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Figure 1. An essay on the shaking 
palsy, James Parkinson, 1755-1824, 
Picture (from Wellcome Images, 
Wellcome Trust, UK).

1. Parkinson’s disease

Parkinson’s disease-like symptoms, usually referred 
to as uncontrollable tremors and quivering in old 
age, were first mentioned in ancient texts, such as 
the Old Testament (2000 – 440BC) and the Sanskrit 
text on Ayurveda, Caraka Samhita (~1000BC)1. First 
mentioning of all clinical symptoms, together with 
onset age and the disease progression, of Parkinson’s 
disease occurred already in 1690 by the Hungarian 
physician Ferenc Papai Pariz2. Nevertheless, it was not 
until 1817 that James Parkinson wrote “An essay on 
the shaking palsy”3 medically describing Parkinson’s 
disease as a neurological syndrome (figure 1), and in 
1872 the French neurologist Jean-Martin Charcot 
suggested the use of the term “Parkinson’s disease”4. 
Since then, numerous efforts have been made to 
determine the epidemiology, define the clinical 
symptoms and diagnosis, understand the etiology 
and pathophysiology, and find a treatment for this devastating disease.

1.1. Epidemiology

In 2017, the worldwide incidence of Parkinson’s disease, defined as the number of newly 
diagnosed cases, was calculated to be 13,371 (8,211-19,309) for individuals between 
age 40 to 44, to 233,852 (173,897-301,633) for individuals over 80 years old5 (figure 
2a). Rather than by incidence, the burden that a disease has on the community is 
reflected by its prevalence, i.e., the actual number of cases with the disease, because it 
is influenced by the incidence and duration of the illness6. Globally, the estimates for 
prevalence of Parkinson’s disease range from 19 per 100,000 for people from 40 to 
44 years old, to 1,691 per 100,000 for people over 80 years old5 (figure 2b). However, 
these global numbers should be used with caution. For example, the prevalence of 
Parkinson’s disease is lower in Africa compared to the other continents, which could 
be influenced either by incidence, survival or diagnosis rates and methodology7 (figure 
2c) and be related to racial and lifestyle differences. Finally, as previously reported in a 
meta-analysis including data from 1985 to 20008, the prevalence of Parkinson’s disease 
is higher in males than in females.

1.2. Clinical symptoms

The four cardinal features of Parkinson’s disease, and its main motor symptoms, 
associated with the degeneration of the dopaminergic system, are tremor at rest, 
rigidity, bradykinesia and postural instability. Tremor at rest are rhythmic involuntary 
movements of a body part when the patient is trying to maintain its position at rest. In 
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Parkinson’s disease, tremor occurs unilaterally, at a frequency between 4 and 6 Hz, and 
is usually more prominent in the distal part of an extremity9. Rigidity, or the feeling of 
stiffness, is an increased resistance when stretching a muscle passively, which is constant 
throughout the range of motion10. This rigidity is more remarkable during slow than fast 
stretching and more marked in flexor than extensor muscles11. Bradykinesia refers to 
slowness of movement that is ongoing, including difficulties with planning, initiating 
and executing movement12. This causes Parkinson’s disease patients to have slower 
reaction times and poorer performance in voluntary and autonomic motor tasks13. 
Finally, postural instability is the inability to keep oneself in stable or balanced position. 
This instability correlates with falls and is the major source of disability and reduced 
quality of life in patients14.

Figure 2. Epidemiology of Parkinson’s disease in 2017. (a) Global incidence of Parkinson’s disease, 
defined as newly diagnosed cases worldwide, for various age groups, distinguishing males, females and 
the combination of both genders (both); (b) Global prevalence of Parkinson’s disease, defined as the 
actual number of individuals with the disease, for various age groups, distinguishing males, females and 
the combination of both genders (both); (c) Prevalence of Parkinson’s disease for various age groups, 
distinguishing continental populations. Graphs built with data from GHDx5.

Besides the cardinal motor symptoms, Parkinson’s disease patients can show additional 
motor deficits, including gait disturbances, precision grip and handwriting deficits 
(i.e., micrographia), or speech disorders15. Furthermore, the degeneration of other 
neurotransmitter systems is also involved, leading to a broad spectrum of clinical 
symptoms, i.e., non-motor symptoms. First of all, there is an autonomic dysfunction, which 
comprises cardiovascular symptoms (e.g., orthostatic hypotension)16, thermoregulation 
disturbances (e.g., perspiration)17, urinary problems (e.g., urge incontinence)18 and 
gastrointestinal symptoms (e.g., sialorrhea, constipation and dysphagia)19. Secondly, 
Parkinson’s disease patients may display neuropsychiatric disturbances, such as 
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depression20, apathy21, fatigue22, anxiety23, dementia24 and psychosis25. Third, sensory 
abnormalities are frequent, although often not recognized as parkinsonian symptoms, 
and include pain (namely musculoskeletal, radicular or neuropathic, dystonia-related, 
akathitic and primary central parkinsonian pain)26, olfactory disturbance (e.g., 
hyposmia)27, and visual dysfunction (e.g., abnormal color vision, visual hallucinations 
and impaired visual acuity)28. Lastly, sleep disturbances are also an integral part of the 
disease29, with rapid eye movement (REM) sleep behavior disorder (RBD) being one of 
the most frequent prodromal symptoms30.

1.3. Diagnostic aspects

The diagnosis of Parkinson’s disease is based on clinical criteria, since no genetic, 
imaging or molecular test is available to unequivocally identify the disease. One of the 
most widely used clinical criteria for diagnosis was introduced by the UK Parkinson’s 
disease society brain bank31. These criteria consist of three steps: 1) diagnosis of a 
parkinsonian syndrome (namely bradykinesia plus at least one other sign among tremor 
at rest, rigidity and postural instability); 2) exclusion criteria for Parkinson’s disease 
(e.g., history of repeated strokes or head injury, cerebellar signs, or negative response to 
levodopa); and 3) prospective supportive criteria for Parkinson’s disease (e.g., unilateral 
onset, persistent asymmetry or excellent response to levodopa). However, the validity 
and reliability of these criteria have been questioned32. More recently, the Movement 
Disorder Society (MDS) presented new criteria for diagnosis33. Similar to previous 
criteria, the first essential criterion is parkinsonism (bradykinesia in combination with 
rest tremor and/or rigidity). Next, the diagnosis is based on supportive criteria (e.g., 
beneficial response to dopaminergic therapy, rest tremor of a limp or presence of 
olfactory loss), absolute exclusion criteria (e.g., dopamine receptor blocker treatment, 
unequivocal cortical sensory loss or normal functional neuroimaging of the presynaptic 
dopaminergic system) and red flags (e.g., rapid progression of gait impairment, early 
bulbar dysfunction or disproportionate anterocollis). Finally, the MDS criteria involve 
two different certainty levels:

- Clinically established Parkinson’s disease, which requires absence of absolute 
exclusion criteria, at least two supportive criteria and no red flags.

- Clinically probable Parkinson’s disease, which requires absence of absolute exclusion 
criteria and presence of a maximum of two red flags counterbalanced by supportive 
criteria.

An important diagnostic tool, also used for a longitudinal assessment, is the MDS-
Unified Parkinson’s Disease Rating Scale (MDS-UPDRS)34. It includes an evaluation 
made by interview and clinical observation, and contains 50 questions divided into four 
categories: 13 questions related to non-motor aspects of experiences of daily living, 13 
questions regarding motor experiences of daily living, 18 motor exam questions, and 6 
questions about motor complications.
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Together with clinical diagnostic criteria, eff orts have been made to identify biomarkers, 
defi ned as characteristics that can objectively indicate a pathogenic process and support 
clinical observations. In the fi eld of Parkinson’s disease, some of the most well established 
biomarkers involve neuroimaging. These include visualization of molecular abnormalities 
in dopamine metabolism by dopamine transporter single-photon emission computed 
tomography (DAT-SPECT, fi gure 3)35 or fl uorodopa positron emission tomography 
(F-DOPA PET)36. Also transcranial sonography, which can reveal a mesencephalic 
hyperechogenic signal in the substantia nigra (SN) pars compacta37, and magnetic 
resonance imaging (MRI), which shows increased iron38 or decreased neuromelanin 
content39 in the SN of Parkinson’s disease individuals, are commonly used imaging 
techniques. Molecular biomarkers, assessed in blood or cerebrospinal fl uid (CSF), 
are also of great interest. For example, lower serum levels of uric acid are associated 
with Parkinson’s disease40, lower blood levels of glutathione are related to a more 
severe UPDRS41, and reduced glucocerebrosidase activity42 and increased α-synuclein 
aggregation, measured by real-time quaking-induced conversion (RT-QuIC)43, are 
found in the CSF. Nevertheless, the results obtained show a high inter-center variability, 
associated with the lack of standardized procedures and various confounders44.

Figure 3. Dopamine transporter single-photon emission computed tomography (DAT-
SPECT) images. The images show (123I)-FP-CIT binding in the caudate and putamen of healthy control 
subjects and grade I (i.e., unilateral alteration of the contralateral putamen from where the symptoms are 
present), grade II (i.e., asymmetric bilateral alteration), grade III (i.e., lack of binding in both putamens 
and the contralateral caudate from where the symptoms are present) and grade IV (lack of binding of 
(123I)-FP-CIT) Parkinson’s disease subjects. A, anterior; P, posterior; R, right; L, left. Adapted from 45.

Control
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Grade II

Grade III

Grade IV

R L
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1.4. Etiology

Parkinson’s disease has been classically classified as familial (monogenic) and sporadic. 
Since the familial form accounts for only 5-10% of the patients, Parkinson’s disease must 
be considered a multifactorial disease, with both genetic and environmental factors 
playing a role, and age as its largest risk factor.

1.4.1. Genetics

Autosomal dominant mutations associated with Parkinson’s disease include those 
in LRRK2, SNCA, VPS35, ATXN2 and GCH1. Mutations in LRRK2, and particularly 
the G2019S mutation, are the most common cause of familial Parkinson’s disease46. 
They cause a form of disease with late onset and a typical clinical phenotype, but with 
incomplete penetrance47. Multiple missense mutations and multiplications of SNCA 
have also been identified48, with clinical phenotypes that depend on the genetic anomaly. 
A rather typical clinical phenotype with early onset occurs in Parkinson’s disease patients 
carrying the only mutation that has been identified in VPS3549, the interrupted CAG 
repeat in ATXN250 and GCH1 mutations51. There is also one X-linked dominant mutation 
associated with early-onset Parkinsonism, namely in RAB39B52. Lastly, additional 
mutations in other genes, i.e., DNAJC13, TMEM230, UCHL1, RIC3, HTRA2, GIGYF2, 
CHCHD2, EIF4G, PTRHD1 and PODXL, have been suggested to cause an autosomal 
dominant form of the disease, but they need confirmation53. 

Autosomal recessive mutations associated with typical Parkinson’s disease include 
those in PRKN, PINK1 and DJ1. Mutations in PRKN are the most common cause of 
the autosomal recessive manifestation and are responsible for the majority of juvenile 
Parkinson’s disease cases54. PINK1 mutations lead to a phenotype similar to that of PRKN 
mutants, with a slightly later age of onset55, while DJ1 mutations are also common among 
patients with early-onset Parkinson’s disease56. In addition, there are several autosomal 
recessive mutations in other genes, namely ATP13A257–59, PLA2G660,61, DNAJC662,63, 
SYNJ164,65, SPG1166, FBXO767,68, and VPS13C69, associated with atypical Parkinson’s 
disease. Autosomal recessive mutations putatively associated with Parkinson’s disease, 
whose role needs further confirmation, include those in PODXL and PTRHD153. Finally, 
mutations in GBA are the most common genetic risk factor known70. More specifically, 
heterozygous GBA mutations increase the risk of developing Parkinson’s disease with 
an odds ratio of 5 to 7, and trigger earlier onset of disease manifestation, and a more 
prominent cognitive decline and dementia, than in idiopathic patients70–72. Figure 4 
summarizes the current genetic knowledge of the diversity of genes (putatively) involved 
in familial Parkinson’s disease.

Recently, genome-wide association studies (GWAS) on sporadic Parkinson’s disease 
patients have identified multiple risk loci associated with the disease, including the 
highly consistent BST1, MAPT and SNCA, together with others such as GAK/DGKQ, 
HLA, ITGA8, LRRK2, NMD3, NSF, PNGRC, RAD51B, RFX4, SLCO3A1, UNC13B and 
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WNT373–81. Furthermore, meta-analyses of GWAS data have identified additional risk loci, 
including ACMSD, ANK2/CAMK2D, BAP1, CCDC62/HIP1R, CD3, CHMP2B, COQ7, 
CTSB, DDRGK1, DLKQ, DLG2, ELOVL7, FAM171A1, GALC, GBA, GCH1, GPNMB, 
IL1R2, INPP5F, ITIH4, ITPKB, MCCC1/LAMP3, MIR4697, MTHFR, NCKIPSD/CDC71, 
PDLIM2, RIT2, SATB1, SCARB2, SCN3A, SH3GL1, SIPA1L2, SPATA19, SREBF1/RAI1, 
STBD1, STK39, STX1B, SYT11/RAB25, TLR9, TOX3, VPS13C and ZNF18482–91. 

Figure 4. Current genetic knowledge of familial Parkinson’s disease. Ideogram of the human 
chromosomes displaying the names and location of genes that have been associated with familial 
Parkinson’s disease, either confirmed in multiple studies (bold letters) or identified in one specific study 
(to be confirmed, italics). Disease manifestation caused by mutations in these genes can be inherited as 
an autosomal dominant (orange), autosomal recessive (blue) or X-linked (purple) trait. Heterozygous 
mutations in the GBA gene are considered a modulatory risk factor (green). 

1.4.2. Environmental factors

The concept that environmental factors could contribute to the development of Parkinson’s 
disease was first stated in 1983, when several people developed, overnight, the typical 
signs of the disease after injecting themselves with a “synthetic heroin”, contaminated 
with 1-methyl-4-phenyl-1,2,5,6-tetrahydropyrirdine (MPTP)92. MPTP is a neurotoxin 
predominantly metabolized in astrocytes by monoamine oxidase B (MAO-B) into 
1-methyl-4-phenylpyridinum (MPP+), which is an inhibitor of mitochondrial complex 
I93. Chemicals, such as the pesticides paraquat (an analog of MPP+)94 and rotenone (a 
mitochondrial complex I inhibitor)95 are also associated with increased Parkinson’s 
disease risk for individuals living in rural areas96,97. Other risk factors include dairy foods 
consumption98, diabetes99 or lower plasma uric acid levels100.



14

Environmental factors may also be protective against the development of Parkinson’s 
disease. One of the most-studied examples is cigarette smoking, although the underlying 
mechanisms are not fully understood100. Similarly, caffeine consumption, in the form of 
coffee or tea, is also associated with a lower risk of developing Parkinson’s disease101,102. 
Other protective factors include physical activity103, ibuprofen104, calcium channel 
blockers105 and female gender106.

1.5. Pathophysiology

Parkinson’s disease is characterized by the degeneration of neuromelanin-containing 
dopaminergic neurons in the SN pars compacta (SNpc) projecting to the striatum. The 
SN (pars reticulata, SNpr, and SNpc), together with the striatum (caudate and putamen), 
the globus pallidus (pars externa (GPe) and pars interna (GPi)) and the subthalamic 
nucleus form the basal ganglia. This group of subcortical nuclei can be functionally 
subdivided into motor, oculo-motor, associative, limbic and orbito-frontal depending 
on the main cortical projection areas107. Classically, the dopaminergic neurons from 
the SNpc projecting to the striatum (and mainly the dorsolateral putamen) have been 
described to interact with neurons bearing either the dopamine D1 receptor (inhibitory) 
or the dopamine D2 receptor (excitatory), and these neurons participate in the direct and 
indirect pathways that modulate movement, respectively108. However, this model fails to 
explain all motor symptoms observed in Parkinson’s disease11,109–111. More specifically, 
there is evidence that D1 and D2 receptors are not always mutually exclusively expressed 
and colocalize in striatal neurons112. Moreover, dopaminergic neurons also innervate 
extrastriatal neurons113 and the model does not include other brain regions that are 
intimately connected with the basal ganglia114. Hence, the exact pathophysiology, and 
cell and tissue specificity of the disease is more complex than initially thought and still 
remains partially elusive.

1.6. Molecular mechanisms contributing to Parkinson’s disease

Current knowledge of the molecular mechanisms leading to Parkinson’s disease comes 
from studying the impairments caused by the genetic mutations and the environmental 
factors known to give rise to the disease. Most studies suggest that the main dysregulated 
pathways leading to the death of dopaminergic neurons in the SNpc are related to 
oxidative stress response, mitochondrial function, proteostasis and immune response115, 
among others (figure 5).

1.6.1. Oxidative stress and mitochondrial function 

Oxidative stress is defined as an imbalance between oxidants (reactive oxygen species 
(ROS) in particular) and antioxidants in favor of the former, which leads to the disruption 
of cellular redox signaling and the metabolic control thereof, and ultimately may cause 
molecular damage121. This imbalance can lead to apoptotic cell death by the activation 
of caspases, the modulation of Bcl-2-related proteins and cytochrome-c release122. 
Multiple lines of evidence point towards involvement of oxidative stress and association 
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with mitochondrial dysfunction123 in Parkinson’s disease pathogenesis. For example, 
several familial Parkinson’s disease genes, including LRRK2, PRKN, PINK1 and DJ1, 
encode proteins involved in oxidative stress response and mitochondrial function124–126. 
Additionally, multiple toxins used in chemically-induced models for Parkinson’s disease, 
including 6-hydroxydopamine (6-OHDA), MPTP and paraquat, induce oxidative stress 
and/or impair mitochondrial function127. Although both mutations and toxins could 
affect any cell type, human SNpc, and more specifically dopaminergic neurons, are more 
sensitive to - and have higher - oxidative stress damage than cells in other brain regions, 
such as the prefrontal cortex128. This higher susceptibility of dopaminergic neurons to 
oxidative stress is associated with the utilization of dopamine as a neurotransmitter, 
since its metabolism has the potential to produce oxidative and reactive byproducts129.

Figure 5. Schematic overview of the molecular mechanisms that lead to dopaminergic cell 
death in Parkinson’s disease. Possible causal roles underlying disease manifestation have been 
identified for oxidation-induced stress and mitochondrial dysfunction, problems in endosomal-lysosomal 
functioning and autophagy regulation, endoplasmic reticulum stress, defective immune response, 
abnormal protein aggregation and proteasome control, neuromelanin accumulation and defective 
calcium signaling. Some of the familial genes involved in each process are denoted next to the organelle or 
site where their products execute their function. The data was extracted from116–120. ROS, reactive oxygen 
species; Ca2+, calcium ion homeostasis.

1.6.2. Proteostasis

Proteostasis, or the regulation of cellular protein homeostasis, is a complex process that 
starts with protein synthesis and folding, continues with subcellular localization and 
conformation maintenance, and ends with degradation130. One of the main hallmarks 
of Parkinson’s disease is the presence of Lewy bodies, which are abnormal protein 
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aggregates131. Hence, dysfunction of multiple steps of proteostasis is associated with 
Parkinson’s disease.

First of all, the unfolded protein response (UPR), which is strongly coupled to stress in 
the endoplasmic reticulum, seems to play a prominent role. The endoplasmic reticulum is 
an organelle involved in the processes of protein synthesis, lipid metabolism and calcium 
storage, among others132. Endoplasmic reticulum stress is caused by the disruption of 
the proper mechanisms of turnover of misfolded proteins, leading to their accumulation 
and aggregation133, which activates the UPR134. When sustained, endoplasmic reticulum 
stress can lead to apoptosis135. In the context of Parkinson’s disease, mutations in LRRK2, 
PRKN, DJ1, ATP13A2, and SNCA are associated with the production of abnormally 
folded protein products and endoplasmic reticulum stress136–140. Moreover, multiple 
toxins used to induce Parkinson’s disease-like features in in vitro and in vivo models, 
such as MPTP, 6-OHDA or rotenone, lead to the activation of the UPR141. Second, the 
targeting of these above-mentioned misfolded proteins for degradation by the proteasome 
occurs through the ubiquitin-proteasome system142. Mutations in this system, namely 
in PRKN and FBXO7, which encode ubiquitin ligases143,144, and UCHL1, encoding an 
ubiquitin hydrolase145, are associated with familial Parkinson’s disease146–148. Third, 
misfolded proteins can also be broken down by the autophagy-lysosomal pathway, a 
system dedicated to the degradation of compounds both from the extracellular149 and 
intracellular environment. As such, it contains multiple hydrolases which, when released 
into the cytosol, can contribute to apoptosis and/or necrosis. The role of the autophagy-
lysosomal pathway in Parkinson’s disease is supported by the identification of multiple 
causal or predisposing genetic mutations linked to these systems, including the genes 
ATP13A2, encoding an ATPase, DNAJC6 and DNAJC13, encoding co-chaperones, and 
GBA, encoding a glucosidase, among others119.

A protein that appears to play a central and multifaceted role in the pathogenesis, as well 
as being the main component of Lewy bodies150, is α-synuclein. It is a small intracellular 
protein present both in the synapse and the nucleus151, the latter fact determining its name. 
It has been described to be involved in synaptic transmission, mitochondrial homeostasis 
and transcription regulation152, although a complete picture of its physiological function 
remains unavailable153,154. Alpha-synuclein is an intrinsically disordered protein155, 
which can aggregate due to mutations156,157, post-translational modifications158 and/or 
changes in environmental conditions159. This abnormal aggregation alters structural 
components of the cell160,161, triggers endoplasmic reticulum stress162, and impairs 
protein clearance mechanisms163,164. Interestingly, α-synuclein modified by dopamine 
can block chaperone-mediated autophagy, increasing cellular vulnerability to stressors 
and enhancing the effects of mutations in the autophagy-lysosomal pathway165.

1.6.3. Immune response

Through activation of the immune response our body can recognize and defend itself 
against organisms and substances that seem foreign and harmful166. This response 
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can be innate, which is quick but nonspecific, or adaptive, which is slower but specific. 
The activation of both pathways has been identified in post-mortem brain samples 
from Parkinson’s disease patients167,168. These findings support the role of the immune 
system in the pathology of the disease, but since the observations are from post-mortem 
samples, it is not possible to distinguish between a causative and a resultant process. 
This dichotomy can also be seen in cellular and animal models for Parkinson’s disease, 
where some treatments, including the administration of the neurotoxins MPTP169 and 
6-OHDA170, lead to cell death that triggers an immune response, while others, such as 
α-synuclein overexpression171 or lipopolysaccharide administration172, produce an initial 
inflammatory response that results in neuronal death. Interestingly, multiple familial 
Parkinson’s disease genes, such as SNCA, PRKN and LRRK2, play a role in immune cells 
themselves and their interaction with neighboring cells in the tissue niche173.

1.6.4. Other modulatory pathways

Together with the above-mentioned molecular mechanisms, there are other cellular 
processes that play a role in Parkinson’s disease pathology. One example is calcium 
signaling, which has been described to represent a convergent mechanism that links 
various molecular stress-signaling systems, rather than being the initial cause116. 
Calcium is transiently stored in most organelles and impairment of this dynamic 
partitioning over the endoplasmic reticulum, the mitochondria and the lysosomes174 

may lead to Parkinson’s disease. Voltage-gated calcium channels have been implicated 
in the underlying pathogenic cascades175. Another example is the role of neuromelanin, 
an insoluble pigment present in dopaminergic neurons from the SNpc176. Although 
no familial genes have been associated with the synthesis and/or accumulation of 
neuromelanin, the pigment is involved in all the above-mentioned pathways that cells 
use to cope with stress, namely oxidative stress signaling177, endo-lysosomal clearance178, 
endoplasmic reticulum stress response179, immune response180, ubiquitin-proteasome 
mediated breakdown181 and calcium signaling182. Moreover, neuromelanin is a pigment 
that builds up with age183, the main risk factors for Parkinson’s disease, and, thus, it has 
been suggested to be one of the drivers of the disease after some pathogenic threshold is 
reached184. Additionally, lipids may have a key role in Parkinson’s disease 115. Nevertheless, 
although some genes causative of familial Parkinson’s disease are associated with lipid 
metabolism (e.g., GBA), the current knowledge of the role of lipids in this disease is 
fragmented (see chapter 3 for a detailed description of the role of lipids in Parkinson’s 
disease). Finally, new findings highlight the prion-like behavior of α-synuclein. Although 
cell-to-cell spreading and amplification of α-synuclein aggregates was demonstrated a 
few years ago185,186, specific mechanisms, such as the complexation with connexins187, 
and the pattern of transmission188, are now being elucidated. Associated with this prion-
like transfer of α-synuclein between cells, there is growing evidence that Parkinson’s 
disease pathology could be initiated peripherally, with a central role of the microbiota as 
a triggering factor for α-synuclein aggregation189–191. 
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1.7. Treatment

There is no disease-modifying treatment for Parkinson’s disease. Thus, management 
of the symptoms is central. Since 2017, the National Institute of Health and Care 
Excellence (NICE) recommends that, before starting any treatment, it is necessary to 
discuss the person’s individual clinical and lifestyle circumstances, needs and goals192. 
The management of motor symptoms should start at the early stages of the disease 
with a first-line treatment that can include prescription of levodopa, dopamine agonists 
or MAO-B inhibitors. When Parkinson’s disease patients develop dyskinesia or motor 
fluctuations using an optimal levodopa therapy, treatment with adjuvants, including 
dopamine agonists, MAO-B inhibitors, COMT inhibitors and amantadine, can be used. 
Additionally, when motor complications are refractory to conventional treatments, 
Parkinson’s disease patients can benefit from second line therapies, such as infusion 
systems (e.g., levodopa administered as an intestinal gel and apomorphine) and 
functional surgery (e.g., deep brain stimulation and high intensity focused ultrasound). 
The management of non-motor symptoms depends on the type of pathogenic features 
that the patient displays. For example, orthostatic hypotension, dementia and sialorrhea 
might be treated with midodrine, cholinesterase inhibitors and glycopyrronium bromide, 
respectively. Additionally, non-pharmacological treatment, e.g., nutrition, physiotherapy 
or speech therapy, can be used to manage both motor and non-motor symptoms. Hence, 
current treatment for Parkinson’s disease aims to ameliorate its symptoms, but no cure 
is available and, thus, the neurodegeneration continues. However, several approaches, 
including active and passive immunization against α-synuclein, blockage of α-synuclein 
misfolding, or the increase of glucosylceramidase activity, aiming at modifying the disease 
course are currently already in use in human trials193 or are candidates for future studies.

