 30-40 

secs. Slices were dehydrated through graded ethanol solutions, cleared in xylene, mounted 

in DPX (DBH Laboratory Supplies, Poole, UK), and covered with a coverslip for 

microscopy. Images were acquired using a Zeiss Axio Scan Z.1 slide scanner (20× 

objective) and Zen software, Blue edition (Zeiss, Oberkochen, Germany). 

4.3.10.c  TH immunofluorescent staining of OBSs 

Slices were fixed, permeabilized, blocked and stained with the primary antibody 

against TH as previously described. In order to obtain immunofluorescent staining, the 

slices were incubated with a secondary antibody anti-rabbit Alexa 488 diluted 1:500 in 

PBS, 1% Triton, 4% BSA 5% NGA for 2h at room temperature. Following 3x 5mins 

washes with PBS, slices were mounted with HardSet Vectashield onto slides and covered 

with coverslip. Images were acquired with a Zeiss confocal spinning disk. 

4.3.11 Statistical analysis 

All statistical analyses were performed using the Prism 9 GraphPad Software. The 

number of biological replicates for each experiment is indicated in the figure legends. Unless 

otherwise stated, differences between means were determined using the parametric two-tailed 

Student’s t-tests and following data normality verification, and were considered significant at 

p <0.05. 
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Results - Chapter 5: 
 

First steps towards investigating the implication of a-synuclein in 

ferroptosis 

§ 

CRISPR/Cas9-mediated genome editing in LUHMES cells 

 
5.1. Introduction 

The technological advances that allow for the introduction of targeted mutations into 

the genome has dramatically changed the way in which diseases can be modelled and studied. 

The most recent development in the genome editing field is the clustered regularly 

interspaced short palindromic repeats (CRISPR) and CRISPR associated 9 (Cas9) system, 

which has proven to be successful in part due to its ease of use and efficient implementation 

in a variety of cell lines (Cong et al., 2013; Jinek et al., 2013; Chen et al., 2019b) and model 

organisms (Friedland et al., 2013; Gratz et al., 2013; Platt et al., 2014; Zhao et al., 2020). 

For the study of neurodegenerative diseases in vitro, until quite recently, the choice of 

available cells lines was govern by inducible pluripotent stem cell (iPSC)-derived neurons, 

and SH-SY5Y cells. Despite both the physiological and pathological relevance of using 

iPSCs and the optimisation in neuronal differentiation protocols, iPSCs remain a complex, 

time-consuming and costly culture with some limitations such as genetic variability of clonal 

iPS cell lines when they are derived, and the robustness and consistency of the epigenome in 

iPSCs after reprogramming (Kim et al., 2010; Ohi et al., 2011). On the other hand, SH-SY5Y 

cells are neuroblastoma cells with multiple chromosomal duplications and deletions (Krishna 

et al., 2014), and of relevance to this PhD project, they lack sensitivity to ferroptotic cell 

death. 

The LUHMES neuronal progenitor cell line is a recent alternative that has been 

reported as a highly relevant and useful cell line in the neuroscience research field, more 

specifically, PD research (Lotharius et al., 2002). These human “pre-neuronal” cells 

originating from mesencephalic cells are kept in a proliferative state by expression of the 

retroviral element v-myc (Hoshimaru et al., 1996). In this system, a tetracycline-controlled 

transactivator strongly activate transcription from a minimal CMV promotor, which, in turn, 

drives v-myc expression in the absence of tetracycline. The administration of tetracycline into 

the cell culture media result in a rapid and robust differentiation into a homogeneous 
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population of post-mitotic, electrically active, mature dopaminergic neurons (Lotharius et al., 

2002). 

Over the past years, LUHMES cells have been cultured in our laboratory to study the 

implication of ferroptosis in PD (Do Van et al., 2016). In order to tackle the main objective of 

this PhD and study the potential implication of a-syn in the ferroptosis pathway, we first 

needed to generate the appropriate models. To this extent, we decided to modulate 

endogenous a-syn in LUHMES cells via CRISPR/Cas9 and introduce the PD-linked A53T 

point mutation. This techniques first needed to be implemented in our laboratory and 

optimised for LUHMES cells, known to be considerably difficult cells to transfect 

(Schildknecht et al., 2013; Shah et al., 2016). Indeed, only two articles currently report 

CRISPR/Cas 9 genome editing in LUHMES cells (Shah et al., 2016; Lalli et al., 2020). For 

the implementation of CRISPR/Cas9 in this study, we based the protocol on the work 

previously described by Shah and colleagues (Shah et al., 2016).  

This chapter will first describe the optimisation process of the CRISPR/Cas9-mediated 

genome editing protocol which led to the generation of homozygous A53T a-syn mutant and 

140aa a-syn isoform KO subclones, followed by the characterisation of the single-cell clones 

obtained. Ferroptosis sensitivity will then be studied in these cell lines and provide the first 

evidence for the implication of endogenous a-syn in this novel cell death pathway.  

5.2 Transfection of proliferating LUHMES cells by nucleofection 

In order to study the potential implication of a-syn in ferroptosis, we sought to generate 

stable LUHMES clones by editing the genome in proliferating non-differentiated LUHMES 

cells in two ways: i. by introducing the familiar-PD a-syn point mutation A53T, and ii. by 

disrupting the target gene to generate a-syn KO cell lines. Based on the encouraging 

nucleofection efficiency reported by (Shah et al., 2016), we decided to start by transfecting 

LUHMES cells by nucleofection in our laboratory. In order to find the optimal nucleofection 

condition in our hands, we compared two different nucleofection kits and two nucleofector 

devices. On one hand, we tested the Basic nucleofector kit for primary neurons (VPI-1003) in 

the Nucleofector II device, and in parallel, the P3-Amaxa Nucleofector Kit for primary cells 

(V4XP-3024) was used with the more recent 4D-Nucleofector system. Of note, this first 

optimization step was conducted with the GFP control plasmid provided in both kits, and 

different plasmid concentrations (3	or 5	&g) and nucleofection programs (D33, X-01 and 

EM-110) were compared. Following nucleofection, LUHMES cells were collected and 
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analysed via FACS in order to measure specific outcomes. These included viability, 

efficiency of transfection represented by the percentage of GFP positive cells, and 

fluorescence intensity. Finally, these measures were taken either 24 or 48h post nucleofection 

in order to find the optimal timepoint in which to detect the efficiently transfected cells 

(Table x).   

First, regarding the viability, we noticed a significant different between cells analysed  

24h vs 48h post nucleofection, with higher viability when measured at 48h. This is likely due 

to the fact that the cells had an extra 24h to adhere to the wells and proliferate. Moreover, 

transfecting LUHMES cells with 5&g of plasmid instead of 3&g led to reduced viability with 

the D-33 program but not the others; and among the three different nucleofection programs 

tested, X-01 reported the lowest viability at 24h post nucleofection whilst the EM-110 

program led to the highest viability measure. 

 

 

In terms of transfection efficiency, we noticed a difference of % GFP cells between 24h or 

48h post nucleofection. Indeed, there was a significant reduction of GFP positive cells when 

analysed at 48h, instead of 24h post nucleofection. In fact, the percentage of GFP positive 

cells at 48h post nucleofection was equivalent to that of non-transfected cells. This is likely 

due to the fact that cells are only transiently transfected, meaning the GFP transgene is not 

integrated into the cell’s genome, and as cells proliferate during those extra 24h, the GFP 

expression is lost. Furthermore, when cells were transfected with 3&g instead of 5&g, we 

reported a slight decrease in % GFP cells when analysed at 24h. Regarding the different 

programs tested, we reported highest GFP positive cells when using the X-01 program 

Table 5. Summary of nucleofection optimisation in LUHMES cells. In order to determine to 

optimal nucleofection protocol for LUHMES cells, several plasmid concentration, nucleofection 

protocols, nucleofector devices and time points were assessed. The outcomes measured 

included viability, GFP expression and fluorescence intensity.  
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followed by D-33 and EM-110 equally. Finally, there was a slight increase in fluorescent 

intensity in cells transfected with the Nucleofector II and analysed 48h post nucleofection 

compared to 24h, although this increase was not found in cells transfected with the 4D 

device. Regarding the different transfection programs tested during this first optimisation 

step, the highest intensity was reported in cells nucleofected with the EM-110 program, while 

the lowest was detected with the D-33 program.  

Overall, there were some advantages and limitations to all the programs and conditions 

tested. However, we found that the best compromise in order to obtain the best viability and 

transfection efficiency was to transfect LUHMES cells with 3&g of plasmid using the X-01 

Figure 22. CRISPR/Cas9 protocol for introducing the A53T a-syn point mutation in LUHMES 

cells. In order to determine to optimal nucleofection protocol for LUHMES cells, several plasmid 

concentration, nucleofection protocols, nucleofector devices and time points were assessed. 

The outcomes measured included viability, GFP expression and fluorescence intensity.  
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and/or EM-110 program and most importantly, to FACS sort the cells 24h post nucleofection 

in order to visualise the maximum number of efficiently transfected cells.  

These parameters were therefore implemented in the protocol designed to introduce the A53T 

point mutation in the SNCA gene and/or knock-out a-syn in LUHMES cells (figure 22). 

 

5.3 Generation of A53T a-synuclein LUHMES cell lines. 

After having determined the optimal nucleofection protocol to follow, we tested the 

ability of CRISPR/Cas9 to knock-in the point mutation A53T in the SNCA gene. For this, we 

transfected proliferating LUHMES cells from a low passage number (~p10) with the px458 

Addgene CRISPR/Cas9 plasmid containing the 2A-eGFP sequence (supplementary figure 1). 

The sgRNA was designed against exon 3 of the SNCA gene and cloned into the plasmid that 

also encodes the Cas9 endonuclease responsible for generating a double strand cut a few 

nucleotides downstream from the protospacer adjacent motif (PAM) sequence (figure 23a). 

LUHMES cells were co-transfected with a 100bp ssODN fragment containing the A53T 

mutation (highlighted in red in figure 23a) so that, via homologous recombination (HR), the 

DNA can be repaired and incorporate the A53T mutation present in the ssODN fragment.  

Following transfection, cells were transferred into 6-well plates and left overnight in 

the cell incubator. 24h post transfection, cells were harvested and the expression of GFP was 

used to FACS sort the efficiently transfected LUHMES cells into single wells of several 96-

well plates containing 100µl proliferation media. We noticed that when FACS sorting and 

seeding a single cell per well, the survival rate was increased when using a 50:50 mix of the 

proliferation media collected from the 6-well plate and fresh proliferation media in the 96-

well plates. This may due to the cytokines or other factors released by the cells during the 

previous 24h to FACS sorting. Once in the 96-well plates,  single cells were left to proliferate 

into colonies for 1-2 weeks, frequently changing the media to provide fresh proliferation 

media, before transferring the colonies into larger wells (24- and 6-well plates).  

Once the single-cell colonies had grown and were transferred into flasks, 2-3 vials of 

each clone were stored at -80ºC until genome sequencing confirmed the introduction of the 

A53T mutation (figure 23b).  
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5.3.1 The A53T a-synuclein point mutation increases the sensitivity of neurons to 

ferroptosis. 

At first, only one A53T CRISPR mutant subclone was obtained (the XC5 – A53T a-

syn). To investigate the impact of a PD-linked a-syn mutation on ferroptosis sensitivity, we 

conducted the first ferroptosis measurements on this clone, whilst generating more 

independent homozygous mutant cell lines in parallel.  

Ferroptosis sensitivity was determined by measuring cell viability in response to two 

commonly used ferroptosis inducers – Erastin and RSL3. Interestingly, we reported a 

significant vulnerability against both ferroptosis inducers in the A53T mutant clone when 

Figure 23. A53T a-syn point mutation in LUHMES cells. a. CRISPR/Cas9 sgRNA target sequence 

in exon 3 of the SNCA gene depicturing the PAM motif, the site of double strand break by Cas9 

(arrow heads) and the location of the single nucleotide mutation (red arroc). The mutation in the 

ssODN fragment is shown in red. b. Genomic sequencing of WT vs A53T CRISPR/Cas9 subclone.  

The A53T mutation is represented by the change of a guanidine to an adenine (red box).  
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compared to WT LUHMES cells (Figure 24a). Since ferroptotic cell death ultimately occurs 

due to a cellular imbalance in elevated lipid peroxides that outweigh the capacity of GPX4 to 

act as a reductant, lipid peroxidation is considered a classic ferroptosis biomarker. Using the 

fluorescent probe C-11 BODIPY to measure lipid ROS by flow cytometry, we found that the 

A53T a-syn point mutation rendered LUHMES cells more vulnerable to RSL3-induced lipid 

peroxidation, displaying a higher percentage of BOPIDY positive cells when compared to 

WT cells (figure 24b). These lipid peroxidation measurements are consistent with the 

viability results, suggesting that the A53T mutation may indeed increases the sensitivity of 

LUHMES cells to ferropotosis induced lipid peroxidation and cell death. In order to confirm 

this finding and exclude the possibility that the vulnerability phenotype might be due to 

unknown changes in the single-cell subclone, it is essential that other A53T mutant clones are 

analysed. To this extent, two new A53T a-syn CRISPR clones have recently been generated 

(3F4 and 3D10). Although still preliminary, it seems like the 3F4 – A53T a-syn clone 

displays a similar vulnerability phenotype against ferroptosis induced lipid peroxidation 

(figure 24c). These results should be interpreted with caution until the experiments are 

repeated in order to confirm that the increase in lipid peroxidation observed is indeed due to 

the A53T mutation. In addition, cell viability measures in response to Erastin and RSL3 in 

the new 3F4 – A53T a-syn clone are also required.  

 
Figure 24. The A53T a-syn point mutation renders LUHMES cells more vulnerable to 

ferroptosis. a. Non-linear regression dose curved for viability in WT and XC5 – A53T a-

syn LUHMES cells upon 24h treatment with ferroptosis inducers RSL3 and Erastin.  
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5.4 Generation of 140 a-synuclein KO LUHMES cell lines. 

CRISPR/cas9 genome editing is known to introduce non-specific modifications to the 

targeted genome sequence due to the double strand cut and the subsequent DNA repair. 

Indeed, through non-homologous end joining (NHEJ) repair, un-targeted deletions and 

insertions may occur adjacent to the site of double strand break. During the first round of 

nucleofection, such mutations occurred in the exon 3 of the SNCA gene, and two clones in 

particular were brought to our attention (termed F6 and G5). Indeed, through NHEJ repair, 

one extra guanidine was inserted in the exon 3 of the F6 clone (highlighted with an arrow in 

figure 25), creating a shift in the reading frame and introducing an early STOP codon.            

Curves were fitted to assess whether differences were statistically significant. b. Lipid 

peroxidation analysis of WT vs XC5- A53T a-syn and c. 3F4 – A53T a-syn LUHMES cells in 

response to 6h treatment of RSL3. All data represented ad mean ± SEM of at least three 

independent experiments (except c. where experiment was conducted once in triplicate. 

Comparisons were made using the two-tailed, unpaired Student’s t-test; ** p<0.01,      *** 

p<0.001. 

Figure 25. Sequencing of genomic DNA from WT LUHMES cells, F6- and G5-CRISPR/Cas 

9 subclones. Arrow indicates the insertion of a guanidine in exon 3 of the F6 CRISPR 

clone, whilst delta represents the deletion of seven nucleotides spanning the intron and 

exon 3 in the G5 clone. 
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In the G5 clone, a deletion of 7 nucleotides occurred adjacent to the site of Cas9-mediated 

double strand break (highlighted with a ∆ in figure 25). Of note, this deletion spans the splice 

site in the intron and the first three nucleotides of exon 3. 

Initially, we expected a-syn to be knocked-out in these two CRISPR clones. In order to 

assess this, the presence of a-syn was studied via WB, qRT-PCR and immunocytochemistry.  

Firstly, two different a-syn antibodies were tested by WB in order to detect the protein: 

syn211 (Thermo Fisher, 32-8100) and 4D6 (Bio Legend, 834304). Both antibodies revealed a 

specific a-syn band of approximately 15KDa in the WT cell lane. Regarding the F6 and G5 

CRISPR clones, we noticed that the a-syn band detected had a slightly lower molecular 

weight (figure 26a), suggesting that a shorter a-syn protein is still present in these cells. This 

was further confirmed by immunocytochemistry where a-syn staining was still observed in 

the F6 and G5 clones (figure 26b).  

As mentioned in chapter 3 of the introduction, the SNCA gene can be alternatively 

spliced in order to generate 4 different transcripts or isoforms. Of note, it is the exon 3 and/or 

5 that can be deleted from the mRNA. Since the “spontaneous” mutations in these two clones 

were located in the exon 3 of the SNCA gene, we hypothesised that the F6 and G5 

CRISPR/Cas 9 subclones were unable to express the main, full length 140 aa long a-syn 

isoform (140 a-syn), however the other less predominant and shorter a-syn isoforms may 

still be expressed. To investigate this possibility, primers designed to detect exons 1/2, exons 

2/3, and the 126 a-syn isoform were used by qRT-PCR (figure 26c&d). As expected, when 

measuring SNCA mRNA targeting exon 1/2, we detected an amplicon in both F6 and G5 

clones, despite a slight reduction in expression levels compared to WT. Importantly, they 

lacked exon 3 as evident from the fact the primers targeting exon 2/3 were unable to generate 

an amplicon in the CRISPR clones. Interestingly, when using specific primers to detect the 

126 a-syn transcript variant (primers spanning exon 2/4 and exon 6), we noticed that both 

clones had higher mRNA levels, with a more prominent upregulation in the G5 clone (figure 

26c).  

Following this characterisation step, we concluded that both CRISPR clones lacked the 

main 140 a-syn isoform. We therefore termed them F6- and G5-140 a-syn KO. 
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5.4.1 Absence of full length a-synuclein protects neurons against ferroptosis 

To ultimately assess whether a-syn is implicated in ferroptosis, investigating cells 

lacking the protein of interest represents an optimal strategy. We therefore decided to 

measure ferroptosis sensitivity in both 140 a-syn KO clones.  

Figure 26. Characterization of F6 and G5 CRISPR clones. a. Western blot of a-syn in WT 

LUHMES and both F6 and G5 CRISPR clones using two antibodies against a-syn: syn211 

(left) and 4D6 (right). b. Immunocytochemistry staining for a-syn and DAPI in WT and F6 

and G5 clones. c. SNCA mRNA levels detected with primers against exon 1/2 (left), exon 

2/3 (middle) or the 126asyn isoform (right). The relative expression is normalized to TBP 

and represented as mean ± SEM. d. Table with the primer sequences used to detect SNCA 

mRNA in WT and F6 and G5 clones 
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In contrast to the A53T a-syn experiments, both 140 a-syn KO CRISPR clones were 

found to be resistant to ferroptosis induced by RSL3 and Erastin (figure 27a), when compared 

to WT cells, whilst no difference was observed against STS-induced apoptosis (figure 27b). 

These findings suggest a ferroptosis specific effect of knocking-out the main, full length a-

syn isoform. Consistent with the viability results, both 140 a-syn KO subclones exhibited 

reduced RSL3-induced lipid peroxidation accumulation compared to the WT parental line 

(figure 27c). 

 

These results strongly suggest that a-syn is somehow involved in the ferroptosis 

pathway and provide the first evidence of a direct link between endogenous a-syn levels and 

ferroptosis sensitivity in a relevant human dopaminergic cell line.  

 

 

Figure 27. Depletion of full length a-synuclein selectively protects dopaminergic neurons 

from ferropotosis. a. Non-linear regression dose curves for viability in WT LUHMES, F6- and 

G5 - 140a-syn KO clones in response to treatments (24h) with RSL3, Erastin and b. STS. 

Curves were fitted to assess whether differences were statistically significant. c. Lipid 

peroxidation analysis in WT and 140 a-syn KO clones after treatment with RSL3 (15nM; 24h). 

All data is represented as mean ± SEM of three independent experiments. Comparisons 

were made using the two-tailed, unpaired Student’s t-test; * p<0.05, ** p<0.01 
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5.5 Strengths and limitations 

When discussing these results, it is important to considerer the fact that single-cell 

derived subclones were used and compared to the parental WT line. When generating 

genetically modified CRISPR clones, one must remember we are selecting a clone generated 

from a single cell and this alone can induce phenotypic variations beyond the intended gene 

modification. It is it therefore essential to include several independent CRISPR/Cas 9 

subclones in the experiments. This was the case for the 140 a-syn KO experiments, where 

two independent subclones presented the same ferroptosis resistant phenotype, strengthening 

the finding. On the other hand, one A53T a-syn subclones was initially assessed, and the 

observed ferroptosis vulnerability phenotype requires further validation in the two additional 

A53T a-syn subclones generated.  

 Finally, we briefly studied “CRISPR WT” clones and compared them to the parental 

WT line in order to determine whether the transfection, single-cell clone selection and 

difference in passage number may induce modifications and phenotypic variations. We 

consider a CRISPR WT to be a single cell clone generated during the CRISPR/Cas9-

mediated gene modification technique, where the SNCA gene has not been modified, 

allowing for WT a-syn to be expressed. Four “CRISPR WT” clones were therefore randomly 

selected and studied in comparison to the WT parental line in terms of differentiation 

efficiency, as measured by TH mRNA levels, and ferroptosis sensitivity. Overall only minor 

differences in TH levels and Erastin- and RSL3- induced ferroptotic cell death sensitivity 

were observed between the 4 CRISPR WT clones and the parental WT line (Supplementary 

figure 2). These results support our findings that the differences in ferroptosis sensitivity 

observed in the different A53T / 140 a.syn KO CRISPR sub-clones were indeed due to 

modifications to a-syn.  

 

5.6 Conclusion and perspectives  

The first aim of this project was to investigate whether the PD-linked protein a-syn is 

implicated in the ferroptosis pathway. To begin with, we decided to target endogenous a-syn 

via a technique that had never been performed in our laboratory: CRISPR/Cas9-mediated 

genome-editing. Following an optimisation process, we were successful in generating the 

appropriate cell model in which to study our hypothesis: Homozygous A53T a-syn mutant 

and the unexpected 140 a-syn KO cell lines. 
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 Previously in the lab, we reported that ferroptosis is a prevalent cell death in several in 

vitro, ex vivo and in vivo pro-oxidant models of PD (Do Van et al., 2016). Here we provide 

the first evidence that ferroptosis may also be implicated in synucleinopathies as evident from 

the increased vulnerability to ferroptosis observed in the A53T a-syn mutant CRISPR/Cas9 

LUHMES clones, despite further experiments required to fully assess ferroptosis sensitivity 

in otherindependent A53T a-syn clones, in addition to investigating the sensitivity of such 

clones to other types of regulated cell death. Although the results obtained with the A53T a-

syn clones are preliminary, they set the path for a promising research avenue focused on 

further deciphering the implications of familial-PD a-syn mutations in the neuropathology of 

PD, with inference to the ferroptosis pathway. Of note, several independent studies have 

indicated a potential association between the A53T a-syn point mutation and alterations to 

the metabolism of lipid (Sharon et al., 2003; Golovko et al., 2006; Yakunin et al., 2014; 

Sánchez Campos et al., 2018), which may potentiate a pro-ferroptosis environment. 

In this first part of the PhD, we were also able to demonstrate that depleting LUHMES 

dopaminergic neurons from the main, full length a-syn isoform renders cells resistant against 

ferroptosis induced-cell death and lipid peroxidation. Importantly, we were able to report 

such phenotype in two independent CRISPR clone, strengthening our finding. This 

observation, in addition to the results obtained with the A53T a-syn clones, suggests that a-

syn may indeed be implicated in the ferroptosis pathway. To our knowledge, this is the first 

evidence directly linking endogenous a-syn levels to ferroptosis sensitivity in dopaminergic 

neurons.  