2. Aim and outline of the thesis

The aim of this thesis is to broaden the current molecular understanding of the role of 
lipids in Parkinson’s disease in order to increase the chances of finding new disease-
modifying treatments. I tried to achieve this goal through applying approaches from 
different angles, including the application of genetic knowledge, and study of cellular 
models and patient material, together with the use of transcriptomic and lipidomic 
analyses.

Chapter 2 is a comprehensive review of the use of a neuroblastoma cell line, namely 
SH-SY5Y cells, in the field of Parkinson’s disease. SH-SY5Y is a human-derived cell line 
characterized by a catecholaminergic neuronal phenotype and ease of maintenance. 
These features make SH-SY5Y the cell line of choice for many researchers to study 
Parkinson’s disease. Nevertheless, there is no consensus on many fundamental aspects 
associated with its use, including the culture media composition and the differentiation 
protocols. Hence, on the basis of 962 original and Parkinson’s disease-specific articles, 
this review systematically describes the cell source, culture conditions, differentiation 
protocols, methods/approaches used to mimic Parkinson’s disease and the preclinical 
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validation of the SH-SY5Y findings.

Chapter 3 is an extensive review of the current knowledge about the involvement of 
lipids in Parkinson’s disease pathogenesis. Although these macromolecules are primarily 
known for their role in energy storage, they are also involved in multiple cellular processes, 
including oxidative stress response, endo-lysosomal function, endoplasmic reticulum 
stress and immune response, among others, by acting as signaling and transport 
molecules, protein anchors or constituents of cellular membranes. However, current 
knowledge of the role of lipids in Parkinson’s disease is fragmented. Thus, this review 
aims to summarize the existing data regarding the role of multiple lipid classes, namely 
fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterols, and lipoproteins, 
in Parkinson’s disease.

Chapter 4 is a characterization of the genetic sharing between Parkinson’s disease and 
blood lipid levels. Although the pathophysiology of Parkinson’s disease is associated with 
the degeneration of dopaminergic neurons in the brain, diverse peripheral markers have 
been described for this disease, including some related to lipids. Interestingly, both the 
development of Parkinson’s disease and the levels of blood lipids have a genetic and 
an environmental component194–196. To determine if there is a genetic overlap we used 
GWAS data (9,581 patients; 33,245 controls) to conduct a polygenic risk score (PRS)-
based analysis for the blood levels of 370 lipid species and lipid-related molecules. 
Additionally, we validate our findings with a separate, larger GWAS of Parkinson’s 
disease (37,688 patients; 1,417,791 controls). Across the two analyses, we found 
evidence of genetic overlap between Parkinson’s disease and the blood levels of 8 lipid 
species: two polyunsaturated fatty acids, four triacylglycerols, one phosphatidylcholine, 
and one sphingomyelin.

Chapter 5 includes a characterization of the protein glycosylation and lipoprotein 
profile of intact serum of controls and patients with isolated RBD (IRBD), which is a 
high specific clinical marker of the prodromal stage of synucleinopathies (i.e., Parkinson’s 
disease and dementia with Lewy bodies). Since clinical presentation and management 
of both synucleinopathies is different, proper stratification is fundamental. Here we 
analyzed the protein glycosylation and lipoprotein profile of intact serum to determine 
alterations and potential biomarkers. We observed an altered protein glycosylation and 
lipoprotein profile in IRBD patients. Moreover, we found that size and number of small 
high-density lipoprotein particles allows the distinction between IRBD patients who will 
progress to either synucleinopathy. 

Since lipid profiling of human subjects is demanding and was logistically difficult 
to organize, Chapter 6 describes the lipid analysis of a widely used cellular model 
for Parkinson’s disease, namely SH-SY5Y cells treated with the neurotoxin 6-OHDA. 
We employed an unbiased lipidomic approach to analyze SH-SY5Y cells treated with 
different concentrations of 6-OHDA. The treatment led to changes in multiple lipid 
classes, including phosphatidylcholine, phosphatidylglycerol, phosphatidylinositol, 
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phosphatidylserine, sphingomyelin and total cholesterol as well as in lipid metabolism, 
which is reflected by differences in the length and degree of unsaturation of the fatty acyl 
chains.

Chapter 7 describes the transcriptomic and lipid changes that occur in the SN and 
striatum of Parkinson’s disease patients. Since the pathophysiology of Parkinson’s disease 
is characterized by the degeneration of dopaminergic neurons from the SN projecting 
to the striatum, the identification of (end-stage) changes that occur in these two brain 
areas is crucial to understand the mechanisms underlying the neurodegeneration. Up 
to date, most studies have used microarrays to identify the transcriptional changes in 
the SN. Here we employed RNA sequencing for transcriptome analysis and lipidomics 
to analyze not only the SN but also the striatum from patients. We confirm a key role 
of protein folding and neuronal degeneration in the disease, and identify genes related 
to Parkinson’s disease that have not been previously explored. Moreover, we observe 
genes that are differentially expressed in both brain regions, pointing towards a 
common transcriptional deregulation. We further describe lipid changes that suggest a 
neuroinflammatory component in the development of Parkinson’s disease.

Finally, Chapter 8 includes a general discussion of the main outcomes of this thesis. 
Furthermore, we contextualize the findings in a broader perspective and suggest future 
directions.
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Abstract

Parkinson’s disease (PD) is a devastating and highly prevalent neurodegenerative disease 
for which only symptomatic treatment is available. In order to develop a truly effective 
disease-modifying therapy, improvement of our current understanding of the molecular 
and cellular mechanisms underlying PD pathogenesis and progression is crucial. For 
this purpose, standardization of research protocols and disease models is necessary. As 
human dopaminergic neurons, the cells mainly affected in PD, are difficult to obtain and 
maintain as primary cells, current PD research is mostly performed with permanently 
established neuronal cell models, in particular the neuroblastoma SH-SY5Y lineage. This 
cell line is frequently chosen because of its human origin, catecholaminergic (though not 
strictly dopaminergic) neuronal properties, and ease of maintenance. However, there is 
no consensus on many fundamental aspects that are associated with its use, such as the 
effects of culture media composition and of variations in differentiation protocols. Here 
we present the outcome of a systematic review of scientific articles that have used SH-
SY5Y cells to explore PD. We describe the cell source, culture conditions, differentiation 
protocols, methods/approaches used to mimic PD and the preclinical validation of the 
SH-SY5Y findings by employing alternative cellular and animal models. Thus, this 
overview may help to standardize the use of the SH-SY5Y cell line in PD research and 
serve as a future user’s guide.

Keywords: Cell culture conditions, cellular differentiation, cellular model, dopaminergic 
neuron, neuroblastoma, Parkinson’s disease, SH-SY5Y cell line

Background

Parkinson’s disease (PD) is the second most common neurodegenerative disease 
with a predicted prevalence of 9 million people worldwide by 20301,2. PD has a high 
socioeconomic burden since it is slowly progressive and disease-modifying treatments 
are not available. PD presents with motor and non-motor symptoms3,4 that worsen 
with advancing age, leading to a need for assistance with all daily activities. Disease 
manifestation is characterized by the presence of Lewy bodies (abnormal protein 
aggregates containing α-synuclein), death of dopaminergic (DAergic) neurons in the 
substantia nigra (SN) projecting to the striatum, and microgliosis (accumulation of 
activated microglial cells)5. However, the molecular mechanisms underlying all these 
disease features are unknown, hampering the development of effective treatment. In order 
to understand the pathophysiological mechanisms underlying PD and develop disease-
modifying therapies, it is necessary to have adequate models for in vitro and in vivo studies.

An in vitro model widely used in PD research is the neuroblastoma SH-SY5Y cell line. 
This line is a subline of the SK-N-SH cell line, which was established in culture in 1970 
from a bone marrow biopsy of a metastatic neuroblastoma of a 4-year-old female and 
underwent three rounds of clonal selection6. The initial characterization of the SH-SY5Y 
cell line showed moderate activity of dopamine-β-hydroxylase and negligible levels 
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of choline acetyl-transferase, acetylcholinesterase and butyryl-cholinesterase6, basal 
noradrenaline (NA) release7 and tyrosine hydroxylase activity8. Tyrosine hydroxylase is 
the rate-limiting enzyme of the catecholamine synthesis pathway and converts tyrosine 
to L-dopa9, the precursor of dopamine (DA), which is converted to NA by dopamine-
β-hydroxylase10. Therefore, the SH-SY5Y cell line may display a catecholaminergic 
phenotype since it has the machinery to synthesize both DA and NA. Although these 
properties do not classify SH-SY5Y cells as purely DAergic, this cell line has been 
widely used as a model for PD. The SH-SY5Y cell line displays a number of genetic 
aberrations due to its cancerous origin, but most genes and pathways dysregulated in PD 
pathogenesis are intact11. However, the use of an oncogenically transformed cell line with 
catecholaminergic rather than exclusively DAergic properties remains a controversial 
issue in the PD field.

The purpose of this systematic review is to provide an overview of the value and use of 
the SH-SY5Y line as a cell model for PD. We describe in detail the culture conditions, 
the methodology used to provoke the onset of differentiation, the techniques to mimic 
typical pathogenic PD features and the alternative models used to validate the findings. 
Moreover, the limitations of the use of the cell line will be discussed.

Main text

For our review, we conducted a standard systematic literature search in PubMed 
which included the terms “Parkinson”, “Parkinson’s”, or “Parkinson’s disease” and 
“neuroblastoma”, “SH-SY5Y”, “SHSY5Y” or “SHSY-5Y”. The application of these search 
terms aimed to cover most of the literature regarding the use of the SH-SY5Y cell line 
in PD research, missing only those studies in which the above-mentioned terms are 
only present in the main text but not in the title, abstract or MeSH terms. The search 
performed the 22nd of November 2016 retrieved 1,489 articles, of which 962 were 
original, accessible and PD-specific papers and thus were included in the analysis. The 
exclusion criteria for the remaining 527 articles were: (i) written in a language different 
from English, (ii) represents a review, (iii) not specific for PD, (iv) Parkinson as an 
author, (v) the cell line was mentioned but used in previous studies, and (vi) use of a 
neuroblastoma cell line different from SH-SY5Y (see additional file 1, for full list and 
exclusion details).

Cell source and culture conditions

The most-reported source for access to the SH-SY5Y cell line is the American Type 
Culture Collection (ATCC, CRL-2266, deposited by JL Biedler). Other sources concern 
retrieval from other cell banks, such as the European Collection of Authenticated Cell 
Cultures (ECACC, Catalog number: 94030304, deposited by PFT Vaughan) or the 
German collection of Microorganisms and Cell Cultures (DSMZ, ACC 209). Cells were 
also obtained through gifts from colleague scientists (figure 1). However, in 455 out of 
962 publications the cell origin was not specified.
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Figure 1. Most-used sources of the SH-SY5Y cell line. The number of articles using it is on the label. 
ATCC: American Type Culture Collection; ECACC: European Collection of Authenticated Cell Cultures; 
“other cell banks” includes all of them, except for ATCC and ECACC.

Recommendations regarding the composition of the growth medium for propagation of 
SH-SY5Y cells vary among the various cell line distributors: ATCC recommends MEM/
F12 supplemented with 10% fetal bovine serum, ECCAC recommends MEM/F12 with 
2 mM glutamine, 1% non-essential amino acids and 15% fetal bovine serum, and DSMZ 
recommends MEM plus 15–20% fetal bovine serum. In the actual protocols employed 
in the PD-related publications, DMEM was used most (434 out of 962 publications), 
followed by DMEM/F12 (230 out of 962 publications), MEM/F12 (68 out of 962 
publications), DMEM high glucose (46 out of 962 publications), RPMI 1640 (37 out 
of 962 publications), Cosmedium-001 (21 out of 962 publications) and MEM (20 
out of 962 publications) (table 1). Furthermore, media used were supplemented with 
antibiotics/antimycotics (65.6% of the articles), glutamine (23.9% of the articles), non-
essential amino acids (9.8% of the articles), sodium pyruvate (6.3% of the articles) or 
other components, such as HEPES, sodium carbonate, uridine or L-lysine, in different 
combinations (table 1; for more detailed information of the media composition of each 
article, see additional file 2). Careful choice of medium type and composition is crucial, 
e.g., the use of DMEM or RPMI changed the metabolome and the differentiation capacity 
of a number of cell lines12,13. Evidence is now accumulating that nutrient availability, 
and also the degree of oxygenation, affects wiring through different metabolic pathways 
and that the intracellular levels of glutamine, alpha-ketoglutarate, pyruvate and NAD+/
NADH redox ratio and concentration are determining factors in the epigenetic control 
of gene expression during differentiation, e.g., via effects on histone-lysine demethylases 
and DNA demethylases14. Furthermore, supplementing media with sodium pyruvate 
has been shown to be protective against oxidative stress15,16 and as such may affect the 
outcome of experiments that study the involvement of oxidative damage in PD. In 80% 
of the articles, the media described were supplemented with 10% fetal bovine serum, 
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although some authors use other concentrations of serum, ranging from 5 to 20%, or 
serum from other species, such as horse (table 1). Taking into account that serum includes 
growth factors, hormones, amino acids and lipids that can influence cell growth and 
differentiation, the use of different serum concentrations, serum from different species 
or even serum from different batches may influence the outcome17. It is of note here that 
variability in cell growth and sensitivity to various compounds depending on the media 
and substrate used for the growth of SH-SY5Y cells has already been reported18. 

Table 1. Compositions of the media used for culturing SH-SY5Y cells.

Basal media Supplements - serum Supplements - others

Name #articles Name #articles Name #articles

DMEM 434 10% FBS 770 Antibiotics/antimycotics 631

DMEM/F12 230 15% FBS 70 Glutamine/GlutaMAX 230

MEM/F12 68 5% FBS 33 NEAA 94

DMEM (high glucose) 46 20% FBS 3 Sodium pyruvate 61

RPMI 1640 37 None 2

Cosmedium-001 21 Others 14

MEM 20 Unknown 70

Others 36

Unknown 70

The table is divided into three parts (basal media, serum supplement and other supplements) and 
the number of papers involved is indicated (#articles). The additional file 2 contains a more detailed 
description of all media and supplements used. Unknown refers to the articles that do not specify media 
composition. DMEM, Dulbecco’s Modified Eagle Medium; F12, nutrient mixture F12; MEM, Minimum 
Essential Media; FBS, fetal bovine serum; NEAA, non-essential amino acids.

To appropriately acknowledge the various effects that differences in culture media 
composition can have on the cellular phenotype, it is thus imperative to systematically 
identify in future studies how various metabolic intermediates, ions, serum constituents 
and substrates influence aspects of growth and differentiation of SH-SY5Y cells. Only 
then the protocols for experiments with PD cell models can be widely standardized.

Phenotype and differentiation of SH-SY5Y cells

The use of the SH-SY5Y cell line is not restricted to PD-research; this cell line has also 
been used in other areas of neuroscience, including research on Alzheimer’s disease, 
neurotoxicity, ischemia or Amyotrophic Lateral Sclerosis, among others11,19,20. To obtain 
derivative cells with a neuronal phenotype, multiple differentiation protocols have been 
described21-25, but details about the final population of cells, regarding the fate-choices 
and fate-specification of cells that undergo terminal differentiation, have not been 
systematically reported. Since PD is characterized by the death of SN DAergic neurons, 
the degree to which this cell line displays a DAergic phenotype is a key aspect regarding 
the validity of the model. In this respect, 392 out of the 962 papers state that SH-SY5Y 
cells have a DAergic phenotype without actually showing supporting evidence. Only a 
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few papers cite previous work showing the DAergic phenotype. Another large proportion 
of articles (432 out of 962) does not provide any statement about the DAergic phenotype 
or the rationale behind the choice of the cell line for use in PD-research. Among the 
remaining publications, in 76 papers the SH-SY5Y lineage is represented as a PD-model 
with DAergic properties or a toxin-induced PD-like phenotype, another 56 publications 
report the analysis of the DAergic phenotype, and in 7 papers cholinergic, neuronal or 
noradrenergic phenotypes are mentioned (table 2).

Table 2. Papers reporting the DAergic phenotype of the SH-SY5Y cell line and techniques used.

DAergic phenotype #articles #differentiated Technique Single Multiple

Not stated 432 70 ICC 11 (4/7) 15 (6/9)

Stated and not checked 392 50 WB 10 (6/4) 23 (13/10)

PD model/DAergic 
properties/toxin

76 12 qPCR

DA uptake/content

1 (1/0)

2 (2/0)

13 (7/6)

6(3/3)

Stated and checkeda 48 22 Not shown 4 (3/1) 0

Not stated but checkeda 7 3

Others 7 2

The left table indicates the number of papers that do specify or do not specify the DAergic phenotype of 
the SH-SY5Y cell line and whether or not the authors checked the phenotype. “Others” refers to articles 
mentioning other neuronal linages, including cholinergic, neuronal and noradrenergic phenotypes. The 
number of articles from the total in which forced differentiation was employed is presented between 
brackets. Of the publications that checked the phenotype (a), the right table summarizes the techniques 
used. The results are divided into ‘single’ (i.e., papers that use only one method to check the DAergic 
phenotype) and ‘multiple’ (papers that use multiple complementary techniques). Between brackets: 
the number of studies that checked the DAergic phenotype in undifferentiated/differentiated cells. ICC, 
immunocytochemistry; WB, western blot; qPCR, quantitative polymerase chain reaction; DA, dopamine.

The phenotype of SH-SY5Y cells can be manipulated by inducing different programs 
of terminal neural differentiation. However, in 81.5% of the published studies no 
differentiation regime was used (figure 2), for which in only seven publications a 
reason was given. Among the studies that do report on forced differentiation, the most 
common method employed is the addition of retinoic acid (RA) in concentrations 
ranging from 5μM to 100μM, for a period of time from 24 hours to 21 days, and, 
sometimes, a reduction of the concentration of serum in the media (figure 2). It has been 
reported that RA treatment upregulates expression of neuronal and DAergic markers 
and increases susceptibility to DAergic neurotoxins26. However, other studies have 
observed increased neuronal markers upon RA differentiation, but no change in DAergic 
markers and decreased susceptibility to DAergic neurotoxins27. The phenotypic effect 
of RA on SH-SY5Y cells has been systematically studied, including the induction of a 
terminal neural phenotype with, specifically, a DAergic-like character28. Conversely, RA-
mediated differentiation of SH-SY5Y cells has been associated with the induction of a 
cholinergic rather than DAergic phenotype29. Here it is important to note that RA has 
been found to partially protect SH-SY5Y cells against proteasome inhibitors30. In view 
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of this finding, the results of studies examining proteasomal dysfunction and involving 
RA-differentiated SH-SY5Y cells as PD-model should be interpreted with care. The 
second method of choice to differentiate SH-SY5Y cells is a sequential treatment with 
RA, usually 10μM, and 12-O-Tetradecanoylphorbol-13-acetate (TPA), mostly added in 
a concentration of 80nM (figure 2). This protocol has been demonstrated to differentiate 
SH-SY5Y cells more efficiently to DAergic-like neurons31-33. Early studies on the use of 
RA and TPA (alone or in combination) to differentiate SH-SY5Y cells have shown that 
these compounds induce various neuronal-like populations, with a strong increase of 
NA content when using only TPA7. In view of these differences, it is important to realize 
that a set of neurons each synthesizing a separate neurotransmitter(s) has a distinct 
transcriptional profile34. Even neurons synthesizing a specific neurotransmitter can be 
classified into several subpopulations, each with a clearly defined signaling function in 
a particular (brain) region and an explicit vulnerability for stress factors35. The third 
approach that is commonly used for differentiation induction involves the sequential 
treatment with RA, usually 10μM, and 10-100ng/mL of brain-derived neurotrophic 
factor (BDNF) (figure 2). This procedure leads to a homogeneous neuronal population 
with expression of neuronal markers and decreased proliferation21. The phenotypic 
outcome of this RA/BDNF differentiation protocol is, however, still somewhat 
controversial as it has been described as sympathetic cholinergic, based on evidence 
from target-directed qPCR and microarray studies which pointed into the direction of 
increased levels of acetylcholine transporter, choline acetyl transferase and neuropeptide 
Y36,37, but also as dopaminergic by others38. Moreover, inhibition of cell growth has not 
always been replicated when employing this procedure24. Additional protocols used 
for differentiation may involve combinations of the above-mentioned methods, or a 
combination of 10μM RA and 0.3-5mM dibutyryl cyclic adenosine monophosphate 
(dbcAMP)39,40, or of 10μM RA for 3 days and 80nM tissue plasminogen activator41 or the 
protocol was not specified. Differentiation may also be caused by 200ng/mL growth/
differentiation factor 5 (GDF5)42, recombinant bone morphogenetic protein 2 (BMP2)42, 
staurosporine43,44 or 50ng/mL glial cell line-derived neurotrophic factor (GDNF)45. The 
pros and cons of the differentiation of the SH-SY5Y cell line to obtain a relevant model for 
PD have been reviewed more extensively elsewhere46. Again, proper characterization of 
the differentiated cells is crucial. Next to the more conventional “ensemble” approaches, 
such as western blotting, transcriptomics or proteomics, the use of novel single-cell 
microscopy and single-cell RNAseq approaches will become instrumental to provide 
more detailed phenotypic profiling of the differentiated cell populations47,48.

In view of the relevance of the DAergic system in PD, it is striking that among the papers 
using SH-SY5Y cells in PD research only 55 out of 962 examine the DAergic phenotype 
of the cell line (table 2; for a list and details of the articles that checked the DAergic 
phenotype see additional file 3). Remarkably, in some cases the DAergic phenotype 
has been studied but the results were not shown. The methods used to determine 
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the SH-SY5Y DAergic phenotype include immunocytochemistry (ICC), western blot 
(WB), quantitative polymerase chain reaction (qPCR) and DA uptake/content. Of note, 
“ensemble” methods like WB and qPCR do not allow a distinction between expression 
changes in the whole population or in just a subset of cells. In this respect, ICC represents 
a more reliable technique to check the phenotype of the cell population. ICC with DAergic 
markers has been used in 26 out of the 56 articles: 10 in undifferentiated and 16 in 
differentiated cells (in general compared with undifferentiated controls). Comparison of 
all the provided ICC images, taking into account the cell source, media composition and 
differentiation method (when applicable), did not allow us to draw definitive conclusions 
about the phenotype of the undifferentiated cells, or about differences in outcome between 
various differentiation methods. Of note, no or only a few positive control images are 
shown in most articles, hindering the comparative literature survey. Also, SH-SY5Y cells 
are known to respond inconsistently to the same differentiation treatment, depending on 
their cell source49 or possibly passage number. Therefore, the variation reported may be 
at least in part due to the origin of the cells and different aspects regarding their handling, 
highlighting the importance of the proper reporting of all protocols involved.

Figure 2. Papers reporting the differentiation of the SH-SY5Y cell line for PD-research. Left: 
Proportion of studies that do not use differentiation protocols (no differentiation), those that do not specify 
the differentiation status (unknown) and those that include a differentiation regime (differentiation). 
Among the papers in which differentiated cells were used, the main differentiation treatments used are 
depicted in the right chart, including 10μM retinoic acid (RA), 10μM RA and reduced fetal bovine serum 
(FBS), other concentrations of RA, 10μM RA and 50ng/ml brain-derived neurotrophic factor (BDNF) 
and 10μM RA and 80nM 12-O-Tetradecanoylphorbol-13-acetate (TPA). Other includes 10μM RA, 
1%FBS and 0.3mM dibutyryl-cAMP; 10μM RA or 10μg/mL BDNF; 10μM RA and 80nM TPA or 50ng/
mL BDNF; 100ng/mL of GDF5 or recombinant BMP2; neurobasal media with 6-10nM staurosporine or 
B27 supplement, 2mM L-glutamine and 10μM RA; 10μM RA and 5μM cAMP; 50ng/ml GDNF; 10μM 
RA and 80nM tissue plasminogen activator.

Mimicking PD

In order to create SH-SY5Y-derived cell models that mimic PD, strategies are used based 
on drug treatment and/or genetic approaches with the manipulation of expression of 
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candidate genes that have emerged from genetic studies in PD-families. Most papers 
(800 out of 962) chose one pharmacological or genetic strategy to force manifestation 
of a PD-like phenotype, but also multiple variants or combinations of these strategies 
have been used. The most-used compounds in drug-based approaches are 1-methyl-
4-phenylpyridinium (MPP+), 6-hydroxydopamine (6-OHDA) and rotenone, which 
dysregulate multiple cellular pathways, focusing on mitochondrial dysfunction and 
oxidative stress (table 3). MPP+ is the toxic metabolite of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), a by-product in the synthesis of 1-methyl-4-phenyl-4-
propionoxy-piperidine (MPPP), a synthetic analog of heroin, which causes severe 
parkinsonism in humans when injected intravenously50. Since SH-SY5Y cells do not 
have the machinery to transform MPTP to MPP+, the metabolite itself is administered. 
Once inside the cell, MPP+ inhibits complex I of the electron transport chain, impairing 
mitochondrial respiration and increasing reactive oxygen species (ROS) production, and 
redistributes DA to the cytosol, where it is oxidized and generates more ROS (reviewed   
in 51). 6-OHDA is a catecholaminergic neurotoxin and its molecular mechanisms of action 
have been reviewed elsewhere52. Briefly, 6-OHDA enters catecholaminergic neurons via 
DA or NA transporters; it accumulates inside of the cell and triggers the formation of ROS 
and catecholamine quinones, leading to oxidative stress and cell death. Furthermore, 
6-OHDA may inhibit complexes I and IV of the electron transport chain53, although this 
has not been confirmed by others54. Exposure to rotenone, a highly lipophilic insecticide, 
has been linked to sporadic PD55 and can directly enter cells, independently from 
transporters, to inhibit complex I, impairing mitochondrial respiration and enhancing 
ROS production, and inhibit proteasomal activity (reviewed in 56).

Next to drug-based strategies also genetic approaches (e.g., knock down or forced 
overexpression of genes with mutations found in familial cases of PD) have been widely 
used to induce a PD-like phenotype (table 3). Altogether 19 loci segregating with familial 
forms of PD are now known57. Of these only a subset have been used for reverse genetic 
manipulation, and overexpression of genetically encoded mutated variants of α-synuclein 
(A30P, A53T, E46K, G51D, H50Q, S129A, S129D, S129E) or extracellularly added 
α-synuclein variants is by far the most commonly used method to mimic PD in SH-SY5Y. 
Functional and rescue studies involving knockdown, overexpression or mutated forms 
of other genes, such as LRRK2 (G2019S, I2020T, R1441C, Y1699C), PINK1 (G309D, 
P209A, P399L, T313M), DJ-1 (A39S, C53A, C106A, L166P), ATP13A2, PLA2G6, GBA 
and PRKN (C289G, C431F, G328E, G430D, K161N, R42P, T240N, T240R, R265C, 
W453stop), have also been performed. Gene knockdown was mostly performed by 
transfection with siRNA or shRNA, while stable expression of mutated genes was 
achieved by their insertion into vectors such as pcDNA3.1 and transfection with reagents 
like Lipofectamine® 2000 (ThermoFisher Scientific) or FuGENE® (Promega), adenoviral 
infection or lentiviral transduction. Surprisingly, novel revolutionary technologies such 
as the use of CRISPR/Cas9 or TALEN have not yet been applied in studies on PD, but 
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we anticipate that reports on these tools for precision gene-editing will appear soon. 
Collectively, the studies mimicking the genetic mutations present in PD have allowed the 
identification of a diverse set of pathways and molecular processes that are involved in the 
manifestation of the disease58, including mitochondrial and mitophagy dysfunction59,60 
and proteasomal and autophagy dysregulation, leading to protein aggregation61-63.

Table 3. Drug-based and genetic methods used to induce a PD-like phenotype in SH-SY5Y cells.

PD mimic

Single Multiple Total

MPP+ 169 63 232

Manipulation of expression of familial genes 180 53 233

6-OHDA 141 47 188

Rotenone 69 56 125

Dopamine 33 26 59

H2O2 12 34 46

NM(R)Sal/Salsolinol 21 6 27

Paraquat 13 12 25

Lactacystin 8 11 19

Other treatments 112

Listed are the most commonly used treatments to mimic PD in the SH-SY5Y cell line as well as the 
number of articles that use one (single) or, to validate the results, more than one (multiple) treatments. 
Other treatments include conditioned media from glial cells, MG132, SIN-1, staurosporine, thapsigargin, 
carbonyl cyanide m-chlorophenyl hydrazine (CCCP), tunicamycin, epoxomicin, bafilomycin, 
neuromelanin, miRNAs, A-β1, BmK1, L-buthionine-(S, R)-sulfoximine (BSO), Conduritol B epoxide 
(CBE), Ciplastin and PSI. MPP+, 1-methyl-4-phenylpyridinium; 6-OHDA, 6-hydroxydopamine; H2O2, 
hydrogen peroxide.

One complementary strategy to study PD in cells is to interfere directly with one of 
these processes by administering specific compounds, with agonistic or antagonistic 
activity, such as hydrogen peroxide (H2O2, oxidative stress), lactacystin/MG-123 
(proteasome inhibitors), tunicamycin (N-glycosylation inhibitor, triggers ER stress), 
bafilomycin (inhibitor of vacuolar H+ ATPase, leading to autophagy dysfunction), 
thapsigargin (inhibitor of the sarco/endoplasmic reticulum Ca2+ ATPase, resulting 
in ER stress and autophagy inhibition), carbonyl cyanide m-chlorophenyl hydrazone 
(CCCP) (inhibitor of oxidative phosphorylation, leading to mitochondrial dysfunction), 
Conduritol B epoxide (CBE) (GBA inhibitor), or salsolinol/staurosporine (cell death). 
Intriguingly, staurosporine, a broad-spectrum kinase inhibitor, has been used in some 
PD-related publications to induce cell death64-72, while other publications have used it 
to induce DAergic differentiation and study PD-related features43,44. Early studies on 
SH-SY5Y cells showed differentiation towards a neuronal phenotype upon treatment 
with staurosporine73,74, which later has been characterized as catecholaminergic-like75. 
Therefore, the effects of different concentrations of staurosporine on SH-SY5Y cells 
should be characterized carefully to properly interpret studies that used this drug either 
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as a differentiation agent or as an inducer of apoptosis. Figure 3 summarizes the now 
known cellular processes that are dysregulated in PD, based on the analysis of the 
functions of the proteins encoded by the (mutated) familial PD genes, and the use of PD-
mimicking drugs in SH-SY5Y cells.

 
Figure 3. The molecular mechanisms dysregulated in PD and thought to lead to DAergic 
neuronal cell death. Up to now, 14 genes have been consistently associated with familial PD (red 
circles)38. The analysis of the functions of the corresponding (mutated) proteins and the resulting cellular 
abnormalities has allowed the identification of the depicted main pathways underlying PD: mitochondrial, 
proteasomal and autophagy dysfunction, protein aggregation, dopamine metabolism and oxidative stress, 
leading to DAergic cell death39-44. Green circles: compounds dysregulating multiple cellular processes 
linked to PD and used to mimic PD with dotted lines pointing towards their targets. Orange circles: drugs 
that specifically act on one of the processes are placed next to their targeted pathway.

Reproduction of PD-associated cellular phenotypes

Apart from the DAergic phenotype, the ability of the cell line to reproduce the cellular 
abnormalities of PD is crucial for the validity of the model. One of the main hallmarks 
of PD is α-synuclein aggregation5. To mimic this pathological feature, overexpression 
of WT α-synuclein or stable expression of one of its familial mutations, such as A53T 
or A30P, has been successfully used76-78. Nevertheless, these manipulations do not 
always inevitably lead to increased formation of inclusions. Therefore, triggers such as 
cell differentiation together with FeCl2 (and H2O2) treatment, or Hsp70 blockage, are 
sometimes needed to observe α-synuclein aggregation79-82. These different outcomes 
are possibly due to the specific α-synuclein mutation used77 or the level of expression 
achieved by the various constructs78. Interestingly, spontaneous α-synuclein aggregation 
has been reported in non-transfected SH-SY5Y cells83. Moreover, both differentiated 
and undifferentiated SH-SY5Y cells are sensitive to extracellular α-synuclein-induced 
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toxicity84. The cell line has also been used to study the kinetics and mechanisms of 
α-synuclein degradation78,85, the link between α-synuclein aggregation and intracellular 
calcium86, and other pathological changes of α-synuclein, such as its carboxyl-terminal 
cleavage32. Other PD-related problems, such as abnormal mitochondrial function, 
oxidative stress and autophagy or proteasomal dysfunction, have been reproduced in SH-
SY5Y cells as well. These hallmarks are usually triggered by the administration of specific 
drugs (figure 3) or, alternatively, by the knockdown of a gene corresponding to a familial 
PD-gene or expression of a familial PD-gene. For example, silencing of PINK1 leads 
to mitochondrial dysfunction87,88 and mutated forms of α-synuclein impair proteasomal 
activity89. The additive effects that are caused by co-expression of familial PD genes can 
also be observed in this cell line (e.g., cotransfection of α-synuclein and LRRK2 enhances 
the formation of aggregates, phosphorylation, cell-to-cell transmission and extracellular 
release of α-synuclein90). Therefore, SH-SY5Y cells represent an attractive tool to 
study most cellular alterations linked to PD and strategies to ameliorate their effects, 
but a careful experimental setting is required when analyzing α-synuclein aggregation, 
since the findings vary between studies. Yet, not all aspects of PD pathobiology can 
be faithfully studied in SH-SY5Y cells, and therefore investigations into for example 
electrophysiological abnormalities or neurochemical dysfunction require other and more 
complex models, such as primary dopaminergic cultures or brain slices, ex vivo.

In vitro and in vivo models used in parallel with SH-SY5Y cells

PD is characterized by the loss of DAergic neurons from the SN5. Thus, primary cultures 
of neurons from this brain area of patients and controls may be considered the most 
reliable models to unravel the molecular mechanisms underlying this disease. However, 
the inaccessibility and lack of proliferation of such neurons largely precludes their use. 
Conversely, as discussed above, the use of a proliferative and more uniform model like 
the SH-SY5Y cell model has also limitations. Therefore, in many studies other cell types 
have been employed in parallel. Of the articles analyzed, 67.6% reported experiments 
performed exclusively in the SH-SY5Y cell line and 19.7% used in parallel other cell 
lines with a neuronal phenotype, including rodent mesencephalic primary cultures and 
(mainly cortical) primary neurons, stem cells, PC12 cell line, Neuro-2a cell line or MN9D 
cell line (table 4). The remaining 12.7% used cell lines that are not neuronal (−like), such 
as HEK293, HeLa or glial cells. Primary cell cultures are physiologically more relevant 
than immortalized cell lines, but they are difficult to maintain and, depending on the age 
of the source animals or the dissection accuracy, can introduce experimental variability91. 
Since the SN is located in the mesencephalon, or midbrain, rodent mesencephalic 
primary cultures are enriched for the cell population of interest, the SN DAergic neurons. 
Primary cultures from other brain regions (mainly cortex) have also been extensively 
used as complementary in vitro models, but these cultures consist of mixed populations 
of various neuronal subtypes. Furthermore, primary cultures of DAergic neurons from 
other species, such as the worm C. elegans, have been used92,93. In general, the overtly 
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less physiologically relevant permanently established cell lines are easier to maintain 
than cells in primary cultures (because the cell lines are generally rendered immortal) 
and can sometimes be differentiated into terminal neuronal populations. The PC12 
cell line (ATCC® CRL-1721™) has been derived from a rat pheochromocytoma and 
widely used to study PD. This lineage has a chromaffin-like character, and shares its 
embryonic origin with DAergic neurons. Nerve growth factor treatment of PC12 cells 
induces differentiation into a catecholaminergic-like phenotype94,95. The Neuro-2a cell 
line (ATCC® CCL-131™) has been derived from a mouse brain neuroblastoma and can 
be differentiated into neuronal-like cells96 and, more specifically, to DAergic neurons by 
a dbcAMP treatment97. Other PD cellular models include cell hybrids, such as the MN9D 
cell line98, and derivatives from the neuroblastoma SK cell line. A full list of neuronal (−
like) cell models used in parallel with SH-SY5Y cells can be found in additional file 4. It 
is important to note that most of the alternative lineages are derived from species other 
than human. Finally, patient-derived induced pluripotent stem cells (iPSCs) that can be 
differentiated into DAergic neurons (and possibly other relevant cell types such as glial 
cells) represent an emerging new category of cell models for PD99-101.

Table 4. Use of alternative cellular models in parallel to SH-SY5Y cells.

Alternative cellular models #articles

No other neuronal cell lines 772

Other neuronal(-like) cell lines 190

Mesencephalic cultures (mouse/rat) 54

Primary neurons (cortical mainly) (mouse/rat) 54

PC12 (rat) 39

Neuro-2a (mouse) 13

hESC, NPSC, hMSC, iPSCs (human) 9

SK-N-BE(2)-M17(M17) (human) 9

MN9D (mouse) 7

Other 45

The table specifies the number of articles (#articles) that do not use any neuronal cell line other than SH-
SY5Y cells; and those that do use another neuronal (−like) cell line (and the most commonly used ones). 
Sometimes an article uses multiple alternative cell lines and, thus, the addition of the individual values of 
other neuronal (−like) cell lines is larger than the number of articles that use other neuronal (−like) cell 
lines. More detailed information on these other cell lines can be found in additional file 4.

Apart from cellular models, about 21% of the articles that use SH-SY5Y cells also 
employ an animal model for PD to validate and further understand the cellular results. 
The animal models include mouse, rat, C. elegans and fruit fly and the PD features in 
these in vivo models are mimicked with MPTP, 6-OHDA, rotenone or genetic mutations 
(reviewed in 102,103).
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Conclusions
This systematic review illustrates the “popularity” and broad use of the neuroblastoma 
cell line SH-SY5Y in PD research and underlines some of its drawbacks. SH-SY5Y cells 
have been used to study the molecular and cellular mechanisms underlying the effects of 
some of the PD-related toxins, to perform functional studies on familial PD genes, and 
to test putative protective compounds for PD treatment. Thus, this cell line has been a 
valuable asset to help unravel the molecular complexity of PD. However, SH-SY5Y cells 
are not purely DAergic because the cell line was obtained as a neuroblastoma derivative 
and thus has cancerous properties that influence its differentiation fate, viability, growth 
performance, metabolic properties and genomic stability. Hence, SH-SY5Y cells possess 
physiological characteristics which differ greatly from the normal DAergic neuronal 
features. Reports on the exact SH-SY5Y phenotype are contradictory. Differences in cell 
source and maintenance in culture, perhaps of epigenetic character, could explain these 
variations, but the lack of accurate reporting of experimental protocol parameters and 
inaccurate listing of individual characteristics of cell lineages kept at different laboratories 
hinders the drawing of firm conclusions. Therefore, the cell source has to be specifically 
indicated and more studies on the effects of media composition on the cell population 
are needed to compare findings, and catalyze reproducibility and progress with this PD-
model. In addition, the use of other neuronal (−like) cell lines, such as those reviewed 
here, and animal models in parallel with SH-SY5Y cells may help to validate the findings. 
The choice of these additional models should take into account aspects such as species 
differences, tumorigenic properties and time and resource requirements. A further 
topic regarding the use of SH-SY5Y cells concerns the differentiation regime that -until 
now- has been used to drive the cell line towards a DAergic phenotype. Variations in the 
outcome of the differentiation protocol could again be due to the origin and handling of 
the cells. Furthermore, the use of chemical compounds to differentiate the cell line into a 
more DAergic or neuronal population may affect parameters that are not directly linked 
to the desired phenotype, and they may produce confounding effects. The systematic 
use of ICC and other single cell assays, together with qPCR and WB to characterize the 
phenotype of the entire cell population, is required for a proper validation of the DAergic 
phenotype of the SH-SY5Y cells as a disease model. The method of choice to model PD 
is crucial especially because the onset of this multifactorial disease involves both genetic 
and environmental factors. Genetic as well as chemical approaches have been used in 
the functional studies on SH-SY5Y cells to target one or multiple pathways linked to PD. 
In any case, the use of multiple approaches in parallel is recommended and expected 
to be facilitated by current developments in the fields of chemical biology and reverse-
genetics (i.e., CRISPR/Cas9 applications) that will allow a much broader application of 
chemical libraries for cell-signaling inhibition and genome editing, respectively. These 
novel opportunities together with the proper exploitation of the already well-established 
procedures for cell culturing will allow the standardization of the use of the SH-SY5Y cell 
line and maximize the benefit from this appealing cell model for PD.
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Abbreviations
6-OHDA 6-hydroxydopamine
ATCC American Type Culture Collection
BDNF Brain-derived neurotrophic factor
DA  Dopamine
DAergic Dopaminergic
DSMZ German collection of Microorganisms and Cell Cultures
ECACC European Collection of Authenticated Cell Cultures
ICC  Immunocytochemistry
MPP+ 1-methyl-4-phenylpyridinium
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
NA  Noradrenaline
PD  Parkinson’s disease
qPCR Quantitative polymerase chain reaction
RA  Retinoic acid
ROS  Reactive oxygen species
SN  Substantia nigra
TPA  12-O-Tetradecanoylphorbol-13-acetate
WB  Western blot
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Additional file 1: List of articles resulting from the literature search and article 
inclusion/exclusion in this review. Complete list of articles that were obtained with the 
search terms “Parkinson”, “Parkinson’s”, or “Parkinson’s disease” and “neuroblastoma”, 
“SH-SY5Y”, “SHSY5Y, or “SHSY-5Y” in PubMed until the 22nd of November 2016. The 
inclusion and exclusion criteria are specified.

Additional file 2: Compositions of the media used for culturing SH-SY5Y cells. The 
table displays the composition of the media used in each of the articles included in the 
review.

Additional file 3: Techniques and markers used to determine the DAergic phenotype 
of SH-SY5Y cells. List of articles in which the DAergic phenotype of the cell line was 
experimentally validated, and the techniques and markers that were used, together with 
the cell source, media used and differentiation included or not.

Additional file 4: Alternative neuronal (−like) cell lines used to validate the findings 
in SH-SY5Y cells. The table contains the neuronal (−like) cell lines that have been used 
in parallel with SH-SY5Y cells to study PD and the species from which they are derived, 
the cell type and the number of articles that used the cell line.
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Abstract

Parkinson’s disease (PD) is a neurodegenerative disease with increasing prevalence and 
no disease-modifying treatments available. PD is characterized by the degeneration of 
dopaminergic neurons from the substantia nigra projecting to the striatum, but the exact 
mechanisms causing this neuropathology are unknown. Hence, appropriate models are 
necessary to increase our knowledge of the underlying molecular mechanisms to develop 
effective PD therapies. We recently reviewed the application of neuroblastoma SH-SY5Y 
cells as an in vitro cell model for PD (chapter 2), and noticed that there is no consensus 
regarding basic aspects, such as the effects of culture medium composition on fate 
specification of this cell line. Therefore, we here studied whether medium formulations 
with different pyruvate, glutamine and drug (retinoic acid, 12-O-Tetradecanoylphorbol-
13-acetate, stauroporine) concentrations differentially affect the proliferation 
and differentiation behavior of SH-SY5Y cells and influence their susceptibility to 
6-hydroxydopamine (6-OHDA, a neurotoxin commonly used to induce dopaminergic 
cell death). Although we observed no changes in the expression of representative markers 
for proliferation and the ability to differentiate towards a dopaminergic phenotype, we 
did observe an effect on 6-OHDA susceptibility. We conclude that medium composition 
is a co-determining factor in the vulnerability of SH-SY5Y cells towards 6-OHDA. This 
finding may contribute to the explanation of the interlaboratory variation in the findings 
of studies on this cell model, as emphasized in our recent review. 

Main text

Parkinson’s disease (PD) is the second most common neurodegenerative disease, affecting 
1-2 out of 1,000 people1. From a neuropathological perspective, PD is characterized 
by the degeneration of dopaminergic neurons from the substantia nigra projecting to 
the striatum, microgliosis and the formation of Lewy bodies2. Unfortunately, the exact 
molecular mechanisms underlying this disease are unknown. In order to unravel the 
processes that are at the root cause of PD manifestation, multiple animal and cellular 
models have been developed3,4. One such model, which we recently reviewed5 and noted 
a lack of standardization of the research protocols used, is the neuroblastoma cell line 
SH-SY5Y.

One of the molecular mechanisms underlying PD is oxidative stress6 and as such some 
of the drugs used in animal and cellular model studies, such as 6-hydroxydopamine (6-
OHDA)7, are oxidative agents. Interestingly, two of the standard components used in 
SH-SY5Y cell culture medium, namely sodium pyruvate and L-glutamine, are known as 
antioxidant agents. More specifically, sodium pyruvate concentration, besides having an 
effect on cellular energy and mass production, has a role in the control of both exogenous 
and intracellular protection against oxidative agents8. For example, it is able to protect the 
neuroblastoma cell line SK-N-MC against the reaactive oxygen species (ROS)-inducing 
compound H2O2

9. Its role as extracellular and intracellular ROS scavenger is however 
still not completely understood and dependent on cell-type and differentiation state, e.g., 
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is linked to the rate of intracellular uptake via monocarboxylate transporters and the flux 
through (aerobic) glycolytic and mitochondrial TCA/OXPOS pathways10. Moreover, its 
anti-oxidative activity is coupled to signaling pathways and dependent on the site(s) of 
ROS generation11. Likewise, concentration-dependent effects of glutamine are difficult 
to study, as glutamine in culture medium is extracellularly non-enzymatically quickly 
degraded into toxic ammonium and pyroglutamate byproducts. When not degraded, 
after intracellular uptake glutamine can serve to maintain the TCA cycle activity and 
cell survival, but also be converted to glutamate, which together with cysteine and 
glycine, is used to synthesize glutathione, one of the natural intracellular antioxidants12. 
Additionally, in SH-SY5Y cells L-glutamine induces expression of heat shock protein 
70 (Hsp70)13, a protein critical for 6-OHDA-mediated apoptosis. Silencing of Hsp70 
production enhances 6-OHDA-induced cell death in PC12 cells14. 

Given this enormous metabolic complexity and the rather differential effects that 
pyruvate and glutamine concentrations in culture medium may have on cell growth, 
survival and differentiation behavior in vitro, choices had to be made in our experimental 
approaches for study of the significance of these metabolites. Thus, we decided to focus 
on only one basic question: Do minor changes in the pyruvate/glutamine formulation 
of Dulbecco’s Eagle culture medium, the standard medium for propagation of the SH-
SY5Y cell line, have an impact on features that have been considered important for its 
use as PD model cell: i.e., the expression of PD-relevant biomarkers, cell growth and 
survival fate? In this work, we decided just to give a descriptive report of findings, and 
not focus on the actual underlying metabolic mechanisms. Four different formulations 
of culture media were tested: Dulbecco’s Eagle medium with 1% antibiotic-antimycotic 
(DMEM), DMEM and L-glutamine 2mM (DMEMg), DMEM and sodium pyruvate 
1mM (DMEMs), and DMEM, L-glutamine and sodium pyruvate (DMEMgs). 
Additionally, we studied the influence of culture medium composition on the response 
of SH-SY5Y cells to 6-OHDA, and retinoic acid (RA), 12-O-Tetradecanoylphorbol-13-
acetate (PMA), and staurosporine (STS), known toxins and enhancers of PD-typical 
phenotypical aspects, respectively. Cells were cultured in each type of medium for at 
least three weeks before performing any experiments to ensure that the observations 
were consistent with long-term use. There were no differences at the expression level, 
studied through immunocytochemistry, of the neuronal marker β-III tubulin (figure 1a), 
or the rate-limiting enzyme in the synthesis of dopamine, tyrosine hydroxylase (TH) 
(figure 1b). Also, no significant differences were observed at the mRNA expression levels 
of TH, or other dopaminergic markers (i.e., DAT and DRD2), noradrenergic markers 
(i.e., DBH and NAT), other neuronal type markers (i.e., NPY), and general neuronal 
markers (i.e., NLGN1, GAP43, SYN1, SYP, SYT1 and RBFOX3) (figure S1). The growth 
rate, determined by ki67 staining, was similar for all four culture conditions (figure 1c). 
Interestingly, proliferation of TH-positive cells, i.e., more mature neurons in the context 
of this cell line, also occurred (figure S2).
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Figure 1. Effect of various media on SH-SY5Y cells. (a) Staining with TH (green), β-III tubulin 
(red) and DAPI (blue) of SH-SY5Y cells cultured in different media, with (b) TH positive cells and (c) ki67 
positive cells (proliferation marker) quantified. Statistical significance was assessed by Kruskal–Wallis 
one-way analysis of variance. The number of biological replicates (n) was 3 in all experiments.

In order to use SH-SY5Y as a cell model to study PD, a more mature phenotype 
with a higher percentage of dopaminergic-like neurons, obtained through chemical 
differentiation, is sometimes used5. To determine the best differentiation protocol, we first 
tested in cells cultured with DMEM a 6-days treatment with RA, PMA, a combination 
of both (RA+PMA) or STS and observed a significant increase of TH-positive cells only 
with the STS treatment (figure 2a). Since treatments with STS have been previously 
described as a differentiation mechanism15,16 and differentiation hallmarks have been 
shown to already be present after 24 hours17, we treated SH-SY5Y cells cultured in the 
four different types of medium with 1nM or 10nM STS for 24 hours. This treatment 
significantly increased the percentage of cells differentiated into a more dopaminergic-
like phenotype, regardless of the cell culture medium used (figures 2b and S3).

Next, SH-SY5Y cells were cultured in either DMEM, DMEMg, DMEMs, or DMEMgs 
and treated with four different concentrations of 6-OHDA (6.25µM, 12.5µM, 25µM 
and 50µM) for 24 hours. Cells cultured with DMEM were resistant to concentrations of 
6-OHDA lower than 25µM, while cells cultured in DMEMg or DMEMs were sensitive to 
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all concentrations of 6-OHDA (figure 2c). SH-SY5Y cells cultured in DMEMgs showed 
significant cell death at all concentrations, except for 25µM 6-OHDA. Additionally, cells 
cultured in DMEM were more sensitive to a treatment with 50µM 6-OHDA than those 
cultured in either DMEMs or DMEMgs. Thus, the composition of the culture medium may 
determine the response of SH-SY5Y cells to an oxidative agent widely used to mimic PD. 