To strengthen these initial observations, we sought to perform complementary 

experiments and transiently modulate a-syn levels by small interfering RNA (siRNA) in 

LUHMES cells and assess ferroptosis sensitivity. The results obtained with this experimental 

strategy will are detailed in the next chapter.  
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Results - Chapter 6: 
 

a-synuclein determines ferroptosis sensitivity in dopaminergic 

neurons via modulation of ether-phospholipid membrane composition 

 § 

siRNA-mediated knock-down in LUHMES cells 

 

 

6.1 Introduction 

As discussed in the previous chapter, CRISPR/Cas 9 has revolutionised the genome editing 

potential and the way disease can be modelled in fundamental research. This technique 

however comes with limitations, such as the genetic variability that may arise from single cell 

clonal selection. In this project, the use of two independent sub-clones showing the same 

phenotype provides strength to our initial finding that depleting cells of the main 140 a-syn 

isoform protects them from ferroptosis induced lipid peroxidation and cell death. 

Unfortunately, the use of one single experimental model often results in poor reproducibility 

in animal models and clinical studies. One way to overcome this issue is via implementing 

several complementary in vitro models in preclinical studies. Therefore, to consolidate our 

initial findings, we decided to assess ferroptosis sensitivity in LUHMES cells where we 

transiently or acutely reduce endogenous a-syn levels via siRNA. 

 

6.2 a-synuclein knock-down in LUHMES cells.  

In order to reduce intracellular a-syn levels, LUHMES cells were transfected with 

either a scramble (ctrl), a-syn or ACSL4 siRNA at day 2 of their differentiation process, and 

were allowed to fully differentiate until they become mature post-mitotic neurons at day 5. 

As ACSL4 is a well-established pro-ferroptotic modulator (Doll et al., 2017), all readouts 

were compared to KD of this enzyme in the same dopaminergic cell line. siRNA-mediated 

KD efficiently reduced both a-syn and ACSL4 mRNA by approximately 70% and 80% 

respectively (figure 28a). Ultimately, this resulted in a strong reduction of both a-syn and 

ACSL4 protein levels when compared to the control KD (Ctl KD) (figure 28b). Importantly, 

reducing a-syn expression did non modify ACSL4 mRNA or protein levels, and vice versa.  
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6.3 Reducing a-synuclein expression selectively protects dopaminergic neurons 

against ferroptosis.  

To validate the resistance phenotype observed in the 140 a-syn KO LUHMES clones, 

ferroptosis sensitivity was assessed in a-syn KD cells, comparing the effect to ACSL4 KD. 

Reducing both a-syn and ACSL4 expression significantly protected neurons against RSL3- 

and erastin-induced ferroptosis (figure 29a), whilst no difference in sensitivity was observed 

against STS triggered apoptosis (figure 29b), once again suggesting a ferroptosis specific 

effect. Of note, since a-syn modulation of ferroptosis sensitivity was still observed when 

triggering this cell death pathway through a downstream component (e.g. GPX4 inhibition 

via RSL3), it is likely that the ferroptosis associated mechanism involving a-syn is not 

upstream of GPX4.  Using the fluorescent probe C-11 BODIPY to measure lipid ROS, we 

found that a depletion of a-syn levels via siRNA mitigated lipid peroxidation induced by 

RSL3 to a similar levels as ACSL4 KD (figure 29c). These results are consistent with the 

Figure 28. a-syn and ACSL4 siRNA-mediated KD confirmation in LUHMES cells. a. mRNA levels 

of a-syn (left) and ACSL4 (right) in Ctrl, a-syn and ACSL4 KD LUHMES cells as determined by qRT-

PCR. The relative expression is normalized to TBP and represented as mean ± SEM. Comparisons 

were made using the two-tailed, unpaired Student’s t-test. b. Western blot analysis of Ctrl, a-syn 

and ACSL4 KD LUHMES cells confirming the reduction in protein expression levels. Relative 

expression is normalized to b-actin levels. Comparisons were made using the one-tailed, 

unpaired Mann-Whitney test. * p<0.05, ** p<0.01, *** p<0-001, ns. no statistical significance. 
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initial findings that depleting cells of the main 140 a-syn isoform selectively protects neurons 

against ferroptosis (figure 27).  

 

6.4 Arachidonic acid and iron induced ferroptosis is mediated by a-synuclein 

expression 

Two key pathological hallmarks of PD include iron overload (Dexter et al., 1987, 

1989a; Devos et al., 2014) and elevated lipid peroxidation in the SNpc. Of note, impaired 

metabolism of fatty acids with higher levels of membrane PUFAs are evident in both PD and 

DLB post-mortem brain samples (Sharon et al., 2003). In an attempt to model a more 

physiologically relevant environment to induce ferroptosis that also has relevance to PD, the 

abundant brain PUFA arachidonic acid (AA) and FeCl3 were studied in combination at doses 

that were sub-toxic when administered separately (figure 30a). This has been the topic of a 

Figure 29. Depletion of a-synuclein selectively protects dopaminergic neurons from ferroptosis 

comparative to ACSL4. a. Non-linear regression dose curves for viability in Ctrl, a-syn and ACLS4 

KD LUHMES in response to 24h treatments with RSL3, Erastin and b. STS. Curves were fitted to 

assess whether differences were statistically significant. c. Lipid peroxidation analysis in Ctrl, a-

syn and ACSL4 KD LUHMES cells after treatment with RSL3 (20nM; 6h). All data is represented as 

mean ± SEM of three independent experiments. Comparisons were made using the two-tailed, 

unpaired Student’s t-test; * p<0.05, ** p<0.01 
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parallel PhD project in the laboratory, which has meticulously characterised the cell death 

pathway triggered by the co-treatment of AA and Fe. Specific induction of ferroptotic cell 

death and lipid peroxidation was confirmed using this model as evident from the fact the 

ferroptosis inhibitors (e.g. deferiprone, ferrostratin-1 (Fer-1) and liproxstatin) as well as 

genetic depletion of ACSL4 or 15/15BALOX protected neurons against lipid peroxidation 

and cell death induced by AA + Fe (Bouchaoui et al., in review).  

Here, we found that depletion of a-syn in LUHMES neurons co-treated with 20µM AA 

and 20µM Fe protected against both lipid peroxide (figure 30b) and cell death (figure 30c), 

similar to that observed with pharmacologically induced ferroptosis (figure 29a). Importantly, 

the level of protection by a-syn KD were comparable to ACSL4 depletion (figure 30b&c).  

 

Figure 30. a-synuclein and ACSL4 mediate dopaminergic neuron sensitivity to ferroptosis 

induced by arachidonic acid and iron. a. Schematic representation of a more physiologically 

relevant model of ferroptosis in which differentiated LUHMES cells were treated with 

arachidonic acid (AA) (20μM) followed by FeCl3:NTA (20μM) before measuring lipid peroxidation 

or cell viability at 24h and 48h respectively. b&c. Lipid peroxidation (b) and cell viability (c) in 

Ctrl, a-syn or ACSL4 KD LUHMES cells with the AA + Fe model of ferroptosis. d. Cell viability for 

WT and 140 a-syn KO  LUHMES clones in response to AA + Fe co-treatment (48h). Results 

expressed as mean ± SEM of three independent experiments. Statistical comparisons were 

made using two-tailed, unpaired Student’s t-test; * p<0.05, ** p<0.01, *** p< 0.001. 
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A similar protection against AA and Fe induced ferroptotic cell death was also 

observed in both 140 a-syn KO CRISPR subclones (figure 30d).  

Taken together, these findings, in addition to prior studies, support a-syn having a role 

in the metabolisms of PUFAs and/or iron (Sharon et al., 2003; Golovko et al., 2006; Barceló-

Coblijn et al., 2007; Baksi et al., 2016; Baksi and Singh, 2017), and subsequently indicates 

that a-syn specifically mediates the sensitivity of dopaminergic neurons to ferroptosis 

induced by the toxic combination of AA and Fe.  

6.5 a-synuclein modulates the composition of ether- linked phospholipids in the 

plasma membrane.  

Prior studies have shown altered fatty acid composition in response to abnormal a-syn 

levels in both in vitro and in vivo models as well as human brain (Sharon et al., 2001, 2003; 

Golovko et al., 2006; Barceló-Coblijn et al., 2007). The overexpression of a-syn increases 

levels of arachidonic acid, linoleic acid and dihomo- γ -linoleic acid, whist the absence of a-

syn reduces PUFA content in brain phospholipids (PLs) (Sharon et al., 2003; Golovko et al., 

2006). Based on these findings, we hypothesized that the ferroptosis resistant phenotype 

observed in a-syn depleted neurons could be due to plasma membrane remodelling, 

specifically a reduction in PUFA content in PLs.  

In search of potential mechanisms that underlie the observed evasion from ferroptosis in the 

a-syn depleted neurons, PL membrane composition in the a-syn KD neurons was measured 

by mass spectrometry and compared to the effects caused by a reduction in ACSL4 

expression. Similar to previous reports in other cell types (Doll et al., 2017), the percentages 

of total phosphatidylcholine (PC) and phosphatidylethanolamine (PE) containing PUFAs 

were reduced in the ACSL4 depleted dopaminergic neurons (Figure 31a). Interestingly, a 

similar profile was observed when a-syn levels were reduced (figure 31a), indicating that a-

syn may mediate the phospholipid PUFA content in dopaminergic neurons through a similar 

pathway as ACSL4. To elucidate how these changes in PC and PE would impact on the 

generation of lipid peroxides, a peroxidability index (PI) (Naudí et al., 2017) was calculated 

for each condition. This index takes into account the number of double bonds present in the 

PUFAs and determines the risk of PL to oxidize. 
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Equation 1 

'( = (%	,-.-/.-01	23 × 0.025) + (%	;0/.-01	23 × 1) + (&	>?0/.-01	23 × 2) +

(%	>/>?@/.-01	23 × 4) + (%	B/.>@/.-01	23 × 6) + (%ℎ/E@/.-01	23 × 8)  

 

Consistent with the reduction in PUFA content in the PC and PE, the PI was reduced in 

LUHMES neurons with either a-syn or ACSL4 depleted by siRNA (figure 31b). 

Taking more in-depth lipidomic profiling of the different PC and PE molecular species 

in both a-syn and ACSL4 depleted neurons revealed a prominent and selective loss of ether-

linked phospholipids (ether-PL) (figure 31c). Unlike ester-linked diacyl-PL, ether-PL possess 

an ether bond at the glycerol sn-1 position. Ether-PL comprise two subclasses: alkyl-ether 

phospholipids (ePL) and vinyl-ether phospholipids, also known as plasmalogens (pPL). In the 

sn-2 position, ether-PL most often contain a PUFA, which is prone to peroxidation. Finally, 

in the sn-3 position, ether-PL present a polar head group commonly a phosphoethanolamine 

and phosphocholine. Of note, two recent studies have shown that ether-PL are essential for 

ferroptosis and that a reduction in this class of PL suffices to protect cells against this novel 

cell death pathway (Cui et al., 2021; Zou et al., 2020a) (refer to chapter 2 for more details). In 

line with these findings, reduced a-syn or ACSL4 expression in LUHMES cells resulted in a 

specific downregulation of ether-linked PC (ether-PC) and PE (ether-PE) (figure 31c&d). 

Upon evaluating specific ether-PLs species previously associated with an increased 

vulnerability to ferroptosis (PC(16:0e/20:4), PC/PE(16:0p/20:4), PC/PE(18:0p/20:4), 

PC/PE(18:1p/20:4), PE(18:1p/22:4) and PE(18:1p/22:6)), several were consistently 

downregulated in LUHMES dopaminergic neurons where a-syn or ACSL4 was depleted 

(figure 31d). Taken together, these findings indicate that a key factor in a-syn capability to 

mediate the sensitivity of dopaminergic neurons to ferroptosis-induced lipid peroxidation and 

cell death is through ether-PL modulation in the plasma membrane. 
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Figure 31. Modulated ether-linked phospholipid composition by a-synuclein and ACSL4 

expression in dopaminergic neurons. a&b. Total levels (a) and the peroxidability index (b) of 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) phospholipids containing PUFAs 

measured in a-syn and ACSL4 KD Luhmes cells. C. Heat maps comparing the abundance of the 

different PC and PE molecular species in a-syn and ACSL4 KD LUHMES cells relative to Ctrl KD. 

Highlighter in yellow are the ether-linked PL shown to be reduced in both a-syn and ACSL4 KD 

conditions. d. The different ether-PC and PE molecular species previously shown to increase 

ferroptosis vulnerability (Zou et al., 2020; Cui et al., 2021) in Ctrl, a-syn and ACSL4 KD LUHMES 

cells. Statistical comparisons were made using two-tailed, unpaired Student’s t-test; * p<0.05, ** 

p<0.01, *** p< 0.001. 
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6.6 The level of ether-linked phospholipids in a-synuclein depleted neurons is 

restored upon arachidonic acid supplementation. 

A reduction in ether-PL upon a-syn depletion could be explained by: i. greater 

peroxidation of the PUFAs within the ether-PL, ii. increased removal from the plasma 

membrane by the relevant phospholipase, and/or iii. impaired biosynthesis. The loss of all 

molecular species of ether-PL, regardless of fatty acid length or saturation status, to a levels 

that is comparable to that observed upon ACSL4 depletion (figure 31c) indicates an 

unlikelihood that reduced a-syn caused a greater peroxidation of the PUFA in the ether-PL 

and thus this avenue of investigation was not pursued further. The calcium-independent 

phospholipase A2 (iPLA2) has been implicated in the removal of ether-PL from the plasma 

membrane (Wolf and Gross, 1985; Ford et al., 1991; Yang et al., 1996; Beckett et al., 2007). 

However, a lack of change to iPLA2 levels in the a-syn depleted neurons makes increased 

enzymatic removal of ether-PL from the plasma membrane also an unlikely protective 

mechanism (figure 32a). 

To assess whether the observed downregulation of ether-PLs in the a-syn KD cells might be 

driven by defective biogenesis at the peroxisome, established peroxisome markers - 

Peroxisomal biogenesis factor 3 and 14 (PEX3 and PEX14), were assessed along with the 

enzymes Fatty Acyl-CoA Reductase 1 (FAR1), Glyceronephosphate O-Acyltransferase -  

(GNPAT),  Alkyldihydroxyacetonephosphate synthase, (AGPS) and 1-Acylglycerol-3-

Phosphate O-Acyltransferase 3 (AGPAT3) required for the synthesis of the ether-PL 

precursor 1-O-alkyl-glycerol-3-phosphate (AGP) (figure 32c). Again, similar to ACSL4 KD, 

neither levels of peroxisome markers or the relevant upstream proteins requited for ether-PL 

biogenesis seemed altered (figure 32a&b), suggesting the initial stages of ether-PL synthesis 

in the peroxisomes were not impaired.  

The role of ACSL4 is essential for the generation and incorporation of PUFA-CoA into the 

ferroptosis-relevant ether-PL in the ER (figure 32c). Supplementation of AA (20μM), the 

preferential substrate of ACSL4, restored ether-PLs back to control levels in LUHMES 

depleted of ACSL4 (figure 32d&e). Similarly, AA supplementation restored the levels of 

ether-PL upon a-syn depletion (figure 32d&e) despite no observable changes in ACSL4 

expression (figure 32a and figure 28), suggesting the reduction in ether-PL may be due to a 

lack of PUFA-CoA generation required for ether-PL synthesis. One possible explanation for 

a lack of PUFA-CoA may be an impaired ACSL4 activity in a-syn depleted neurons, which 

would be restored upon AA supplementation, the preferential substrate of ACSL4. 
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Figure 32. Arachidonic acid supplementation restores ether-PL levels in neurons that have a 

depletion in a-syn or ACSL4. a&b.  Protein (a) and mRNA (b) expression of several key 

enzymes involved in the ether-PL biosynthesis pathway in a-syn and ACSL4 KD LUHMES. The 

relative gene expression was normalized to TBP. c. Schematic representation of the ether-PL 

biosynthesis pathway starting at the peroxisomal level through to the ER. d. PUFA ether-PC 

and PUFA ether-PE proportion measured in a-syn and ACSL4 after AA (20μM; 24h) 

supplementation. e Volcano plots illustrating changes in the neuronal PE and PC phospholipid 

composition upon KD of a-syn or ACSL4 KD and treatment with AA (20μM;24h). Statistical 

comparisons were made using two-tailed, unpaired Student’s t-test; * p<0.05 
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6.7 Conclusion 

The previous work conducted in the laboratory in addition to the results obtained 

throughout this PhD clearly demonstrates that dopaminergic neurons are highly sensitive to 

ferroptosis. This can partly be explained by the high oxidative environment created by their 

high oxygen consumption, and the metabolisms of dopamine and iron, essential for proper 

neurotransmitter synthesis and transmission. Furthermore, the brain has the highest 

proportion of lipids in the body, following the adipose tissue, with a particular abundance in 

PUFAs such as AA, adrenic acid (AdA) and docosahexaenoic acid (DHA) (Crawford et al., 

1976; Brenna and Diau, 2007), fatty acids associated with ferroptosis-dependent lipid 

peroxidation (Kagan et al., 2017). Is it therefore essential that ferroptosis sensitivity is tightly 

regulated in dopaminergic neurons. Whilst the immense majority of studies that have 

contributed towards deciphering the biochemical regulatory pathways of ferroptosis were 

conducted in cancer cells, less is known about ferroptosis regulation in neurons. In this 

second part of the PhD, we have confirmed our initial findings observed in the 140 a-syn KO 

LUHMES cells whereby a depletion of a-syn protects dopaminergic neurons against 

ferroptosis to a similar extent as knocking-down the pro-ferroptotic modulator, ACSL4. In 

addition to reporting a protection against pharmacological ferroptosis induction, we report 

that a-syn depletion protects dopaminergic neurons from ferroptosis induced by the toxic 

combination of AA and Fe, similarly to ACSL4 KD.  

After confirming the implication of a-syn in ferroptosis sensitivity, we proceeded 

towards unravelling the potential mechanism underlying the protection observed against 

ferroptosis when a-syn is depleted in LUHMES cells. Based on the several studies reporting 

a-syn dependent alterations in PUFA content in the plasma membrane (Sharon et al., 2003; 

Golovko et al., 2005, 2006; Barceló-Coblijn et al., 2007, 2007), we hypothesised that 

depleting a-syn in LUHMES dopaminergic neurons may have resulted in lower PUFAs in 

the plasma membrane, thus reducing the risk of ferroptosis-dependent peroxidation and cell 

death. Consistent with previous studies (Sharon et al., 2003; Golovko et al., 2006; Barceló-

Coblijn et al., 2007; Doll et al., 2017), we observed a reduction in total PUFA content in 

either PC- and PE-PL and a subsequent lower PI. By investigating specific PL molecular 

species, we revealed a more prominent reduction in ether-PL in the plasma membrane. 

Importantly, two recent studies have identified peroxisome-derived ether-PL as essential for 

ferroptosis unfolding, as evident from the fact that blocking ether-PL synthesis by either 

depleting cells of peroxisomes or specific ether-PL synthesis enzymes, lead to ferroptosis 
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evasion. Our lipidomic analysis in LUHMES cells provides the first steps towards 

unravelling the molecular mechanism by which a-syn determines ferroptosis sensitivity in 

neurons: by enriching cellular membranes with ether-PL. 

Here, we report that, similar to ACSL4 KD, a-syn depletion result in a ether-PL 

downregulation despite no observable changes in mRNA or protein levels of several 

peroxisome markers and enzymes involved in the biosynthesis of ether-PLs. Enzymatic 

removal of ether-PL from the plasma membrane by the plasmalogen selective iPLA2 (Ford et 

al., 1991; Beckett et al., 2007; Hayashi et al., 2022) seemed unlikely since the protein levels 

remained unchanged. However, an increase in the enzymatic activity cannot be excluded, in 

addition to the involvement of other phospholipase enzymes not studied in this project. 

Overall, our results suggest that the function of a-syn in modulating ether-PL is not related to 

the upstream enzymes involved with the early stages of biosynthesis. The restoration of 

ether-PL levels by AA supplementation in neurons depleted of a-syn paralleled that observed 

with ACSL4 depletion, and suggests an impaired activity of ACSL4 in dopaminergic neurons 

lacking a-syn. This hypothesis is strengthen by Golovko and colleagues who reported a 

reduction in AA-CoA mass and AA incorporation into PLs in the brains of SNCA KO mice 

due to a reduction in total ACSL activity (Golovko et al., 2006).  
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Results - Chapter 7: 

 

Confirming the role of a-synuclein in modulating ferroptosis 

sensitivity in other disease models 

§ 

smNPC-derived midbrain neurons and brain organotypic slices 

 

 
7.1 Introduction 

So far, we have shown that a-syn is involved in determining ferroptosis sensitivity in 

LUHMES dopaminergic neurons using two different genome editing approaches – 

CRISPR/Cas9 and siRNA-mediated KD. Next, in order to strengthen our results, we sought 

to confirm our findings in other disease models and investigate the effects of a-syn 

overexpression in ferroptosis sensitivity. Whilst attending the International Parkinson and 

Movement Disorder Society’s International Congress on September 2019 in Nice, I became 

acquainted and established a new collaboration with Prof. Rejko Krüger from Luxemburg 

Centre for Systems Biomedicine and his PhD student Dr. Zoe Hanns who had conducted her 

research on iPSCs and small molecule-derived neuronal precursor cells (smNPC) which can 

be further differentiated into midbrain dopaminergic neurons (mDANs). Importantly, they 

had smNPCs where a-syn had been knocked-out by CRISPR/Cas9 (SNCA KO), and smNPC 

from PD patients baring a triplication of SNCA (SNCA Trip). Despite a delay caused by the 

COVID-19 global pandemic, I was able to visit Prof. Krüger’s laboratory in May and 

November 2021 and perform ferroptosis sensitivity assays on SNCA KO and SNCA Trip 

smNPC-derived midbrain neurons. 

Furthermore, a fellow PhD colleague, Hind Bouchaoui, and I established in our laboratory 

the culture of mice organotypic brain slices (OBSs) in order to asses ferroptosis in an ex vivo 

model. The aim was to optimize the culture of sagittal slices containing the nigrostriatal 

pathway and knock-down a-syn and ACSL4 expression by siRNA in order to reproduce the 

results obtained in the a-syn and ACSL4 depleted LUHMES cells. 

This chapter will first describe the work conducted on smNPC-derived midbrain neurons, 

followed by the optimization of OBSs containing the nigrostriatal pathway and the initial KD 

results obtained in the OBSs. 
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7.2 a-synuclein levels determine ferroptosis sensitivity in patient derived midbrain 

neurons.  

To determine that observations in LUHMES dopaminergic neurons were not due to a 

cell specific phenotype, a second in vitro human cell model was studied. Three independent 

differentiations were used to generate mDANs differentiated from smNPC where a-syn had 

been knocked-out by CRISPR/Cas9 (SNCA KO). Following a characterisation step, we 

concluded that both SNCA KO and the parental WT cell lines had efficiently differentiated 

into mature, post-mitotic neurons as evident from the expression of neuronal markers Tuj1 

(Figure 33 a&b), despite the relatively low percentage of double stained TH and Tuj1 

dopaminergic neurons (fugure 33b). 

 

Comparing WT and SNCA KO mDANs confirmed that the absence of a-syn protects 

neurons against RSL3-induced ferroptosis but has no effect on apoptosis sensitivity as 

assessed by STS sensitivity (figure 34b). Paralleling the selective changes to ferroptotic cell 

Figure 33. Neuronal characterisation of WT and SNCA KO smNPC-derived midbrain neurons. a.  

Immunocytochemistry staining for Tuj1 and TH in WT and SNCA KO mDANs. b. FACS 

quantification of mDANs double stained with Tuj1 and TH antibodies. Data is represented as 

mean ± SEM of three independent experiments. Comparisons were made using the two-tailed, 

unpaired Student’s t-test 
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death, lipid peroxidation levels in response to ferroptosis induction were lower in the SNCA 

KO mDANs when compared to the parental WT cell line (figure 34c). 