Figure 2. Effect of various media on SH-SY5Y cells as a model for PD. (a) Quantification of the 
percentage of tyrosine hydroxylase (TH) positive cells upon a 6 days treatment with retinoic acid (RA), 
12-O-Tetradecanoylphorbol-13-acetate (PMA), a combination of both (RA + PMA) or staurosporine 
(STS). Significance assessed by Kruskal-Wallis one-way analysis of variance, together with Dunn’s 
multiple comparison test. *adjusted p<0.05. (b) Quantification of the percentage of TH positive cells upon 
a 24 hours’ treatment with 1nM or 10nM of STS in cells cultured in the different media: DMEM only 
(DMEM), DMEM and L-glutamine 2mM (DMEMg), DMEM and sodium pyruvate 1mM (DMEMs), 
and DMEM, L-glutamine and sodium pyruvate (DMEMgs). (c) Percentage of survival of SH-SY5Y cells 
cultured in different media (DMEM, DMEMg, DMEMs, DMEMgs) and treated with 6.25µM, 12.5µM, 
25µM or 50µM of 6-hydroxydopamine (6-ODHA). Statistical significance of (b) and (c) assessed by a 
two-way ANOVA, and multiple comparisons were performed with Dunnett’s multiple comparisons 
test (when comparing to the control of each condition) and Tukey’s multiple comparisons test (when 
comparing each condition between different media). *adjusted p<0.05; **adjusted p<0.01; ***adjusted 
p<0.001. *difference relative to the control; #difference relative to DMEM; +difference relative to 
DMEMs; -difference relative to DMEMg. The number of biological replicates (n) was 3 in all experiments.

Compared to DMEM, cells cultured in DMEMs and DMEMgs were less sensitive to 
50µM 6-OHDA, and DMEMgs-cultured cells treated with 25µM 6-OHDA displayed 
a lack of significant cell death. These results are in agreement with the antioxidant 
properties of both L-glutamine and sodium pyruvate, the effect of which seems to be 
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enhanced when the two compounds are combined. However, the lack of cell death in 
cells cultured in DMEM at low concentrations of 6-OHDA, while DMEMgs-cultured 
cells showed a significant cell death suggests that a low-dose of 6-OHDA might be toxic 
via a mechanism different from oxidative stress. 6-OHDA inhibits the mitochondrial 
respiratory complex I18 independently from its oxidative capacities19. The lack of protective 
effect of L-glutamine as a medium supplement at a typical concentration (2mM) could 
be because the induction of Hsp70 expression by L-gutamine is dose dependent, and the 
effect is seen with treatments of 4mM or higher13. It should also be taken into account 
that SH-SY5Y cells are a neuroblastoma cancer cell line and as such they may have a 
higher adaptive versatility to metabolic changes. Thus, long-term culture with any 
specific type of medium formulation might trigger adaptive changes, which can modify 
the results and make the studies using different media less comparable.

In conclusion, the concentration of pyruvate and glutamine in culture medium for 
maintenance and propagation in in vitro culture appears to be a key component for 
modulating variability in the expression of PD-typical characteristics in the SH-SY5Y 
model cell line, and the toxic effects of 6-OHDA therein. Still, in many studies with SH-
SY5Y this issue is not always appropriately addressed and details about culture medium 
composition used are often not reported. We recommend that the conditions of cell 
culturing as well as the dose-response curves of the agents used to mimic PD are carefully 
assessed when employing SH-SY5Y cells for research on neurodegenerative diseases.

Methods

Cell-culture conditions

The SH-SY5Y human neuroblastoma cell line (ATCC® CRL-2266™) was grown in 
modified DMEM, together with 2mM L-glutamine (DMEMg), or 1mM sodium pyruvate 
(DMEMs), or both L-glutamine and sodium pyruvate (DMEMsg). Cells were incubated 
in 5% CO2 at 37°C. Cells were kept no longer than passage 20 after acquisition. Cells 
were detached from the culture vessel using a short treatment with trypsin-EDTA and 
passaged once a week after they reached 80% of cell confluence. All media components 
and the trypsin-EDTA were from Thermo Fisher Scientific (Gibco™). For RNA analysis, 
the cells were washed with phosphate-buffered saline (PBS) and taken up by direct 
detachment in Trizol Reagent (Sigma). For immunocytochemistry, the cells were washed 
with PBS and fixed with paraformaldehyde.

Differentiation protocols

Cells were seeded in Ibidi-well (ibidi, Cat.No: 80826) at a density of 2.5*105cells/mL. 
After 24 hours of adherent growth, cells were treated for 6 days with 10µM retinoic acid 
(RA), or 80nM 12-O-Tetradecanoylphorbol-13-acetate (PMA), or 10nM staurosporine 
(STS), or 3 days with 10µM RA and 3 days with 80nM PMA (RA+PMA). For 
immunocytochemistry, the cells were washed with PBS and fixed with paraformaldehyde.
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6-OHDA treatment

Cells were seeded in 96-wells plates at a density of 2.5*105cells/mL. After 24 hours 
of adherent growth, cells were treated for 24 hours with different concentrations of 
6-OHDA (Sigma). To perform a survival analysis, the cells were washed with PBS and 
fixed with trichloroacetic acid. 

Immunocytochemistry

Ibidi-well (ibidi, Cat.No: 80826) adherent cells were fixed with 4% paraformaldehyde for 
20 minutes at room temperature (RT) and washed 3 times with PBS. Thereafter, cells 
were incubated with blocking buffer for 1 hour at RT, and incubated with the primary 
antibody (mouse β-III tubulin, 1:100 (Covance); rabbit anti-tyrosine hydroxylase, 1:1000 
(Pel-Freez Biologicals)) in blocking solution overnight at 4°C. Next, the preparations 
were washed 3 times with PBS and incubated with the secondary antibody (Alexa Fluor 
568 goat against mouse, 1:500 (Life Technologies); Alexa Fluor 488 goat against rabbit, 
1:500 (Life Technologies)) and DAPI (1:500) diluted in blocking buffer for 2 hours at 
RT, in the dark. Finally, cells were washed 3 times with PBS and pictures were taken with 
an automated high-content microscope (DMI6000B, Leica). Imaging was performed 
with the 20x objective; autofocus was set on the DAPI signal at every position, with a 
local focus of 30μm and medium precision. Image analysis was performed with ImageJ. 
Per condition, at least 9 images with a minimum of 200 cells per image were quantified 
in each of the triplicates of the experiment.

RNA isolation

For RNA isolation, the Trizol cell mixtures were resuspended and incubated for 25 
minutes at 4°C, followed by incubation for 5 minutes at RT in Eppendorf tubes. Then, 
RNase-free chloroform (80μL) was added, tubes were shaken and briefly vortexed. Next, 
samples were incubated for 2-3 minutes at RT and centrifuged for 15 minutes. The 
aqueous phase was recovered and 1μL of glycogen carrier (20μg/mL) was added to each 
sample. Samples were vortexed shortly before adding 200μL of isopropanol. Samples 
were mixed by inversion, incubated for 10 minutes at RT and centrifuged for 10 minutes. 
Supernatant was removed and 0.5mL of ice-cold (-20°C) 75% ethanol was added to the 
pellet before a very short vortex and 5 minutes of centrifugation. Again, the supernatant 
was removed and the washing step with ice-cold ethanol was repeated. Next, supernatant 
was completely removed and the pellet was air-dried for 10-15 minutes, dissolved in 
15μL of autoclaved MilliQ water and incubated for 10 minutes at 55°C before storing the 
samples at -80°C. The samples were kept at 4°C at all steps (including centrifugation), 
except otherwise indicated.

cDNA synthesis and qRT-PCR quantification 

Total cDNA was synthesized from 1μg of total RNA following the instructions of the 
ReverseAid First Strand cDNA synthesis kit (Fermentas Life Sciences). The 30μL of 
cDNA obtained were diluted with 420μL of MilliQ water, and stored at 4°C. Quantitative 
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Real-time PCR was performed using SYBRGreen (Bioline). Briefly, reaction mixtures 
consisting of 5μL of SYBRGreen, 1.8μL of water, 0.6μL of forward primer, 0.6μL of 
reverse primer and 2μL of cDNA mixture were assembled for each sample (see table 1 
for primer sequences). Segments from each of the different cDNAs were PCR amplified 
with the following program: 2 minutes at 95ºC, 40 cycles of 95ºC for 5 seconds, 65ºC 
for 10 seconds and 72ºC for 15 seconds, and a gradient from 70ºC to 95ºC; on a Rotor 
Gene Q series. The quantification was accomplished by considering both the take off and 
amplification values of each sample and using a normalization value obtained from the 
housekeeping genes GAPDH and YWHAZ with the GeNorm2 algorithm20.

Table 1. Primer sequences.

Gene Forwards primer Reverse primer

DAT GACCATTTTGCAGCCGGCA TGCTGGATGTCGTCGCTGAAC

DBH AATATCCCCGAACCGGAGTTG TCATTGCCCTTGGTGACGA

DRD2 CCTTCTACGTGCCCTTCATTG CGGTGCAGAGTTTCATGTCCT

GAP43 CACCCCGCACTCCACTTTTTA CTGAATTTTGGTTGCGGCCT

GAPDH (housekeeping gene) ACCACCCTGTTGCTGTAGCC GACTTCAACAGCGACACCCA

NAT CAGGAAAGGTGGTGTGGATCA CAATCCATACCGTGGCCTCTT

NLGN1 TCGGTTTCTTGAGTACAGGCG GCACCAGATCCAAAAACAGTGA

NPY GCCAGCCACCATGCTAGGTA TCGCAGCGCCGAGTAGTATC

RBFOX3 GACTTGCGGCAAATGTTCG ATCGTCCCATTCAGCTTCTCC

SYN1 TGGAGCAAATTGCCATGTCTG AGGAACCCACCACCTCAATGA

SYP AGTTCGAGTACCCCTTCAGGCT GCCACGGTGACAAAGAATTCG

SYT1 AAGATCAGGCCCTCAAGGATG CAGCCTGAATGATCCCTACCA

TH AAATTGAGAAGCTGTCCACGC TGGTACGTCTGGTCTTGGTAGG

YWHAZ (housekeeping gene) CCAACACATCCTATCAGACTGGG TCAGCAATGGCTTCATCAAAAG

Cell survival analysis (Sulforhodamine B, SRB, assay)

After fixation with cold (4°C) 10% trichloroacetic acid for 1 hour at 4°C, cells were 
washed three times with MilliQ water. After removing the last wash, 0.5% SRB solution 
was added to each well. Cells were incubated in SRB for 15 minutes at RT in the dark, 
and washed four times with 1% acetic acid (Sigma). All acetic acid was tapped out the 
plate after the last washing step and the plate was dried at 60°C for 10-15 minutes. 
Finally, 150μL of 10mM Tris-HCl (pH=10) (ICN) was added to each well, its contents 
mixed to homogeneity, and the optical density of the colored solution was measured with 
a Biorad plate reader at 510nm.

Statistical analysis

Grouped data are expressed as mean ± SD and individual values are plotted. Changes 
between groups were analyzed using Graphad Prism (San Diego, CA). The specific test 
in each case in mentioned at the figure legend. All measurements were repeated at least 
three times. Adjusted p-value < 0.05 was accepted as significant.
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Supplementary figures

 

Figure S1. Relative mRNA expression of neuronal markers in SH-SY5Y cells cultured in four 
different media. qPCR results of dopaminergic markers (TH, DAT, DRD2), noradrenergic markers 
(DBH, NAT), other neuronal type marker (NPY), and general neuronal markers (NLGN1, GAP43, 
SYN1, SYP, SYT1, RBFOX3) from SH-SY5Y cells cultured in four different media: DMEM, DMEM and 
glutamate (DMEMg), DMEM and sodium pyruvate (DMEMs), and DMEM, glutamate and sodium 
pyruvate (DMEMsg). Statistical testing was done by Kruskal-Wallis one-way analysis of variance, 
together with Dunn’s multiple comparison test. 
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Figure S2. Dividing TH-postive SH-SY5Y cell. Immunocytochemistry of SH-SY5Y cells with TH 
(green), β-III tubulin (red) and DAPI (blue), where the white arrow points towars a TH-positive cell 
undergoing mytosis at the moment when the cells were fixed.

Figure S3. Effect of a 24-hours STS treatment on SH-SY5Y cells cultured in different media. 
Staining with TH (green), β-III tubulin (red) and DAPI (blue) of SH-SY5Y cells cultured in different 
media and treated with staurosporine (STS) for 24 hours.

D
M

E
M

D
M

E
M

g
D

M
E

M
s

D
M

E
M

gs

Control 1nM STS 10nM STS



62



- Chapter 3 -

The Role of Lipids in Parkinson’s Disease
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Abstract

Parkinson’s disease (PD) is a neurodegenerative disease characterized by a progressive 
loss of dopaminergic neurons from the nigrostriatal pathway, formation of Lewy 
bodies, and microgliosis. During the past decades, multiple cellular pathways have been 
associated with PD pathology (i.e., oxidative stress, endosomal-lysosomal dysfunction, 
endoplasmic reticulum stress, and immune response), yet disease-modifying treatments 
are not available. We have recently used genetic data from familial and sporadic cases in 
an unbiased approach to build a molecular landscape for PD, revealing lipids as central 
players in this disease. Here we extensively review the current knowledge concerning 
the involvement of various subclasses of fatty acyls, glycerolipids, glycerophospholipids, 
sphingolipids, sterols, and lipoproteins in PD pathogenesis. Our review corroborates 
a central role for most lipid classes, but the available information is fragmented, not 
always reproducible, and sometimes differs by sex, age or PD etiology of the patients. 
This hinders drawing firm conclusions about causal or associative effects of dietary lipids 
or defects in specific steps of lipid metabolism in PD. Future technological advances in 
lipidomics and additional systematic studies on lipid species from PD patient material 
may improve this situation and lead to a better appreciation of the significance of lipids 
for this devastating disease.

Keywords: Parkinson’s disease, fatty acyls, glycerolipids, glycerophospholipids, 
sphingolipids, sterol lipids, lipoproteins, α-synuclein-mediated pathology, disease-
modifying effects, neuroprotection

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease 
affecting 1% of the population above 60 years and up to 4% of individuals in the highest 
age groups1. Parkinson’s disease is characterized by motor symptoms, such us tremor, 
rigidity, bradykinesia (slowed movement) and impaired balance2, and non-motor 
manifestations, including sleep disorders, and autonomic, gastrointestinal, sensory, 
and neuropsychiatric symptoms3. These symptoms are associated with a progressive 
loss of dopaminergic (DA) neurons from the nigrostriatal pathway, formation of Lewy 
bodies (LB), and microgliosis4. In familial PD, which explains 5–10% of all cases, these 
abnormalities may be caused by a mutation in one of the thus far known 19 familial 
genes, including SNCA, LRRK2, PRKN, PINK1 and DJ-1, among others5. The remaining 
90–95% of PD cases are of sporadic nature with unknown etiology.

Despite a large number of studies on familial forms of PD or toxin-induced cell and 
animal PD models (e.g., use of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 
rotenone or 6-hydroxydopamine (6-OHDA))6-8, no disease-modifying treatment for PD 
has been developed yet. Thus, additional approaches are necessary to advance the field 
of PD. Previously, we used data from genome-wide association studies and other genetic 
studies of PD patients to build a molecular landscape9. This enabled us to identify, in an 
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unbiased way, various processes and pathways that might be involved in PD. Interestingly, 
we found that lipids play a key role in most of the processes that have been (classically) 
associated with PD (i.e., oxidative stress, endosomal-lysosomal function, endoplasmic 
reticulum stress, and immune response), and thus in PD etiology. In agreement with 
this observation, not only mutations in the gene encoding the lipid-producing enzyme 
glucocerebroside (GBA) are associated with familial PD10-12, but also multiple single-
nucleotide polymorphisms (SNPs) located in other genes involved in lipid metabolism, 
e.g., SREBF113, DGKQ14, ASAH115 or SMPD116, have been linked to sporadic PD.

Figure 1. Cellular lipid metabolism and lipoprotein cycle. Schematic representation of lipid 
metabolism, whereby each colored box represents one lipid class: (1) fatty acyls, which include saturated 
(SFA), monounsaturated (MUFA), and polyunsaturated (PUFA) fatty acids, their mitochondrial-transporter, 
acylcarnitine, and the PUFA-derivatives eicosanoids; (2) glycyerolipids, including monoacylglycerol 
(MAG), diacylglycerol (DAG), and triacylglycerol (TAG), together with endocannabinoids (even though 
only some of them belong to this lipid class); (3) phospholipids, which include phosphatidic acid (PA), 
phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylinositol 
(PI), phosphatidylglycerol (PG), cardiolipin (CL), and their lyso derivatives (lysoPC (LPC), lysoPS 
(LPS), lysoPE (LPE), lysoPI (LPI), lysoPG (LPG) and lysoCL (LCL) ), and Bis(monoacylglycero)
phosphate (BMP); (4) sphingolipids, including ceramide(-1-phosphate), sphingosine(-1-phosphate), 
sphingomyelin (SM), cerebrosides, sulfatides, gangliosides, and globosides; (5) sterols, which include the 
metabolites of cholesterol synthesis, such as β-hydroxy β-methylglutaryl-CoA (HMG-CoA), cholesterol, 
and its derivatives cholesterol esters and oxysterols; and (6) lipoproteins, including high-density 
lipoproteins (HDL), intermediate-density lipoproteins (IDL), low-density lipoproteins (LDL), and very 
low-density lipoproteins (VLDL). A depiction of the various lipid structures and of all the metabolic 
steps involved in their generation and interconversion(s) is given in fi gures 2a,b–6a,b, respectively.



66

Lipids are biomolecules soluble in nonpolar organic solvents, usually insoluble in water, 
and primarily known for their metabolic role in energy storage17,18. Furthermore, they 
are the main constituents of cellular membranes, part of membrane rafts and protein 
anchors, and signaling and transport molecules19-23. There are eight different classes of 
lipids, classified as fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterols, 
prenols, saccharolipids, and polyketides24. Here we will review the current knowledge of 
the role of the first five lipid classes and of lipoproteins in PD (figure 1). Certain aspects 
of the relationship between PD and lipids are beyond the scope of this review, including 
the complex interaction between (membrane) glycerophospholipids and α-synuclein, 
the interaction between lipid classes, and the role of cholesterol derivatives, such as bile 
acids, tocopherols, and tocotrienols (vitamin E), vitamin A and carotenoids, vitamin D, 
steroidal hormones (e.g., estrogen) and coenzyme Q10.

2. Fatty acyls

Fatty acyls are carboxylic acids formed by a hydrocarbon chain and a terminal carboxyl 
group (figure 2)25. They are synthesized by chain elongation of acetyl-CoA with malonyl-
CoA groups by enzymes named elongases. While humans can synthesize most fatty acyls, 
linoleic acid (LA) and alpha-linoleic acid (ALA) need to be obtained through the diet26. 
Fatty acyls are not only energy sources, but also the building blocks of complex lipids and 
as such form a key category of metabolites. Additionally, they are membrane constituents 
and regulate intracellular signaling, transcription factors, gene expression, bioactive lipid 
production, and inflammation27,28. Below, we will discuss the current knowledge of the 
roles of fatty acyls, more specifically of saturated fatty acids (SFA), monounsaturated 
fatty acids (MUFA), polyunsaturated fatty acids (PUFA), eicosanoids and (acyl)
carnitine, in PD, and an overview can be found in supplementary materials table S1.

2.1. Saturated fatty acids

The simplest fatty acids are the straight-chain SFA. Their intake does not seem to be 
linked to PD risk in humans29-31 per se, but SFA intake in individuals exposed to rotenone 
increases PD risk, when compared to pesticide exposure alone32. Thus, SFA could 
exacerbate PD-linked pathology. Interestingly, higher levels of SFA (mainly 16:0 and 
18:0) have been observed in lipid rafts from the frontal cortex of PD patients compared 
to controls33, but not in their temporal cortex34. These area-dependent changes combined 
with a lack of differences in SFA intake between PD patients and controls point to 
defects in their absorption or metabolism and region-specific and/or cell-compartment 
differences. Dietary supplementation with SFA 18:0, which seems to be a less potent 
pro-inflammatory lipid than other SFA species35, regulates mitochondrial function 
and rescues the PD-like phenotype of PINK1 and PRKN mutant flies36-38. Similarly, 
both acute and repeated intra-gastric gavage of SFA 8:0 reduces the impairment of DA 
neurotransmission in MPTP -treated mice39. These findings, together with the observed 
higher SFA levels in the frontal cortical lipid rafts, may point towards a compensatory 
mechanism in PD patients. In contrast, exposure of SH-SY5Y cells, primary neurons, 
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and astrocytes to SFA 16:0 leads to apoptosis, reduces peroxisome proliferator-activated 
receptor gamma coactivator 1α (PPARGC1A, PGC-1α) and estrogen receptor alpha 
(ERα) expression, promotes infl ammation, and activates cyclooxygenase-2 (COX-
2)35,40-42, features that have also been observed in the brains of PD patients43-45. Since 
α-synuclein modulates the uptake of SFA 16:0 into the brain46, accumulation of this 
protein in PD brains might lead to increased levels of SFA 16:0, which in turn can trigger 
some of its neuropathological activities.

Figure 2. Fatty acyls: structures and metabolic steps involved. (a) Schematic representation 
of the chemical structures of fatty acyls, including saturated fatty acids (SFA 18:0), monounsaturated 
fatty acids (MUFA 18:1), omega-3 polyunsaturated fatty acids (PUFA, alpha-linoleic acid (ALA, top) 
and docosahexaenoic acid (DHA, bottom)), omega-6 PUFA (linoleic acid (LA, top) and arachidonic 
acid (AA, bottom)), eicosanoids (from left to right, prostaglandin E2 (PGL E2), leukotriene B4 (LT), 
14,15-Epoxyeicosatrienoic acid (EET), 15-F2t-Isoprostane (IsoP), and resolvin D2 (bottom)), and 
acetylcarnitine (AC 2:0) and acylcarnitine (AC 18:0). Chemical structures are adapted from the LIPID 
MAPS structure database25. (b) Schematic overview of steps involved in the metabolism of fatty acyls, 
where fatty acids (FAs) can be obtained through the diet or by a multi-enzymatic reaction starting 
from acetyl-CoA and performed by enzymes such as acetyl-CoA carboxylase 1 (ACACA) and fatty acid 
synthase (FASN). Multiple steps of elongation, performed by elongases, and desaturation, carried out by 
desaturases, produce MUFA and PUFA. PUFA include, among others, omega-3 PUFA, such as ALA, which 
can be converted by a multistep reaction into eicosapentaenoic acid (EPA) and DHA, and omega-6 PUFA, 
including LA, which can be transformed by a multistep reaction to AA. PUFA can be further metabolized 
by enzymes such as lipoxygenase (LOX), prostaglandin-endoperoxide synthase 2 (PTGS2, also known 
as COX-2), cytochrome p450 2C (CYP2C) to various eicosanoids, including resolvins, PGL, LT, EET, or 
oxidized to isoP. Furthermore, transport of FA into mitochondria for their metabolism is preceded by their 
association with carnitine, which is catalyzed by the enzyme carnitine O-palmitoyltransferase 1 (CPT1) 
and reversed by carnitine O-palmitoyltransferase 2 (CPT2).

SFA MUFA

Omega-3 PUFA Omega-6 PUFA

Eicosanoids

Acylcarnititne

SFA 18:0 MUFA 18:1

ALA

DHA

LA

AA

PGL E2 LT B4
EET isoP

Resolvin D2
AC 2:0

AC 18:0

a)

b)



68

2.2. Monounsaturated fatty acids

Variants of SFA containing one double bond are known as MUFA. Higher MUFA intake 
has been variably associated with decreased PD risk31, reduced risk only in women29 
or unchanged risk30. These discrepancies in findings could be due to variation in the 
ethnicity of the subjects, differences in the type of study (cohort or case-control), the 
number of participants, questionnaires employed to asses MUFA intake, the corrections 
used, or even PD etiology, since different MUFA levels in cerebrospinal fluid (CSF) have 
been described in PD patients carrying a GBA mutation and those that do not47. Of 
note, no abnormalities in MUFA level have been observed in the temporal cortex of PD 
patients34. Some MUFA, such as oleic acid and cis-vaccenic acid, trigger the production 
of dopamine in MN9D cells48, and the amide of oleic acid and dopamine (N-oleoyl-
dopamine) modulates the firing of nigrostriatal DA neurons49. Interestingly, α-synuclein 
has a motif homologous to a region in fatty acid-binding proteins, allowing it to bind to 
oleic acid50, which facilitates the interaction of α-synuclein with lipid rafts51. Based on 
these suggestive but still tentative findings, the effect of MUFA intake on PD risk, and 
specifically, its effect on dopamine production and the intracellular location and function 
of α-synuclein, should be further examined.

2.3. Polyunsaturated fatty acids

Fatty acids containing two or more double bonds are known as PUFA and are usually 
classified according to the position of the first double bond counted from the tail (omega). 
The omega-3 family, for which ALA is the essential parent fatty acid, forms metabolic 
products that include eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). 
Omega-6 PUFA, for which LA is the parent fatty acid, include arachidonic acid (AA), an 
intensely studied precursor of signaling lipids52. In general, PUFA are known to play a 
role in inflammation53, epigenetics54, and brain development55 and function56. As such, 
they have been widely examined in PD patients, and animal and cellular PD models.