 

Next, we sought to investigate whether an elevation of a-syn would lead to the opposite 

phenotype, resulting in ferroptosis vulnerability. To this extent, SNCA Trip smNPC derived 

midbrain neurons were studied and compared to the gene corrected isogenic control (Iso 

WT). Similarly to the characterisation step performed for the SNCA KO and the parental WT 

Figure 34. Absence of a-synuclein protects smNPC-derived midbrain neurons from 

ferroptosis. a. Western blot of a-synuclein in WT and SNCA KO smNPC derived mDANs. b. 

Non-linear regression dose curves for viability in WT and SNCA KO smNPC derived mDANs. 

following RSL3 and STS treatments (24h). Curves were fitted to assess whether differences 

were statistically significant. c. Lipid peroxidation analysis after Erastin (80µM, 6h) 

treatment. All data is represented as mean ± SEM of three independent experiments. 

Comparisons were made using the two-tailed, unpaired  Student’s t-test; **p <0.01 
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cell lines, SNCA Trip and its Iso WT smNPCs were differentiated into mDANs and 

characterised by double staining with Tuj1 and TH antibodies (Figure 35 a&b). Throughout 

six independent differentiation, we obtained an homogenous population of Tuj1 positive cells 

for both SNCA Trip and Iso WT, and a slightly more efficient differentiation of SNCA Trip 

smNPCs into mDANs, as evident from the double Tuj1 and TH staining in figure 35b.  

 

In contrast to the results obtained with the SNCA KO neurons, mDANs carrying SNCA 

triplication were more vulnerable to RSL3 toxicity when compared to their isogenic control 

despite having no observable differences in theirt response to STS-triggered apoptosis 

(Figure 36b). Regarding lipid peroxidation, SNCA Trip mDANS had higher levels of 

ferroptosis-induced lipid peroxidation compared to the Iso WT cells (figure 36c). 

Importantly, the triplication of SNCA alone sufficed to trigger lipid peroxidation under basal 

control conditions, indicating that an increase in a-syn levels could prime the cells to be more 

sensitive to ferroptosis. To further confirm that the observed changes to lipid peroxidation in 

Figure 35. Neuronal characterisation of SNCA Trip and Iso WT smNPC-derived midbrain 

neurons. a.  Immunocytochemistry staining for Tuj1 and Iso WT and SNCA Trip mDANs. b. FACS 

quantification of mDANs double stained with Tuj1 and TH antibodies. Data is represented as 

mean ± SEM of six independent experiments. Comparisons were made using the two-tailed, 

unpaired Student’s t-test; * p <0.05. 
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the SNCA Trip neurons were specifically due to an elevation of a-syn, we performed siRNA 

to reduce a-syn expression back to similar levels observed in the isogenic control 

(supplementary figure 5). As expected, KD of a-syn in the SNCA Trip neurons significantly 

reduced the levels of ferroptosis induced lipid peroxidation (figure 36d).  

 

 

Taken together, the findings obtained with patient’s smNPC derived mDANs further 

support a-syn as a positive modulator of ferroptosis and provide the first direct evidence that 

ferroptosis may indeed be a key pathological mechanism underlying the dopaminergic 

neurodegeneration in synucleinopathies associated with a-syn elevation. 

 

 

Figure 36. Elevated a-synuclein levels render smNPC-derived midbrain neurons more 

vulnerable to ferroptosis. a. Western blot of a-synuclein in Iso WT and SNCA Trip smNPC 

derived mDANs. b. Non-linear regression dose curves for viability in Iso WT and SNCA Trip 

smNPC derived mDANs following RSL3 and STS treatments (24h). Curves were fitted to 

assess whether differences were statistically significant. c. Lipid peroxidation analysis after 

Erastin (80µM, 6h) treatment. d. Lipid peroxidation in SNCA Trip mDANS transfected with a-

syn siRNA in response to eratin (80µM, 6h) relative to Ctrl KD SCA Trip mDANs. All data is 

represented as mean ± SEM of three independent experiments. Comparisons were made 

using the one-tailed, unpaired  Student’s t-test; * p<0.05, **p <0.01 
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7.3 Mice organotypic brain slices to study ferroptosis in the nigrostriatal pathway 

Functional and reliable in vitro models of PD are valuable for studying mechanisms 

associated to dopaminergic degeneration. In part due to a greater effectiveness and reduced 

cost and time required for genetic modulation in in vitro models, cellular models represent an 

optimal tool for performing exploratory studies and decipher molecular pathways. However, 

the value of 2D neuronal monocultures to model a brain disease remains limited, and studies 

often require other more complex models to support their working hypothesis. In contrast, 

organotypic slice cultures from different regions of the central nervous system (CNS) have 

been successfully used to study neurodegeneration associated with different brain diseases 

(Gogolla et al., 2006; Cavaliere et al., 2006, 2010; Wu et al., 2020). The culture of OBSs 

preserve the structural integrity of a brain region and the complexity of neuronal interactions 

with glial cells. Culture of OBSs therefore represent a useful ex vivo intermediate model 

before conducting in vivo experiments to study physiological and pathological features of 

brain tissue.  

Here, we have developed a sagittal OBS culture model that includes all the areas 

involved in the nigrostriatal pathway – substantia nigra, medial forebrain bundle (MFB) and 

striatum. The brains of C57Bl6 mice pups aged 8-9 days were dissected and cut along the 

medial longitudinal fissure to separate the two brain hemisphere (figure 37a). After analysing 

the morphology of several 350 µm sagittal OBSs and performed TH immunohistochemistry 

staining, we concluded that slices 3 to 6 contained the entire nigrostriatal pathway (figure 

37b). Following brain dissection and sagittal cutting, the OBSs were placed in semipermeable 

membranes in contact with culture media and were placed in an incubator at 37ºC and 5% 

CO2. OBSs were kept in culture for up to 8 days (figure 37a) with culture media changed 

every two days.  

Culturing conditions remarkable affect OBSs viability and this was in fact the biggest 

struggle we faced when establishing this technique. Using propidium iodide, the viability of 

neurons within specific brain regions of the OBS was assessed. We often reported an 

increased dryness and mortality in the centre of the slices, where the thalamus is located, 

(supplementary figure 6) which we believe it partly due to the size of the slices (~1cm long), 

meaning the middle region had reduced access to culture media and gas exchange. In order to 

overcome this issue, we tested several approaches such as increasing the volume of culture 

media per well and adding PBS in the plate surrounding the wells to increase the humidity 
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and reduce media evaporation. Unfortunately, these approaches were unsuccessful in 

reducing OBSs mortality, which remained an unresolved issue.  

Figure 37. Mouse organotypic brain slice preparation containing the nigrostriatal 

pathway. a. Schematic representation of the procedure to obtain mice OBSs containing the 

nigrostriatal pathway (striatum, MFB and SN). b. TH 3,3’-diaminobenzidine (DAB) and 

fluorescent immunohistochemistry staining of the nigrostriatal pathway in sagittal OBSs 3 to 

6. MFB, medial forebrain bundle; SN, substantia nigra 
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7.3.1 siRNA-mediated protein knockdown in organotypic brain slices 

Once we had optimised the dissection protocol and determined the location of the slices 

containing the nigrostriatal pathway, we sought to knock-down a-syn and ACSL4 in OBSs 

by self-deliverable siRNA (Accell siRNA) in order to further characterise the implication of 

a-syn in ferroptosis sensitivity in dopaminergic neurons. This siRNA-mediated KD approach 

had previously been reported to efficiently reduce mRNA and protein levels of several target 

genes in mouse lung and kidney slices (Ruigrok et al., 2017, 2018). Therefore, the siRNA-

mediated KD protocol in OBSs was adapted from (Ruigrok et al., 2018).  

Accell self-delivery siRNA allow the delivery of siRNA into OBSs independent of 

transfection reagents. However, serum present in the media can interfere with the penetration 

of siRNA into neurons, therefore, the culture media had to be adapted to siRNA culture 

media containing 1% heat inactivated horse serum, instead of 25%, and 2% B-27 serum to 

partly compensate for the removal of serum. First, we tried incubating slices with no siRNA 

(non-transfected, NT), non-targeting siRNA (Ctrl), or gene-targeting siRNA against a-syn 

and ACSL4 from day 0, right after slicing the brains. We tested two different siRNA 

concentrations (0,5µM and 1 µM) before deciding to use 1µM (protocol 1, supplementary 

figure 7). Unfortunately, due to the high mortality of OBSs during the first days of culture, 

we often lost the majority of transfected slices independent of the transfection. In order to 

overcome the loss of siRNA slices, we decided to slightly adapt the protocol and incubate 

OBSs with siRNA at day 3 of culture, once we were able to determine the slices that had 

survived the critical first days of culture (protocol 2, figure 38a). The non-targeting, a-syn 

and ACSL4 Accell siRNAs were left for 96h before the slices were homogenized and 

proteins extracted for WB analysis (figure 38a). Overall, we obtained heterogenous results 

with some transfections reporting KD of our target genes, whilst others showed no effect. 

Encouragingly, in two independent experiments, we were able to obtain a significant KD of 

a-syn in OBS incubated with a-syn siRNA from day 3 to day 7 (figure 38b&c). On the other 

hand, a reduction of ACSL4 protein levels was only observed in one transfection experiment 

(figure 38b&c), meaning further experiments are required to confirm the ACSL4 KD 

efficiency. Unfortunately, by the time we started to obtain encouraging siRNA-mediated KD 

results in OBSs, we ceased experimental work in order to prepare the research article for 

submission and write this PhD manuscript. 
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7.4 Conclusion  

With the use of a second in vitro neuronal model, we confirm that the ferroptosis 

resistant phenotype observed in a-syn depleted LUHMES cells is not cell dependent and 

represents a robust and novel finding. Indeed, smNPC-derived midbrain neurons lacking a-

syn were shown to be protected against RSL3 induced ferroptotic cell death but showed no 

difference in STS-triggered apoptosis, mirroring the results obtained with the 140 a-syn KO 

CRISPR/Cas9 and a-syn KD LUHMES cells. The ferroptosis resistance phenotype was also 

evident when measuring ferroptosis induced lipid peroxidation. Of note, during my first stay 

at the LCSB, we were only able to optimise the experimental conditions for lipid ROS 

following Erastin treatment, but not RSL3, hence the use of Erastin in figures 34c and 

36c&d.  

Figure 38. siRNA-mediated KD of a-syn and ACSL4 in mouse organotypic brain slices. a. 

Timeline of the Accell siRNA protocol in OBSs. b. Representative WB of one successful KD 

experiment against a-syn and ACSL4. c. ACSL4 and a-syn relative protein expression in Ctrl, 

a-syn and ACSL4 KD OBSs. ACSL4 expression data represents the mean of one experiment, 

whilst a-syn expression data represents the mean of two independent experiments. 

Comparisons were made using the two-tailed Student’s t-test; * p<0.05, ** p<0.01, ns. non-

significant 
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By the time we had confirmed via three independent approaches (CRISPR/Cas9 KO, 

siRNA KD in LUHMES cells and CRISPR/Cas9 KO in mDANs), that reducing a-syn in 

neurons lead to ferroptosis evasion, we were eager to study the effect of a-syn 

overexpression on ferroptosis sensitivity. During the course of this PhD, this was assessed on 

smNPC derived mDANs from a PD patient baring the triplication of SNCA which showed 

increased basal lipid ROS levels and vulnerability to RSL3 induced ferroptotic cell death 

when compared to the isogenic WT control. Interestingly, SNCA Trip mDANs showed 

similar apoptosis sensitivity as the isogenic WT cells, suggesting the elevation on a-syn 

levels primes the cells to be more sensitive to ferroptosis. To our knowledge, ours is the first 

study to report an increased vulnerability to ferroptosis, as assessed with the use of specific 

ferroptosis inducers, in patient mDANs baring SNCA triplication. 

Towards the end of this PhD, we sought to establish an ex vivo model of mice 

nigrostriatal OBS and perform a-syn and ACSL4 KD via siRNA in the hope of reproducing 

the results obtained in LUHMES and smNPC derived mDANs. This technique had never 

been established in our laboratory apart from some rat sagittal OBSs cultures performed at 

the University of Angers by a previous PhD student. Establishing this technique in our 

laboratory was proven more difficult than anticipated for several reasons, including the fact 

that the vibratome used was located in a separate building, which delayed the critical time it 

took for us to put the slices in culture. In addition, we were confronted with difficulties 

during the culture which caused a substantial number of slices to die during the first couple 

days of the culture. We based our culture protocol from (Gogolla et al., 2006) which was 

described for the culture of hippocampal slices. This study addresses the importance of serum 

in the media, which constitutes 25% of the media. However, two studies report a deleterious 

effect of serum and report increased viability of OBSs when switching to serum-free media 3 

days after the initiation of the cultures (Kim et al., 2013; Daviaud et al., 2014). Further 

optimisation of the media composition is required to address the mortality of OBSs in our 

laboratory. Despite the difficulties confronted, we were able to establish a siRNA-mediated 

KD protocol which significantly reduced a-syn expression in mice OBSs containing the 

nigrostriatal pathway. This represents a valuable strategy to further address the implication of 

ferroptosis in brain neurodegenerative diseases and more specifically the role of a-syn in 

ferroptosis sensitivity in neurons. 
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Conclusion and Discussion - Chapter 8: 

 

 

General conclusions and discussion 

§ 

The role of Ferroptosis in the avenue of Parkinson’s Disease research 

 

 

8.1 Summary of PhD results and discussion 

Over the past four years, we have worked towards answering the simple question: 

“Does a-synuclein play a role in Ferroptosis?”. The direct association of a-syn with 

ferroptosis had never been made when this project started in 2018. Today, only one study 

reports a potential link between the lipid peroxidation induced by a-syn oligomers and 

ferroptosis (Angelova et al., 2020). Over the course of this PhD project, we have provided 

some direct proof that a-syn levels in dopaminergic neurons can indeed determine neuronal 

sensitivity to ferroptosis.  

In our laboratory, we have been working with LUHMES cells, a human precursor 

dopaminergic neuronal line, for almost a decade. These cells represent an optimal in vitro 

model for studying PD-associated mechanisms in part thanks to their rapid and robust 

differentiation into mature dopaminergic neurons (Scholz et al., 2011; Zhang et al., 2014). To 

answer our question and tackle the main objective of this project, we first needed to create 

LUHMES cell lines with stable modifications to the endogenous a-syn. As CRISPR/Cas9 

genome editing was becoming more accessible to research laboratories, we decided to 

implement this technique in our hands for this and future projects to come. Following an 

optimisation period, we were able to successfully generate three independent homozygous 

A53T a-syn, two 140 a-syn KO and four full a-syn KO LUHMES sub-clones (Table 6). 

Using the A53T a-syn subclones, we found that the PD-associated SNCA mutation increased 

the sensitivity of dopaminergic neurons to ferroptosis induced lipid peroxidation and cell 

death (chapter 5). To our knowledge, this is the first study to ever report a direct association 

between a PD-linked a-syn mutation and an increased vulnerability to this unique cell death 

pathway. Interestingly, a study conducted by Sánchez Campos et al., reported an increase in 

the activity of Acyl-CoA synthetase (ACS), as measured by the generation of [3H]oleoyl-

CoA, in N27 dopaminergic neurons overexpressing A53T a-syn (Sánchez Campos et al., 
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2018). Although this study did not assess the activity of the other members of the ACS 

family, in particular the Acyl-CoA synthetase long chain (ACSL) enzymes, this would be 

interesting to measure in our A53T a-syn dopaminergic neuronal model, since an increase in 

ACSL4 activity would explain the vulnerability reported against ferroptosis. It is, however, 

important to consider the findings of Golovko and colleagues who showed that the reduced 

activity of ACSL enzymes reported in brain of SNCA KO mice, was only restored upon 

administration of WT a-syn but not the mutant forms (A30P, E46K and A53T) (Golovko et 

al., 2006). Another study reported higher levels of plasmalogens, a class of phospholipids 

recently implicated in ferroptosis (refer to chapter 2 for more information) in brains of A53T 

a-syn mice (Yakunin et al., 2014), further implicating the familial A53T a-syn PD mutation 

with greater ferroptosis sensitivity. Furthermore, mesencephalic neurons overexpressing the 

A53T a-syn mutant form were found to accumulate PUFAs, such as arachidonic acid (AA), 

adrenic acid (AdrA) and docosahexaenoic acid (DHA), at the level of the plasma membrane 

when compared to WT cells (Sharon et al., 2003). As previously mentioned in chapter 2, the 

PUFAs composition of the plasma membrane can determine ferroptosis sensitivity whereby 

an increase in PUFAs results in greater ferroptosis vulnerability. 

Via CRISPR/Cas9 genome editing in LUHMES cells, we accidently obtained 140 a-

syn KO clones which lacked the main a-syn isoform. Interestingly, the 140 a-syn KO cell 

lines were protected against both ferroptosis-induced lipid peroxidation and cell death, but 

showed no difference in apoptosis sensitivity, providing the first direct link between 

endogenous a-syn levels and ferroptosis sensitivity in a neuronal cell line. By this point, it 

remains unclear whether the protective phenotype observed is a result of the absence of the 

full length 140 a-syn isoform, an increase in the 126 a-syn isoform or both. Indeed, as 

described in the chapter 3, a reduction in 126 a-syn levels has been reported in the brains of 

DLB and AD patients (Beyer et al., 2006). Importantly, the shorter 126 a-syn isoforms lacks 

its lipid binding affinity and has been suggested to act as a protective, less prone to 

aggregation isoform (Beyer, 2006a; Gámez-Valero and Beyer, 2018). These observations 

suggests that it may be the ability of a-syn to bind lipids that is involved in ferroptosis 

modulation. Moreover, several studies conducted on a-syn KO or KD cell and animal models 

have shown impairments in the metabolism of iron (impaired ferritinophagy (Baksi and 

Singh, 2017) or TfR-mediated iron import (Baksi et al., 2016)) and the metabolism of lipids 

(altered plasma membrane composition (Sharon et al., 2003) or ACSL activity (Golovko et 
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al., 2006)) which support our hypothesis and initial findings that endogenous a-syn can 

modulate ferroptosis sensitivity. In order to further investigate the association between a-syn 

levels and ferroptosis sensitivity, we have generated 4 independent full a-syn KO 

CRISPR/Cas9 sub-clones (Table 6), by targeting and deleting exon 2 of the SNCA gene, 

where the START codon is located (supplementary figure 3). This approach was recently 

reported by Chen et al., to successfully KO a-syn from human embryonic stem cells and 

iPSCs (Chen et al., 2019b). Throughout this PhD, these cell lines have not been fully 

characterised nor ferroptosis sensitivity properly assessed in them, thus representing 

experiments for the future of this research project.  

 

In parallel to using CRISPR/Cas9 sub-clones, we were determined to confirm our 

initial results using a different genome editing technique which would support our novel 

discovery by providing a complementary approach and limiting the potential variations 

induced by single cell clonal selection. To this extent, we were able to reproduce the 

ferroptosis resistance phenotype in a-syn KD LUHMES cells as evident from reduced 

ferroptosis-induced lipid peroxidation and cell death. As ACSL4 is a well-established pro-

ferroptosis regulator, we compared the effects of knocking-down a-syn to those of ACSL4 

depletion, in order to confirm that ferroptosis was induced in all experimental designs. 

Furthermore, a parallel PhD project in our laboratory reported ferroptosis induction in 

LUHMES cells with a co-treatment of AA and Fe. This findings shows that this unique cell 

death pathway can be induced by means other than drugs, and represent an experimental 

design more relevant to PD pathology as both iron and lipid metabolism alterations and 

conspicuous features of PD neuropathology (Dexter et al., 1989b, 1994; Yoritaka et al., 1996; 

Sharon et al., 2003; Hopes et al., 2016; Fais et al., 2021). Interestingly, we were able to show 

Table 6. List of CRISPR/Cas9 LUHMES sub-clones generated throughout the PhD project.  
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that a-syn levels here again can determine the sensitivity of neurons to ferroptosis induced by 

AA and Fe to a similar extent as ACSL4. Of note, a study conducted by Perez and colleagues 

showed that dietary dihomogamma-linoleic acid (DGLA; 20:3) can also trigger ferroptotic 

cell death of germ cells, sperm and oocytes in C. elegans and human cancer cells (Watts and 

Browse, 2006; Deline et al., 2013; Perez et al., 2020). Using HT-1080 and HEK cells, they 

confirmed ferroptosis induction since Fer-1 rescued cell death and lipid peroxidation 

following DGLA treatment. It is interesting to note that ferroptosis in human cancer cells was 

induced only with high doses of DGLA (500µM), whilst a lower dose  (250µM) was not 

lethal to HT-1080 (Perez et al., 2020). In comparison, we used significantly lower doses of 

AA (20µM) in combination with low sub-toxic doses of Fe (20µM) in order to trigger 

ferroptosis. We believe this approach to be more relevant, despite the uncertainty around the 

exact concentration of AA in human brains. 

As we confirmed that a-syn is indeed implicated in determining ferroptosis sensitivity 

in neurons, we sought the study the cellular mechanisms which could have led to such a 

protection against ferroptosis when a-syn levels are reduced. Based on the extensive 

literature showing an interplay between a-syn and plasma membrane fatty acid content, were 

decided to measure the PL composition in LUHMES cells depleted of a-syn or ACSL4. To 

our surprise, we reported a selective and prominent reduction in ether-PL, a predominant 

class of phospholipids in the brain. Such a a-syn-dependent modulation of ether-PL had 

never been reported before, a part from one study previously mentioned showing increased 

plasmalogens in the brain of A53T mice (Yakunin et al., 2014). Importantly, two recent 

studies have elegantly shown that ether-PL are essential in driving ferroptosis. Indeed, both 

(Zou et al., 2020a) and (Cui et al., 2021) confirmed that depletion of the ether-PL 

biosynthesis enzymes (GNPAT, FAR1, AGPS and AGPAT3) markedly promoted ferroptosis 

resistance in diverse cancer cells. The work conducted by Zou et al., further showed that 

depletion of these genes results in decreased levels of PUFA containing ether-PL (PUFA-

ether-PL), and supplementation of PUFA-ether-PL in cells with deficiency in ether-PL 

synthesis resensitized these cells to ferroptosis (Zou et al., 2020a). Interestingly Zou and 

colleagues showed that supplementing cells with either PUFA-ether-PL or their non-ether-

linked PL counterparts have similar sensitizing effect on ferroptosis (Zou et al., 2020a). 

These results suggest that PUFA-ether-PL are not intrinsically more sensitive to ferroptosis-

induced peroxidation than other PUFA-PLs. However, ether-PL are essential in driving 

ferroptosis perhaps because they represent an abundant pool of PUFA-PLs that are available 
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for peroxidation during ferroptosis. This statement is supported by the fact that SH-SY5Y 

neuroblastoma cells acquire sensitivity to ferroptosis as the levels of ether-PL increase during 

differentiation. Of note, the brain has the highest proportion of ether-PL, more specifically 

ether-PE. In line with this, LUHMES dopaminergic neurons have a greater proportion of 

PUFA-ether-PE compared to PUFA-diacyl-PE: 30 ± 0.95% vs 21.89 ± 0.65%, respectively 

(supplementary figure 4), suggesting that ferroptosis in neurons may be governed by 

peroxidation of ether-PL. 

It is worth discussing that the double bond in plasmalogens is believed to provide them 

with some antioxidant properties against the propagation of lipid peroxidation (Shi et al., 

2016; Dean and Lodhi, 2018). Indeed, the role of ether-PL as pro-ferroptotic molecular 

species is opposed by the work of Perez and colleagues who report that inhibiting AGPS, the 

rate limiting enzyme in ether-PL synthesis, sensitized HT-1080 cells to cell death induced by 

DGLA and RSL3 (Perez et al., 2020). However, the data from pharmacologic inhibition of 

AGPS in this study differs from the results from Zou et al., showing that genetic ablation of 

AGPS supressed ferroptosis (Zou et al., 2020a). This discrepancy may lie in the different cell 

lines used in these two studies and the different approaches used (pharmacological vs 

genetic) to study the implication of AGPS dependent ether-PL in ferroptosis.  

Here, we report that depleting LUHMES cells of a-syn or ACSL4 caused a reduction in 

ether-PL despite no observable changes in mRNA and protein levels of peroxisome markers 

and enzymes involved in the synthesis of ether-PL. Among the different proteins studied, we 

found no changes in the plasmalogen selective iPLA2 protein levels, suggesting that 

enzymatic removal of ether-PL from the plasma membrane is unlikely. However, an increase 

in enzymatic activity cannot be excluded, not the implication of other phospholipases 

enzymes. Indeed, some studies have suggested that phospholipase D (PLD) may play a role 

in plasmalogen removal from the plasma membrane (Van Iderstine et al., 1997; Tsuboi et al., 

2011). Interestingly, a-syn was reported to inhibit phospholipase D2 (PLD2) (Jenco et al., 

1998; Ahn et al., 2002), suggesting another mean by which a-syn may modulate the plasma 

membrane composition. A more in-depth analysis of the different phospholipases including 

their enzymatic activity in the different a-syn conditions would allow us to further explore 

this possibility.  

One possible mechanism by which a-syn depletion leads to reduced PUFA and more 

specifically ether-PLs content in the plasma membrane is that a-syn somehow mediates 

ACSL (or even ACSL4) activity. This hypothesis is supported by the work conducted by 
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Golovko and colleagues (Golovko et al., 2006). In the study, the authors report a reduced 

activity of ACSL enzymes in the brain microsome fraction SNCA KO mice. Of note, they 

used AA, the preferential substrate of ACSL4, as the PUFA for measuring the activity of 

ACSL, suggesting the observed reduction in ACSL activity may actually represent an 

impaired ACSL4 activity in the brains of SNCA KO mice. Importantly, this ACSL activity 

was restored upon addition of exogenous a-syn, indicating a role of a-syn in the control of 

ACSL4 in AA-CoA formation, and subsequent incorporation into plasma membrane 

phospholipids. In order to assess the hypothesis that downregulating a-syn in LUHMES 

neurons lead to a reduction in ACSL4 activity, thus PUFA content in the plasma membrane, 

the activity of ACSL4 needs to be directly assessed in our different synuclein in vitro models. 

In order to achieve this, some initial optimisation work including radioactive 3H-AA handling 

and liquid scintillation measurements of 3H-AA-CoA was conducted, in parallel to a 

biochemical assay designed to measure the by-product of fatty acyl-CoA generation, 

pyrophosphate (PPi). Whilst some promising measures were obtained with this later assay 

using palmitic acid as the substrate, we were unable to detect a signal with AA. In addition, 

we were unable to separate the contributions of the several ACSL enzymes present in the 

cells. To overcome this limitation, we have planned on measuring the activity of recombinant 

ACSL4 incubated with recombinant monomeric a-syn, in the hope of simplifying the model. 

These experiments were planned and anticipated should the reviewers of the research article 

demand them.  

Another possible mechanism by which a-syn depletion causes ether-PL deficiency in 

the plasma membrane might be via an impaired transport and fusion of vesicles containing 

the ether-PL precursors and mature ether-PL along the peroxisome-ER-plasma membrane 

route. Indeed, as previously described in the introduction, a-syn has been extensively linked 

to vesicular transport and fusion with the plasma membrane (Cabin et al., 2002; Vargas et al., 

2014; Lou et al., 2017; Lautenschläger et al., 2018). In order to assess this hypothesis, 

proximity ligation or fluorescence resonance energy transfer (FRET) assays could be 

performed to determine whether a-syn colocalizes or interacts with peroxisomes. 

Furthermore, by labelling ether-PL precursors with a fluorescent tag, it might be possible to 

determine whether a-syn is implicated in the maturation and incorporation of ether-PL into 

the plasma membrane. 

Finally, is it important to discuss the roles of ether-PL and plasmalogens in health and 

disease. As previously mentioned, plasmalogens represent the major constituent of the 
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glycerophosphoethanolamine fraction of the human brain, comprising over 50% of this 

fraction. Due to their abundance in cellular membranes, they are believed to play a role in 

membrane dynamics including synaptic transmission (Paul et al., 2019). Indeed, PE 

plasmalogens (pPE) we shown to facilitate a more rapid membrane fusion of synaptic 

vesicles, with a faster rate in vesicles containing PE plasmalogens with arachidonic acid 

(Glaser and Gross, 1994), which may in part explain the need for abundant AA in the brain. 

Moreover, plasmalogens have long been studied for their anti-oxidant potential. The 

characteristics of plasmalogens that makes them anti-oxidants include the enhanced electron 

density of the vinyl ether bond that is thought to make it more susceptible to ROS attack than 

diacyl-PLs (Lessig and Fuchs, 2009), and the suggested slow propagation of the plasmalogen 

hydroperoxyl radicals (Murphy, 2001). Indeed, the oxidation of PUFA within diacyl-PLs was 

shown to be delayed in the presence of plasmalogens (Reiss et al., 1997). This suggests that 

ether-PLs are preferentially oxidised over diacyl-PLs under certain oxidative environment, 

suggesting they may indeed play a predominant role in ferroptosis in PD. The involvement of 

plasmalogens in neurodegenerative diseases has mostly been studied in the context of 

Alzheimer’s disease, whilst their potential implication in PD remains largely unknown. One 

study reported lower plasma plasmalogens levels in PD patients (Dragonas et al., 2009), 

whilst another observed the same phenomenon in the frontal cortex from PD patients (Fabelo 

et al., 2011). This reduction in plasmalogen levels can partly be explained by the overall 

increased oxidative stress observed in PD patients. As ferroptosis is becoming increasingly 

implicated in PD pathology, the potential role of plasmalogens in the disease may be revisited 

in future research, along with this newly described function of a-syn in modulating ether-PL 

plasma membrane composition.  

Via a newly established collaboration with the Luxembourg Centre for Systems 

Biomedicine (LCSB), we were able to confirm the implication of a-syn in determining 

ferroptosis sensitivity in a second highly relevant in vitro model: Patient’s smNPC-derived 

midbrain neurons (mDANs) with SNCA KO. In line with the results obtained in LUHMES 

cells, we showed that SNCA KO mDANs were significantly more resistant to RSL3-induced 

cell death and Erastin-induced lipid peroxidation when compared to WT cells. Importantly, I 

was also able to study ferroptosis sensitivity in mDANs from a PD patient baring a SNCA 

triplication. The elevation of a-syn alone led to increased levels of lipid peroxidation under 

basal condition, a findings supported by a previous report in SNCA Trip iPSC derived 

cortical neurons which also present elevated basal lipid peroxidation (Angelova et al., 2020). 
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Increased susceptibility to oxidative stress in SNCA Trip iPSC derived mDANs has also been 

reported in another study conducted by (Byers et al., 2011) which showed elevation in certain 

oxidative stress related genes and increased cell death in response to hydrogen peroxide 

treatments. However, ours is the first study showing a specific increased vulnerability to 

ferroptosis induced cell death and lipid peroxidation, implicating ferroptosis in 

synucleinopathy conditions. These results further strengthen our novel finding that 

endogenous a-syn can determine the fate of neurons regarding ferroptosis induction.  

Finally, towards the end of this PhD, we decided to investigate our in vitro findings in 

an ex vivo OBS model of the nigrostriatal pathway. A considerable amount of time and effort 

was put towards implementing this technique in our laboratory and establish a siRNA-

mediated KD of a-syn and ACSL4 protocol in OBSs. Unfortunately, due to a lack of time, I 

was not able to study ferroptosis sensitivity in OBSs where a-syn levels had been reduced by 

siRNA. 

Overall, this PhD project has successfully answered our initial question and clearly 

shown that a-syn does indeed play a role in determining ferroptosis sensitivity in neurons by 

modulating the plasma membrane ether-PL composition.  

8.2 Perspectives 

Having reached the end of this PhD program and being able to look back at the work 

conducted over the past four years, I cannot help but think of additional experiments which 

would allow to further understand how a-syn modulates the plasma membrane composition 

of neurons, thus determining their sensitivity to ferroptosis. First of all, the CRISPR/Cas9 cell 

lines generated represent an optimal model in which to further assess the implication of a-syn 

in ferroptosis (table 6). A more in-depth analysis of ferroptosis sensitivity in our A53T a-syn 

cell lines would provide some definite evidence for the implication of PD-linked a-syn 

mutation to ferroptosis. This could include analysing other ferroptosis biomarkers such as 4-

hydroxynonenal (4-HNE), 15-hydroxyeicosatetraenoic acid (15-HETE) and isoprostanoids 

(all end-products of enzymatic and non-enzymatic lipid peroxidation), and investigating 

whether the increased vulnerability of the A53T a-syn neurons to ferroptosis could be 

rescued by genetically or pharmacologically blocking pro-ferroptotic enzymes such as 

ACSL4 and ALOX15/15B. In addition, a lipidomic analysis would also be of interest in our 

A53T a-syn dopaminergic neuronal model in order to investigate the potential alterations to 

the metabolism of lipids. Another obvious next step is to study ferroptosis sensitivity in the 
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four full a-syn KO clones and measure their plasma membrane PL composition. It would 

also be relevant to measure the other members of the synuclein family in case b or g- 

synuclein are upregulated upon a-syn depletion. 

Moreover, further experiments would allow a more in-depth characterisation of the 

implication of a-syn in the metabolism of ether-PL and the subsequent role of ether-PL in 

ferroptosis sensitivity in LUHMES cells. For example, LUHMES cells could be 

supplemented with ether-PL precursors, such as Bathyl alcohol (alkyl DHAP; C18:1o) or 1-

O-1’-(Z)-octadecenyl-sn-glycerol (C18plasm), in order to boost the synthesis of ether-PL and 

determine whether this results in an increased sensitivity to ferroptosis. Furthermore, the 

supplementation with ether-PL precursors could be conducted on a-syn and ACSL4 KD 

LUHMES cells and the plasma composition analysed by LC-HRMS in order to assess 

whether genetic modulation of a-syn and ACSL4 can directly impair the maturation of alkyl 

DHAP or C18plasm into ether-PL. Finally, genetic modulation of ether-PL biosynthesis 

enzymes (i.e., AGPS, GNPAT or AGPAT3 KD/KO) and ferroptosis assessment would 

further contribute towards deciphering the role of this class of PL in the sensitivity of 

dopaminergic neurons to ferroptosis.  As previously mentioned, it would be interesting the 

measure the plasma membrane composition in the A53T a-syn CRISPR clones in order to 

investigate whether the point mutation may induce changes to the levels of ether-PL, thus 

explaining the increased ferroptosis vulnerability. The plasma membrane composition could 

also be analysed in the 140 a-syn KO and full a-syn KO CRISPR clones in order to confirm 

that a-syn regulation of ferroptosis is indeed dependent on its ability to modulate ether-PLs. 

On the other hand, the plasma membrane composition of the SNCA KO and SNCA Trip 

smNPC derived mDANs would allow to further determine the role of a-syn in modulating 

the ether-PL plasma membrane composition in neurons. 

Based on the encouraging results obtained with the SNCA Trip smNPC derived 

mDANs, we sought to establish an a-syn overexpression model in LUHMES cells in our 

laboratory. At first, we thought on designing a CRISPR activation (CRISPRa) plasmid in 

order to increase transcription of endogenous SNCA. This technology utilizes nuclease-

deactivated Cas9 (dCas9) that binds to the target genomic region (particularly within the 

promotor region), but cannot generate DBS and instead results in transcriptional control. 

CRISPRa employs dCas9 fused to transcriptional activation domains which can be directed 

to promoter regions by guide RNA resulting in transcriptional activation and increased 
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expression of the target gene. Some initial work was performed in order to generate and 

amplify several dCas9 plasmids, both to activate and suppress SNCA transcription 

(supplementary table x), however, we were unable to proceed with the transfection of 

LUHMES cells and generation stable dCas9 subclones due to lack of time. The validity of 

such plasmids was confirmed by sequencing and therefore they remain available for future 

experiments. On the other hand, a new collaboration with Dr. Solange Desagher has enabled 

us to obtain a LUHMES cell line overexpressing a-syn obtained by lentiviral stable 

transduction. The characterisation of such cell line (and its transduction control cell line) is 

currently the topic of a Master’s project in our laboratory. Once we’ve validated the cell 

lines, ferroptosis sensitivity measures and membrane PL composition analysis could be 

conducted in order to determine whether the elevation of a-syn expression may lead to 

changes in membrane PUFAs content, as previously reported in other cell types and patients 

brain tissue (Sharon et al., 2003), and increase ferroptosis sensitivity in LUHMES cells. 

Finally, the role of ether-PL in PD pathology deserved further elucidations as little is 

known on the topic. With the use of transgenic mice models overexpressing WT or mutant a-

syn, we would be able to determine whether correlations exist between degeneration of 

dopaminergic neurons, cognitive or motor impairments and ether- PL levels in the brain or 

biofluids.  

8.3 Future research avenues in Parkinson’s Disease and Ferroptosis research 

New disease modifying therapies and novel therapeutic strategies are in high demand 

for PD patients. Ultimately, the greatest achievement would be to slow the progression of the 

disease enough for patients to live with minimal disabilities until a late age. Therefore, in 

order to efficiently design molecules that will slow the progression of the disease, it is 

required that i. we fully decipher and characterise the pathological mechanisms that cause the 

death of dopaminergic neurons, allowing for targeted molecules, and ii. we discover 

biomarkers characteristic of the prodromal phase of the disease, thus enabling early 

therapeutic interventions. Moreover, it is important to consider that there is no “one 

Parkinson’s Disease”, and that in fact, several initial triggers and effectors may lead to the 

emergence of the disease via different pathological pathways. As research advances and new 

pathological mechanisms are associated with the neurodegeneration in PD, one might 

consider a combined treatment which would target several pathological pathways 

simultaneously. 
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Importantly, an emerging knowledge on ferroptosis is shedding a different perspective 

on several physiological and pathophysiological conditions, including neurodegenerative 

diseases. Indeed, for decades, researchers have been heavily characterising several aspects of 

PD pathology as independent components, which now may be linked in conferring 

susceptibility to ferroptosis. These include elevated lipid peroxidation (Dexter et al., 1994, 

1989b), glutathione depletion (Sofic et al., 1992; Sian et al., 1994), DJ-1 (Bonifati et al., 

2003; Blackinton et al., 2009) and CoQ10 deficiency (Mischley et al., 2012), GPX4 reduction 

(Bellinger et al., 2011), mitochondriopathy (Cadenas and Davies, 2000; Lin and Beal, 2006), 

iron accumulation (Dexter et al., 1987, 1989a; Devos et al., 2014) and a-synuclein 

aggregation (Spillantini et al., 1997; Shahmoradian et al., 2019). Based on this information it 

is hard to believe that the extensive similarities between PD neuropathology and aspects of 

the ferroptosis cell death pathway are due to a mere coincidence. We therefore propose 

ferroptosis as a key contributor to PD progression with broader implications in 

synucleinopathies. Deciphering the role of a-synuclein in the iron and/or lipid components of 

the ferroptotic pathway now represents an area of increased research focus that is hoped to 

not only provide a greater understanding to the physiological function of the protein but also 

elucidate one of its neuropathological features in PD.  

The fact that iron chelation, an established anti-ferroptotic strategy, has shown the first 

clinical benefits in two independent clinical trials on early-PD (Devos et al., 2014; Martin-

Bastida et al., 2017) should encourage further progress in targeting ferroptosis. Ultimately, 

the role of ferroptosis in neurodegenerative disorders will only be confirmed when additional 

anti-ferroptotic therapies advance successfully to clinical trial.   
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Supplementary figure 1: Addgene full sequence map for pSpCas9(bb)-2A-GFP (px458). 

Plasmid used to generate the A53T, 140 a-syn KO and full a-syn KO CRISPR/Cas9 sub-clones 

throughout this PhD project 
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Supplementary figure 2. CRISPR WT characterisation and ferroptosis sensitivity. a. TH 

mRNA levels determined by qRT-PCR in the parental WT and four CRISPR WT subclones 

throughout several differentiation days. Data represented as relative expression to the 

house keeping gene TBP. b. Erastin and RSL3 dose response viability curves in WT and four 

CRISPR WT clones. Data represented as mean ± SEM of at least three independent 

experiments.  
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Supplementary figure 3: Generation of a-syn KO CRISPR/Cas9 LUHMES sub-clones. a. 

Schematic representation of the SNCA gene and the location of the four sgRNA targeted 

against exon 2. b. Schematic summary of sequencing results of the four a-syn KO clones. c. 

Western blot results for a-syn in the parental WT Luhmes cells, two CRISPR WT and four 

homozygous a-syn KO clones. 
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Supplementary figure 4: Proportion of dyacil- and ether-phospholipids in LUHMES 

dopaminergic neurons. Relative amount and table of percentage of total diacyl- vs ether-PC 

and PE separated based on the FA content (SFA, MUFA or PUFA). Data represents mean ± 

SEM of six biological replicates. 
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Supplementary Figure 5: siRNA mediated a-syn knock-down in SNCA Trip mDANs. a 

Schematic representation of the siRNA protocol to knock-down SNCA mRNA expression in the 

SNCA Trip mDANs. b qRT-PCR analysis of SNCA levels in SNCA Trip mDANs following a-syn 

KD. The relative expression is normalized to TBP and represented as mean ± SEM of three 

independent experiments. Comparisons were made using the two-tailed, unpaired Student’s 

t-test; *** p<0.001.  
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Supplementary Figure 6: Degeneration of thalamus in mice organotypic brain slices. Bright 

field and Propidium Iodide staining on mice OBS depicturing the dryness and death of the 

thalamus in the centre of the slices. 
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Supplementary figure 7. Protocol 1- siRNA-mediated knock-down of a-syn and ACSL4 in 

mice organotypic brain slices. a. Timeline of the Accell siRNA protocol in OBSs. b. 

Representative WB of a-syn and ACSL4 KD in mice OBS using two different siRNA 

concentrations.  
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Supplementary table 1. CRISPR dCas9 plasmids generated and sequenced for upregulation 

or downregulation of endogenous a-syn.  
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ABSTRACT 

Parkinson’s Disease (PD) is a common and progressive neurodegenerative disorder 

characterised by motor impairments as well as non-motor symptoms. While dopamine-based 

therapies are effective in fighting the symptoms in the early stages of the disease, a lack of 

neuroprotective drugs means that the disease continues to progress. Along with the 

traditionally recognised pathological hallmarks of dopaminergic neuronal death and 

intracellular a-synuclein (a-syn) depositions, iron accumulation, elevated oxidative stress 

and lipid peroxidation damage are further conspicuous features of PD pathophysiology. 

However, the underlying mechanisms linking these pathological hallmarks with 

neurodegeneration still remain unclear. Ferroptosis, a regulated iron dependent cell death 

pathway involving a lethal accumulation of lipid peroxides, shares several features with PD 

pathophysiology. Interestingly, a-syn has been functionally linked with the metabolism of 

both iron and lipid, suggesting a possible interplay between dysregulated a-syn and other PD 

pathological hallmarks related to ferroptosis. This review will address the importance for 

understanding these disease mechanisms that could be targeted therapeutically. Anti-

ferroptosis molecules are neuroprotective in PD animal models and the anti-ferroptotic iron 

chelator, deferiprone, slowed disease progression and improved motor function in two 

independent clinical trials for PD. An ongoing larger multi-centre phase 2 clinical trial will 

confirm the therapeutic potential of deferiprone and the relevance of ferroptosis in PD.  This 

review addresses the known pathological features of PD in relation to the ferroptosis pathway 

with therapeutic implications of targeting this cell death pathway.  

 

 

 

 

1. INTRODUCTION 

Parkinson’s Disease (PD) is the second most common neurodegenerative disorder 

after Alzheimer’s Disease. Clinically, PD patients present with motor impairments such as 

bradykinesia and rigidity, as well as non-motor symptoms including anosmia, constipation, 

pain, anxiety, depression, psychosis and cognitive disorders that may progress to dementia 1–

3. The main pathological hallmarks of the sporadic and familial forms of the disease are a 

predominant and progressive degeneration of the dopaminergic neurons of the substantia 

nigra pars compacta (SNpc) associated with a systematic progressive iron accumulation, 



Annexe 2 

 177 

leading to a dopamine depletion in the striatum, disappearance of neuromelanin and 

appearance of intracellular Lewy Bodies with the major component consisting of aggregated 

a-synuclein.  4–7.  

Current treatments aim to increase dopamine neurotransmission, which offers 

symptomatic relief. The therapeutic arsenal includes the dopamine precursor Levodopa 

(L-DOPA), dopamine agonists and dopamine metabolism inhibitors 8. L-DOPA remains 

the standard most effective treatment in combination with decarboxylase inhibitors9,10. 

Evidence from a randomized, double-blind, placebo-controlled trial suggested that L-

DOPA slowed progression (as measured by UPDRS) between baseline and 42 weeks 

compared to the placebo group 11. However, a more recent and larger study found no 

evidence of a disease-modifying effect of L-DOPA12. Disparity in the potential 

neuroprotective actions of this drug may arise from L-DOPA’s interference with the 

striatal presynaptic dopamine transporter; standardly used as a reporter for nigro-

striatal degeneration by DAT SPECT in clinical trials 11,13. The powerful symptomatic 

action and short half-life of L-DOPA also weakens its clinical use with motor 

complications such as “wearing off” and dyskinesia occurring 4-6 years after chronic 

use, depending on disease severity 1–3. To delay the onset of such complications, 

dopamine agonists, monoamine oxidase-B (MAO-B) inhibitors or catechol-O-

methyltransferase (COMT) inhibitors are prescribed as concomitant therapies. The 

ADAGIO study clinically assessed the potential disease modifying effects of Rasagiline, 

an irreversible MAO-B inhibitor using a delayed-start protocol aimed at preventing the 

confounding symptomatic benefits of this drug. Although early treatment with 

rasagiline at a daily dose of 1mg slowed the rate of UPDRS deterioration in the early-

start group, a similar response was not observed with the dose of 2mg 14,15. Furthermore, 

a follow-up study failed to demonstrate long-term benefits for early-start rasagiline 

treatment 16.  

Over the last few years, several compounds have shown promising 

neuroprotective effects in in vitro and in vivo models but failed to translate to patient 

studies due to efficiency or safety concerns (reviewed in more detail in 17). A huge unmet 

need remains for efficient neuroprotective or disease-modifying therapies. To overcome 

this demand,  a better understanding of the mechanisms involved in producing the 

pathological hallmarks associated with the disease and their dynamic relationship to neuronal 

cell death is required. For many years, the pathological process involved in PD related 
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neuronal death was considered to be apoptosis. This was mainly due to the fact that until 

recently, only a few types of programmed cell death were known, and these were identified 

predominantly by using oncogenic cell lines (i.e. neuroblastoma). Since then, multiple cell 

death mechanisms have been studied and implicated in PD pathogenesis (reviewed in 18), 

including anoikis 19,20, autophagy 21,22, necroptosis 23,24, parthanatos 25,26 and pyroptosis 27.  

More recently, ferroptosis has been established as a regulated necrosis that is 

morphologically and mechanistically distinct from apoptosis and other known cell death 

pathways 28. Ferroptosis is characterised by iron dependent lipid peroxidation29. Interestingly, 

several PD pathological hallmarks are known key features and/or triggers in the ferroptotic 

cell death pathway. These include iron overload 6,30–33, elevated lipid peroxidation 34–36, 

reduced GSH levels 37–40, XCT downregulation 41, DJ-1 depletion 42,43 and CoQ10 

reduction 44–46. Together, these well-established diseases features strongly implicate this 

regulated cell death pathway in the neurodegeneration observed in PD. 