2.3.1. Human studies on polyunsaturated fatty acids

Higher intake of omega-3 PUFA and ALA, but not other PUFA, such as omega-6 PUFA 
or LA, has been associated with reduced risk of PD31,32, while other studies have reported 
a weak positive association between omega-6 PUFA and LA intake and PD risk57, or 
have provided evidence against an association between PUFA intake and PD risk30. A 
link between AA intake and PD risk is also controversial: one study described a positive 
association30, while another reported an inverse association58. Serum of PD patients has 
decreased concentrations of long-chain PUFA, including ALA, LA, and AA, compared 
to controls59, while the CSF of PD patients has increased levels of 4-hydroxynonenal, a 
toxic product generated by AA peroxidation60. However, as described for MUFA, PUFA 
levels in CSF may depend on PD etiology47. The levels of PUFA in the anterior cingulate 
cortex and the occipital cortex of PD patients are increased or not changed, respectively61. 
Additionally, the levels of DHA and AA are decreased in frontal cortex lipid rafts from 
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PD patients33, while reduced LA, increased DHA and docosatetraenoic acid (an omega-6 
PUFA), and no changes in AA have been reported for the cytosolic fraction of PD frontal 
cortex62. Moreover, no changes of PUFA were observed in the temporal cortex of PD 
patients34. Therefore, there is no agreement on the impact of PUFA intake on PD risk and 
little information on PUFA levels in the blood, CSF and brain of PD patients is available. 
The only consistent finding is the altered intracellular distribution of PUFA in neurons 
from the frontal cortex of PD patients, i.e., reduced levels of DHA in the lipid rafts and 
increased DHA in the cytosolic fraction.

2.3.2. Animal and cellular studies on polyunsaturated fatty acids

Omega-3 PUFA exert neuroprotective actions in MPTP-treated mice63 by increasing the 
expression of brain-derived neurotrophic factor64 and have also neuroprotective activity 
in 6-OHDA-treated rats65. A decrease in the level of this class of PUFA has been observed 
in the brains of an MPTP-induced goldfish PD model66. Furthermore, omega-3 PUFA 
deficiency leads to a reduced ability of the nigrostriatal system to maintain homeostasis 
under oxidative conditions, increasing the risk for PD67. Maternal omega-3 PUFA seem 
to partially protect a lipopolysaccharide (LPS)-model for PD68. Likewise, the omega-3 
PUFA DHA protects DA neurons against MPTP-69-71, paraquat-72 or rotenone-induced 
toxicity73 in rodent models and against effects of 6-OHDA-treatment in Caenorhabditis 
elegans, mice and rats74-76, also when administered as TAG-DHA77. Moreover, DHA 
plays a crucial role in the differentiation of induced pluripotent stem cells (iPSCs) into 
functional DA neurons78 and DHA supplementation protects DA neurons from the SN 
in MPTP-treated mice79. EPA and ethyl-EPA attenuate 1-methyl-4-phenylpyridinium 
(MPP+)-induced cell death in SH-SY5Y cells, primary mesencephalic neurons, and 
brain slices80,81, and in vivo reduce MPTP/probecenid-induced dyskinesia and memory 
deficits (without preventing nigrostriatal DA loss)82. Thus, omega-3 PUFA appear to 
have a neuroprotective role in animal models for PD.

Additionally, pretreatment of rats with fish oil (which is rich in omega-3 PUFA) for 25 
days before 6-OHDA treatment mitigates the loss of substantia nigra (SN) DA neurons83. 
In contrast, a chronic supplementation of fish oil in rats does not protect DA neurons 
but increases dopamine turnover84. These differential effects could be explained by the 
finding that the ethyl ester of DHA, a PUFA present in fish oil, enhances 6-OHDA-
induced neuronal damage by triggering lipid peroxidation in mouse striatum85. Lipid 
peroxidation, which occurs frequently in PUFA, may lead to mitochondrial dysfunction86 

and α-synuclein oligomerization87. It is therefore not surprising that a number of studies 
have demonstrated beneficial effects when using deuterium-reinforced (deuterated) 
PUFA (which protects the PUFA sites susceptible for oxidation)88-90, or PUFA in 
combination with antioxidants91. Therefore, omega-3 PUFA, probably in combination 
with the prevention of lipid peroxidation, should be further studied as a complementary 
therapy for PD.

Increased levels of omega-6 PUFA (LA and AA) have been reported in mice brain slices 
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upon MPP+ treatment81. Similarly, upregulated AA signaling has been observed in the 
caudate-putamen and frontal cortex of 6-OHDA-treated rats92, and the striatum and 
midbrain of MPTP-treated mice93. Both LA and AA are able to inhibit MPP+-induced toxicity 
in PC12 cells94, while excess AA aggravates α-synuclein oligomerization in PC12 cells95. 
Interestingly, a mouse model with impaired incorporation of AA in the brain is resistant 
to MPTP treatment96. Hence, pharmacologically induced PD is linked to an increase in 
AA, the consequences of which are at present unclear and could be dose dependent.

2.3.3. Alpha-synuclein and polyunsaturated fatty acids

Under physiological conditions, α-synuclein and PUFA are involved in endocytic 
mechanisms linked to synaptic vesicle recycling upon neuronal stimulation97. Moreover, 
α-synuclein and PUFA regulate each other, since α-synuclein increases endogenous 
levels of AA and DHA62, and its oligomers control the ability of AA to stimulate SNARE-
complex formation and endocytosis98. Reciprocally, PUFA strongly interact with the 
N-terminal region of α-synuclein99, enhancing its oligomerization both in vivo and in 
vitro100-102. This might precede the formation of protective (LB-like) inclusions in DA 
cells103.

Studies on specific PUFA species have shown that DHA induces α-synuclein 
oligomerization104 by activating retinoic X receptor and PPAR-gamma 2105, effects that 
were prevented by co-administering aspirin106. The oligomers formed in the presence of 
DHA seem to be cytotoxic107 and affect membrane integrity108 and the physical properties 
of DHA itself (triggering formation of lipid droplets)109. Alpha-synuclein aggregation is 
also induced by AA110, but the oligomers that are formed seem to be less toxic (more 
prone to disaggregation and enzymatic digestion)111 and their formation is prevented 
or enhanced by low or high doses of dopamine112, respectively. The enhanced toxicity 
of dopamine might be related to its ability to form adducts with AA, which are able to 
trigger apoptosis113.

Interestingly, a diet poor in omega-3 PUFA (with or without DHA supplementation) did 
not affect α-synuclein expression114. Accordingly, a DHA-rich diet had no effect on the DA 
system, motor impairments or α-synuclein levels in α-synuclein-overexpressing mice 
but increased the longevity of the mice115. This latter phenomenon might be related to 
the role of monomeric α-synuclein in sequestering early DHA peroxidation products and 
thus reducing oxidative stress116. The interaction between α-synuclein and (peroxidated) 
PUFA has recently been reviewed in more detail elsewhere87,117.

2.4. Eicosanoids and docosanoids

Eicosanoids and docosanoids constitute a family of bioactive fatty acyls mainly generated 
by AA, EPA, and DHA oxidation. They play a local role in infection and inflammation118. 
The family includes PGL, LT, EET, isoprostanes, HETE, isofurans, and resolvins, among 
others. Interestingly, one of the enzymes responsible for the formation of eicosanoids, COX-
2, has been linked to PD pathology. Its role in the disease has been reviewed elsewhere119,120.
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2.4.1. Prostaglandins

No changes in or increased PGL E2 levels have been observed in the CSF and SN of 
PD patients, respectively121,122. In animal and cellular PD models, PGL E2 secretion 
is induced by LPS123-125, 6-OHDA126-128, rotenone129,130, MPTP131,132, and α-synuclein 
aggregation133,134. Nevertheless, PGL E2 levels in the striatum, hippocampus, and 
cortex of 6-OHDA-treated mice are decreased following a four-week exposure135. The 
eicosanoid PGL E2 mainly mediates its effects by binding to PGL E2 receptors (EP1-
4), which trigger various intracellular pathways136. The EP1 receptor knock-out (KO) 
has neuroprotective effects on 6-OHDA-treated mice137 and an EP1 antagonist protects 
embryonic rat mesencephalic primary cultures from 6-OHDA toxicity138. An agonist 
of EP2 protects primary neuronal cultures from 6-OHDA-induced toxicity139 and an 
agonist of EP4 prevents DA loss in the SN of MPTP-treated mice140. Therefore, the effect 
of PGL E2 is also dependent on which receptor it binds. Interestingly, astrocytes KO 
for the familial PD gene DJ-1 secrete less PGL E2 than WT astrocytes141. This could 
impair DA neuron survival mediated by EP2142. Thus, the sparse data that are available 
regarding the effects of PGL suggest that increased PGL E2 levels may play a role in the 
pathology of animal and cellular PD models, but that this occurs in a time-, location-, 
phenotype- and receptor-dependent manner.

Both PGL A1 and lipocalin-type PGL D synthase (the enzyme that isomerizes PGL 
H2 to PGL D2) inhibit rotenone- and paraquat-induced apoptosis in SH-SY5Y cells, 
respectively143,144. Furthermore, enhanced prostacyclin synthesis seems to reduce glial 
activation and ameliorate motor dysfunction in 6-OHDA-treated rats145. Conversely, 
PGL J2 treatment of SK-N-SH cells leads to the formation of aggregates containing 
ubiquitinated α-synuclein146, and infusion into the SN of mice induces a pathology that 
mimics the slow-onset cellular and behavioral pathology of PD, including loss of DA 
neurons in the SN, α-synuclein aggregation, posture impairment, and microgliosis115,147,148. 
Hence, PGL other than PGL E2 seem to play a role in PD pathology as well, with effects 
being protective or detrimental. To resolve this complexity and obtain deeper insight into 
the contributions of these oxidized PUFAs to PD pathology further research is needed.

2.4.2. Leukotrienes

Increased plasma LT B3 has been suggested as a biomarker for PD149. However, the role 
of LT has only been tested in animal and cellular PD models, in which MPTP treatment 
upregulates arachidonate 5-lipoxygenase (5-LOX, the enzyme that synthesizes LT from 
AA). This work has demonstrated that 5-LOX inhibition has neuroprotective effects150, 
a finding which would be in agreement with the observation that LT B4 enhances 
MPP+-induced neurotoxicity in midbrain cultures150. Moreover, inhibition of cysteinyl 
LT receptor 1 has neuroprotective effects in a rotenone-induced rat PD model151,152. 
Interestingly, 5-LOX KO in mice reduces striatal dopamine levels under normal 
conditions153. Thus, 5-LOX seems to be necessary for maintaining the DA tone but can 
become deleterious upon toxicant challenge.
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2.4.3. Epoxyeicosatrienoic acids

In PD patients, the SNP rs10889162 located in CYP2J2 (the enzyme that metabolizes 
AA into EET) is associated with age of diagnosis154. Interestingly, EETs are known to 
have cytoprotective effects in other diseases and may therefore also play a role in PD 
neuroinflammation155. In PD models, 14,15-EET, which is released from astrocytes, 
enhances cell viability against oxidative stress156 and protects DA neuronal loss in MPTP-
treated mice157. Inhibition or KO of the soluble epoxide hydrolase (sEH, inhibition of 
which elevates endogenous EET) protects MPTP-treated mice157,158, and a double 
sEH and COX-2 inhibitor has protective effects on a rotenone-induced Drosophila 
melanogaster PD model159. Combined, these findings suggest that EET has widespread 
neuroprotective effects, not necessarily relevant for PD only.

2.4.4. Isoprostanes

The role of isoprostanes in PD is controversial. Both higher levels and no change in F2-
isoprostane have been found in urine and plasma160-162 of (early) PD patients. Moreover, 
no changes have been observed in CSF163 or SN164 of PD patients, but higher levels of 
F2-isoprostane have been described in anterior cingulate cortex of PD patients61. Higher 
F2-isoprostane levels have also been observed in rotenone-, but not manganese-treated 
DA neurons derived from healthy iPSC165. Thus, more research and proper stratification 
of findings need to be performed to understand the role of isoprostanes in PD.

2.4.5. Other eicosanoids and docosanoids

The classic and non-classic AA-derived eicosanoids, HETE and isofurans, are increased 
in plasma161,162 and SN164 of PD patients, respectively. The docosanoid resolvin D1 
attenuates MPP+-induced PD by inhibiting inflammation in PC12 cells166, and resolvin 
D2 seems to restore LPS-induced neural injury in a rat model, also by suppression of 
inflammation167. Thus, resolvins seem to have a protective role in PD.

2.5. Carnitine and acylcarnitine

Carnitine is a trimethyllysine derivative that can associate with various fatty acids, 
forming acylcarnitine. This association facilitates their transport from the cytosol to 
the mitochondrial matrix, where fatty acids undergo β-oxidation. Both carnitine and 
acylcarnitines are involved in processes such as neurotransmission and apoptosis168. 
Decreased levels of carnitine and (long-chain) acylcarnitines have been detected 
in plasma from PD patients149,169,170, while no changes in acylcarnitine levels have 
been found in either CSF or plasma from PD patients when compared to controls171. 
Acetylcarnitine (acylcarnitine 2:0) protects SK-N-MC cells from rotenone-induced 
toxicity172, and carnitine reduces the effects of MPP+ on rat forebrain primary cultures173 
and LPS in SIM-A9 microglial cells174. Moreover, the neuroprotective properties of 
acetylcarnitine have been found in rats treated with 6-OHDA175-177 and rotenone178,179, 
and non-human primates treated with MPTP180. Additionally, increased levels of 
carnitine and acylcarnitine 16:0 and 18:0 have been detected in the striatum of 6-OHDA-
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treated rats and the mesencephalon of MPTP-treated mice, respectively181,182, suggesting 
a compensatory mechanism against PD-associated toxicity. Thus, while it remains 
unclear whether the levels of acylcarnitine change in PD patients, mounting evidence 
points towards decreased plasma levels and a protective role of acylcarnitine in animal 
and cellular PD models.

3. Glycerolipids

The esterifi cation of one, two or three fatty acyls with glycerol gives rise to the 
glycerolipids mono-, di-, and tri-substituted glycerol, known as monoacylglycerol 
(MAG), diacylglycerol (DAG), and triacylglycerol (TAG), respectively (fi gure 3). There is 
little information available on the function of MAG, while DAG is a neutral lipid involved 
in the formation of membranes55 and in the synaptic vesicle cycle183. Additionally, DAG 
fulfi lls a role as secondary lipid messenger184. The neutral lipid TAG is the main energy 
storage molecule185. Below, we will discuss the current knowledge of the roles of all 
glycerolipids with potential signifi cance for PD, including MAG, endocannabinoids, 
DAG, and TAG, and an overview is given in Supplementary Materials table S1.

Figure 3. Glycerolipids: structures and metabolic steps involved. (a) Schematic representation of the 
chemical structures of glycerolipids, including monoacylglycerol (MAG 14:0), diacylglycerol (DAG 
14:0/14:0), and triacylglycerol (TAG 14:0/14:0/14:0). Chemical structures are adapted from the LIPID 
MAPS structure database25. (b) Schematic overview of metabolic steps involved in the synthesis and 
conversion of glycerolipids: synthesis starts from fatty acids (FAs) by sequential conversion into LPA 
and PA, which are phospholipids (process described in fi gure 4b). The enzyme phosphatide phosphatase 
(LPIN1-3) converts PA into DAG, a step that can be reversed by diacylglycerol kinase (DGK). From 
DAG, one FA can be added to the glycerol backbone by diacylglycerol O-acyltransferase 1/2 (DGAT1/2), 
creating TAG, a step that can be reversed by the hormone-sensitive lipase (LIPE) or patatin-like 
phospholipase domain-containing protein 2 (PNPLA2). Additionally, one FA can be removed from DAG 
by the enzyme sn1-specifi c diacylglycerol lipase alpha/beta (DAGLA/B), giving rise to MAG, which can 
be transformed back to DAG by 2-acylglycerol O-acyltransferase 1-3 (MOGAT1-3). One of the mostly 
studied MAG species is the endocannabinoid 2-arachidonoylglycerol (2-AG). MAG can be degraded to 
glycerol and a FA by monoglyceride lipase (MGLL).

3.1. Monoacylglycerol

Decreased and increased expression of MAG lipase, the enzyme that degrades MAG 
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to glycerol and free fatty acids, has been observed in the SN and the putamen of PD 
patients, respectively186. These differential effects could be associated with the different 
mechanisms leading to the degeneration of these brain areas; in PD patients, the 
SN presents with cell loss187, while the putamen has DA depletion188. In PD models, 
pharmacological inhibition of MAG lipase has neuroprotective effects in both SH-SY5Y 
cells treated with MPP+189 and chronic MPTP/probenecid mouse models190,191. Although 
there is no information on the levels of MAG in PD patients, the model studies suggest 
that MAG lipase inhibition, and thus higher levels of MAG, may be protective for PD.

Endocannabinoids

MAG include 2-arachidonoylglycerol (2-AG), which is classified as an endocannabinoid. 
Endocannabinoids are a heterogeneous and thus difficult to classify group of lipids, 
including not only 2-AG, but also fatty acyl amides, such as anandamide (AEA). They 
have been previously linked to PD192.

Two studies have reported high AEA levels in the CSF of untreated PD patients, which 
were restored upon DA treatment193,194. Moreover, higher cannabinoid 1 receptor (CB1R) 
levels in the putamen, and higher and lower cannabinoid 2 receptor (CB2R) levels 
have been reported in the SN and putamen of PD patients, respectively186. Treatment 
of PD patients displaying no psychiatric comorbidities with cannabidiol, a naturally 
occurring cannabinoid constituent of cannabis which appears to lack psychoactive 
effects, improves quality of life measures, but does not improve Unified Parkinson’s 
Disease Rating Scale scores195. The toxin 6-OHDA has been found to increase CB1R 
mRNA expression196, downregulate CB1R protein density in multiple brain regions197,198 
or not produce any changes199. These differential effects may be explained by the fact that 
6-OHDA seems to change the expression of CB1R protein in a region- and time-specific 
manner200. Decreased CB1R mRNA expression has been described in the striatum of 
reserpine-treated rats201 and increased CB1R protein density has been observed in PRKN 
KO female mice202. Moreover, CB1R agonists fail to modulate spontaneous excitatory 
postsynaptic currents in cortical synapses of PINK1 KO mice203, which points towards a 
CB1R dysfunction in these synapses. Hence, there is no agreement on the modulation of 
CB1R in different PD models and its correlation with the pathogenesis of PD in humans, 
making further studies necessary.

Drug-induced animal PD models (using rotenone, 6-OHDA or LPS) show increased 
CB2R mRNA expression204,205, while a genetic model for PD (LRRK2 KO) does not 
display changes in CB2R mRNA levels206. However, CB2R agonists appear to improve 
PD-linked impairments in both drug- and genetically-induced rodent PD models206-208. 
Thus, CB2R upregulation in animal models may reflect a compensatory mechanism, 
since the administration of CB2R agonists has positive effects on PD-linked pathology.

Reduced levels of the AEA precursor synthesizing enzyme, N-acyl-transferase209, and 
reduced activities of the AEA membrane transporter and hydrolase210,211 have been 
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observed in the striatum of 6-OHDA-treated rats. Moreover, 6-OHDA treatment has 
been found to both decrease212 and increase210,211 striatal levels of AEA, while MPTP-
lesions in monkeys increase striatal AEA levels213. Interestingly, an increase of AEA 
levels, by inhibition of the fatty acid amide hydrolase or administration of AM404 (an 
endogenous cannabinoid reuptake inhibitor), has neuroprotective effects209,210,214,215. 
Hence, AEA seems to have neuroprotective effects, which have been suggested to be 
mediated by activation of PI3K and inhibition of JNK signaling216.

All MPTP, rotenone, and reserpine treatments lead to increased 2-AG levels in a time- and 
region-specific manner in various animal PD models213,217-219, and 2-AG administration 
provides protection against MPTP-induced cell death217. The endocannabinoid 
N-arahidonoyl-dopamine has anti-inflammatory effects on both macrophages and 
activated BV-2 cells96 and modulates the activity of SN neurons220, together with the 
endocannabinoid-like N-oleoyl-dopamine49. This effect could be linked to the fact that, 
together with an inhibitor of endocannabinoid degradation, administration of a D2 
receptor agonist improves motor performance in both a 6-OHDA-and a reserpine-model 
for PD221. Similar to AEA, different members of the endocannabinoid group of lipids may 
thus be neuroprotective.

3.2. Diacylglycerol

Parkinson’s disease patients have decreased plasma levels of DAG222,223, and increased 
DAG levels in frontal cortex224 and primary visual cortex225. Interestingly, SNPs from the 
chromosomal region that includes the gene encoding diacylglycerol kinase theta (DGKQ), 
which mediates the production of phosphatidic acid (PA) from DAG, are associated 
with PD susceptibility14,226,227, and DGKQ is linked to increased PA 36:2 production and 
consequent α-synuclein aggregation228. The dysregulation of integral DAG metabolism in 
PD patients could be related to the observed genetic association between DGKQ and PD.

3.3. Triacylglycerol

TAG levels are decreased in serum and plasma of (male) PD patients222,223,229-233, even 
before diagnosis234, and higher serum TAG is associated with reduced risk of idiopathic 
PD235. However, other studies have found no differences in blood TAG levels of PD 
patients and controls236,237. In the primary visual cortex of PD patients, the levels of TAG 
are decreased225. Thus, reduced levels of TAG seem to be linked to PD, although high 
heterogeneity has been described for TAG in PD patients238. Gender, ethnicity, or the 
technique used to measure TAG could bias the obtained results and contribute to the 
observed heterogeneity. Nevertheless, the trend from the majority of the results is in 
line with findings in animal models for PD, in which α-synuclein A53T overexpression 
leads to deceased serum TAG levels239, and 6-OHDA treatment decreases TAG levels in 
retroperitoneal white adipose tissue240. Both rotenone and α-synuclein overexpression 
have been linked to intracellular deposition of TAG241,242, which forms lipid droplets 
to which α-synuclein binds, and as such, the turnover of stored TAG is reduced and 
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α-synuclein aggregation is enhanced243. In agreement, α-synuclein A53T overexpression 
in N27 cells leads to increased intracellular levels of TAG244. Thus, intracellular deposition 
and reduced turnover of TAG may explain the reduced levels of this acylglycerol in PD 
serum. Interestingly, Saccharomyces cereviciae that are unable to synthesize TAG are 
more tolerant to α-synuclein overexpression242.

4. Glycerophospholipids

Glycerophospholipids, or phospholipids, have a glycerol backbone and a polar 
head group, which allows their classification into distinct subgroups, known as PA, 
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylcholine (PC), 
phosphatidylinositol (PI), phosphatidylglycerol (PG) and cardiolipin (CL) (figure 
4). The hydrolysis of one acyl derivative gives rise to the lipid species known as 
lysophospholipids. Glycerophospholipids are key components of the lipid bilayers of 
cells, and as such play a role in organelle function245 and processes like endocytosis246 

or mitophagy247. Moreover, they also act as signaling molecules248-250 and regulate lipid 
metabolism-related gene expression251. Below, we will discuss the current research on 
glycerophospholipids in PD, more specifically PA, PE, PS, PC, PI, PG and CL, and an 
overview is given in supplementary materials table S1.

4.1. Phosphatidic acid

One of the best-known glycerophospholipid messengers is PA, which has a broad 
spectrum of functions, including intracellular vesicular trafficking, cell survival, 
cytoskeletal organization, neuronal development, and mitochondrial function252-254. 
Increased plasma PA (18:2/15:0) levels have been suggested as a biomarker for 
PD149. Additionally, PA is known to interact with residues 1–102 of α-synuclein255,256, 
thus enhancing the formation of multimeric and protease-resistant α-synuclein 
aggregates257,258. ATP13A2, a lysosomal ATPase, which, when mutated, causes familial 
PD, constitutes another link between PA and PD. This ATPase requires the interaction 
with PA, and also PI(3,5)P2, to protect cells against rotenone-induced mitochondrial stress 
or other PD-related stress conditions, such as exposure to Fe(3+)259,260. Furthermore, 
overexpression of phospholipase D2 appears to induce DA neuronal cell loss via a 
mechanism involving PA signaling261. Given PA’s role in the subcellular distribution and 
aggregation of α-synuclein, and in ATP13A2-mediated neuroprotection, it would be of 
interest to study PA levels and its partitioning in the brains of PD patients.

Lysophosphatidic acid

Similar to PA, LPA is a lipid mediator in a wide range of biological actions, including cell 
proliferation, (nervous system) development, and cytokine secretion262-264. Furthermore, 
LPA is involved in neuronal (DA) differentiation265. The expression of LPA receptor 1 is 
reduced in the SN of a 6-OHDA rat PD model265, and an LPA receptor ligand attenuates 
the MPTP mouse PD model266. Unfortunately, nothing is known about LPA in PD 
patients.
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Figure 4. Phospholipids: structures and metabolic steps involved. (a) Schematic 
representation of the chemical structures of phospholipids, including phosphatidic acid (PA 16:0/14:0), 
phosphatidylethanolamine (PE 16:0/14:0), phosphatidylserine (PS 16:0/14:0), phosphatidylcholine (PC 
16:0/14:0), phosphatidylinositol (PI 16:0/14:0), phosphatidylglycerol (PG 16:0/14:0), and cardiolipin 
(CL 16:0/16:0/16:0/16:0). Chemical structures are adapted from the LIPID MAPS structure database25. 
(b) Schematic overview of phospholipid metabolism. Synthesis starts with the conversion of fatty acids into 
lysophosphatidic acid (LPA) by glycerol-3-phosphate acyltransferase (GPAT). LPA is then metabolized to 
PA by 1-acyl-sn-glycerol-3-phosphate acyltransferase 1-5 (AGPAT1-5), a reaction that can be reversed 
by phospholipase A2 (PLA2). PA can then be metabolized to diacylglycerol (DAG) (process described 
in fi gure 3b), which can be subsequently transformed to PE by ethanolaminephosphotransferase 1 
(SELENOI) or PC by cholinephosphotransferase 1 (CHPT1). PE can also be converted into PC by the 
enzyme phosphatidylethanolamine N-methyltransferase (PEMT). Both compounds can be precursors 
for the synthesis of PS by the enzymes phosphatidylserine synthase1/2 (PTDSS1/2). The conversion 
of PE to PS can be reversed by phosphatidylserine decarboxylase proenzyme (PISD). Additionally, PA 
can be metabolized by phosphatidate cytidylyltransferase 1/2 (CDS1/2) to cytidine diphosphate DAG 
(CDP-DAG), which can then be transformed to either PI, PG or CL, by CDP-diacylglycerol-inositol 
3-phosphatidyltransferase (CDIPT), CDP-diacylglycerol-glycerol-3-phosphate 3-phosphatidyltransferase 
(PGS1) and cardiolipin synthase (CRLS1), respectively. PI can be phosphorylated by PI (phosphate) 
kinases (PI(P)K), to produce PI phosphate (PIP(x)). Moreover, all phospholipids can be metabolized to 
their lyso-forms (LPC, LPS, LPE, LPI, LPG, and LCL) by PLA2, a reaction reversed by lysophospholipid 
acyltransferases (LPCATs). LPG can be further metabolized to Bis(monoacylglycero)phosphate (BMP).