In this review we propose that ferroptosis may represent the missing piece to the 

puzzle in explaining the vicious cycle between synucleinopathy, iron accumulation, oxidative 

stress and related cell death in PD. Establishing the implication of ferroptosis in 

neurodegenerative diseases such as PD will promote interest in generating a range of anti-

ferroptosis based therapies that could delay disease onset and slow progression. The aim of 

this paper is to review the current understanding of ferroptosis and present the evidence for 

the involvement of this newly defined cell death in PD neuropathology.  

 

2. FERROPTOSIS – AN IRON DEPENDENT FORM OF REGULATED CELL DEATH 

The term ferroptosis was coined in 2012 to describe a novel regulated form of 

caspase-independent cell death resulting from iron induced lipid peroxides that accumulate to 

toxic levels 28. Although the precise metabolic pathways are still currently being elucidated, 

the past few years of extensive research have deciphered several regulatory mechanisms as 

well as numerous specific inducer and inhibitor reagents (Figure 1).  

Keeping lipid hydroperoxides (LOOH) within physiological parameters is a key component 

in minimizing susceptibility to ferroptosis. Lipophilic antioxidants and lipid peroxide 

scavengers can block ferroptosis by preventing lipid peroxidation 47,48. Under physiological 

conditions, the cell combats lipid peroxidation with glutathione peroxidase 4 (GPX4), an 

essential selenoprotein that reduces LOOH to lipid alcohols (LOH). Importantly, GPX4 is the 

only member of the glutathione peroxidase family capable of reducing LOOH, supporting its 
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central enzymatic role in the ferroptotic pathway 49,50. Direct inactivation of GPX4 by RSL3 

is one of the most common strategies to induce ferroptosis experimentally. Deletion of GPX4 

in mice is embryonically lethal 51, whilst conditionally knocking out GPX4 in mice leads to 

acute renal failure, hippocampal and motor neuron neurodegeneration and early death of mice 

47. In addition, overexpression of GPX4 protects against cell death induced by RSL3 52. For 

the reduction of LOOH to LOH, GPX4 requires reduced glutathione (GSH) as an electron 

donor, releasing oxidised glutathione (GSSG). GSH is synthesised in the cell from glutamate 

and cysteine, the latter being the rate-limiting substrate. Cysteine can either be synthesised 

from methionine via the transsulfuration pathway or taken up in the form of an oxidised 

cystine dimer via the XcT antiporter before being reduced into the amino acid cystine. A 

heterodimer of the XcT unit (encoded by SLC7A11), that forms the Xc- system, and the 4F2 

unit (encoded by SLC3A2) that localizes the Xc- system to the plasma membrane, are 

required for intracellular cystine transport 53. An impairment of the XcT unit leads to a 

depletion in the intracellular cysteine pool, with consequential impairment of GSH 

biosynthesis and GPX4 activity. The subsequent lipid peroxide accumulation results in cell 

death by ferroptosis. Blocking GSH bioavailability through erastin-induced inhibition of the 

XcT antiporter or buthionine sulfoximine (BSO) induced inhibition of glutamate-cystein 

ligase (GCL); the rate-limiting enzyme in the first step of GHS synthesis, suffices to trigger 

ferroptosis (Figure 1). Elevating intracellular glutathione (GSH) levels with cysteine 

precursors such as n-acetylcysteine can protect against ferroptosis 52. Recently in an attempt 

to uncover genes able to protect against ferroptosis through glutathione-independent 

pathways, the flavoprotein “apoptosis inducing factor mitochondria-associated 2” (AIFM2), 

was identified to rescue cell death caused by GPX4 deletion 46,54. Renamed “ferroptosis 

suppressor-protein 1” (FSP1), it suppresses ferroptosis by catalysing the regeneration of 

Coenzyme Q10 (CoQ10, also known as ubiquinone) to its reduced form CoQ10-H2 or 

ubiquinol; a potent mitochondria and lipid peroxyl radical trapping antioxidant (Figure 1 and 

2).  

 

 As the name implies, iron plays a central role in ferroptosis. Co-treatment with several 

sources of iron sensitizes cells to ferroptosis triggered by erastin or RSL3 28,55 and depletion 

of iron using drugs such as deferiprone (DFP) or genetically silencing transferrin receptor 1 

(TfR1) to prevent cellular iron import protects cells against ferroptosis 55,56. Although the 

exact mechanisms through which iron promotes ferroptosis remain unclear, it has been 
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suggested that i. ferrous iron directly induces lipid peroxidation57, ii. iron loads the iron-

dependent 12/15 lipoxygenase which enzymatically induces lipid peroxidation 40,58,59, and iii. 

iron loading of the hypoxia inducible factor prolyl-hydroxylase 1 induces ATF4-dependent 

pro-death gene transcription 60. In biofluids such as cerebrospinal fluid (CSF), iron is 

predominantly bound to transferrin (Tf). Iron-loaded Tf (holo-Tf) incorporates two ferric 

(Fe3+) atoms and is internalized into a cell through clathrin-mediated TfR1-dependent 

endocytosis (Belaidi and Bush 2016). Once in the endosome, iron is released from Tf due to 

its acidic environment and the metalloreductase STEAP3 reduces the bound insoluble Fe3+ to 

its soluble ferrous (Fe2+) form 62. Iron is then released into the cytosol through the divalent 

metal transporter 1 (DMT1), with Tf and TfR1 being recycled back to the membrane for 

further use. Neuronal uptake of iron can also occur directly through the DMT1 channel on the 

plasma membrane, allowing for a less regulated import pathway 61 (Figure 1). The free 

cytosolic Fe2+ that constitutes the labile iron pool (LIP) participates in the Fenton reaction 

producing highly reactive hydroxyl radicals (·OH) from hydrogen peroxide (H2O2)57. It is thus 

essential that appropriate levels of free iron in the LIP are tightly maintained to avoid the 

excess generation of free ·OH and other radicals (see section 3.2. for further details). The 

function of ferritin is in part to safely store excess iron in the cytosol but neuromelanin also 

serves as a key iron storage protein specifically in dopaminergic neurons. The only known 

export pathway for iron is through the transmembrane channel ferroportin (FPN) in which 

iron, oxidized to Fe3+ by a ferroxidase such as ceruloplasmin, can exit the cell63. In select cells 

(including neurons) b-amyloid precursor protein (APP) is required to facilitate iron efflux by 

stabilising FPN on the plasma membrane 64–67  (Figure 1). 

 

In addition to the Fenton reaction, iron can mediate the generation of lipid peroxides by 

serving as a cofactor to the family of Lipoxygenase enzymes (LOX). Of particular interest to 

ferroptosis, 15-LOX can enzymatically generate additional LOOH on long-chain 

polyunsaturated fatty acids (PUFA); mainly phosphatidylethanolamines containing 

arachidonic acid (AA) or adrenic acid (AdA) present on the plasma membrane (Shintoku et 

al. 2017; Shah, Shchepinov, and Pratt 2018). The lipid composition of the plasma membrane 

can therefore determine cellular susceptibility to ferroptosis whereby long chain PUFAs 

containing AA increase the risk for lipid peroxidation whilst monounsaturated fatty acids 

(MUFAs) appear to decrease such risk 70. For PUFAs to be incorporated into the 

phospholipids (PL) of the plasma membrane, they first need to be conjugated to Coenzyme-A 
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(CoA) by the enzyme acyl-CoA synthetase long-chain family member 4 (ACSL4). PUFA-

CoAs can then be incorporated into the plasma membrane by lysophosphatidylcholine 

acyltransferase 3 (LPCAT3) where 15-LOX specifically oxidise the PLs rendering the plasma 

membrane more permeable and fragile. ACSL4, but not other members of the ACSL family, 

is a key player in the ferroptosis pathway as it enriches cellular membranes with long chain 

w6 fatty acids. Inhibiting or genetically depleting ACSL4 prevents ferroptotic lipid 

peroxidation and subsequent associated cell death 71. The selectivity of ACSL4 over the other 

ACSLs in regulating the ferroptosis pathway is likely to be due to its substrate preference for 

AA, the main fatty acid implicated in ferroptosis 72. The importance of LPCAT3 in the 

ferroptosis pathway was initially pointed out by Dixon et al 73 but later confirmed by Doll et 

al 71 where  LPCAT3 deletion mildly protected fibroblast against ferroptosis (Figure 1). 

The initial discovery of ferroptosis occurred within the context of certain oncogenic 

Ras-dependent cancer types. However, thanks to extensive ongoing research since its 

emergence, this type of cell death has now also been implicated in an array of other 

pathological conditions. These include ischemia-reperfusion injury (IRI) of the liver, kidney, 

brain and heart 74–81, stroke 82–86 and multiple neurodegenerative disorders including PD 56, 

Alzheimer’s disease 87 and amyotrophic lateral sclerosis 88. 

 

3. FERROPTOSIS IN PARKINSON’S DISEASE 

Ferroptosis has been shown to be a prevalent type of cell death in in vitro, ex vivo 

and in vivo models of PD 56. Dopaminergic neurons within a differentiated cellular model 

(Lund human mesencephalic cells; LUHMES) or ex vivo organotypic slice cultures are 

sensitive to erastin induced ferroptosis which can be rescued by the ferroptosis specific 

inhibitors ferostatin-1 (Fer-1) and liproxstatin-1 (Lpx-1) as well as the iron chelator DFP. 

These specific inhibitors are also protective against neurotoxin induced cell death associated 

with sporadic PD (e.g. rotenone, paraquat and MPP+). In vivo, 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) associated neuropathology has been identified to have a 

ferroptosis component as inhibition by Fer-1 and Lpx-1 prevents dopaminergic neuronal loss 

in the SN and striatum as well as behavioural and motor impairments 56. These results  

further provide promise that inhibition of ferroptosis may alleviate and/or prevent PD 

associated neuropathology.  

 

3.1 The role of iron in PD pathology  



Annexe 2 

 182 

Iron serves as a cofactor in a myriad of metabolic processes throughout the body, 

and is particularly essential for brain health as it is involved in neurotransmitter synthesis, 

mitochondrial respiration, myelin synthesis and sulfur-cluster protein synthesis amongst other 

processes 89,90. Due to the high metabolic activity and reliance on iron for many of these 

processes it should not be a surprise that this metal accumulates in the brain through age. 

However, this accumulation is even greater in regions of the brain that happen to be 

associated with neurodegenerative disorders 61,91. In PD, iron elevation is especially observed 

in glia and dopaminergic neurons of the SNpc, where levels correlate with disease 

severity6,31,32,92. In patients, this has been measured by iron-sensitive high-field MRI 32,93 and 

quantitative susceptibility mapping (QSM) analyses 94 as well as post-mortem tissue and is 

strongly supported in many parkinsonian animal models 33,95–97. In PD, abnormal iron 

accumulation is most likely due to an imbalance in the iron homeostatic pathway caused by 

alterations in iron regulatory proteins 98,99. Patients carrying mutations that cause iron-related 

proteins to be dysfunctional (e.g. transferrin) have an increased a risk of developing PD 100,101. 

Increased levels of DMT1, reported in the SNpc of PD patients as well as several mouse 

models of PD, are likely to contribute to an increased cellular iron import 102,103. Ferritin levels 

are also decreased in the SN of post-mortem brains of PD patients 104, and FPN is decreased 

in several models of PD including MPTP and 6-hydroxydopamine (6-OHDA)105. Of 

relevance to impaired neuronal efflux through ferroportin, rare variants of APP with loss of 

membrane function predispose humans to develop PD 106. In addition, APP expression is 

decreased in the SN of PD patients, leading to a similar iron-associated phenotype as APP 

knockout mice 65,67. Furthermore, the ferroxidase activity of CP required to facilitate iron 

efflux through FPN is decreased in both patients and animal models of PD107,108. Further 

support for iron elevation as a cause of parkinsonian pathology comes from the genetic 

disorder aceruloplasminemia, in which CP is mutated, often leading to a parkinsonian 

phenotype including gait difficulties, ataxia, involuntary movements and cognitive decline 

that correlate with brain iron deposition  109,110. It is likely that an unregulated modulation of 

iron import and efflux contribute towards the elevation of intracellular iron required for 

increased vulnerability to free radical formation and ferroptosis. 

Based on the extensive evidence supporting the impact of iron on PD pathology, iron 

chelation has been investigated as a possible therapeutic strategy99,111,112. Iron chelation in the 

MPTP mouse model restores iron to physiological levels in correlation with preventing cell 

toxicity and behavioural deficits 96,97. DFP is currently used clinically for systemic iron 
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overload disorders such as beta thalassemia and was recently investigated in a double-blind, 

randomized, placebo-controlled clinical trial of early-stage PD 97. Over 12 months, patients 

receiving daily doses of DFP  showed a promising decrease in motor handicap progression as 

well as reduced iron deposition in the SN 97. The potential of DFP as a disease modifying 

treatment for PD is now being assessed in a phase 3 multicentre clinical trial with outcomes 

expected within the near future (FAIRPARK II – NCT01539837). Importantly, similar results 

have been observed in an independent phase 2 randomised double-blind placebo controlled 

clinical trial 113.  

 

3.2 The role of oxidative stress in PD Pathology 

Oxidative stress (OS) is considered a major contributor to the pathophysiology 

underlying PD and is well reported in patients as well as all PD animal models 39,40,114,115. 

Indeed, a number of parkinsonian models induce an OS response that results in a phenotype 

similar to PD. Cellular damage caused by OS comprises of protein oxidation, leading to 

protein dysfunction and structural changes, DNA oxidation and cell membrane disruption due 

to lipid peroxidation. OS is induced by an imbalance in the redox state caused not only by an 

excessive reactive oxygen species (ROS) production but also by an insufficient antioxidant 

system response to reduce these reactive species. ROS are defined as highly reactive 

molecules derived from oxygen and include free radicals such as superoxide (O2
-) and ·OH as 

well as non-radical molecules like H2O2 115. ·OH are considered one of the most volatile ROS 

responsible for the cytotoxicity effect underlying oxidative stress and are predominantly 

generated from H2O2 and free cytosolic Fe2+ through the Fenton Reaction. Mitochondria are 

one of the main sites of H2O2 and ROS production, particularly O2
-, via the respiratory chain 

complexes used to transport electrons 116,117. In the brain, the majority of the O2
- is produced 

by Complex I, and it is not a coincidence that this is the primary location from which ROS is 

generated in various neurodegenerative diseases 118. Indeed, in PD patients a dysfunctional 

Complex I is present in the SN and frontal cortex as well as fibroblast and platelets from 

these patients; all of which may lead to increased superoxide production 117,118. The deficiency 

in complex I is related to a CoQ10 deficit, further contributing to ROS production in 

mitochondria and lipid peroxidation in membranes. Interestingly, CoQ10 was recently 

reported to play an important anti-ferroptosis role on an FSP1-NAD(P)H-CoQ10 axis 46,54.  

Cells are equipped with an antioxidant system to maintain a balanced redox state, which, if 

compromised, can result in excessive oxidative stress and subsequent cell death. The 
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maintenance of glutathione GSH is one such antioxidant system heavily used by the brain to 

remove ROS by directly interacting and removing the highly reactive O2
- and ·OH radicals  

119,120. Oxidative stress in PD may in part be due to a reduction in GSH levels that appear to be 

particularly evident in the SN of PD 37–39. The Sian et al study measured GSH levels in 

several port-mortem brain regions from PD, progressive supranuclear palsy, multiple-

system atrophy and Huntington’s disease patients, and the only significant change 

observed was a specific 40% reduction in the SN from PD patients. The fact that no 

changes were reported in the other diseases suggests that the alterations in GSH levels 

were not a general consequence of neurodegeneration 38. Interestingly, a recent analysis of 

DNA methylation in 1132 PD cases and 999 controls associated hypermethylation in the 

promoter region of the SLC7A11 gene (encoding the cysteine-glutamate antiporter XcT-) 

with risk of PD. This hypermethylation of SLC7A11 results in a downregulation of system 

XcT- which could contribute to the decreased intracellular GSH levels observed in PD and 

increase a susceptibility to ferroptosis41. A similar reduction in GSH level has been shown to 

trigger the activation of neuronal 12-lipoxygenase (12-LOX) and subsequent accumulation of 

LOOH 40. These observations further support the concept that the decrease of GSH in the SN 

from PD patients is not simply a consequence of neuronal death but a direct indication of 

oxidative stress. Moreover, as GSH is a natural ligand for Fe2+ 121, its reduction in the SN of 

PD patients would not only impair the antioxidant capacity of dopaminergic neurons but also 

increase the LIP, further contributing to the generation of ·OH  and other ROS. The aforesaid 

intracellular environment would render the dopaminergic neurons particularly vulnerable to 

ferroptotic cell death. 

DJ-1 is another cellular antioxidant enzyme known to play a key role in regulating 

oxidative stress, ROS formation and mitochondrial function. Loss of function mutations in 

the DJ-1 gene (PARK7) have been linked to autosomal-recessive early onset PD with 

increased mitochondrial oxidant stress, a drop in basal cellular respiration and oxidized 

dopamine accumulation122. Recently, Cao et al have shown that DJ-1 acts as a ferroptosis 

inhibitor by preserving the transsulfuration pathway, and thereby the  biosynthesis of cysteine 

and GSH. DJ-1 depletion leads to lipid ROS accumulation and a heightened sensitivity to 

ferroptosis cell death 43. The discovery of DJ-1 as a ferroptosis suppressor further supports 

that ferroptosis is implicated in PD pathology. 

One would anticipate that such changes to GSH levels and the increase in LOOH would 

impact upon the expression and activity of key antioxidant enzymes such as GPX4. In post-
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mortem tissue from PD patients’ brains, protein levels of GPX4 are increased compared to 

control subjects 123. More recently, GPX4 levels were confirmed to be increased relative to 

cell density of surviving neurons, despite the apparent reduction when measuring against total 

tissue 124. This implies that it is only the remaining neurons in the SN of PD patients that 

were able to counter an oxidative and pro-ferroptotic environment through an 

appropriate GPX4 response to prevent cell death 124Interestingly, this phenomenon has 

also been reported in in vitro and in vivo models of stroke 82,83. 

Recent advances in imaging technology are increasing our capability to measure 

oxidative stress in living PD patients using positron emission tomography (PET). Copper(II)-

diacetyl-bis(4-methylthiosemicarbazonato) (Cu-ATSM) is a PET tracer initially developed 

for hypoxia imaging but has recently shown potential in reflecting the redox state within the 

body 125. Interestingly, this brain blood barrier penetrant imaging agent was identified as 

being neuroprotective in multiple animal models of Parkinson’s disease 126 and prevent lipid 

peroxidation without altering the oxidation state of iron. Similar to Fer-1 and Lpx-1, Cu-

ATSM may block ferroptosis by preventing the propagation of lipid radicals rather than 

preventing iron oxidation 127 and could offer an opportunity to monitor disease progression as 

well as efficacy in PD patients during treatment.  While functional imaging of oxidative 

stress is currently considered to mainly detect mitochondrial dysfunction, it still appears 

sensitive enough to show an elevation of striatal oxidative stress in PD patients when 

compared to controls 128.  

Despite the strong evidence implicating oxidative stress in PD pathology and the 

neuroprotective properties of antioxidants reported in models of PD, outcomes from clinical 

trials have remained inconsistent (reviewed in 115). Clinical studies with exogenous 

antioxidant therapies are mixed with some reporting efficacy 129–131 whilst others fail to 

demonstrate a significant effect 132. A major component of this disparity could lie with many 

clinical trials not having the appropriate pharmacokinetic measurements taken, a lack of 

confirmation in target engagement in the brain, inappropriate treatment duration and/or 

uncontrolled variances in endogenous antioxidant potential within the patient.  

 

3.2.1 The role of lipid peroxidation in PD pathology 

 Lipid metabolism and cellular lipid composition can determine cellular sensitivity 

to ferroptosis. Lipidomic analyses revealed that polyunsaturated-fatty-acid-containing 

phospholipids (PUFA-PLs), and in particular phosphatidylethanolamines (PE) containing 
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arachidonic acid (AA) or adrenic acid (AdA) in the plasma membrane, are the lipids most 

susceptible to ferroptosis-related peroxidation 133,134. The ability of cells to undergo 

ferroptosis is therefore determined by the abundance and cellular localisation of PUFA, as 

confirmed by the fact that human cells enriched with AA are sensitised to ferroptosis 58. As 

previously mentioned, free PUFAs undergo esterification by ACSL4 before incorporation 

into the plasma membrane phospholipids by LPCAT3 73. The bis-allylic carbons, adjacent to 

two carbon atoms with double bonds, are the key positions within lipids that drive ferroptosis 

as they increase susceptibility to attack from reactive radicals, lipoxygenases and surrounding 

lipid peroxides 58. Thus, the peroxidation potential of a PUFA is linearly dependent on their 

number of double bonds 135. The process of lipid peroxidation takes place via three steps: 

initiation, propagation and termination. Firstly, reactive radicals abstract a hydrogen atom 

from a bis-allylic carbon to form the carbon-centred lipid radical (PL∙). Such radicals rapidly 

react with oxygen forming lipid peroxyl radicals (PLOO∙), which can subsequently abstract 

further hydrogens from neighbouring lipids to propagate the generation of new PLOO∙ and 

lipid hydroperoxides (PLOOH)  136.The lipid peroxidation reaction can be inhibited by the 

FSP1-CoQ10H2 system or when antioxidant enzymes, such as GPX4, donate electrons and 

reduce the pLOOH to PLOH (Figure 2). In ferroptosis, an insufficient GPX4 activity leads to 

an overwhelming accumulation of LOOH.  

Noteworthy, the brain has the second highest concentration of lipids, after adipose tissue. The 

proportion of these lipids are largely AA and docosahexaenoic acid (DHA) which contain 

four and six double bonds respectively 137. Furthermore, the high oxygen consumption of the 

brain makes it particularly sensitive to lipid peroxidation. Dexter et al, were the first to 

demonstrate the involvement of lipid peroxidation in PD as a cause of nigral cell death 34. 

Brain post-mortem analyses revealed a reduction in PUFAs but not MUFAs in the SN of PD 

patients compared to controls (D. Dexter et al. 1986). Conversely, levels of malondialdehyde 

(MDA), a toxic by-product of lipid peroxidation, were elevated in the same tissue 35 and 

LOOH increased in plasma 138. MDA levels were increased both in early and late PD patients 

whilst LOOH levels were only significantly increased in later stages of the disease. This 

suggests that while MDA could be a useful biomarker for PD, changes in LOOH levels may 

correlate better with disease progression 36. Further studies have revealed a correlative 

increase in another lipid peroxidation metabolite, 4-hydroxy-2-nonenal (HNE), as well as  

HNE-protein adducts, with pathology from Lewy bodies in the SN of PD patients and 



Annexe 2 

 187 

brainstem of DLB 139. Interestingly, in the CSF of PD patients, elevated HNE correlates with 

an accumulation of iron in the SN 139,140.  

The mechanism by which lipid peroxidation is involved with PD pathology was expanded 

upon by Shchepinov et al whereby MPTP treated mice were protected against nigrostriatal 

injury upon supplementation with deuterated-PUFAs (D-PUFAs) 141. D-PUFAs have 

deuterium in the place of the bis-allylic hydrogens, which slows radical generation compared 

to Hydrogenate-PUFAs 141. More recently, Yang et al confirmed that pre-treating cells with 

D-PUFA prevents PUFA oxidation and ferroptosis58.  

The 85-kDa group VI calcium-independent phospholipase A2 beta (PLA2G6) is 

another key enzyme with possible implications to ferroptosis. This enzyme hydrolyses the sn-

2 acyl chain of glycerophospholipids to release free fatty acids and lysophospholipids. 

PLA2G6 localizes to the mitochondria and has proposed roles in the remodeling of 

membrane phospholipids, signal transduction, calcium signaling, cell proliferation and cell 

death142. Patients with homozygous PLA2G6 mutations present a form of neurodegeneration 

with brain iron accumulation (NBIA) that has neuropathological similarities to both 

Parkinson’s and Alzheimer’s disease: as well as iron accumulation, these include widespread 

Lewy bodies, dystrophic neurites and cortical neuronal neurofibrillary tangles143. In a recent 

study, Kinghorn et al, showed that knocking-out the drosophila homologue of the PLA2G6 

gene, iPLA2-VIA, resulted in reduced survival, locomotor deficits, organismal 

hypersensitivity to oxidative stress (in particular the mitochondria) and a strong association 

with increased lipid peroxidation levels 144. D-PUFA has also shown to rescue the aged-

associated locomotor abnormalities and restore mitochondrial membrane potential in this 

model.  

      An elevation of iron in combination with high levels of PUFAs within dopaminergic 

neurons creates an environment particularly sensitive to lipid peroxidation meaning that a 

slight imbalance in iron, dopamine or lipid homeostasis could sensitise dopaminergic neurons 

to ferroptosis. Characterising the distinct and regulated pathways of lipid peroxidation sheds 

light in deciphering the neuropathology involved in nigral cell death in PD and encourages 

the pursuit of therapeutic strategies that will inhibit ferroptosis. 

 

3.3 The role of other ferroptosis regulators in PD pathology  

Nuclear factor erythroid-2-related factor 2 (Nrf2), a master regulator of the 

antioxidant response, was recently shown to protect against ferroptosis 145,146. Under 
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oxidative stress, Nrf2 is translocated to the nucleus to induce the expression of endogenous 

antioxidant proteins responsible for preventing lipid peroxidation. Of relevance to 

ferroptosis, continuous exposure to erastin results in Nrf2-dependent upregulation of 

cystathionine b-synthase (CBS), the enzyme responsible for the biosynthesis of cysteine, 

in an attempt to counter cell death 146.  Nrf2 also controls the expression of 

NAD(P)H:quinone oxidoreductase 1 147, several iron metabolism proteins (e.g. ferritin 

and ferroportin), GPX4 148 and other key ferroptosis proteins involved in GSH 

biosynthesis (e.g. XcT, glutamate-cystein ligase and gluthathione synthetase) 146,148,149 

(reviewed by 150). Nrf2 has been extensively studied in the context of PD pathology where an 

age-related decline in activity leads to reduced GSH levels 151,152. In PD patients, Nrf2 and 

downstream effectors are highly transcribed in blood leukocytes compared to controls 

153. Interestingly, these Nrf2 transcripts correlate with PD duration, suggesting that 

Nrf2 plays a role in fighting the intrinsic oxidative stress observed during disease 

pathology. Furthermore, the cellular localisation of Nrf2 appears to be predominantly 

nuclei in the SN of PD patients, in contrast to the cytoplasmic location in affected brain 

regions from other neurodegenerative diseases such as AD or Lewy body variant of AD 

154. Such nuclear translocation in PD indicates a cellular and/or disease dependent 

recruitment of Nrf2 caused by an intrinsic vulnerability of dopaminergic neurons to 

oxidative stress. In vitro, activation and nucleus translocation of Nrf2 is also protective 

against MPP+ insult 155, and sufficient in preventing locomotor impairment as well as 

neuronal loss in a drosophila model of PD 156. It is worth noting that Nrf2 response to 

oxidative stress is not unique to ferroptosis as Nrf2 inhibition has also been implicated 

in apoptosis cell death 157. Therefore, the role of Nrf2 in PD may be associated with 

several forms of cell death. 

 

NADPH is an intracellular reductant involved in the elimination of LOOH. Intracellular 

NADPH levels are considered a biomarker for ferroptosis sensitivity, but accurate 

measurement of NADPH levels is difficult in patients. Several studies with biofluids from PD 

patients have demonstrated an altered level of NADPH oxidase; an enzymatic complex which 

oxidises NADPH to generate oxygen species. The NADPH oxidase subunits NADPH 

oxidase 1 (NOX1) and 4 (NOX4) are both increased in the SN in several PD mammalian 

models 158,159 as well as PD patients 160.  
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CoQ10 and its reduced form CoQ10-H2 are potent mitochondria and lipid ROS 

antioxidants also considered as endogenous ferroptosis inhibitors 29. The role of CoQ10 as a 

ferroptosis inhibitor has been further established by the two recent studies that show FSP1 

as being instrumental in regenerating CoQ10 from NADPH and having an ability to suppress 

both phospholipid peroxidation and ferroptosis independent of GPX4 46,54. Interestingly, 

CoQ10 is reduced in patients and animal models of PD 44, 45, resulting in increased ROS 

production. CoQ10 supplementation can decrease lipid peroxidation markers in the plasma, 

liver and brain of PD mouse models 161 as well as protect against MPTP induced 

dopaminergic neurodegeneration and a-syn aggregation 162. The lack of a beneficial outcome 

of CoQ10 in a randomized early PD clinical trial 132 may have arisen from challenges around 

its biodistribution in the central nervous system. Duration of treatment is another factor 

to take into consideration as the CARE-HD (Coenzyme 10 and Remacemide Evaluation 

in Huntington’s Disease) study only indicated a benefit after two years of treatment 163. 

A related alternative treatment rationale could be CoQ10-H2 , as a 3-fold higher plasma 

concentration can be achieved compared to oxidised CoQ10 164, or the introduction of a 

combinatorial therapy with currently used drugs and/or ferroptosis inhibitors. 

 

Selenium (Se) is considered a key element in the cellular antioxidant machinery as it is 

crucial for selenocysteine formation and the synthesis of selenoproteins such as GPX4165. Se 

abundance can thus impact upon ferroptosis sensitivity, whereby supplementation promotes 

ferroptosis resistance and a deficit leads to increased sensitivity, presumably through 

modulating GPX4 levels and activity 166. In line with an intrinsically high oxidative 

environment, the level of Se in the brain is highest in the SN and caudate167. Multiple studies 

report a protective role of Se in several PD models: Se supplementation reduces motor 

impairments and DNA damage in a rat model in which Paraquat induces parkinsonism 168 and 

a single dose of Se was sufficient to reverse the depletion of striatal dopamine and its 

metabolites in the MPTP mouse model 169. In line with GPX4 expression levels, 

Selenoprotein P, a peptide with a high content of selenium in the form of selenocysteine, was 

reportedly reduced in PD SN compared to control brains but increased relative to cell density 

(Bellinger et al. 2012).  

 

Extensive research has independently linked several components of the ferroptotic 

pathway to the pathology underlying neuronal degeneration in PD. In serum, the significant 
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diagnostic ability, measured using ROC analysis (AUC: 0,94), has been used to identify the 

combination of NOX1 and Se as a promising diagnostic biomarker for PD (Hemmati-

Dinarvand et al. 2017.   

 

3.4 Implications on the role of a-synuclein in ferroptosis  

Aggregated a-synuclein (a-syn), one of the main components in intracellular Lewy 

Bodies  7, has long been considered a key pathological hallmark of the disease. The 

relationship of a-syn to disease pathology has been confirmed by genome wide association 

studies, where single nucleotide polymorphisms associate with sporadic PD risk whilst 

confirmed mutations and duplication/triplication in the SNCA gene (encoding a-syn) lead to 

various clinical manifestations ranging from classical to early onset familial PD 172,173. Despite 

the involvement of a-syn in PD pathology, the exact physiological function of this protein 

and the mechanisms linking it to neurodegeneration remain elusive. Establishing a 

synucleinopathy link to ferroptosis would strengthen the implication of this novel type 

of cell death in PD.  To this end, multiple studies have increasingly shown a-syn to have a 

role in regulating both iron and lipid metabolisms with inference to the ferroptosis pathway 

(Figure 3). Interestingly, iron chelators, D-PUFAs, and ferrostatin all suppress cell death 

induced by toxic a-syn oligomers, meeting the basic criteria set out to define ferroptosis 

29,133,174.   

 

3.4.1 a-synuclein and iron metabolism 

Over the past two decades, the interactions between a-syn and iron metabolism have 

been extensively studied and reviewed (e.g. 112,175,176). However, since the emergence of 

ferroptosis, this relationship should be reassessed and placed in the ferroptosis context. Both 

Fe2+ and Fe3+ strongly bind to a-syn and promote its oligomerization by converting this 

intrinsically disordered protein into a β-sheet structure 177–181. Iron exposure to neuronal 

cultures overexpressing a-syn with a familial mutation (A53T a-syn) increase aggregate 

formation and vulnerability to iron induced toxicity 182. Furthermore, a-syn oligomers 

interacting with iron in neurons induce ROS and lipid peroxidation production, reduce GSH 

levels 183, abd have subsequently been shown to induce ferroptosis via iron-dependent 

oxidation 174. This is particularly poignant with the knowledge that the dopaminergic neurons, 

susceptible in PD, are high in iron and have an intrinsically high oxidative environment due 
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to their dopamine metabolism. Iron chelation has not only been shown to be neuroprotective 

against PD related neurotoxin insult (i.e MPTP, 6-OHDA and Paraquat) but can reduced a-

syn aggregation in vitro and rescue behavioural deficits induced by iron exposure in a mouse 

model of a-syn aggregation 184.  

While iron can modulate the biophysical nature of a-syn, this protein may also have 

a role in neuronal iron homeostasis. a-Syn contains an iron response element (IRE) within its 

5’UTR mRNA region; a binding site involved in regulating the translation of the protein 

upon modulation of neuronal iron load 185. As an iron regulated protein, iron depletion causes 

a decrease in translation of a-syn186 whilst overexpression of a-syn in neurons results in 

higher levels of Fe2+ 187. It has been suggested that a-syn acts as a ferrireductase reducing Fe3+ 

to Fe2+ 183 and increases susceptibility to iron-dependent ROS and LOOH production 187. 

More recently, Baksi and colleagues have proposed that a-syn directly mediates iron 

metabolism by facilitating the uptake of transferrin-bound iron, and colocalizes with TfR1 in 

the plasma membrane. Depletion of a-syn results in TfR retention in recycling endosomes 

and subsequent depletion of cellular iron stores 188 whilst an increase in a-syn can afect 

lysosomal activity by disrupting the trafficking of lysosomal hydrolases and impairing 

ferritinophagy 189; a process linked to ferroptosis 190,191. An alternative mechanism in which a-

syn is proposed to modulate cellular iron import is through an ability to upregulate the iron 

transport protein DMT1. Bi el al, showed that a-syn-induced p38 mitogen-activated protein 

kinase (MAPK) phosphorylation of parkin inactivates its E3 ubiquitin ligase activity and 

reduces DMT1 degradation via ubiquitylation 103. 

3.4.2 a-syn and lipid metabolism 

Substantial evidence linking a-syn with cellular lipid metabolism further 

implicates a-syn in ferroptosis. Firstly, a-syn has a high degree of sequence homology with 

apolipoproteins and binds lipids through its N-terminal region. Of particularly high binding 

affinity are the PUFAs a-linolenic acid, DHA and eicosapentaenoic acid192,193. When exposed 

to free or phospholipid-bound PUFAs, a-syn undergoes structural changes including an 

increased propensity to oligomerize 194–197, whereas monosaturated fatty acids (MUFAs) have 

no effect on a-syn aggregation 193. Lipid peroxidation products from PUFA, such as HNE, 

also induce modifications to a-syn and equally promote the formation of toxic oligomers in 

human neuroblastoma cells 198. Conversely, a-syn modulates the metabolism of certain 

membrane PUFAs including linoleic acid, dihomo-gamma-linoleic acid, AdA and AA. 
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Both the lipid ratio of these PUFAs in the plasma membrane and the membrane fluidity 

are increased when a-syn is overexpressed in neuronal cultures as well as in brain tissue 

from PD and DLB patients 138. In contrast, the cytosolic fatty acid composition is altered 

and the membrane fluidity reduced in brains of a-syn KO mouse 138. A separate study also 

suggests that a-syn contributes to membrane remodelling by sensing lipid packing defects 

and inducing lateral expansion of lipids 199. These findings strongly indicate that a-syn has a 

role in membrane fatty acid compositions and thereby regulating membrane fluidity, vesicle 

assembly and subsequent synaptic transmission. 200Finally, technological advances in 

transmission electron microscopy (TEM) in association with light microscopy imaging has 

enabled a clearer understanding of Lewy Body composition, revealing a high level of 

membranous content, fragmented organelles and vesicles at the core of a-syn 

immunoreactivity 5.  

 

Overall, iron and PUFA dependent studies suggest that a-syn’s physiological 

and/or pathological functions may generate, over time, a pro-ferroptotic environment in 

dopaminergic neurons. Specifically how a-syn functionally regulates membrane 

composition remains unclear but Golovko and colleagues have shown in vivo that a-syn 

plays a key role in the metabolism of brain AA 200;  the main substrate of LOX-15 and 

ACSL4, two enzymes implicated in the ferroptosis pathway.  Direct or indirect 

enrichment of cellular membranes with AA, amongst other PUFAs, by a-syn under the 

pathological conditions of elevated free labile iron and oxidative stress, may lead to 

further lipid peroxidation and drive neurons towards ferroptosis. The recent finding 

that a-syn oligomers bind the plasma membrane to drive ferroptosis cell death through 

lipid peroxide generation provide the first direct evidence to support ferroptosis as a 

pathological mechanism in synucleinopathies  174. However, further research is essential 

to strengthen this hypothesis and establish whether a-syn’s ability to regulate both iron 

and lipid homeostasis in neurons are also implicated in the ferroptosis pathway. 

 

4. CONCLUSION AND FUTURE PERSPECTIVES 

New disease modifying therapies and novel therapeutic strategies are in high 

demand for PD patients. An emerging knowledge on ferroptosis is shedding a different 

perspective on several physiological and pathophysiological conditions. Indeed, for decades, 

researchers have been heavily characterising several aspects of PD pathology as independent 
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components, which now may be linked in conferring susceptibility to ferroptosis. These 

include elevated lipid peroxidation, glutathione depletion, DJ-1 and CoQ10 deficiency, 

GPX4 reduction, mitochondriopathy, iron accumulation and a-synuclein aggregation. Based 

on this information it is hard to believe that the extensive similarities between PD 

neuropathology and aspects of the ferroptosis cell death pathway are due to a mere 

coincidence. We therefore propose ferroptosis as a key contributor to PD progression with 

broader implications in synucleinopathies. Deciphering the role of a-synuclein in the iron 

and/or lipid components of the ferroptotic pathway now represents an area of increased 

research focus that is hoped to not only provide a greater understanding to the 

physiological function of the protein but also elucidate one of its neuropathological 

features in PD.  

The fact that iron chelation, an established anti-ferroptotic strategy, has shown the 

first clinical benefits in two independent clinical trials on early-PD 97,113 should encourage 

further progress in targeting ferroptosis. Ultimately, the role of ferroptosis in 

neurodegenerative disorders will only be confirmed when additional anti-ferroptotic therapies 

advance successfully to clinical trial.   
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Figure 1: The ferroptosis pathway. Alterations in the iron regulatory pathway and 

phospholipid oxidation are implicated in Parkinson’s disease pathology. 1. Increased 

intracellular iron occurs by enhanced import of iron within transferrin (Tf) through 

Transferrin receptor (TfR), and increased import of Fe2+ through the divalent metal 

transporter 1 (DMT1). In addition, iron export is impaired through the destabilization of 

ferroportin (Fpn) on the cell surface by β-amyloid precursor protein (APP) or 

ceruloplasmin (CP). 2. An elevated labile iron pool catalyzes the formation of 
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phospholipid hydroperoxides. Free cytosolic polyunsaturated fatty acids (PUFA) are 

conjugated to coenzyme-A (CoA) by acyl-CoA synthetase long-chain family member 4 

(ACSL4) allowing PUFA-CoA to be incorporated into the phospholipids in the plasma 

membrane. Phospholipid-PUFA are oxidised by lipoxygenases 12/15, contributing to the 

accumulation of phospholipid hydroperoxides at the plasma membrane level. 

Mitochondrial dysfunction result in increased ROS production which may also contribute 

to lipid peroxidation in the plasma membrane. 3. Cystine uptake through the Xc- antiporter 

is required for biosynthesis of glutathione (GSH). Glutathione peroxidase 4 (Gpx4) uses 2 

GSH molecules to safely reduce phospholipid hydroperoxides to their corresponding lipid-

alcohols, producing H2O and glutathione disulphide (GSSG) as byproducts. Elevated 

levels of intracellular iron with depletion of Gpx4, as evidenced in models of PD, 

promotes the accumulation of phospholipid hydroperoxides leading to a disruption in 

membrane integrity through a ferroptotic pathway. 4. Ferroptosis is induced by Erastin that 

blocks Cystine import, GSH biosynthesis and mitochondrial VDAC, and/or directly 

inhibiting GPX4 with RSL3.  Conversely, reducing the labile iron pool (i.e deferiprone) or 

depleting the phospholipid hydroperoxides (i.e. liproxstatin-1,  ferrostatin-1or vitamin E) 

are promising targets for inhibiting ferroptosis in PD pathology. FSP1 serves as a 

ferroptosis suppressor by regenerating CoQ10, whose reduced form – CoQ10-H2 traps 

membrane lipid hydroperoxides preventing lipid peroxidation propagation. 
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 Figure 2: Membrane lipid peroxidation.  

The process of membrane phospholipid peroxidation takes place via three steps: initiation, 

propagation and termination. The Fenton reaction and free reactive radicals abstract a 

hydrogen atom from the phospholipid carbon chain forming a lipid radical (PL∙). These 

radicals rapidly react with oxygen and form lipid peroxyl radicals (PLOO∙), which can 

subsequently react with neighbouring lipids to propagate the generation of new lipid 

peroxyl radicals and lipid hydroperoxides (PLOOH). The lipid peroxidation reaction is 

terminated when antioxidant elements or enzymes, such as GPX4, reduce the lipid 

peroxides to lipid alcohols (L-OH). The FSP1 - CoQ10 - NAD(P)H system works in 

parallel to GPX4 in suppressing lipid peroxidation at membranes and subsequent cell 

death by ferroptosis. 
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Figure 3: The iron and lipid metabolism interplay with a-synuclein. 

Increasing studies are linking a-syn to metabolism of iron and lipid, in particular PUFAs, 

suggesting a possible role of a-syn in ferroptosis. 
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Table 1: Features of Parkinson’s Disease Pathology consistent with Ferroptosis 

A list of known Parkinson’s disease pathology hallmarks common to Ferroptosis that 

support the role of this novel cell death in the disease pathogenesis. 

 

Feature Comment References 

Decreased XcT- 

and GSH 

DNA methylation analysis revealed downregulation of  

SLC7A11 gene. Measures in post mortem brain regions 

from PD revealed reduction in GSH levels in the SN of 

PD patients 

(Vallerga et al, 2020 ; 

Pearce et al, 1997; 

Sian et al, 1994; Sofic 

et al, 1992) 

Altered brain PUFA 

composition 

Post-mortem analyses reveal a reduction of PUFAs in 

the SN of PD patients 
(Dexter et al, 1989) 

Elevated lipid 

peroxidation 

products 

HNE and MDA are elevated in the SN of PD brains and 

associated with iron accumulation. HNE is equally 

elevated in the CSF of PD patients 

(Dexter et al, 1989; 

Domenico et al, 2017; 

de Farias et al, 2016) 

Decrease GPX4 in 

Substantia Nigra 

In post mortem analysis: reduced GXP4 levels in the SN 

in PD brains, but increased relative to cell density of 

surviving neurons 

(Bellinger et al, 2011) 

Increased iron in 

SN 

MRI and QSM analyses confirm iron accumulation in 

the SNpc in PD patients. Iron concentrations correlate 

with disease severity 

(Dexter et al, 1987, 

1988; Hirsch et al, 

1991; Hopes et al., 

2016; Wang et al., 

2017) 

Clinical benefits of 

Iron Chelation 

A double-blind, randomized, placebo-controlled clinical 

trial of early-stage PD showed a decreased motor 

handicap progression and reduced iron deposits in the 

SN of PD patients taking DFP. An ongoing phase 3 

multicentre clinical trial will assess DFP as a disease 

modifying treatment 

(Devos et al, 2014) 

Decreased CoQ10 

levels 

Levels of the antioxidant CoQ10 are reduced in PD 

animal models and PD patients 

(Battino et al., 1996; 

Mischley et al., 2012) 

DJ-1 depletion 

DJ-1 loss of function mutations are associated with 

early-onset PD. DJ-1 is a negative ferroptosis regulator 

as it maintains the cysteine and GSH biosynthesis 

through the transsulfuration pathway 

(Burbulla et al, 2017; 

Cao et al, 2020) 
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Abstract 

There is a continued unmet need for treatments that can slow Parkinson’s disease progression 

due to the lack of understanding behind the molecular mechanisms underlying 

neurodegeneration. Since its discovery, ferroptosis has been implicated in several diseases 

and represents a therapeutic target in Parkinson’s disease. Here we use two highly relevant 

human dopaminergic neuronal models to show that endogenous levels of a-synuclein can 

determine the sensitivity of dopaminergic neurons to ferroptosis. Using small interfering 

RNA and CRISPR/Cas9 genome editing, we show that reducing a-synuclein expression in 

dopaminergic neurons leads to ferroptosis evasion, whilst elevated a-synuclein expression in 

patient’s small molecule-derived neuronal precursor cells with SNCA triplication causes an 

increased vulnerability to lipid peroxidation and ferroptosis. Lipid profiling reveal that 

ferroptosis resistance is due to a reduction in ether-linked phospholipids, required for 

ferroptosis, in neurons depleted of a-syn. These results provide a molecular mechanism 

linking a-syn levels to the sensitivity of dopaminergic neurons to ferroptosis, suggesting 

potential therapeutic relevance.  
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Introduction 

Parkinson’s disease (PD) is pathologically defined by dopaminergic neurodegeneration, alpha 

synuclein (a-syn) aggregation and deposition within Lewy bodies as well as iron 

accumulation in the substantia nigra pars compacta (SNpc) (Dexter et al., 1989a; Spillantini 

et al., 1997; Schneider and Obeso, 2015). These pathological hallmarks have encouraged the 

progress of therapeutic avenues towards dopamine restoration, mitigating the aggregation of 

a-syn and iron chelation. Despite symptomatic relief, a huge unmet need remains for 

efficient disease-modifying therapies that can reduce dopaminergic neuron death and thus 

disease progression. To overcome this demand, a better understanding of the mechanisms 

involved in the development of these pathological hallmarks and their dynamic relationship 

to cell death is required. For many years, neuronal death in PD was considered to be caused 

via apoptosis (Ziv et al., 2001). This was mainly due to the fact that until recently, the use of 

oncogenic cell lines (e.g. neuroblastoma) greatly limited the types of regulated cell death that 

were able to be identified (Galluzzi et al., 2018). Since the field continue to expand, novel 

mechanisms that orchestrate multiple cell death pathways are unveiled. This is in part due to 

a greater use of primary cultures and the capacity to separate key differences in cell death 

mechanisms, which has resulted in more cell death processes implicated with disease 

mechanisms (Guiney et al., 2017; Galluzzi et al., 2018). More recently, ferroptosis was 

identified as a novel cell death pathway characterized by iron dependent lipid peroxide 

accumulation (Dixon et al., 2012; Stockwell et al., 2017) and is increasingly implicated in 

various human diseases as well as in vivo disease models (Friedmann Angeli et al., 2014; Do 

Van et al., 2016; Martin-Sanchez et al., 2017; Karuppagounder et al., 2018; Alim et al., 2019; 

Devos et al., 2019). The initiation, execution and inhibition of ferroptosis lies at the 

intersection of the metabolism of amino acids, lipids and iron (Tang et al., 2021). The 

peroxidation of polyunsaturated fatty acids (PUFAs) in the membrane phospholipids (PL) is a 

key step in promoting ferroptosis (Yang et al., 2016). Therefore, the lipid composition of the 

plasma membrane can determine cellular susceptibility to ferroptosis whereby long chain 

PUFAs increase the risk for lipid peroxidation whilst monounsaturated fatty acids (MUFAs) 

appear to decrease such risk (Magtanong et al., 2019). We have previously shown that 

ferroptosis is indeed a prevalent mechanism for neuronal cell death in in vitro and in vivo 

pro-oxidant models of Parkinson’s Disease (Do Van et al., 2016; Mahoney-Sánchez et al., 

2020) and there is an indication that some familial PD patients carry mutations in proteins 
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important in modulating pathways that alter ferroptosis sensitivity (Cao et al., 2020; Vallerga 

et al., 2020).  