4.2. Phosphatidylethanolamine

The glycerophospholipid PE has a structural role in biological membranes, and it 
is a regulator of cell division, membrane fusion/fi ssion, and hepatic secretion of very 
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low-density lipoproteins (VLDL)267. Patients with PD show decreased plasma levels 
of PE 34:2222, and those carrying a GBA mutation have decreased serum levels of PE 
compared to non-GBA mutation carriers268. Decreased total PE levels have also been 
observed in the SN of PD patients before treatment269, in males only after treatment270, 
and in the primary visual cortex225. In contrast, increased PE has been found in frontal 
cortex lipid rafts from PD patients33. Of note, one of the enzymes linked to PE synthesis, 
phosphoethanolamine cytidylyltransferase, is elevated in the SN of PD patients271. All 
findings combined, most evidence points towards decreased levels of PE in PD patients, 
but the biological implications of the reduced levels need to be examined further.

In vitro, PE is necessary for the interaction between α-synuclein and biological 
membranes272 and for the formation of stable, highly conductive channels by 
α-synuclein273. Both processes might have a role in the normal function of α-synuclein. 
Accordingly, in yeast and worm models, PE deficiency disrupts α-synuclein homeostasis 
and induces its aggregation274,275. This deficiency, also seen in PD patients, could be due 
to increased formation of LPC from PE, which occurs in MPP+ models276. Moreover, the 
inhibition of this metabolic step offers significant protection against cytotoxicity277.

4.3. Phosphatidylserine

The glycerophospholipid PS is involved in the triggering of both intracellular and 
extracellular cascades, such as the activation of kinases or the clearance of apoptotic 
cells250,278. It plays a role in neuronal survival and differentiation, and neurotransmitter 
release279. Plasma levels of PS 40:4 are decreased in PD patients222, but higher levels 
of PS 36:1, PS 36:1, 36:2, and 38:3, or overall PS, have been found in PRKN-mutant 
fibroblasts280, frontal cortex224, and primary visual cortex225 of PD patients, respectively. 
This is in agreement with the increased PS synthase activity that has been observed 
in the SN of PD patients271. However, some groups reported contrasting findings and 
claimed that total PS levels in PD SN and frontal cortex lipid rafts are not significantly 
altered33,270. Yet another interesting finding is that PRKN-mutant iPSC-derived neurons 
have a different subcellular distribution of PS281, with increased and decreased PS in the 
mitochondrial and ER fractions, respectively.

The exposure of PS on the cellular surface, which acts as an “eat-me” signal for 
phagocytosis, is triggered by 6-OHDA282, rotenone283, paraquat284, MPP+285, and WT, 
A53T and A30P α-synuclein286. Blockade by an antibody against PS is protective in a 
rotenone-induced neuronal/glial PD model287, pointing towards a role of microglial-
mediated phagocytosis in PD. This glyceroplipid is known to be associated with the 
N-terminal- and mid-region of α-synuclein256,288, with some preference for acetylated 
α-synuclein289,290. This association correlates with membrane penetration255, alpha-
helix formation256 and aggregation291, and vesicle256,292 and liposome51 binding. Taken 
together, these findings suggest that PS is a modulator of apoptosis and α-synuclein-
mediated pathology.
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4.4. Phosphatidylcholine

The most-abundant glycerophospholipid in eukaryotic membranes, including 
mitochondrial membranes293, where it plays a structural role, is PC. It is involved in anti-
inflammation294, cholesterol metabolism295, and neuronal differentiation296. Decreased 
levels of PC 34:2 and 46:2, PC 34:5, 36:5, and 38:5, and total PC, have been observed 
in plasma and frontal cortex from PD patients222,224, and in SN from male PD patients270, 
respectively. One of the enzymes involved in PC synthesis, PC cytidylyltransferase, 
is elevated in the SN of PD patients271. Interestingly, components of the pathway 
“PC biosynthesis”, together with “PPAR signaling” components, allowed accurate 
classification of PD and control samples297, highlighting altered PC metabolism as a 
consistent feature of PD.

Decreased PC levels have been found in the SN of a mouse model of early PD298 and 
in brain tissue from MPTP-treated goldfish66. Interestingly, α-synuclein does not 
bind to but rather remodels pure PC membranes through weak interactions with 
this phospholipid299,300, and α-synuclein E46K mutants form functionally distinct ion 
channels in PC membranes301. However, others observed binding of the physiologically 
relevant N-terminally acetylated α-synuclein to pure PC membranes, with preference for 
highly curved and ordered membranes302. Based on these multiple links, the significance 
of PC metabolism for PD pathology is an interesting and important topic for further study.

Lysophosphatidylcholine

The most-abundant lysophospholipid in the blood is LPC. Its levels are critically related 
to major alterations in mitochondrial function (e.g., oxidation rate) and to minor defects 
in mitochondrial permeability303,304. Of note, saturated acyl LPCs have inflammatory 
properties, such as leukocyte extravasation and formation of pro-inflammatory 
mediators, which can be compensated by polyunsaturated acyl LPC, such as LPC 20:4 
and LPC 22:6305. Higher levels of LPC 16:0 and 18:1 have been found in the lipid profile 
of PRKN-mutant fibroblasts compared to healthy controls280. Moreover, increased 
plasma LPC 18:2 has been suggested as a biomarker for PD149.

Treatment with MPTP induces LPC formation, which leads to cytotoxic changes, 
dopamine release and inhibition of its uptake, a decreased mitochondrial potential, and 
increased reactive oxygen species (ROS) formation in PC12 cells277. The lysophospholipid 
LPC inhibits D1 and D2 receptor binding activities in the striatum of rats, inhibits the 
dopamine transporter, and decreases striatal dopamine turnover rate306, leading to 
hypokinesia307. Interestingly, 6-OHDA treatment of rats gives rise to an overall decrease 
in LPC species, with the exception of LPC 16:0 and 18:1, which are increased in the SN298. 
Thus, LPC has negative effects on the DA system, but LPC levels in PD models seem to 
depend on the type of pharmacological treatment used and the LPC species involved.

4.5. Phosphatidylinositol

The phospholipids PI and PI phosphates are part of intracellular signal transduction 
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systems308, but relatively little is known about their role in PD. In humans, higher levels of 
PI 34:1 and no changes of PI 36:1, 36:2, 38:4, 38:5, 40:5, and 40:6, or no changes in total 
PI have been observed in PRKN-mutant skin fibroblasts280, and in the lipid rafts of frontal 
cortex from PD patients33, respectively. Decreased levels of overall PI have been observed 
in the SN of male PD patients270. In rodents, MPTP decreases the expression level of 
striatal PI-transfer protein309, which is involved in the transfer of PI across membranes310.

Phosphatidylinositol phosphate (PIPx)

The role of PIPx species in PD is also poorly defined. However, PI and PIP2 effectively 
influence self-oligomerization of α-synuclein311, while α-synuclein seems to prefer binding 
membranes containing PI(4,5)P2

312. Moreover, PIP3 is decreased in the nuclear fraction 
and whole-tissue homogenate, while PIP2 is increased in whole-tissue homogenate of SN 
from PD patients313. As mentioned above, ATP13A2 requires the interaction with PI(3,5)

P2 to protect cells against PD-related stress conditions259,260, an interaction that is able 
to reduce proteasomal inhibitor-induced accumulation of ubiquitin proteins314. Future 
systematic studies on the roles of the various PIPx species are required to understand 
their function in PD pathogenesis.

4.6. Phosphatidylglycerol

Less than 1% of total glycerophospholipids in intracellular membranes is composed of 
PG and it is mainly localized to mitochondrial membranes, where it can be synthesized 
locally315. The levels of total PG are not changed in lipid rafts from PD frontal cortex33, while 
increased PG 32:0 has been described in total extracts of the same brain area224. Alpha-
synuclein is able to bind PG with various degrees of affinity depending on the variability 
in its structure (WT ≈ truncated > A53T > A30P)316, and PG-containing membranes 
can promote α-synuclein aggregation317-319. Additionally, α-synuclein oligomers are able 
to induce PG clustering319, connect PG-containing vesicles320 and disrupt PG vesicles321 
through large membrane bilayer defects, rather than through a pore-like mechanism322, 
leading to vesicle docking and fusion problems. Furthermore, low concentrations of 
α-synuclein inhibit and high concentrations stimulate lipid peroxidation of PG323. 
Unfortunately, information on the levels of PG in animal PD models is lacking.

4.7. Cardiolipin

The glycerophospholipid specific for mitochondrial membranes is CL. Here, it plays both 
a structural and functional role324-326. No changes in total CL levels have been detected 
in the SN of PD patients270. However, PINK1 KO mouse embryonic fibroblasts display 
decreased CL levels and supplementation with CL rescues mitochondrial dysfunction327. 
Moreover, rotenone induces oxidation of highly unsaturated CL in human peripheral 
blood lymphocytes328, and increases levels of plasma PUFA CLs, but decreases oxidizable 
PUFA-containing CL levels and increases mono-oxygenated CL species in the SN of 
rats329. A proper CL content in the inner mitochondrial membrane and the presence 
of acyl side chains are crucial for α-synuclein localization330,331, while CL content in the 
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outer mitochondrial membrane buffers synucleinopathy332. Moreover, α-synuclein is 
able to disrupt artificial membranes containing CL333, and its overexpression reduces CL 
content in MN9D cells334 and in mouse brain335. Additionally, the formation of complexes 
between CL and α-synuclein, together with cytochrome c, may be a source of oxidative 
stress336. The role that CL plays in the interaction of α-synuclein with membranes and in 
mitophagy has been previously reviewed337,338.

5. Sphingolipids

Sphingolipids constitute a family of lipids characterized by the presence of a sphingoid-
base backbone. This complex family of compounds includes the sphingoid bases 
(e.g., sphingosine and sphingosine-1-phosphate), ceramides, phosphosphingolipids 
(e.g., sphingomyelin (SM)) and glycosphingolipids (e.g., cerebrosides, ganglisodes, 
and sulfatides) (figure 5). Sphingolipids are not only structural components of cell 
membranes, but they also play a role in apoptosis, autophagy, and immune response339. 
Here, we will specifically focus on the involvement of sphingosine(-1-phosphate), 
ceramide, SM, cerebrosides, gangliosides, and sulfatides, and an overview is given in 
supplementary materials table S1.

5.1. Sphingosine(-1-phosphate)

Sphingosine is a bioactive lipid known to induce apoptosis and regulate endocytosis, 
while its phosphorylated form, sphingosine-1-phosphate (S1P), promotes cell survival 
and triggers diverse intracellular signaling pathways through G-protein-coupled 
receptors339-341. Sphingosine induces the formation of oligomeric α-synuclein species, 
which serve as template for the formation of endogenous α-synuclein aggregates in 
human and mammalian neurons342. Similarly, S1P accumulation, e.g., due to GBA 
deficiency, promotes α-synuclein aggregation342. Alpha-synuclein itself inhibits 
the expression and activity of sphingosine kinase 1, the enzyme that catalyzes the 
phosphorylation of sphingosine to S1P343 and modulates S1P receptor-mediated 
signaling344,345. Sphingosine-1-phosphate supplementation of MPP+-treated cells is 
neuroprotective346-348, and a selective S1P receptor agonist is protective in mouse and 
cellular models treated with 6-OHDA and rotenone349. Therefore, while S1P is protective 
in animal and cellular PD models, presumably through its pro-survival effects, it is clear 
that both sphingosine and S1P are linked to α-synuclein aggregation. Unfortunately, the 
lack of studies on human samples does not allow drawing a conclusion regarding the 
relevance of these lipids for PD pathogenesis.

5.2. Ceramide

Ceramide is involved in apoptosis, lipid raft formation, and regulation of the mitochondrial 
respiratory chain350-353. Both higher354 and lower225,355 plasma levels of ceramide have 
been reported in PD patients, while lower ceramide 18:0 and no differences in total 
ceramide levels are observed in their frontal cortex224 and SN270, respectively. Reduced 
levels of ceramide may be associated with α-synuclein accumulation356,357. This is in line 
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with the fi nding that reduced and increased levels of ceramide have been observed in 
the anterior cingulate cortex and primary visual cortex of PD patients225,356,358, which 
display and lack α-synuclein aggregation, respectively359. Thus, variation in the levels of 
ceramide in diff erent tissues may be linked to α-synuclein accumulation.

Figure 5. Sphingolipids: structures and metabolic steps involved. (a) Schematic representation 
of the chemical structures of sphingolipids, including sphingosine (d16:0/14:0), sphingosine-1-
phosphate (S-1-P d16:0/14:0), ceramide (d16:0/14:0), sphingomyelin (SM d16:0/14:0), cerebroside 
(glucosylceramide, GluCer, d16:0/14:0), ganglioside (GM3 d16:0/14:0), and sulfatide (d18:1/16:0). 
Chemical structures are adapted from the LIPID MAPS structure database25. (b) Schematic overview of 
steps involved in the formation and metabolic conversion of sphingolipids. Synthesis of sphingolipids 
starts by a multistep process to convert fatty acids (FAs) into ceramide. Phosphatidylcholine can be fused 
to ceramide by phosphatidylcholine:ceramide cholinephosphotransferase 1/2 (SGMS1/2) to produce SM, 
which can be converted back into ceramide by sphingomyelin phosphodiesterase (SMPD1). Ceramide 
can also be phosphorylated by ceramide kinase (CERK) to ceramide-1-P and converted into sphingosine 
by acid or alkaline ceramidases (ASAH1/2 or ACER1-3), and phosphorylated by sphingosine kinase 
1/2 (SPHK1/2) to sphingosine-1-phosphate. This process can be reversed by the sequential action of 
sphingosine-1-phosphate phosphatase 1/2 (SGPP1/2) and ceramide synthase 1 (CERS1). Furthermore, 
ceramide can be glycosylated via the addition of a galactose molecule by 2-hydroxyacylsphingosine 
1-beta-galactosyltransferase (UGT8) to produce galactosylceramide (GalCer). Further addition of a 
sulfate group by galactosylceramide sulfotransferase (GAL3ST1) results in the formation of sulfatides. 
This process can be reversed by the sequential actions of arylsulfatase A (ARSA) and galactocerebrosidase 
(GALC). Finally, ceramide can also by glycosylated via the addition of a glucose molecule by ceramide 
glucosyltransferase (UGCG) to produce GlcCer, which can be further glycosylated to produce both 
globosides and gangliosides, such as GM3, GD2 and GT1, by multiple enzymes350, or it can be converted 
back into ceramide by glucosylceramidase (GBA).
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Mimicking PD with PLA2G6 KO, LRRK2 KO, PINK1 KO or rotenone treatment increases 
ceramide levels in fly brain, mouse brain, mouse olfactory bulb, and human erythrocytes, 
respectively283,360-362. C2-ceramide initiates a series of events leading to neuronal 
death, including an early inactivation of PI3K/AKT and ERK pathways, followed by 
activation of JNK, GSK3β activation and neuronal death363. Additionally, C2-ceramide 
induces cytotoxicity and ROS production in neuronal(-like) cells364-366, which can be 
prevented by WT α-synuclein367, PINK1368,369 and DJ-1370. However, both in vivo and 
in vitro C2-ceramide seems to suppress microglial activation371, protect neurons against 
α-synuclein-induced cell injury372, and reverse rotenone-induced phosphorylation and 
aggregation of α-synuclein373. An increase in ceramide levels is thus commonly found in 
animal and cellular models for PD, but its effects are unclear and may be both beneficial 
and detrimental for different PD-related traits.

5.3. Sphingomyelin

The most abundant sphingolipid in eukaryotic cells and plasma is SM. It is one of 
the building blocks of the cellular membrane and a source of bioactive lipids, such as 
ceramide, ceramide-1-phosphate and S1P, which are involved in inflammation374,375, 
cell death376,377 and autophagy378. In the nervous system, SM is a major constituent 
of myelin. Mutations in sphingomyelinase-1, which lead to SM accumulation, are 
a risk factor for PD16,379,380. This feature may be linked to the increase in α-synuclein 
expression observed upon SM treatment381 and the presence of SM in LB inclusions382. 
Parkinson’s disease patients carrying GBA mutations have elevated levels of total plasma 
SM compared to PD patients not carrying the mutation268. Moreover, SM 18:1 and SM 
26:1 are increased and decreased in the anterior cingulate cortex358, respectively, while 
increased SM levels have been described in the primary visual cortex225, and, in males 
only, in the SN of PD patients270. However, no changes have been found in the putamen 
or cerebellum of sporadic PD patients383. The role that SM accumulation appears to play 
in PD pathogenesis may thus be multifold, being linked to inflammation, autophagy 
dysfunction, and/or α-synuclein expression and aggregation.

5.4. Cerebrosides

Cerebrosides are lipids glycosylated via the addition of either glucose or galactose and 
known to be involved in intracellular membrane transport and cell survival384. In PD 
patients, cerebrosides are increased in plasma (of GBA mutation carriers) and, in males 
only, in the SN, whereas they are decreased in lipid rafts from the frontal cortex33,268,270,385. 
More specifically, PD patients have increased levels of glucosylceramide223,354 in plasma 
but no changes in cerebroside levels in the temporal cortex386, putamen or cerebellum383, 
and decreased levels of galactosylceramide 24:1 and lactosylceramide 18:1 in the frontal 
cortex224. Thus, whereas a consistent coupling between PD and increased cerebrosides in 
plasma has been found, cerebroside changes in the brain are region dependent and their 
significance for PD needs to be determined.
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Interestingly, mutations in the enzymes responsible for the degradation of cerebrosoides, 
namely GBA and galactocerebosides (GALC), which cause Gaucher’s disease and 
Krabbe’s disease, respectively, have been associated with α-synuclein aggregation 
and PD387,388. Glucosylceramide, a product that accumulates upon GBA deficiency, 
destabilizes α-synuclein tetramers and related multimers and frees α-synuclein 
monomers and leads to cellular toxicity389. These effects are caused by colocalization 
of glucosylceramide with α-synuclein and induction of a pathogenic conformational 
change of the protein390. This promotes aggregation of WT (but not mutated) α-synuclein 
into a β-sheeted conformation342,391, and conversion of α-synuclein into a proteinase-
resistant form392. Conversely, α-synuclein inhibits normal activity of GBA393, which 
increases glucosylceramide, creating a feedback loop. Inhibition of glucosylceramide 
synthase, which decreases glucosylceramide levels, slows α-synuclein accumulation394 
and partially protects mice against MPTP-induced toxicity395. Thus, it is well established 
that glucosylceramide accumulation leads to α-synuclein aggregation and toxicity. 
Interestingly, aging of WT mice leads to brain accumulation of both glucosylceramide 
and lactosylceramide396, suggesting that age-associated changes in its metabolism might 
be related to PD onset.

5.5. Gangliosides

Gangliosides are synthesized by the addition of carbohydrate moieties to 
lactosylceramide. One of the simplest and most widely distributed ganglioside is 
monosialodihexosylganglioside (GM3) that consists of lactosylceramide and sialic 
acid397. Gangliosides were initially discovered in the brain where they are involved in 
neurotransmission, receptor regulation, and stabilization of neural circuits, including 
the nigro-striatal DA pathway398,399. Parkinson’s disease patients have higher plasma 
levels of gangliosides385, GM3 gangliosides223, and N-acetylneuraminic acid-3 (NANA-
3) gangliosides222 than controls. Likewise, higher GM2 and GM3 levels have been 
detected in PRKN-mutant iPSCs compared to controls280. However, no accumulation 
of GM1, GM2 or GM3 has been observed in the putamen or cerebellum of sporadic (or 
heterozygous GBA-mutation) PD patients383, nor in the SN of PD patients270. Even a 
GM1 deficiency, together with decreased expression of ganglioside biosynthetic enzymes 
(B3GALT4 and ST3GAL2), has been found in the SN from PD patients400,401. Hence, 
most publications point towards increased gangliosides in plasma of PD patients, but 
concomitant changes in ganglioside levels have not been observed in their brains.

Interestingly, GM1 supplementation seems to have a positive disease-modifying effect 
in PD patients402-407. Also, increased GM1 levels are neuroprotective in MPTP-treated 
animals408. For example, GM1 can partially protect against 6-OHDA treatment409 

and aging-related DA deficits410 as well. However, studies on MPTP-treated non-
human primates have shown that a short treatment with GM1 does not lead to any 
improvement411, while a chronic treatment does have a positive effect412, which might be 
restricted to the surviving DA neurons in the midbrain, rather than due to the prevention 
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of cell death413. Mechanistically, GM1 treatment increases DA innervation, dopamine 
synthesis, and TH expression following an MPTP lesion414-423. Moreover, GM1 inhibits the 
inflammatory response triggered by 6-OHDA424, protects against the toxic intracellular 
GPR37 aggregates observed in parkinsonism425 and is involved in the internalization of 
α-synuclein into microglia426. Nonetheless, evidence for an α-synuclein-linked role of 
GM1 is controversial: in one study it was claimed that GM1 may accelerate α-synuclein 
aggregation427 and the formation of proteinase-resistant α-synuclein392, but other 
work demonstrated that it induces alpha-helical structure and inhibits or eliminates 
α-synuclein fibril formation (depending on the amount of GM1 present)289,428. It is also 
unclear whether membranes containing GM1 interact with α-synuclein428,429. Hence, 
GM1 is a promising candidate for PD treatment, but further clarification of its specific 
effects on α-synuclein is urgently needed.

Only a limited number of studies have analyzed the role of gangliosides other than GM1 
in animal and cellular models. For instance, mice lacking GM2/GD2 synthase develop 
parkinsonism, which can be partially rescued by administration of GM1400,430. However, 
GM2 accumulation, as seen in Tay Sachs and Sandhoff’s diseases, leads to α-synuclein 
aggregation431. Thus, both deficiency and excess of GM2 may lead to PD-like pathology. 
Likewise, GM3 accelerates α-synuclein aggregation427 and regulates α-synuclein-
induced channel formation in PC-containing membranes301. Furthermore, deletion 
of GD3 synthase, which decreases production of the pro-apoptotic GD3 ganglioside, 
protects against MPTP treatment in mice432. In contrast, ganglioside GT1b is neurotoxic 
in nigral DA neurons by triggering nitric oxide release from activated microglia433. The 
gangliosides GD3 and GT1b are unchanged and decreased in the SN of (male) PD 
patients, respectively270. Together, these results indicate that GM3, GD3, and GT1b play 
aggravating roles in PD pathology. Finally, 1-phenyl-2-decanoylamino-3-morpholino-
1-propanol (PDMP, an inhibitor of glycosylceramide synthase that decreases ganglioside 
content) enhances α-synuclein toxicity, which can be rescued by ganglioside addition434.

5.6. Sulfatides

Sulfatides, which are sulfated galactocerebrosides, form a group of lipids involved in 
protein trafficking, immune responses and neural plasticity, among others435. Higher 
levels of sulfatides have been detected in the plasma385 and visual cortex225 of PD patients, 
and in the SN of male PD patients270. Arylsulfatase A, an enzyme that breaks down 
sulfatides, has been linked to PD recurrence436,437. However, no changes or reductions 
in sulfatide levels have been described in lipid rafts from the frontal cortex of PD 
patients33 and in brain samples from PD patients438, respectively. Thus, most evidence 
points towards increased sulfatide levels in PD, although a number of studies have not 
confirmed this finding, suggesting patient, technique and/or tissue-type differences 
among the various investigations.
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6. Sterols

Sterols are amphipathic lipids synthesized from acetyl-CoA via the β-hydroxy 
β-methylglutaryl-CoA reductase pathway and containing a fused four-ring core 
structure (fi gure 6). Sterols are known to play a role in immune cell function439, infl uence 
membrane fl uidity and permeability, and serve as signaling molecules and hormones440, 
among others. Here we will review the current fi ndings on sterols in PD, more specifi cally 
cholesterol, its precursors, CE, and oxysterols (supplementary materials table S1).

Figure 6. Sterols: structures and metabolic steps involved. (a) Schematic representation of the 
chemical structures of sterols, including lanosterol, cholesterol, oxysterols (24S-hydroxy-cholesterol), and 
cholesterol esters (CE 18:0). Chemical structures are adapted from the LIPID MAPS structure database25. 
(b) Schematic overview of steps involved in sterol metabolism. Acetyl-CoA is used to synthesize β-hydroxy 
β-methylglutaryl-CoA (HMG-CoA), which is converted into mevalonate by 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (HMGCR). Mevalonate is metabolized to isopentenyl-PP by a multistep process, 
followed by its conversion to geranyl-PP and farnesyl-PP by the enzyme farnesyl pyrophosphate synthase 
(FDPS). Two molecules of farnesyl-PP are condensed by squalene synthase (FDFT1) to create squalene, 
which is further metabolized to lanosterol and 7-dehydrocholesterol. Subsequently, cholesterol is 
synthesized from 7-hydrocholesterol by 7-dehydrocholesterol reductase (DHCR7). Finally, cholesterol 
can be oxidized to compounds such as 7-beta-hydroxycholesterol or 7-ketocholesterol. It can also be 
esterifi ed to a fatty acid (FA) by phosphatidylcholine-sterol acyltransferase (LCAT) to create cholesterol 
esters or metabolized by the cytochrome p450 to produce compounds such as 24/27-hydroxycholesterol.