In addition to being a major component of Lewy body pathology, a-syn is implicated in PD 

causality by genome wide association studies of sporadic PD and autosomal dominantly 

inherited mutations and duplication/triplication in the SNCA gene that lead to various clinical 

phenotypes ranging from typical late-onset to rapid progressive early-onset familial PD 

(Zhang et al., 2018a; Blauwendraat et al., 2019). Despite the genetic support for the 

involvement of a-syn in PD pathology, neither the physiological function nor the 

neuropathological mechanisms of this protein are fully understood. In this study, we sought 

to investigate the potential implication of endogenous a-syn in ferroptosis sensitivity given 

the evidence implicating a-syn with an altered lipid metabolism, particularly the plasma 

membrane PUFA composition (Sharon et al., 2001, 2003; Golovko et al., 2005, 2006, 2007; 

Barceló-Coblijn et al., 2007). Here, we demonstrate that a-syn plays a pivotal role in 

dopaminergic neuron survival by regulating PL membrane composition; specifically the 

ether-linked phospholipids (ether-PL) essential for ferroptotic cell death (Zou et al., 2020a; 

Cui et al., 2021). Suppression of a-syn expression markedly decreases the proportion of 

ether-PL in the plasma membrane of dopaminergic neurons, increasing the resistance to 

ferroptosis in neurons to a comparable level as when the major ferroptotic regulator acyl-coA 

synthetase long-chain family member 4 (ACSL4) is reduced. Conversely, elevated levels of 

a-syn in human small-molecule derived neuronal precursor cells (smNPC)-derived midbrain 

neurons with SNCA triplication render neurons more vulnerable to ferroptosis induced lipid 

peroxidation and cell death. The discovery of a-syn as a positive modulator of ferroptosis in 

two distinct dopaminergic neuronal models supports ferroptosis as a key mechanism involved 

in the pathology of PD and provides novel ferroptosis-based therapeutic opportunities in the 

disease. 

 

Results 

Depletion of a-synuclein selectively protects neurons against ferroptosis. To investigate 

the impact of a-syn on ferroptosis, a-syn was knocked-down (KD) by small interfering RNA 

(siRNA) in LUHMES cells (Fig. 1a & supplementary fig. 1a&b), a relevant human neuronal 

precursor cell line which can be differentiated into a mature, post-mitotic homogenous 

dopaminergic cell population. As ACSL4 is a well-established pro-ferroptotic modulator 

involved in enriching cellular membrane with PUFAs (Doll et al., 2017), all readouts were 
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compared to KD of this enzyme in the same dopaminergic cell line. Reducing both a-syn and 

ACSL4 expression significantly protected neurons against both RSL3 and erastin-induced 

ferroptosis, whilst no difference in sensitivity was observed against staurosporin (STS) 

triggered apoptosis (Fig. 1b), suggesting a ferroptosis specific effect. Of note, since a-syn 

modulation was still observed when ferroptosis was triggered through a downstream 

component (e.g. Glutathione peroxidase 4 (GPX4) inhibition via RSL3), it is likely that the 

ferroptosis associated mechanism involving a-syn is not upstream of GPX4. Ferroptotic cell 

death ultimately occurs due to a cellular imbalance in elevated lipid peroxides that outweigh 

the capacity for GPX4 to act as a reductant in the presence of glutathione, and thus lipid 

peroxidation is a classic ferroptosis biomarker. Using the specific ferroptosis inducer -RSL3, 

and the fluorescent probe C-11 BODIPY to measure lipid ROS by flow cytometry, a 

depletion of a-syn levels was shown to mitigate ferroptosis-dependent lipid peroxidation to a 

similar level as ACSL4 KD (Fig. 1c).  

To support the initial findings observed with acute KD of a-syn by siRNA, we established 

two stable cell lines that lack the main 140 amino-acid isoform of a-syn (referred to as F6 

and G5 -140 a-syn KO) (Fig. 1d and supplementary fig.2). These two isoform specific KO 

cell lines were generated by CRISPR/Cas9 genome modification, whereby exon 3 in the 

SNCA locus was targeted in LUHMES cells and through non-homologous end joining 

(NHEJ) repair the insertion of an extra guanidine caused a shift in the reading frame (clone 

F6) or a deletion of 7 nucleotides (clone G5) led to alternative splicing of the SNCA gene 

(supplementary fig. 2a) that deleted the full length 140 a-syn isoform (supplementary fig. 2b, 

c&d). In line with our previous findings, both 140 a-syn KO clones, were found to be more 

resistant to ferroptosis induced by erastin and RSL3 but had no effect on apoptosis sensitivity 

(Fig. 1e). Consistent with the KD experiments, both 140 a-syn KO subclones also exhibited 

reduced RSL3-induced lipid peroxidation accumulation compared to the WT parental line 

(Fig. 1f).  

 

Arachidonic acid and iron induced ferroptosis is mediated by a-synuclein expression. 

Two key pathological hallmark of PD include iron overload (Dexter et al., 1989a; Ayton et 

al., 2015; Moreau et al., 2018) and elevated lipid peroxidation (Dexter et al., 1986, 1989b; de 

Farias et al., 2016) in the SNpc. Of note, impaired metabolism of fatty acids (FAs) with 

higher levels of membrane polyunsaturated fatty acids (PUFAs) are evident in both PD and 

DLB post-mortem brain (Sharon et al., 2003). In an attempt to model a more physiologically 
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relevant environment to induce ferroptosis that also has relevance to PD, the abundant brain 

PUFA arachidonic acid (AA) and FeCl3 were studied in combination at doses that were sub-

toxic when administered separately (Fig. 2a). Specific induction of ferroptosis cell death and 

lipid peroxidation has recently been confirmed in this model and a range of known 

ferroptosis inhibitors (e.g. deferiprone, ferrostatin-1, and liproxstatin) as well as genetic 

depletion of ACSL4 or 15/15B lipoxygenases (ALOX15/15B) protect neurons against 

ferroptotic cell death and lipid peroxidation (Bouchaoui et al, in review).  

The depletion of a-syn in LUHMES neurons co-treated with AA and Fe protected against 

both lipid peroxide generation (Fig. 2b) and cell death (Fig. 2c), similar to that observed with 

pharmacologically induced ferroptosis (Fig. 1). Levels of protection by a-syn depletion were 

comparable to KD of ACSL4 (Fig. 2b&c). A similar protection against AA and Fe induced 

cell death was also observed in both 140 a-syn KO subclones (Fig. 2d). Taken together, these 

findings in addition to prior studies support a-syn having a role in the metabolisms of PUFAs 

and iron (Sharon et al., 2003; Barceló-Coblijn et al., 2007; Baksi et al., 2016; Baksi and 

Singh, 2017) and subsequently indicates that a-syn specifically mediates the sensitivity of 

dopaminergic neurons to ferroptosis induced by the toxic combination of AA and Fe.  

 

a-Synuclein levels determine ferroptosis sensitivity in patient derived midbrain 

neurons. To determine that observations in the LUHMES neurons were not due to a cell 

specific phenotype, a second in vitro human cell model was studied. Human midbrain 

dopaminergic neurons (mDANs) differentiated from smNPC (Fig. 3a) were either genetically 

modified by CRISPR/Cas9 to knock-out a-syn (C4 - SNCA KO) or derived from a patient 

with a triplication in SNCA (SNCA Trip) (Fig. 3b). Comparing C4 - SNCA KO to the C4 - 

WT isogenic control confirmed that an absence of a-syn rendered mDANs more resistant to 

RSL3-induced ferroptosis but had no effect on sensitivity to STS-induced apoptosis (Fig. 3c). 

In contrast, mDANs carrying SNCA triplication were more vulnerable to RSL3 toxicity when 

compared to their isogenic control (Iso WT) despite having no observable difference in their 

response to STS (Fig 3d). Paralleling the selective changes to ferroptotic cell death, lipid 

peroxidation levels in response to ferroptosis induction was lower in the C4 - SNCA KO 

mDANS (Fig 3e) and higher in the SNCA Trip mDANS (Fig 3f) when compared to their 

respective WT isogenic controls. Importantly, the triplication of SNCA alone sufficed to 

trigger lipid peroxidation under basal control conditions, indicating that an increase in a-syn 

levels could prime the cells to be more sensitive to ferroptosis (Fig 3f). To further confirm 
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that the observed changes to lipid peroxidation in the SNCA Trip neurons were specifically 

due to an elevation of a-syn, we performed siRNA to reduce a-syn expression back to 

similar levels observed in the isogenic control (Fig. 3g and supplementary fig 3a&b.). As 

expected, knocking-down a-syn in the SNCA Trip neurons significantly reduced the levels of 

ferroptosis induced lipid peroxidation (Fig. 3g). Taken together, these findings further 

support a-syn as a positive modulator of ferroptosis in midbrain dopaminergic neurons. 

 

a-Synuclein modulates the composition of ether-phospholipids in the plasma 

membrane. Prior studies have shown altered fatty acid composition in response to abnormal 

a-syn levels in both in vitro and in vivo models as well as human brain (Sharon et al., 2001, 

2003; Golovko et al., 2005, 2006, 2007; Barceló-Coblijn et al., 2007). Overexpression of a-

syn increases levels of AA, linoleic acid and dihomo-γ-linoleic acid, whilst the absence of a-

syn reduces the PUFA content in brain PLs (Sharon et al., 2003; Golovko et al., 2006). Based 

on these findings, we hypothesized that the ferroptosis resistant phenotype observed in a-syn 

depleted neurons could be due to a reduction in PUFAs present in the PLs.  

In search of potential mechanisms that underlie the observed evasion from ferroptosis in the 

a-syn depleted neurons, PL membrane composition in the a-syn KD neurons was measured 

by mass spectrometry and compared to the effects caused by a reduction in ACSL4 

expression. Similar to previous reports in other cell types (Doll et al., 2017), the percentages 

of total phosphatidylcholine (PC) and phosphatidylethanolamine (PE) containing PUFAs (PC 

PUFAs or PE PUFAs) were reduced in the ACSL4 depleted dopaminergic neurons (Fig. 4a). 

A similar profile was observed when a-syn levels were reduced (Fig. 4a) with no significant 

changes to MUFAs content (supplementary fig 4), indicating that a-syn may mediate the 

phospholipid PUFA content in dopaminergic neurons through a similar pathway as ACSL4. 

To elucidate how these changes in PC and PE would impact on the generation of lipid 

peroxides, an index of peroxidability (PI) (Naudí et al., 2017) was calculated for each 

condition (PI = (% monoenoic FA × 0.025) + (% dienoic FA × 1) + (% trienoic FA × 2) + (% 

tetraenoic FA × 4) + (% pentaenoic FA×6) + (% hexaenoic FA × 8)). This index, that takes 

into account the number of double bonds in the PUFAs to determine the risk of PLs to 

oxidize, was reduced in LUHMES neurons with either a-syn or ACSL4 depleted by siRNA 

(Fig. 4b).  



Annexe 3 

 224 

Taking more in-depth lipidomic profiling of the different PC and PE molecular species in 

both a-syn and ACSL4-depleted neurons revealed a prominent and selective loss of ether-

linked phospholipids (ether-PL) (highlighted in Fig. 4c). Unlike ester-linked diacyl-PL, ether-

PL possess an ether bond at the glycerol sn-1 position. Ether-PL comprise two subclasses: 

alkyl-ether phospholipids (ePL) and vinyl-ether phospholipids, also known as plasmalogens 

(pPL). In the sn-2 position, ether-PL most often contain a PUFA, which is prone to 

peroxidation. Finally, in the sn-3 position, ether-PL present a polar head group, commonly a 

phosphoethanolamine and phosphocholine (Fig. 4d&e). Of note, recent studies have shown 

that ether-PL are essential for ferroptosis and a reduction in ether-PLs suffices to protect cells 

against this unique cell death pathway (Zou et al., 2020a; Cui et al., 2021). In line with these 

findings, reduced a-syn or ACSL4 expression in LUHMES cells resulted in a specific 

downregulation of ether-linked PC (ether-PC) and PE (ether-PE) (Fig. 4c&f). Upon 

evaluating specific ether-PLs species previously associated with an increased vulnerability to 

ferroptosis (Cui et al., 2021), several were observed to be consistently downregulated in 

LUHMES dopaminergic neurons where a-syn or ACSL4 was depleted (Supplementary fig 

5a&b). Taken together, these findings indicate that a key factor in a-syn’s capability to 

mediate the sensitivity of dopaminergic neurons to ferroptosis-induced lipid peroxidation and 

cell death is through ether-PL modulation in the plasma membrane. 

 

The level of ether-PL in a-syn depleted neurons is restored upon arachidonic acid 

treatment. A reduction in ether-PL upon a-syn depletion could be explained by; i. greater 

peroxidation of the PUFAs within the ether-PL, ii. increased removal from the plasma 

membrane by the relevant phospholipase, and/or iii. impaired biosynthesis. The loss of all 

molecular species of ether-PL, regardless of fatty acid length or saturation status (Fig. 4c) 

indicates an unlikelihood that reduced a-syn caused greater peroxidation of the PUFA in the 

ether-PL and thus this avenue of investigation was not pursued further. The calcium-

independent phospholipase A2 (iPLA2) has been implicated in the removal of ether-PL from 

the plasma membrane (Wolf and Gross, 1985; Ford et al., 1991; Yang et al., 1996). However, 

a lack of change to iPLA2 in the a-syn depleted neurons makes increased enzymatic removal 

of ether-PL from the plasma membrane also an unlikely protective mechanism (Fig. 5a). 

To assess whether the observed downregulation of ether-PLs in the a-syn KD cells might be 

driven by defective biogenesis at the peroxisome, established peroxisome markers 

(Peroxisomal biogenesis factor 3 and 14 - PEX3 and PEX14), were assessed along with the 
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enzymes (Fatty Acyl-CoA Reductase 1 - FAR1, Glyceronephosphate O-Acyltransferase -  

GNPAT,  Alkyldihydroxyacetonephosphate synthase - AGPS and 1-Acylglycerol-3-

Phosphate O-Acyltransferase 3 - AGPAT3) required for the synthesis of the ether-PL 

precursor 1-O-alkyl-glycerol-3-phosphate (AGP) (Fig. 5a, b&c). Again, similar to ACSL4 

KD, neither levels of peroxisome markers or the relevant upstream proteins required for 

ether-PL biogenesis were altered (Fig. 5a&b), suggesting the initial stages of ether-PL 

synthesis were not impaired. 

The role of ACSL4 is essential for the generation and incorporation of PUFA-CoA into the 

ferroptosis-relevant ether-PL in the ER (Fig. 5c). Supplementation of AA (20 μM), the 

preferential substrate of ACSL4, restored ether-PLs back to control levels in LUHMES 

depleted of ACSL4 (Fig 5d & e). Similarly, AA supplementation restored the levels of ether-

PLs upon a-syn depletion (Fig. 5d & e) despite no observable changes in ACSL4 expression 

(Fig 5a & Supplementary fig 1a&b), suggesting the changes in ether-PL may be due to a lack 

of the PUFA-CoA required for ether-PL synthesis.  

These results provide evidence to support a requirement for ether-PL in ferroptotic cell death 

not only in cancer cells (Zou et al., 2020a; Cui et al., 2021) but also dopaminergic neurons 

which have a greater of PUFA containing ether-PL (PUFA-ether-PL) than PUFA containing 

diacyl PL (PUFA-diacyl-PL) (Supplementary fig 6a&b). Furthermore, a-syn appears to play 

a critical role in ferroptosis sensitivity in dopaminergic neurons through modulation of ether-

PL synthesis, strengthening a mechanistic link between endogenous a-syn and ferroptosis in 

neurons. 

Discussion 

Ferroptosis has been established as a regulated cell death pathway with implications in 

several diseases (Friedmann Angeli et al., 2014; Linkermann et al., 2014; Do Van et al., 

2016; Martin-Sanchez et al., 2017; Zhang et al., 2018c; Alim et al., 2019). Although the 

precise molecular pathways associated with ferroptosis continue to expand and evolve, 

extensive research to date has deciphered several key regulatory mechanisms. Here, we 

reveal that a-syn mediates the sensitivity of dopaminergic neurons to ferroptosis by enriching 

cellular membranes with ether-PL. These findings further implicate ferroptosis in PD, which 

is supported by prior studies that reveal changes in PD consistent with ferroptosis, including 

iron overload (Dexter et al., 1987, 1989a; Hirsch et al., 1991; Ayton et al., 2015), elevated 

lipid peroxidation (Dexter et al., 1986, 1989b; de Farias et al., 2016), reduced glutathione 

(GSH) levels (Sofic et al., 1992; Sian et al., 1994; Pearce et al., 1997; Li et al., 1997), XcT 
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downregulation (Vallerga et al., 2020), and CoQ10 reduction (Battino et al., 1996; Mischley 

et al., 2012; Bersuker et al., 2019). The potential role of ferroptosis in PD pathology is further 

strengthened by the recent finding that DJ-1, a gene linked to autosomal-recessive early-onset 

PD (Bonifati et al., 2003), acts as a ferroptosis inhibitor by preserving the transsulfuration 

pathway, and thereby the biosynthesis of cysteine and GSH (Cao et al., 2020). Furthermore, a 

recent analysis associated DNA hypermethylation in the promotor region of the SLC7A11 

gene (encoding the cysteine-glutamate antiporter XcT) to risk of PD. This hypermethylation 

of SLC7A11 results in a downregulation of XcT which contributes to the decreased 

intracellular GSH levels observed in PD and increased susceptibility to ferroptosis (Vallerga 

et al., 2020). Together, these well-established disease features strongly implicate ferroptosis 

in the neurodegeneration observed in PD. To this extent, we have previously shown that 

ferroptosis is a prevalent cell death pathway in several oxidative stress models of 

Parkinsonism (Do Van et al., 2016). Despite this growing evidence, the implication as to 

whether ferroptosis is present in synucleinopathy models remains less clear. The recent 

findings that exogenous a-syn oligomers bind the plasma membrane to drive ferroptotic cell 

death through lipid peroxide generation, and that this can be rescued by iron chelators, D-

PUFAs or ferrostatin-1, provide the first evidence to support ferroptosis as a pathological 

mechanisms in synucleinopathies (Angelova et al., 2020). However, our study now goes 

further in implicating endogenous a-syn in the ferroptosis pathway by demonstrating that 

cellular a-syn expression can modulate the sensitivity of dopaminergic neurons to ferroptotic 

cell death in a similar way as the pro-ferroptotic enzyme ACSL4. Using two relevant human 

dopaminergic neuron in vitro models, we show that a reduction in a-syn expression protects 

neurons from ferroptosis induced lipid peroxidation accumulation and subsequent cell death. 

Of relevance, human smNPC derived midbrain neurons carrying a familial PD multiplication 

in SNCA (SNCA Trip) that results in elevated levels of a-syn has an opposing effect: 

increasing the vulnerability of neurons to ferroptosis induced lipid peroxidation and cell 

death. An elevated basal lipid peroxidation in these SNCA Trip neurons supports similar 

observations in lipid ROS levels in SNCA Trip iPSC derived cortical neurons (Angelova et 

al., 2020) and suggests a residual priming effect that increases ferroptosis susceptibility in 

synucleinopathy conditions where there is an imbalance in redox homeostasis. Indeed, 

elevated oxidative stress and more specifically lipid peroxidation markers, including the 

metabolite 4-hydroxy-2-nonenal (4-HNE), are conspicuous features of sporadic PD 

pathology (Dexter et al., 1986)(Di Domenico et al., 2017). In this study, a-syn was shown to 
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determine the sensitivity of neurons to ferroptosis cell death whilst no effect was observed 

against apoptosis, suggesting a ferroptosis specific effect. However, the implication of a-syn 

in other cell death mechanisms such as pyroptosis, parthanatos or necroptosis remains 

unanswered and provide a prospect for future research. 

The role of ether-PL in health and disease has gained increasing attention, especially since 

they were recently shown to drive ferroptosis in cancer cells (Zou et al., 2020a; Cui et al., 

2021). Recent studies have shown that depletion of ether-PL biosynthesis enzymes (GNPAT, 

FAR1, AGPS and AGPAT3) decreases the level of PUFA containing ether-PL (PUFA-ether-

PL) and markedly promotes ferroptosis resistance., whilst supplementation of PUFA-ether-

PL in cells with deficiency in ether-PL synthesis resensitize these cells to ferroptosis (Zou et 

al., 2020a). Of note, supplementing cells with either PUFA-ether-PL or their non-ether-linked 

PL counterparts have similar sensitizing effect on ferroptosis suggesting that PUFA-ether-PL 

are not intrinsically more sensitive to peroxidation than other PUFA-PLs. However, ether-PL 

are essential in driving ferroptosis perhaps because they represent an abundant pool of 

PUFA-PLs that are available for peroxidation. This is particularly relevant in neurons as the 

brain has the highest proportion of ether-PL, more specifically ether-PE which represent 

>50% of total PE (Brites et al., 2004).  In line with this, SH-SY5Y neuroblastoma cells 

acquire sensitivity to ferroptosis as the levels of ether-PL increase during differentiation (Zou 

et al., 2020a). Furthermore, the observation that LUHMES dopaminergic neurons have a 

greater proportion of PUFA-ether-PE than PUFA-diacyl-PE (supplementary fig. 6a&b) 

suggests that ferroptosis unfolding in neurons may be governed by peroxidation of ether-PL. 

Here we describe the importance in a-syn modulation of ether-PL membrane composition to 

regulate ferroptosis sensitivity in dopaminergic neurons. Similar to ACSL4, this function of 

a-syn is not related to the upstream enzymes involved with the early stages of biosynthesis at 

the peroxisome or an abnormal removal from the plasma membrane via iPLA2 since no 

alteration in protein or mRNA levels were detected. However, a modulation of the enzymatic 

activity of such enzymes cannot be excluded. The restoration of ether-PL levels by AA in 

neurons depleted of a-syn paralleled that observed with ACSL4 depletion and suggests an 

impaired activity of ACSL4 in dopaminergic neurons lacking a-syn. This hypothesis is 

strengthened by Golovko and colleagues who reported a reduction in AA-CoA mass and AA 

incorporation into PLs in the brains of SNCA KO mice due to a reduction in total ACSL 

activity (Golovko et al., 2006). This ACSL activity was restored upon addition of exogenous 

a-syn, indicating a role of a-syn in the control of ACSL4 in AA-CoA formation. 
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Furthermore, we now also strengthen a link between a-syn and ether-PL that was previously 

reported in brains of a synucleinopathy mouse model (A53T a-syn) with higher levels of 

plasmalogens, specifically derivates of either C16:0 or C18:0 (Yakunin et al., 2014).  

a-Synuclein has a high degree of sequence homology with apolipoproteins (Eichmann et al., 

2017; Fecchio et al., 2018), is implicated in the metabolism of lipids (most prevalently 

membrane PUFAs including AA, adrenic acid, linoleic acid and dihomo-gamma-linoleic 

acid) (Sharon et al., 2003; Golovko et al., 2006; Barceló-Coblijn et al., 2007) and has a high 

binding affinity to PUFAs (a-linolenic acid, DHA and eicosapentaenoic acid) through its N-

terminal domain. Both the lipid ratio of these PUFAs in the plasma membrane and the 

membrane fluidity are increased when a-syn levels are elevated both in neuronal cultures and 

brain tissue from PD and DLB patients (Sharon et al., 2003). Conversely, when exposed to 

free or phospholipid-bound PUFAs, a-syn undergoes structural changes including an 

increased propensity to oligomerize (Sharon et al., 2001; Broersen et al., 2006; De Franceschi 

et al., 2009). Direct or indirect enrichment of cellular membranes with diacyl- and ether-PL 

containing PUFAs by a-syn under the PD pathological conditions of elevated free labile iron 

and oxidative stress, may lead to further lipid peroxidation and drive neurons towards 

ferroptotic cell death. 