6.1. Cholesterol

6.1.1. Human studies on cholesterol

Cholesterol intake has been found to be negatively29,441, positively30,442, or not31,443 

correlated with PD risk. A meta-analysis indicates a lack of association between cholesterol 

Lanosterol Cholesterol

Cholesterol ester

Oxysterol

24S-OH-cholesterol

CE 18:0

a)

b)



3

87

intake and PD444. Lower plasma cholesterol has been associated with PD229,232,445-447, and 
confirmed by a meta-analysis238, and higher plasma cholesterol levels have been linked 
to reduced PD risk235,448-452 and slower clinical progression of PD453. However, others, 
including a meta-analysis454, have found no association between plasma cholesterol 
levels and PD230,455 or PD risk233,456. Even higher plasma cholesterol levels in PD patients 
compared to controls231,457 have been reported. The differential outcome of these studies 
could be attributed to factors such as age and gender, among others, since lower plasma 
cholesterol levels have been reported in PD male patients of more than 55 years compared 
to controls458, a high total cholesterol baseline has been associated with increased risk of 
PD in subjects of 25–54 years (but not in those above 55)459, and female PD patients 
seem to have higher cholesterol levels compared to male PD patients460. Thus, proper 
patient stratification is necessary to determine whether plasma cholesterol is associated 
with PD, which would point towards defects in cholesterol metabolism.

In PD patients, no significant changes in cholesterol levels have been observed in the 
putamen383, SN270 or frontal cortex lipid rafts33, while elevated levels of cholesterol have 
been found in the visual cortex225. Finally, decreased cholesterol biosynthesis has been 
described in fibroblasts from PD patients461. The differences in these observations could 
be related to tissue or brain-region specificities, technique sensitivity, and/or choice 
of patients. Thus, validation studies and larger cohorts are needed to determine the 
relevance of cholesterol changes in PD patients and their pathology. Additionally, some 
studies13,462,463 have found an association between PD and a SNP near the gene SREBF1, 
which encodes a transcription factor that regulates cholesterol biosynthesis, although 
other studies could not confirm the findings464.

6.1.2. Animal and cellular studies on cholesterol

In animal and cell model studies, the link between PD and cholesterol has been 
demonstrated multiple times. For example, the cholesterol biosynthetic pathway controls 
PRKN expression465, which in turn regulates fat (and cholesterol) uptake in PRKN 
mutant mice and human cells466. Additionally, DJ-1 KO mouse embryonic fibroblasts 
and astrocytes display lower cellular (but not plasma467) cholesterol levels and impaired 
endocytosis468, which can be rescued by increased membrane cholesterol469. In contrast, 
GBA KO and PRKN KO cells have increased cholesterol levels470,471, and the N370S GBA 
mutation leads to cholesterol accumulation in lysosomes472, while LRRK2 KO rats have 
higher serum cholesterol levels473. Thus, cholesterol biosynthesis seems to be impaired 
in PD, but the direction of the change differs among PD etiologies, which could explain 
part of the variation observed in different studies with PD patients.

Increased cholesterol reduces cell death474 and modulates presynaptic DA phenotype 
by increasing TH and VMAT2 expression in SH-SY5Y cells475 and enhancing ligand 
binding of DAT and VMAT2 in the brains from rats and monkeys476. However, 
hypercholesterolemia seems to cause DA neuronal loss and oxidative stress in the SN 
and the striatum, leading to motor impairment477-479. Together with the observation that 
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cholesterol treatment of (MPP+-treated) SH-SY5Y cells reduces their viability480, this 
finding suggests that the effect of cholesterol levels on PD is dose dependent.

6.1.3. Alpha-synuclein and cholesterol

Alpha-synuclein interacts with cholesterol481 and cholesterol-containing vesicles482, but 
it is unclear whether cholesterol facilitates the binding of α-synuclein to charge-neutral 
membranes483,484. Alpha-synuclein-cholesterol interaction seems to be associated 
with α-synuclein accumulation474,485 and aggregation486 and is a determining factor 
in α-synuclein’s ability to form pores487,488. Accordingly, reducing cholesterol levels 
leads to decreased α-synuclein accumulation and damage in the synapse489-491. Hence, 
high levels of cholesterol aggravate α-synuclein-associated pathology. Furthermore, 
α-synuclein potentiates cholesterol efflux492, antagonizes cholesterol in lipid rafts493, 
and enhances production of oxidative cholesterol metabolites494. Finally, A53T-α-
synuclein-overexpressing mice have increased levels of serum cholesterol239, while WT-
α-synuclein-overexpressing mice have upregulation of genes involved in cholesterol 
biosynthesis in DA neurons from the SN495, indicating a tight reciprocal relationship 
between α-synuclein and cholesterol metabolism.

6.1.4. Statins

Statins are cholesterol-lowering drugs that have been described to decrease496-501 or 
not affect502-504 PD risk. Interestingly, lipophilic, but not hydrophilic, statins increase 
PD risk505. In the current discussion on the contradictory findings regarding the 
effects of statins not enough attention is paid to confounding factors such as statin 
indication, statin-type effects or immortal time bias (span of cohort follow-up during 
which the outcome under study cannot occur), and healthy user effects506. In animal 
and cellular models, atorvastatin pretreatment seems to prevent early effects of MPTP 
administration in rats507, and lovastatin has neuroprotective effects against MPP+ and 
6-OHDA474,508 and ameliorates α-synuclein accumulation509,510. Similarly, simvastatin is 
neuroprotective against 6-OHDA and MPTP treatments511-514 and increases dopamine 
content in the striatum515. However, negative effects of simvastatin and atorvastatin on 
MPP+-mediated toxicity have also been reported516, which could be explained by the 
fact that statin lactones, one of the statin metabolites, are able to inhibit mitochondrial 
complex III517, potentiating MPP+ toxicity.

6.2. Cholesterol precursors

In PD patients, the cholesterol-synthesizing enzymes isopentenyl diphosphate isomerases 
1 and 2 have been observed in LB from the SN of PD patients518. The natural cholesterol 
intermediate squalene seems to prevent toxicity in the striatum of 6-OHDA-treated 
mice519, whereas α-synuclein accumulation enhances squalene production242, which 
could be a cellular response to oxidative damage. A derivative of squalene, squalane, 
exacerbates 6-OHDA toxicity519. The naturally occurring cholesterol precursor lanosterol 
induces mitochondrial uncoupling and protects DA neurons from cell death in the 
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nigrostriatal region of MPTP-treated mice520. Thus, cholesterol precursors seem to have a 
protective role in PD. Interestingly, inhibitors of both geranylgeranyl transferase (GGTI) 
and farnesyl transferase (FTI), enzymes that transfer the prenyl group geranylgeranyl or 
farnesyl to proteins, protect nigrostriatal neurons in MPTP-intoxicated mice521.

6.3. Cholesterol esters

The esters between cholesterol and fatty acids, CEs, are synthesized from excess 
cholesterol in the cytosol by the enzyme acetyl-CoA acetyltransferase 1, a process that can 
be reversed by the enzyme cholesteryl ester hydrolase. In PD patients, reduced cholesterol 
esterifying activity has been detected in fibroblasts461 and CE 20:5 is reduced in their visual 
cortex225. Interestingly, in C. elegans the ortholog of neutral cholesteryl ester hydrolase 
1 attenuates α-synuclein neurotoxicity when sufficient CE is present, while knockdown 
leads to neurodegeneration522. However, GBA KO cells have increased levels of CE 15:1, 
22:6, and 24:1470, which could reflect either a protective or a pathological mechanism.

6.4. Oxysterols

The products of cholesterol oxidation, 7beta- and 27-hydroxycholesterol, and 
7-ketocholesterol, are elevated in plasma from PD patients162. Additionally, 
27-hydroxycholesterol CSF levels are increased in a subgroup of PD patients523 

Moreover, increased cholesterol lipid hydroperoxides have been observed in the SN of 
PD patients524. The CSF levels of 24-hydroxycholesterol appear to be correlated with PD 
duration523, but higher levels have also been observed in early stage PD525. Conversely, 
24-hydroxycholesterol esters are reduced in plasma from PD patients526. Of note, TH 
levels are increased by 24-hydroxycholesterol527, while 27-hydroxycholesterol seems to 
reduce TH expression and increases α-synuclein levels527-530. An unexpected finding was 
that both 24- and 27-hydroxycholesterol seem to protect against staurosporine-induced 
cell death531. Interestingly, oxysterols, and more specifically 24(S),25-epoxycholesterol, 
increase DA neuronal differentiation via liver X receptors in both mouse and human 
embryonic stem cells532,533.

7. Lipoproteins

Lipoproteins transport triglycerides and cholesteryl esters. Together, these lipids form 
the core of the lipoprotein, which is further surrounded by glycerophospholipids and 
free cholesterol534. Lipoproteins are classified according to their density, and thus their 
composition, as high-density lipoproteins (HDL), intermediate-density lipoproteins 
(IDL), low-density lipoproteins (LDL) or VLDL. Here, we will specifically review the 
current findings concerning HDL, LDL and VLDL (supplementary material table S1).

7.1. High-density lipoproteins

The assembly complex HDL is composed of proteins (around 40%, mainly 
apolipoprotein A1 (ApoA1), but also apolipoprotein C (ApoC), apolipoprotein E (ApoE), 
and apolipoprotein J (ApoJ)) and lipids (including around 30% of glycerophospholipids, 
25% of cholesterol/CE, and 5% of TAG). The main biological role of HDL is in cargo 
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transport, in particular of lipids and proteins, but it is now also known to bring miRNAs 
to recipient cells535. Lower plasma HDL and ApoA1 levels have been associated with 
earlier PD onset536 and higher PD risk237,537-539, and HDL levels are positively correlated 
with disease duration540. Plasma levels of HDL-cholesterol are lower229,385,541 or not 
different230,233,446,447,457 in PD patients compared to controls. This controversial relationship 
is complex, as both sex460 and APOE polymorphisms231 seem to affect HDL-cholesterol 
levels in PD patients.

7.2. Low-density lipoproteins

About 20% of LDL consists of proteins (mainly apolipoprotein B (ApoB)) and the 
remainder consists of lipids (including about 22% of glycerophospholipids, 50% of 
cholesterol/CE, and 8% of TAG). High LDL-cholesterol levels in plasma are protective 
for PD and associated with preserved executive and fine motor functions in PD452,455,457,542, 
while lower LDL-cholesterol levels are associated with higher PD risk229,445-447,500,543,544. 
One study reported that plasma LDL levels are not different between PD patients and 
controls237. A number of other studies have reported no difference in baseline LDL-
cholesterol230,497, and two meta-analyses have found no association238,496. Furthermore, 
in contrast to HDL, LDL-cholesterol levels do not differ between male and female PD 
patients460,540. However, one study reported increased LDL-cholesterol levels in PD 
patients compared to controls231. Interestingly, compared to controls PD patients seem 
to have higher levels of oxidized LDL545, which is able to enter neuronal cells and elicit 
neurotoxicity546. Finally, male DJ-1 KO mice have higher LDL-cholesterol levels in 
serum, which could be due to the fact that the LDLR is a transcriptional target of DJ-1467.

7.3. Very low-density lipoproteins

Very low-density lipoproteins are mainly composed of lipids (including ~15% of 
glycerophospholipids, 20% of cholesterol/CE, and 60% of TAG) and only minor amounts 
of protein (~ 5%, mainly ApoB and ApoC). Parkinson’s disease patients appear to have 
lower levels of both VLDL230 and VLDL-cholesterol231 than controls, but the role of VLDL 
in PD remains unclear.

8. The cellular lipidome

Above we have given an overview of the changes in lipid composition that have been 
observed in multiple studies involving PD patients, and animal and cellular PD models. 
The question arises what the significance of such changes is from a biological point of 
view. In mammalian cells, about 5% of the genes are involved in the generation and 
transport of an estimate of 10,000 individual lipid species547,548, which have structural549, 
signaling549,550, and energy storage17,18 roles. More specifically, above-mentioned 
molecules such as glycerophospholipids, sphingolipids, and sterols represent the main 
components of the cell’s plasma and mitochondrial membranes, endoplasmic reticulum, 
the Golgi complex, and endosomes. In a dynamic manner, lipid composition defines 
organelle identity547, controls the recruitment of proteins, and lipid bilayer properties, such 
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as thickness, elastic compression, and intrinsic curvature, can be an allosteric regulator 
of membrane protein function551. Alterations in membranes thus dynamically control 
important processes such as (synaptic) vesicle trafficking, endocytosis-exocytosis552 or 
α-synuclein aggregation553, processes that have already been associated with PD554-556.

Lipids also play an important role in intracellular and intercellular signaling in the brain 
by direct interaction with receptors and other signal-transducing proteins549,550 that 
regulate integral physiological processes linked to PD. For example, PUFA are involved in 
inflammation, neurogenesis, and neuroprotection56. Endocannabinoids are lipid-based 
retrograde neurotransmitters that modulate synaptic plasticity557, and LPA modulates 
processes like proliferation, survival and migration249. Additionally, although most energy 
consumed by brain cells comes from glucose, lipids have been suggested to provide up 
to 20% of the total energy consumption of the adult brain549,558,559. Therefore, changes in 
lipid composition or content, such as the ones that have been described here for PD, can 
have vast consequences for key processes in the maintenance of normal neuronal and 
brain function. However, unlike what holds for genes and proteins, most lipid species 
cannot be associated with specific functions: their role is dictated by the concentration and 
location of individual lipid species, and, most importantly, by their interaction with other 
lipid species. Since most of the available information is a description of changes in lipid 
concentration, firm conclusions regarding the effects of these changes are hard to draw.

This lack of precise knowledge regarding the (patho)biological significance of lipidome 
abnormalities is predominantly caused by the fact that lipids form a vast and enormously 
complex group of biomolecules. This creates two major challenges. First, it is currently 
very difficult—if not impossible—to characterize all lipids present in the lipidome of 
a sample, due to limitations in the separation methods. This precludes simultaneous 
analysis of all lipid classes, which is especially hindered by the presence of isomeric (i.e., 
same mass) lipids. Second, no methodology is currently available to accurately determine 
the concentrations of the various lipid species560. This lack of information hampers the 
interpretation of lipidomic studies and the creation of reliable databases that, on its turn, 
impedes the identification of pathways in which a combination of lipid species plays a 
role561.

As mentioned, not only their composition in the lipidome but also the tissue distribution 
and intracellular localization of individual lipids are crucial for their function, which 
makes it of great importance to develop techniques to identify and quantify lipids at 
the single-cell level and with the spatial organization of the cell still intact. These 
developments will help to elucidate the interplay of different lipid species in a time- 
and location-dependent manner both in health and disease. Indeed, it would allow 
us to obtain more information about (i) the lipidomes of various cell types, which are 
now identified in growing numbers within different tissues and organs by RNAseq562, 
and (ii) the dynamic changes in lipidome composition that are associated with disease 
progression. Unfortunately, proper sample preparation, even more than the detection 
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limits for lipids in mass-spectrometry, currently forms the biggest barrier to develop 
effective single-cell lipidomics563. Moreover, the interplay between lipids and other 
biomolecules necessitates the integration of lipidomics with other omics strategies564.

It is also important to note that the lipidome composition is not only defined by the 
activity of genes involved in lipid metabolism, but also strongly depends on exogenous 
factors. These include (1) the direct dietary intake of lipids and lipid precursors from food, 
(2) life-style factors, i.e., exercise, sleep patterns, and intrinsic and extrinsic motivation 
factors that determine the choice of food composition, and (3) the effects of drugs 
that affect metabolism or cell behavior. For example, accumulating evidence suggests 
that tight bidirectional interactions exist between dietary lipids and composition and 
structure of the gastrointestinal tract microbiota565-567. This could be especially relevant 
for PD, since dysbiosis (i.e., the change in microbiota structure relative to that found 
in healthy individuals568), has been repeatedly observed in PD patients569-574 from early 
stages of the disease onwards575.

Filling in the current gaps in lipidomics technology and knowledge is crucial to exploit 
its potential to help us further understand the molecular mechanisms underlying 
PD, better define its stages and classification, and identify biomarkers, create dietary 
interventions, or perform compound screening, preclinical testing and monitoring of 
drug responses576,577.

9. Conclusions

From this review, it is clear that a strong correlation exists between PD and abnormalities 
in lipid metabolism. More specifically, there is an association between PD and the levels of 
fatty acyls (SFA, MUFA, PUFA, a number of eicosanoids, and acylcarnitine), glycerolipids 
(MAG, DAG, and TAG), glycerophospholipids (PA, LPA, PE, PS, PC, LPC, PI, PIPx, PG, 
and CL), sphingolipids (sphingosine(-1P), ceramide, SM, cerebrosides, gangliosides, 
and sulfatides), sterols (cholesterol precursors, cholesterol, CE, and oxysterols) and 
lipoproteins (HDL, LDL, and VLDL). Furthermore, there is a conspicuous relationship 
between the folding, aggregation, and distribution of α-synuclein and the lipids that 
drive some of the neuropathological features of PD. Yet, it is presently unclear whether 
links exist between PD and some eicosanoids (eoxins, thromboxanes, oxoeicoanoids, 
hepoxilins, lipoxins, and epoxyeiconsatetraenoic acid), glycerophospholipids (lysoPE, 
lysoPS, lysoPI, lysoPG, lysoCL, and Bis(monoacylglycero)phosphate), sphingolipids 
(globosides), and lipoproteins (IDL).

One of the main concerns regarding the findings summarized in this review is that 
most lipid classes have not been consistently found to be associated with PD. Variables 
such as sex, age, PD etiology, specific DNA polymorphisms or the microbiome may 
have influenced the findings. Thus, proper stratification of PD patients is necessary to 
understand the biological implications of the lipid changes observed. Additionally, more 
accurate description of the lipid profiles of plasma, CSF and/or fibroblasts from PD 
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patients will help to classify the patients more accurately.

A further concern is that most studies have focused on plasma levels of lipids, but these 
may not correlate with their brain levels, e.g., levels of ganglioside species are increased 
in plasma but not in brains of PD patients270,385. Thus, CSF (and brain) lipidomes of 
PD patients have to be determined to get insight into the actual pathological lipid 
composition and processes. Moreover, it is often unclear whether the changes in the 
levels of lipid species reflect a pathological or rather a compensatory mechanism. Finally, 
studies on cellular and animal PD models do not always show the same directionality of 
lipid level changes as found in studies on PD patients.

In conclusion, ample evidence for a central role of lipids in PD is available, but current 
data yield a picture that is still too fragmented. This hinders the unraveling of the specific 
pathological mechanisms in which lipids are involved. Technological advances to better 
characterize the lipidome and explore the functions of specific lipid species, together with 
additional studies on CSF and/or brain tissue from PD patients are now urgently needed 
to further our understanding of the pathobiology of the relationship between PD and 
lipids and will help us to identify biomarkers and druggable targets for the development 
of disease-modifying therapies for this devastating neurodegenerative disease.
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Abstract

Background: Parkinson’s disease (PD) is characterized by the degeneration of 
dopaminergic neurons in the substantia nigra and the formation of Lewy bodies. The 
mechanisms underlying these molecular and cellular effects are largely unknown. 
Previously, based on genetic and other data, we built a molecular landscape of PD that 
highlighted a central role for lipids. 

Methods: To explore which lipid species may be involved in PD pathology, we used 
published genome-wide association study (GWAS) data to conduct polygenic risk score-
based analyses in order to examine putative genetic sharing between PD and the blood 
levels of 370 lipid species and lipid-related molecules. 

Results: We found a shared genetic etiology between PD and the blood levels of 25 lipids. 
We then used data from a much extended GWAS of PD to validate our findings. Across 
the two analyses, we found genetic overlap between PD and the blood levels of eight 
lipid species, namely two polyunsaturated fatty acids (20:3n3 or n6 and 20:4n6), four 
triacylglycerols (TAG 44:1, 46:1, 46:2 and 48:0), phosphatidylcholine aa 32:3 (PC aa 
32:3) and sphingomyelin 26:0 (SM 26:0). Analysis of the concordance - the agreement 
in genetic variant effect directions across two traits - revealed a significant negative 
concordance between PD and the blood levels of the four triacylglycerols and PC aa 32:3, 
and a positive concordance between PD and the blood levels of both polyunsaturated 
fatty acids and SM 26:0. 

Conclusions: Taken together, our analyses imply that genetic variants associated with 
PD modulate the blood levels of a specific set of lipid species, supporting a key role of 
these lipids in PD etiology.

Key words: Parkinson’s disease, lipids, polygenic risk score, genome-wide association 
study, shared genetic etiology, concordance

Background

Parkinson’s disease (PD) is the second most common neurodegenerative disease, with a 
lifetime risk of 2% for men and 1.3% for women1,2. PD is characterized by a progressive 
loss of dopaminergic neurons that project from the substantia nigra (SN) to the striatum, 
the formation of so-called Lewy bodies (abnormal protein aggregates containing 
α-synuclein) and microgliosis3. The molecular mechanisms underlying these pathological 
hallmarks have predominantly been studied in familial forms of PD - which account for 
only 5-10% of the cases - or in animal models of toxin-induced PD (e.g., use of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), rotenone or 6-hydroxydopamine)4-7. The 
etiology and pathophysiology of sporadic PD have not been elucidated, which hampers 
the development of effective, disease-modifying treatments. To acquire understanding of 
the mechanisms linked to (sporadic) PD, we previously used the results from genome-
wide association studies (GWASs) and other (genetic) data from familial and sporadic 
PD patients to build a molecular landscape of the disease8. This unbiased, hypothesis-
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generating approach not only confirmed the processes and pathways that have been 
previously implicated in PD pathology (i.e., oxidative stress, endosomal-lysosomal 
function, endoplasmic reticulum stress and a disturbed immune response), but also 
revealed that lipids play a central role in these processes and hence in PD etiology.

Lipids are mainly known for their role in energy storage9,10, but they are also the main 
constituent of cellular membranes, and part of membrane rafts and anchors as well as 
signaling and transport molecules11-15. According to LIPID MAPS, lipids are classified 
into eight different classes, namely fatty acyls, glycerolipids, glycerophospholipids, 
sphingolipids, sterols, prenols, saccharolipids and polyketides16. This classification of 
lipids is based on their chemical and biochemical properties. In light of data availability, 
we focus in this study on the lipids belonging to the first five classes, of which the structural 
characteristics are shown in supplementary figure 1. In short, fatty acyls are lipids 
synthesized by chain elongation of acetyl-CoA and are the building blocks of complex lipids. 
They include saturated fatty acids (such as palmitic acid), monounsaturated fatty acids 
(MUFA, such as oleic acid), polyunsaturated fatty acids (PUFAs, such as linoleic acid and 
docosahexaenoic acid), and fatty acid esters (such as acylcarnitines (AC)). Glycerolipids 
are composed of mono-, di- and tri-substituted glycerols, like monoacylglycerols (MAG), 
diacylglycerol (DAG) and triacylglycerol (TAG). Glycerophospholipids (or phospholipids) 
have a glycerol backbone and a polar headgroup that allows the distinction of several 
subclasses, including phosphatidylcholine (PC), lysophosphatidylcholine (LPC) and 
lysophosphatidylethanolamine (LPE). Sphingolipids, such as sphingomyelin (SM), have 
a sphingoid base backbone synthesized from serine. Lastly, sterols are molecules with a 
fused four-ring core structure and they include lipids such as cholesterol and cholesterol 
esters (CE).

Blood and cellular composition and levels are regulated by multiple factors, such as lipid 
intake17-19, gut microbiota20, microRNAs (e.g., miR-33 and miR-122)21, and regulatory 
proteins, e.g., sterol regulatory element-binding proteins, liver X receptors, p53 and 
AMPK22,23. Further, plasma transport of lipids like TAG, phospholipids, cholesterol 
and CE occurs in complexes with apolipoproteins, creating lipoproteins, which can 
be classified into high-density lipoproteins (HDL), intermediate-density lipoproteins 
(IDL), low-density lipoproteins (VDL), and very-low-density lipoproteins (VLDL)24. 
Additionally, transport of fatty acids occurs in association with other proteins, such as 
albumin25. Therefore, variation in the genes encoding lipid-associated proteins may have 
a large effect on lipid regulation and disease outcome.