For the first time, the implicated role of endogenous a-syn with the metabolism of ether-PL, 

provides a direct link to an established pathway involved in lipid peroxidation that is essential 

for ferroptosis. These observations also reveal a cell death mechanism in dopaminergic 

neurons from patients where a-syn levels are dysregulated, including synucleinopathies such 

as in PD. This provides further support to that already presented (Sofic et al., 1992; Sian et 

al., 1994; Pearce et al., 1997; Li et al., 1997; Devos et al., 2014) (Vallerga et al., 

2020)(Bonifati et al., 2003; Cao et al., 2020)(Battino et al., 1996; Mischley et al., 2012; 

Bersuker et al., 2019) for targeting ferroptosis as a therapeutic strategy in synucleinopathies.  
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Methods 

Antibodies and reagents. The antibodies to a-syn (MJFR1 ab138501 and Biolegend ), 

ACSL4 (EPR8640 ab155282), PEX14 (ab183885), AGPS (ab236621) were obtained from 

abcam. The antibodies against GNPAT (14931-1-AP) and PLA2G6 (22030-1-AP) were 

purchased from Proteintech. Erastin (E7781), staurosporin (S4400), N6, 2’-O-dibutyryl 

cAMP sodium (cAMP – D0627), tetracyclin (T-7660), Poly-L-ornithune (P3655), fibronectin 

(F1141) and arachidonic acid (10931) were purchased from Sigma. RSL3 (S8155) was 

obtained from Selleckhem. N2 supplement (17502048), advanced DMEM/F12 (12634-028), 

Glutamine 2mM (25030-123), BODIPY 581/591 C11 (D3861), LIVE/DEAD (L23105) 

lipofectamine RNAiMAX (13778150), optimum reduced serum media (10149832) were 

obtained from Thermo Fisher Scientific. bFGF (4114-TC) and GDNF (212-GT) were 

purchased from R&D Systems. 
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Cell culture. LUHMES cells were a kind gift from Pr. Marcel Leist from the University of 

Konstanz. For LUHMES cell culture, NunclonTM cell culture flasks and well-plates were 

coated with 50µg/ml of PLO and 1µg/ml fibronectin. Cells were grown at 37ºC in a 

humidified 95% air, 5% CO2 atmosphere. Proliferating cells are maintained in advanced 

DMEM/F12 media supplemented with 1x N2, 2mM L-glut and 40ng/ml bFGF. For 

dopaminergic neuron differentiation, the proliferative media was replaced by differentiation 

media (advanced DMEM/F12, 1x N2, 2mM L-glut, 1mM dibutyryl cAMP, 1µg/ml 

tetracycline and 2ng/ml recombinant human GDNF). After 2 days of pre-differentiation, cells 

were harvested with trypsin, centrifuged for 5 minutes at 300g, counted and seeded in plates. 

LUHMES cells were left to fully differentiate for another 3 days in order to start every 

experimental protocol at day 5 of differentiation. All media were supplemented with 1% 

penicillin and streptomycin.  

Small molecule derived neuronal precursor cells (smNPC) were differentiated from iPSC as 

described in (Reinhardt et al., 2013). smNPC expansion medium consisted of N2B27 

supplemented with CHIR, PMA and ascorbic acid (AA), with a medium change every other 

day. For splitting, cells were digested into single cells with a 15 minutes incubation at 37ºC 

with prewarmed accutase (PAA). Cells were diluted and collected with DMEM and 

centrifuged at 200g for 5 minutes. The cell pellets were resuspended in fresh smNPC 

expansion medium and plated on Matrigel-coated culture plates. For generation of midbrain 

dopaminergic neurons, smNPC expansion medium was changed to N2B27 with 100ng/ml 

FGF8, 1µM PMA and 200µM AA. After 8 days, media was changed to maturation medium: 

N2B27 with 10ng/ml BDNF, 10ng/ml GDNF, 1ng/ml TGF-b3, 200µM AA and 500µM 

cAMP. Neuronal maturation and differentiation of smNPC was performed for at least 28 days 

to generate midbrain-specific dopaminergic neurons. The SNCA triplication line was 

obtained from EBISC (cell line Edi001-A) and the isogenic gene corrected line (Iso WT) was 

generated and kindly provided by Dr Tilo Kunath from the University of Edinburgh 

(Mohamed et al., 2021).  

siRNA-mediated knock-down of a-syn and ACSL4. siRNA transfection was performed by 

preparing solution A - RNAiMAX lipofectamine (ThermoFisher Scientific, 10601435) and 

OptiMEM (ThermoFisher Scientific, 10149832), and solution B consisting of siRNA (10µM) 

and OptiMEM. The siRNA control-A (sc-37007), control-B (sc-44230), a-syn (sc-29619) 

and ACSL4 (sc-60619) were purchased from SantaCruz Biotechnology. After 5 minutes of 

incubation, both solutions were combined and transferred to plates before seeding day 2 pre-
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differentiated LUHMES cells. Cells were left to fully differentiate for an additional 3 days 

before treatments. siRNA-mediated KD efficiency was measured by PCR and western blot 

72h post transfection.  

For smNPC derived midbrain, the media was removed from seeded cells in 24-well plates 

and replaced by 400µl maturation media per well. The siRNA mix was prepared as follow: 

for 1 well, 1,5µl RNAiMAX lipofectamimne was carefully mixed with 50µl OptiMEM and 

separately, 1,5µl of the control or a-syn siRNA were mixed with 50µl OptiMEM. The two 

solutions were left to incubate at room temperature for 5 minutes before carefully mixing 

vol:vol. The transfection solution was left to incubate at room temperature for an additional 

15 minutes before adding 100µl per well. 6h later, 500µl of maturation was added to each 

well and cells were left for 72h before conducting any experimentation or extracting the 

RNA. 

CRISPR/Cas9-mediated KO of 140 a-syn. The experimental procedure for generating 

CRISPR/Cas9 clones on LUHMES cells was adapted from Shah et al, 2016, with some 

minor alterations. CRISPR gRNA were designed by http://crispor.tefor.net/. The gRNA 

targeting exon 3 were inserted into pSpCas9(BB)-2A-GFP (PX458) plasmid from Addgene 

(#48138). 

Following gRNA ligation, OneShot E.Coli bacteria were transformed and spread on separate 

labelled LB agar plates in the presence of 50µg/ml ampicillin. Colonies were left to grow 

overnight at 37ºC. The following day, 25 individual colonies were picked and PCR analysis 

was conducted to validate the plasmid sequence. The SNCA Ex3 gRNA oligonucleotide 

sequences are as follows: 

Sense (5’ to 3’): CACCgTggTgCATggTgTggCAAC 

Antisense (5’ to 3’): AAACgTTgCCACACCATgCACCAC 

To generate 140 a-syn KO clones, LUHMES cells were electroporated with PX458-

SNCAEx3 gRNA plasmids using the Amaxa P3 primary cell kit (V4XP-3024) on a nucleic 

acid transfection apparatus (4D Nucleofector device) with EM-110 program. Transfected 

cells were FACS sorted by fluorescence (FACSAria II, BD) into several 96-well plates. 

Single cell colonies were left to grow in proliferation media and amplified until frozen. The 

DNA was extracted for PCR amplification before sequence verification using the following 

primers:  

Forward: 5’ - gCTTgAgACTTATgTCTTgAATTTg 

Reverse: 5’- TCTTgAATACTgggCCACAC 
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Successfully edited clones were verified using western blot. 

CRISPR/Cas9-mediated SNCA KO in smNPC. Control smNPC line C4 - WT was 

previously described and characterised in (Boussaad et al., 2020). C4 - SNCA KO iPSC were 

generated as described in (Barbuti et al., 2020a). The Cas9 plasmid pX330 (Addgene, 42230) 

containing a sgRNA targeting the human SNCA sequence gctgctgagaaaaccaaaca was 

transfected into C4 -WT cells. Briefly, iPSCs were dissociated to single cells using PAA and 

plated in iPS media as described in (Barbuti et al., 2020b; Boussaad et al., 2020), plus Rho-

Kinase Inhibitor Y-27632 (10µM, Abcam ab120129). 1 x 106 cells were then electroporated 

using the 2D-Amaxa nucleofector unit (Lonza, Basel, Switzerland) with program B16. After 

electroporation, 1mL of E8 was added to the cuvette before being placed at 37ºC for 10 

minutes. Cells were then plated into 6-well plates and cell selection was achieved using 

antibiotic resistance to puromycin when small to medium-sized colonies began to appear. 

Cell viability. Briefly, a stock solution was prepared at a concentration of 10mg/ml by 

dissolving resazurin dye (7-hydroxy-3H-phenoxazin-3-one 10-oxide) in dH2O. 

Approximately 4x104 LUHMES or mDANs were plated on coated 96-well plates in 

appropriate medium. Cytotoxicity was assayed 24 or 48h post treatment by adding resazurin 

solution (10% of cell culture volume per well – final concentration 100µg/ml) and cells were 

left to incubate for 2h at 37ºC. Samples were analysed fluorometrically on a microplate 

reader (Mithras LB950 or BioTek citation 5 imaging reader, Ex= 540nM, Em= 600nM). 

Background signals obtained from cell-free wells were subtracted from each sample. Cell 

viability under treatment conditions were reported as a percentage relative to untreated 

control cells. 

Lipid peroxidation analysis. LUHMES cells were seeded at day 2 of differentiation in 24 

well-plates at a density of 300 000 cells per well and left to complete the differentiation until 

day 5. Following ferroptosis induction, cells were collected after the addition of trypsin, 

centrifuged for 5 minutes at 300g and resuspended in 200µl PBS containing the LIVE/DEAD 

(Thermo Fisher - L23105) probe for cell viability measurements. Following a 15 minutes 

incubation at 37ºC, an additional 200µl of PBS containing C11-BODIPY (Thermo Fisher - 

D3861) probe was added to the cells at a final concentration of 1µM. Cells were incubated 

for another 15 minutes at 37ºC and analysed using the FORTESSA X20 flow cytometer (BD 

Biosciences). Data were collected from at least 10 000 cells and C11-BODIPY staining was 

analysed from the living cell population. Data was analysed using the Kaluza software. For 
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smNPC derived midbrain neurons, lipid peroxidation measurements were conducted as 

described above with some minor alterations: Following treatment, cells were collected with 

prewarmed accutase and centrifuged at 500g for 5 minutes. Cells were resuspended in 300µl 

of PBS containing 2µM C11-BODIPY and incubated for 20 minutes at 37ºC. For staining of 

viable cells, 17µg/ml DAPI was added to the cells immediately before measurement. 

Lipid extraction. Lipids were extracted from cells according to the method of Folch et al, 

1957 (Folch et al., 1957). Briefly, 3 million cells were homogenized with 2mL of NaCl 

solution in water (0.73%). Lipids were extracted with 10 ml of CHCl3/CH3OH (2:1, v/v), and 

vortexed for 1 minute. Mixture was centrifuged at 3000 rpm for 3 minutes. The upper phase 

was discarded and the lower phase collected through a protein interface using a Pasteur 

pipette. After evaporation, the lipid extract (lower phase) was re-dissolved in 200µL of 

CHCl3/CH3OH (2:1, v/v) and stored, under nitrogen, at -20°C until further analyses. 

Analysis of phospholipid molecular species. In the 200µl lipid extract, 10µl of internal 

standards mixture containing 320µg/ml PC(14:0/14:0) and 160µg/ml PE(14:0/14:0) were 

added. The process of identification and quantification of phospholipids species was 

performed on a Thermo UltiMate™ 3000 coupled to an Orbitrap FusionTM Tribrid Mass 

Spectrometer equipped with an EASY-MAX NGTM Ion Source (H-ESI) (Thermo Scientific). 

Separation of phospholipid classes was achieved under HILIC conditions using Kinetex Hilic 

100 x 2.1 mm, 1.7µm column (Phenomenex), with a flow of 0.500 mL.min−1. The mobile 

phase consisted of (A) CH3CN/H2O (96/4, v/v) containing 10 mM ammonium acetate and (B) 

CH3CN/H2O (50/50, v/v) containing 10 mM ammonium acetate. The injection volume was 

10 µL and the column was maintained at 50°C. PL species were detected by high resolution 

mass spectrometry (HRMS) analysis, and H-ESI source parameters were optimized and set as 

follows: ion transfer tube temperature of 285°C, vaporizer temperature of 370°C, sheath gas 

flow rate of 35 au, sweep gas of 1 au and auxiliary gas flow rate of 25 au. Positive and 

negative ions were monitored alternatively by switching polarity approach with a static spray 

voltage at 3500V and 2800V in positive and negative respectively. Mass spectra in full scan 

mode were obtained using the Orbitrap mass analyzer with the normal mass range and a 

target resolution of 240,000 (FWHM at m/z 200), on a mass range to charge ratio m/z form 

200-1600 using a Quadrupole isolation on a normal mass range. All MS data were recorded 

using a max injection time of 100 ms, automated gain AGC target (%) at 112.5, RF lens (%) 

at 50 and one microscan. An Intensity Threshold filter of 1.103 counts was applied. For 
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MS/MS analyses, data-dependent mode was used for the characterization of PL species. 

Precursor isolation was performed in the Quadrupole analyzer with an isolation width of 

m/z 1.6. Higher-energy Collisional Dissociation (HCD) was employed for the fragmentation 

of PL species with optimized stepped collision energy of 27%. The linear ion trap (LIT) was 

used to acquire spectra for fragment ions in data-dependent mode. The AGC target was set to 

2.104 with a max injection time of 50 ms. All MS and MS/MS data were acquired in the 

profile mode.  

The Orbitrap Fusion was controlled by XcaliburTM 4.1 software. Data of high accuracy and 

the information collected from fragmentation spectra, with the help of the LipidSearchTM 

software (Thermo) and the LIPID MAPS® database (https://www.lipidmaps.org/) were used 

for PL species identification. 

The index of peroxidability for PC and PE (PI = (% monoenoic FA × 0.025) + (% dienoic FA 

× 1) + (% trienoic FA × 2) + (% tetraenoic FA × 4) + (% pentaenoic FA×6) + (% hexaenoic 

FA × 8)) was calculated according to (Naudí et al., 2017). 

Western blot analysis. Cells were lysed in RIPA buffer containing 1% phosphatase and 

protease inhibitors for 15minutes at 4ºC. Cells were fully lysed by sonicating for 15 seconds 

with 1 second impulses every 0,5s with an amplitude of 20%. Cell debris was removed by 

centrifugation at 1000g for 10 minutes, 4ºC and protein concentration was determined using 

the PierceTM BCA protein assay kit (ThermoFisher Scientific, 23225). For western blot 

analysis, samples were denaturated by heating at 90ºC for 10 minutes in standard loading dye 

for SDS-Page and loaded on 4-20% SDS gels. Proteins were transferred onto nitrocellulose 

membranes. For optimal a-syn detection, blots were then fixed with 4%PFA for 30 minutes 

at room temperature before blocking with either 5% BSA TBS-Tween 20 (TBS-T) 0.1% or 

5% NFDM TBS-T 0.05% (non-fat dry milk) for 1 hour at room temperature. The blots were 

incubated with the indicated primary antibodies diluted in either 5% BSA TBS-T 0.1% or 5% 

NFDM TBS-T 0.05%, according to manufacturer’s instructions, overnight at 4ºC. The 

following day, primary antibodies were washed 3x 5 minutes with TBS-T 0.1% and 3x 5 

minutes with TBS. Membranes were incubated with species-specific secondary antibodies 

conjugated to horseradish peroxidase which was detected by enhanced chemiluminescence 

with Amersham ECL detection reagents. Chemiluminescence signals were visualised with 

Fujifilm LAS (4000), and quantification of the signals was done using ImageJ with protein 

quantification normalized to β-actin signals. 
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Quantitative reverse transcription PCR. Total RNA was extracted from differentiated cells 

in either 6 well-plates or 24 well-plates using the QIAGEN RNAeasy extraction kit according 

to manufacturer’s instructions. Total RNA was dosed with BioSpec-nanodrop and a DNase 

step was performed on 2µg of total RNA before reverse transcription with Superscript II 

reverse Transcriptase (ThermoFisher Scientific, 18064022) using random primers 

(ThermoFisher Scientific, 48190011) in a 40µl reaction. PCR amplification of the cDNA was 

quantified using the LightCycler FastStart DNA Master SYBR Green I (Roche, 3003230). 

The housekeeping gene control was TBP. Primers were designed using NCBI primer design 

and purchased from TibMolBio. Threshold cycles were determined for each gene and 

expression levels were calculated relative to TBP. The sequences of the primers used for the 

qPCR are listed in Supplementary table 1.  

Statistical analysis. All statistical analyses were performed using the Prism 9 GraphPad 

Software. The number of biological replicates for each experiment is indicates in the figure 

legends. Unless otherwise stated, differences between means were determined using the 

parametric two-tailed Student’s t-tests and following data normality verification, and were 

considered significant at p <0.05. 
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Figures 

Fig. 1 Depletion of a-synuclein selectively protects dopaminergic neurons from 

ferroptosis comparative to ACSL4.  a. Representative western blot analysis of a-syn and 
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ACSL4 KD in LUHMES cells compared to control siRNA KD. b. Non-linear regression dose 

curves for viability in Ctrl, a-syn and ACSL4 KD LUHMES cell upon treatment (24h) with 

the ferroptosis inducers RSL3 and erastin or the apoptosis inducer, staurosporine (STS). 

Curves were fitted and extra sum-of-squares F tests were performed to assess whether 

differences were statistically significance. c. Lipid peroxidation as assayed by flow cytometry 

using the C11-BODIPY probe, in Ctrl, a-syn or ACSL4 KD LUHMES cells treated with 

RSL3 (20nM; 6h). d. Representative western blot analysis of LUHMES with wild type a-syn 

(WT) or the two 140 a-syn KO clones. e. Viability curves for WT and 140 a-syn  KO clones 

in response to treatment (24h) with  RSL3, erastin or STS. Curves were fitted and extra sum-

of-squares F tests were performed to assess whether differences were statistically 

significance. f. Lipid peroxidation analysis of WT and 140 a-syn KO  clones after treatment 

with RSL3 (15nM; 24h).  All data is represented as mean ± SEM of three independent 

experiments. Comparisons in c&f were made using the two-tailed, unpaired Student’s t-test; 

* p<0.05, ** p> 0.01, *** p<0.001. 
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Fig. 2 a-synuclein and ACSL4 mediate dopaminergic neuron sensitivity to ferroptosis 

induced by arachidonic acid and iron. a. Schematic representation of a more 

physiologically relevant model of ferroptosis in which differentiated LUHMES cells were 

treated with arachidonic acid (AA) (20μM) followed by FeCl3:NTA (20μM) before 

measuring lipid peroxidation or cell viability at 24h and 48h respectively. NTA, 

nitrilotriacetic acid. b&c. Lipid peroxidation (b) and cell viability (c) in Ctrl, a-syn or 

ACSL4 KD LUHMES cells with the AA + Fe model of ferroptosis. d. Cell viability for WT 

and 140 a-syn KO  LUHMES clones in response to AA + Fe co-treatment (48h). Results 

expressed as mean ± SEM of three independent experiments. Statistical comparisons were 

made using two-tailed, unpaired Student’s t-test; * p<0.05, ** p<0.01, *** p< 0.001.  
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Fig. 3 a-synuclein enhances ferroptosis cell death in human smNPC-derived midbrain 

neurons. a. Differentiation protocol of human fibroblast into midbrain dopaminergic neurons 

(mDANs). b. Western blot confirmation of a-syn expression in smNPC derived midbrain 

neurons comparing the isogenic control (C4 – WT) to a CRISPR/Cas9 generated SNCA KO 

(C4 – SNCA KO) or familial SNCA triplication to its isogenic control. c&d. Cell viability 

curves in response to RSL3 or STS (24h) in WT vs SNCA KO (c) and SNCA Trip vs 

isogenic WT (d) mDANs. Curves were fitted and extra sum-of-squares F tests were 

performed to assess whether differences were statistically significance. e-f. Lipid 

peroxidation relative to WT control after erastin treatment in WT and SNCA KO as well as 

isogenic WT and SNCA Trip human mDANs (80μM; 6h). g. Lipid peroxidation in SNCA 

Trip mDANs transfected with a-syn siRNA in response to erastin (80μM; 6h) relative to Ctrl 

KD SNCA Trip mDANs. Data represent mean ± SEM in a minimum of three independent 

experiments. Statistical comparisons were made the one-tailed, unpaired t-test (f) or two-

tailed t-test (e&g);  * p<0.05, ** p< 0.01, *** p<0.001. 
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Fig. 4 Modulated ether-linked phospholipid composition by a-synuclein and ACSL4 

expression in dopaminergic neurons. a&b. Total levels (a) and the peroxidability index 

(see methods for equation) (b) of phosphatidylcholine (PC) and phosphatidylethanolamine 

(PE) phospholipid containing PUFAs measured in a-syn and ACSL4 KD LUHMES cells. 

Data represents mean of six replicates c. Heat maps comparing the abundance of the different 
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PC and PE molecular species in a-syn and ACSL4 KD LUHMES cells relative to Ctrl KD. 

Highlighted in yellow are ether-linked phospholipids shown to be reduced in both the a-syn 

and ACSL4 KD conditions. d Schematic representation of the distinct structures of diacyl 

phospholipids and the two subtypes of ether-linked phospholipids. e The chemical structure 

of an example alkyl-ether PL, PE(16:0e/20:4), and a plasmalogen, PE(16:0p/20:4). f Volcano 

plots of the expression changes of the phospholipids, with each subtype grouped by colour, 

for a-syn vs Ctrl KD (left) and ACSL4 vs Ctrl KD (right) LUHMES cells. Data represents 

mean of six replicates. Statistical mean comparisons in a&b were made using the unpaired 

one-tailed Student’s t-test (* p<0.05) and data in c is represented as a log2 fold change. 
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Fig. 5 Arachidonic acid treatment restores ether-PL levels in neurons that have a 

depletion in a-syn or ACSL4. a&b.  Protein (a) and mRNA (b) expression of several key 

enzymes involved in the ether-PL biosynthesis pathway in a-syn and ACSL4 KD LUHMES. 

The relative gene expression was normalized to TBP. c. Schematic representation of the 
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ether-PL biosynthesis pathway starting at the peroxisomal level through to the ER. FA, fatty 

acid; LPA, lysophosphatidic acid; G3P, glycerol-3-phosphate. d. PUFA ether-PC and PUFA 

ether-PE proportion measured in a-syn and ACSL4 after AA (20μM; 24h) supplementation. 

e Volcano plots illustrating changes in the neuronal PE and PC phospholipid composition 

upon KD of a-syn or ACSL4 KD and treatment with AA (20μM;24h). Data represents the 

mean  ± SEM from three independent experiments. Statistical mean comparisons in b&d 

were made using the unpaired two-tailed Student’s t-test (* p<0.05 

 

 

 