In order to examine the genetic overlap between PD and blood lipid levels, we used 
polygenic risk score (PRS)-based analysis to determine the extent of shared genetic 
etiology between PD and the blood levels of 370 lipids and lipid-related molecules, 
including fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterols and 
lipoproteins.
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Methods

Shared genetic etiology analyses 

In the discovery stage, we used PRSice26 to determine the level of shared genetic etiology 
between PD and the blood levels of 370 different lipids and lipid-related molecules 
in the population. As ‘base sample’ for the polygenic risk score (PRS)-based analyses 
in PRSice, we used summary statistics data for 9,581 PD cases and 33,245 matched 
controls from the PD GWAS reported by Nalls et al. (2014)27. These data were provided 
by the University of Tübingen, Germany, and contained data from all participants in the 
discovery stage of the GWAS, except from the participants of the 23andMe consortium. 
As ‘target samples’ for the PRS-based analyses, we used summary statistics from the 
GWASs of 370 unique, different blood lipid levels, i.e., GWASs of 74 blood lipid levels 
from Rhee et al. (2013)28, GWASs of 89 blood lipid levels from Shin et al. (2014)29, 
GWASs of 106 blood lipid levels from Draisma et al. (2015)30, and GWASs of 101 blood 
lipid levels from Kettunen et al. (2016)31. Before calculating shared genetic etiology with 
PRSice, clumping was performed using PLINK32 to select independent index SNPs for 
each linkage disequilibrium (LD) block in the genome. Based on the significance level 
of the SNPs in the base sample, the index SNPs were selected and clumps of all other 
SNPs that were within 500 kb and in LD (r2>0.25) were formed33. PRSice was then 
used to generate polygenic risk scores for PD, which are the sum of genome-wide SNPs 
associated with PD weighted by their effect sizes estimated from the PD GWAS and only 
including SNPs that exceed seven broad p-value thresholds (PTs). The seven thresholds 
that were used are 0.001, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5. PRSice then calculated p-values 
of shared genetic etiology between the base PD phenotype and the target phenotypes 
(370 blood lipid levels) for each of the seven thresholds. P-values were considered 
significant if they exceeded the Bonferroni-corrected threshold accounting for the 
number of phenotypes tested (p-value<0.05/2,590 tests (7 thresholds x 370 blood lipid 
levels)=1.93E-05). Subsequently and using the methodology described above, we tried 
to validate the significant findings from the discovery stage - i.e., the blood lipid levels 
for which we found Bonferroni-corrected significant p-values of shared genetic etiology 
with PD - through conducting PRS-based analyses with summary statistics from a much 
larger GWAS of PD as ‘base sample’ and summary statistics from the GWASs of the 
significant blood lipid levels as ‘target samples’. For this validation stage, we used data 
from the largest GWAS of PD reported thus far that contains all participants (PD cases 
and controls) in the discovery and replication stages from the 2014 GWAS by Nalls et al. 
(see above), including the 23andMe participants), as well as a large number of so-called 
‘PD proxy-cases’ - defined as those with a first degree relative with PD but no ICD-10 
diagnosis or self-report of PD - and multiple new case-control samples. This resulted 
in GWAS data for a total of 37,688 PD cases, 18,618 PD proxy-cases and 1,417,791 
controls that were provided by the 23andMe consortium34.
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SNP Effect Concordance analyses 

We then performed SNP Effect Concordance analysis (SECA) for the validated findings 
from the PRS-based analyses. In SECA (http://neurogenetics.qimrberghofer.edu.au/
SECA; see35 for more details), association results rather than individual genotyped data 
are analyzed to test for genetic pleiotropy (the same SNPs affecting both traits) and 
concordance (the agreement in SNP effect directions across both traits) between two 
genetically determined traits. We used SECA to calculate empirical p-values for pleiotropy 
and concordance between all blood lipid levels that emerged from the PRS-based 
analyses as having a significant shared genetic etiology with PD in both the discovery 
and validation stages. SECA p-values lower than the Bonferroni-corrected threshold 
accounting for the number of tests that we performed were considered significant.

Results

In this study, we determined the presence and extent of shared genetic etiology between 
PD and the blood levels of 370 lipids and lipid-related molecules. In the discovery 
stage, we detected genetic overlap (at least one PT showing statistical significance after 
Bonferroni correction, i.e., p-value<1.93E-05) between PD and the plasma levels of 25 
lipids (table 1). A complete overview of the results of all PRS-based analyses is shown 
in supplementary file 1. Of note, we found prominent genetic sharing between PD and 
the blood levels of six specific lipids (MAG 18:1, PUFA 20:5 n3, AC 14:2, LPC 17:0, 
LPC 18:0 and SM 26:0) as each of these lipids showed significance - after Bonferroni 
correction - at all PTs, except for the lowest one (PT=0.001) (figure 1). Further, genetic 
variants associated with PD explain at least 1% of the variation in blood levels of six 
lipids, i.e., the aforementioned AC 14:2, LPC 18:0 and SM 26:0, as well as TAG 44:1, 
TAG 46:2 and CE 20:5 (figures 1 and 2).
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Table 1. Summary of the results of the discovery stage PRS-based analyses of the genetic sharing 
between PD and the blood levels of 370 lipids and lipid-related molecules.

Lipid class Lipid subclass Total number
of lipids

Number of lipids with 
p-value<1.93E-05

Number of lipids 
with R2>1%

Fatty acyls Fatty acids 60 4 0

AC 23 4 1

Glycerolipids Metabolism 2 0 0

MAG 4 1 0

DAG 4 0 0

TAG 47 4 2

Glycerophospholipids PC aa 37 1 0

PC ae 36 3 0

LPC 14 3 1

LPE 6 0 0

LPI 3 0 0

Inositol metabolism 3 0 0

Sphingolipids SM 10 2 1

Sterols CE 11 1 1

Cholesterol 3 0 0

Other 12 1 0

Lipoproteins HDL 24 1 0

IDL 6 0 0

LDL 16 0 0

VLDL 32 0 0

Apolipoproteins 2 0 0

Others Bile acid metabolism 11 0 0

Others 4 0 0

Listed are the total number of lipid species examined per lipid class, the number of lipids that 
show Bonferroni-corrected significant genetic sharing (p-value<1.93E-05) with PD for at least 
one SNP p-value threshold (PT), and the number of lipids for which genetic variants associated with 
PD explain>1% of the variance (R2) in blood levels. In total, we found 25 lipid displaying significant 
genetic sharing with PD. AC, acylcarnitine; MAG, monoacylglycerol; DAG, diacylglycerol; TAG, 
triacylglycerol; PC, phosphatidylcholine; aa, diacyl; ae, acyl-alkyl; LPC, lysophosphatidylcholine; LPE, 
lysophosphatidylethanolamine; LPI, lysophosphatidylinositol; SM, sphingomyelin; CE, cholesterol ester; 
HDL, high-density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; 
VDLD, very low-density lipoprotein.
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Figure 1. Bar plots for shared genetic etiology between PD and the blood levels of monounsaturated 
fatty acid (MUFA) 18:1 (a), polyunsaturated fatty acid (PUFA) 20:5n3 (b), acylcarnitine (AC) 14:2 (c), 
lysophosphatidylcholine (LPC) 17:0 (d), lysophosphatidylcholine (LPC) 18:0 (e) and sphingomyelin 
(SM) 26:0 (f), showing the variance explained (R2) and the SNP p-value threshold (PT). The asterisks 
above the bars indicate the Bonferroni-corrected significance of the genetic overlap between PD and the 
blood lipid levels; * denotes p-value<0.05/2,590 tests (7 thresholds x 370 blood lipid levels)=1.93E-05, 
** denotes p-value<0.01/2,590=3.86E-06; *** denotes p-value<0.001/2,590=3.86E-07.
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Figure 2. Bar plots for shared genetic etiology between PD and the blood levels of triacylglycerol (TAG) 
44:1 (a), triacylglycerol (TAG) 46:2 (b) and cholesterol ester (CE) 20:5 (c), showing the variance explained 
(R2) and the SNP p-value threshold (PT). The asterisks above the bars indicate the Bonferroni-corrected 
significance of the genetic overlap between PD and the blood lipid levels; * denotes p-value<0.05/2,590 
tests (7 thresholds x 370 blood lipid levels)=1.93E-05, ** denotes p-value<0.01/2,590=3.86E-06; *** 
denotes p-value<0.001/2,590=3.86E-07.

We then aimed to validate our results using a larger PD GWAS study as ‘base sample’. In 
this validation stage, we confirmed a significant shared genetic etiology - after Bonferroni 
correction, i.e., P<0.05/175 tests (7 thresholds x 25 blood lipid levels)=2.86E-04) - 
between PD and the blood levels of eight out of the 25 lipid species that we identified in 
the discovery stage: PUFA 20:3n3 or n6, PUFA 20:4n6, TAG 44:1, TAG 46:1, TAG 46:2, 
TAG 48:0, PC aa 32:3 and SM 26:0 (table 2).
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Table 2. Validation of the genetic overlap between PD and the blood levels of 25 lipids displaying 
significant genetic sharing with PD in the discovery stage.

Discovery stage Validation stage

PT P-value R2 PT P-value R2

18:4n3 0.3 1.34E-07 3.60E-03 0.4 4.82E-02 3.77E-04

20:3n3 or n6 0.2 4.12E-07 3.30E-03 0.5 3.38E-05 2.16E-03

20:4n6 0.3 4.51E-06 2.67E-03 0.5 1.33E-06 2.99E-03

20:5n3 0.3 2.19E-09 4.66E-03 0.5 1.17E-03 1.26E-03

AC 2:0 0.2 6.73E-06 2.53E-03 0.5 1.70E-02 6.01E-04

AC 8:1 0.2 1.14E-05 2.40E-03 0.5 1.25E-02 6.72E-04

AC 14:2 0.4 1.61E-15 1.07E-02 0.1 3.20E-03 1.29E-03

AC 18:0 0.4 1.11E-06 3.30E-03 0.1 3.04E-02 5.20E-04

MAG 18:1 0.4 1.08E-09 6.57E-03 0.1 4.78E-04 2.01E-03

TAG 44:1 0.4 2.01E-06 1.02E-02 0.4 1.02E-05 1.01E-02

TAG 46:1 0.4 1.37E-05 8.43E-03 0.3 1.18E-05 9.90E-03

TAG 46:2 0.4 1.62E-06 1.04E-02 0.3 1.03E-05 1.00E-02

TAG 48:0 0.4 1.91E-05 8.13E-03 0.4 1.42E-06 1.21E-02

PC aa 32:3 0.4 1.85E-05 2.27E-03 0.5 1.23E-04 1.80E-03

PC ae 32:2 0.4 1.52E-06 2.91E-03 0.05 2.58E-03 1.05E-03

PC ae 38:1 0.5 5.14E-06 2.97E-03 0.3 2.19E-03 1.24E-03

PC ae 44:6 0.4 8.19E-06 2.48E-03 0.05 2.79E-02 4.90E-04

LPC 16:0 0.3 8.82E-07 3.05E-03 0.001 3.59E-03 9.67E-04

LPC 17:0 0.5 8.52E-11 5.44E-03 0.3 9.83E-04 1.28E-03

LPC 18:0 0.5 1.95E-19 1.06E-02 0.001 3.39E-03 9.80E-04

SM 26:0 0.5 4.21E-27 1.73E-02 0.3 3.00E-05 2.45E-03

SM 26:1 0.4 5.32E-06 2.59E-03 0.001 6.22E-04 1.39E-03

CE 20:5 0.5 8.10E-07 1.10E-02 0.5 1.33E-02 2.73E-03

4-androsten-3beta,-
17beta-diol disulfate 1 0.5 3.75E-07 3.32E-03 0.3 1.12E-03 1.27E-03

HDL-C 0.2 1.02E-05 8.41E-04 0.05 1.09E-01 7.01E-05

Comparison of the most significant p-value threshold (PT), p-value and explained variance (R2), for the 
results obtained in the discovery and the validation stages. Significant results after Bonferroni correction 
(discovery stage: p-value<1.93E-05; validation stage: p-value<2.86E-04), are highlighted in bold. In 
total, eight lipids show significant genetic sharing with PD in both the discovery and validation stages.

Further, SECA analyses yielded significant evidence - after Bonferroni correction - of 
genetic pleiotropy (i.e., the same genetic variants affecting two traits) between PD and 
the blood levels of the eight lipids that we validated. In addition, in both the discovery 
and validation stages, we found a significant negative genetic concordance between PD 
and the blood levels of TAG 44:1, TAG 46:1, TAG 46:2, TAG 48:0 and PC aa 32:3, which 
implies that genetic variants associated with PD contribute to decreased blood levels of 
these lipids. Conversely, we found a positive concordance between PD and the blood 
levels of PUFA 20:3n3 or n6, PUFA 20:4n6 and SM 26:0 (table 3).
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Table 3. Comparison of the pleiotropy and concordance results - generated using SNP Effect 
Concordance Analysis (SECA) - for the eight lipids for which we found significant genetic sharing 
in both the discovery and validation stages.

Discovery stage Validation stage

P-value 
pleiotropy

P-value con-
cordance

Direction P-value 
pleiotropy

P-value con-
cordance

Direction

20:3n3 or n6 1 < 0.001 + < 0.001 < 0.001 +

20:4n6 < 0.001 < 0.001 + < 0.001 < 0.001 +

TAG 44:1 < 0.001 < 0.001 - < 0.001 < 0.001 -

TAG 46:1 < 0.001 < 0.001 - < 0.001 < 0.001 -

TAG 46:2 < 0.001 < 0.001 - < 0.001 < 0.001 -

TAG 48:0 < 0.001 < 0.001 - < 0.001 < 0.001 -

PC aa32:3 < 0.001 < 0.001 - < 0.001 < 0.001 -

SM 26:0 < 0.001 < 0.001 + < 0.001 < 0.001 +

The p-values for genetic pleiotropy (same genetic variants affecting two traits) and concordance (agreement 
in genetic variant effect directions across two traits) are shown. In addition, for the concordances, the 
direction of the relationship is indicated by “+” (positive concordance) or “-” (negative concordance). All 
results except one (pleiotropy between PD and blood levels of 20:3n3 or n6 in the discovery stage) reach 
Bonferroni-corrected significance (i.e., p-value<0.05/32 tests (eight tests for pleiotropy and eight tests for 
concordance in both the discovery and validation stages)=1.56E-03).

Discussion

Our PRS-based analyses using GWAS data of PD and the blood levels of 370 different 
lipids yielded a strong genetic link between PD and the blood levels of eight specific 
lipid species. More specifically, we determined genetic sharing and a positive genetic 
concordance between PD and the blood levels of two PUFA, namely PUFA 20:3n3 or n6 
(also known as eicosatrienoic acid or dihomo-gamma-linoleic acid) and PUFA 20:4n6 
(also known as arachidonic acid, AA). Increased levels of AA and dihomo-gamma-linoleic 
acid have been detected in the cerebrospinal fluid (CSF) of PD patients36. Furthermore, 
PD is associated with an increased intake of AA37, although not consistently38, and AA 
is not only linked to increased oxidative stress and neuroinflammation39,40 but it also 
induces α-synuclein aggregation41, which are three processes that have been implicated 
in PD etiology.

We further observed a negative concordance between PD and the blood levels of TAG 
44:1, TAG 46:1, TAG 46:2 and TAG 48:0. Although there is no information regarding 
PD concerning these four specific TAG species, decreased blood levels of TAGs have 
been repeatedly observed in PD patients compared to controls42-47, and high blood levels 
of TAGs have been reported as a protective factor for PD48,49. However, although we 
found overlap between PD and blood levels of specific TAGs, we did not observe genetic 
sharing between PD and total TAG blood levels. This could be partially due to the fact 
that the blood levels of TAGs are modulated by environmental factors50-52, such as diet 
and microbiome composition which have both been found to differ between PD patients 
and controls53,54.
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In addition, we found a negative genetic concordance between PD and the blood 
levels of PC aa 32:3. PC has an anti-inflammatory role55 and it is the most abundant 
glycerophospholipid in eukaryotic membranes where it is involved in lipid homeostasis56. 
Blood levels of PC aa 32:3 have not been studied in PD but decreased levels of other 
PC species have been observed in plasma from PD patients57. This is in keeping with 
our finding that genetic variants associated with PD contribute to decreased levels of a 
specific PC species.

The strongest evidence of genetic sharing that we found was between PD and blood 
levels of SM 26:0. Furthermore, we found a positive concordance between PD and 
SM 26:0 blood levels, implying that genetic variants associated with PD contribute to 
increased levels of this lipid. SM is one of the constituents of the cellular membrane, and 
it is a source of bioactive lipids that play a role in processes such as autophagy58 and cell 
death59. Although it is not known what the blood levels of SM 26:0 in PD are, increased 
plasma levels of this lipid have been described in the neurodegenerative disease X-linked 
adrenoleukodystrophy60. Interestingly, several molecular links between PD and X-linked 
adrenoleukodystrophy have been identified, including α-synuclein accumulation and 
oxidative stress61,62. Hence, elucidation of the physiological and pathological roles of 
SM 26:0 may contribute to the understanding of the molecular mechanisms underlying 
multiple neurodegenerative diseases.

Given the above, the genetic overlap between PD and the blood levels of specific lipids can 
be exploited for the identification of novel diagnostic biomarkers and for the elucidation 
of the molecular mechanisms underlying PD. However, the current knowledge on the 
role of lipids in PD is fragmented63, which hinders drawing firm conclusions about the 
possible links between the disease and blood levels of the eight lipid species for which 
we found genetic sharing. Moreover, it should be noted that the blood lipid analysis did 
not make a distinction between lipid isobars (molecules with the same nominal mass) 
and lipid isomers (molecules with the same molecular formula, but a different chemical 
structure). For example, TAG 44:1 may correspond to 16 different species, such as 
TAG 12:0/12:0/20.1, TAG 14:0/14:0/16:1, or TAG 12:0/16:0/16:1. Therefore, the 
annotated species PUFA 20:3n3 or n6, PUFA 20:4n6, TAG 44:1, TAG 46:1, TAG 46:2, 
TAG 48:0, PC aa 32:3 and SM 26:0 may correspond to various isobars and isomers, 
and the exact identity of the species associated with PD thus remains to be determined. 
Additionally, the lack of publicly available data regarding multiple lipid subclasses, such 
as ceramide-derived lipids and cardiolipin, prevented their inclusion in this study.

Conclusions

The molecular mechanisms underlying PD have been mainly studied from a genetic, 
transcriptomic and/or proteomic perspective, but little is known about the role of the 
metabolome, and in particular lipids, while our molecular PD landscape indicated a 
crucial role for lipids in the development of this neurodegenerative disease8. We found 
genetic sharing between PD risk and blood levels of eight lipids. In future studies these 
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lipids – including their isobars and isomers – should be further explored before they can 
possibly be used for the development of e.g., lipid-directed dietary interventions or lipid-
modifying drugs as treatment options to slow or perhaps even stop disease progression.
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Abstract

Background: Isolated rapid eye movement (REM) sleep behavior disorder (IRBD) is a 
known feature of the prodromal stage of Lewy-type synucleinopathies (LTS). In IRBD 
patients, identification of markers predictive of evolution towards an LTS with an initial 
predominant parkinsonism (Parkinson’s disease (PD)) and/or dementia (Dementia 
with Lewy Bodies (DLB)) would be of interest since such markers could contribute to 
patient stratification in future neuroprotective trials.

Objective: To assess the lipoprotein and protein glycosylation profile of IRBD and to 
investigate whether this may distinguish the eventual development of an LTS.

Methods: Assessment by nuclear magnetic resonance (NMR) of 82 IRBD patient and 
29 matched control serum samples, collected before and/or after their conversion to an 
overt LTS. 

Results: No differences were detected by univariant analysis between IRBD patients 
that developed an LTS compared to controls. However, significant differences were 
found when the analysis distinguished between IRBD patients that manifested initially 
predominant parkinsonism (pre-PD) or dementia (pre-DLB). Significant differences 
were also found in paired IRBD samples pre- and post-LTS diagnosis. Next, predictive 
models were built and distinguished between controls and pre-DLB patients, and 
between pre-DLB and pre-PD patients. This allowed a prediction of the possible future 
clinical outcome of IRBD patients.

Conclusion: We provide evidence of altered lipoprotein and glycosylation profiles in IRBD 
patients. Profiling of serum samples by NMR may serve as a useful tool in identifying short-
term high-risk IRBD patients for conversion to parkinsonism or dementia. Our results 
also suggest biological differences underlying the progression of LTS in IRBD patients.

Introduction

Neurodegeneration associated with pathological aggregation of α-synuclein in the 
nervous system in the form of Lewy bodies and neurites (Lewy type synucleinopathy; 
LTS) usually manifests clinically as a parkinsonism in most cases associated with late 
development of dementia (i.e., Parkinson’s disease (PD))1. However, dementia can 
appear as an early feature in cases which have been designated as dementia with Lewy 
bodies (DLB)2. The biological basis underlying this clinical heterogeneity remains poorly 
understood.

Isolated rapid eye movement (REM) sleep behavior disorder (IRBD) is a parasomnia 
characterized by vigorous dream-enacting behaviors and loss of REM sleep muscle 
atonia3. Although IRBD patients have no overt neurological diseases, long-term 
prospective studies have shown that most of them eventually develop an LTS4,5. Thus, 
IRBD is recognized as a clinical marker of the prodromal stage of LTS6. Importantly, the 
specificity and positive predictive value of IRBD seems to be much higher than any other 
clinical feature of the prodromal phase of LTS7. Therefore, IRBD provides an excellent 
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opportunity for the study of LTS at early stages and to examine biomarkers potentially 
able to predict the initial clinical manifestation (i.e., parkinsonism or dementia) of 
LTS. This would be important for management at clinical onset, and for selection and 
stratification for future neuroprotective trials.

IRBD has been associated with cardiovascular risk factors, such as increased low-density 
lipoprotein (LDL) levels and diabetes, and decreased physical activity8. In agreement 
with these observations, higher risk of developing stroke9 and increased ischemic 
heart disease incidence10 have been reported in IRBD patients compared to controls. 
Moreover, altered lipoprotein serum profiles have been found in PD patients11. One 
method for identification of the metabolic profile is the use of nuclear magnetic resonance 
(NMR)-based tests. This test allows the characterization of lipoproteins in intact serum 
samples12, which has been used to study metabolic changes in different conditions, such 
as post-prandial experience13, type 1 diabetes mellitus14, metabolic and cardiovascular 
risk15 and cancer16. However, this type of approach has not been explored before in the 
context of IRBD.

IRBD and LTS have also been related to inflammatory processes. A serum proteomic 
analysis in IRBD patients showed changes, among others, in inflammation-related 
proteins17. Additionally, peripheral inflammation has been observed in early stage PD 
patients18. NMR-based tests also allow the characterization of protein glycosylation 
profiles in intact serum samples12, which reflect systemic inflammatory processes19,20. 

Herein we evaluated the lipoprotein and protein glycosylation profiles of serum samples 
from IRBD patients by NMR and assessed whether the baseline profile identifies the 
future development of an LTS, and whether that manifests initially with parkinsonism 
or dementia.

Methods

Participants selection 

Polysomnographic-confirmed IRBD patients were recruited at the center for sleep 
disorders of the Neurology Service from the Hospital Clínic of Barcelona, Spain21. 
Patients and controls were Caucasians of Spanish origin. After IRBD diagnosis, patients 
were periodically followed at least every 12 months. Blood sample donation occurred 
during these routine visits based on the willingness of participants. If PD or DLB 
were suspected in the routine visits, IRBD patients were then examined by movement 
disorders or dementia expert neurologists to confirm the diagnosis. Diagnosis criteria 
were those accepted for PD1 and DLB2. When IRBD patients converted to PD or DLB, 
they were asked to donate a blood sample, either again if already participating in the 
study (paired samples) or for the first time if newly recruited. Usage of the blood samples 
for research into disease biomarkers was approved by the Hospital Clínic Research 
Ethics Committee (HCB/2014/1065) and the Vall d’Hebron Hospital Research Ethics 
Committee (PR(AG)370/2014). 
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Samples from a total of 82 IRBD patients were obtained from individuals diagnosed 
by polysomnography between 1996 and 2015. From these, the following age- and sex-
matched groups were distinguished: (i) 33 individuals that remained disease-free at the 
end of the study (July 2019) (IRBD-only), (ii) 33 IRBD individuals that had no over 
neurological disease at sample collection but later on converted to LTS (pre-LTS), among 
which there were (ii-a) 15 IRBD individuals that later on converted to DLB (pre-DLB), 
and (ii-b) 18 IRBD individuals that later on converted to PD (pre-PD), and (iii) 35 IRBD 
individuals that at sample collection had already converted to an LTS (post-LTS), among 
which there were (iii-a) 20 individuals that had already converted to DLB (post-DLB), 
and (iii-b) 15 individuals that had already converted to PD (post-PD). From the pre- 
and post- samples in groups (ii) and (iii), 19 LTS cases (i.e., 12 DLB and 7 PD) had 
samples both before and after conversion to LTS (paired samples). We also included 29 
samples from sex- and age-matched healthy controls without evidence of neurological 
or sleep disorders, which were selected from a database of healthy controls made of non-
consanguineous attendants and volunteers that donate samples for research studies at 
our institution.

Demographic data is presented in table 1, as well as relevant comorbidities (i.e., 
dyslipidemia, Diabetes Mellitus and arterial hypertension). Information about the 
medication taken by the participants and relevant to the outcome of the study (e.g., 
statins, antihypertensive drugs, diabetes medication) was sparse and not consistently 
reported for all cases, which precluded the possibility of including such information in 
our study.

Serum isolation

Five to 10ml of blood were collected in tubes without anticoagulant (BD Vacutainer; 
Becton Dickinson, Franklin Lakes, NJ), preserved for 30 minutes at room temperature, 
and centrifuged at 1,500xg for 10 minutes at 4ºC. Serum volumes of 2ml were removed 
from supernatant, aliquoted in polypropylene CryoTubes (Greiner Bio-One, Monroe, 
NC), flash frozen, and stored at -80ºC.

2D diffusion-ordered 1H NMR spectroscopy measurements 

The lipoprotein profile and the presence of glycosylated proteins were measured in 
the 130 serum samples using the Liposcale® and the Glycoscale tests (Biosfer Teslab, 
Reus, Spain), respectively. The Liposcale® test is a CE marked and previously reported 
method based on 2D diffusion-ordered 1H nuclear magnetic resonance spectroscopy 
(NMR) to estimate the size (-Z) of the three main types of lipoproteins (very low-
density lipoprotein (VLDL), low-density lipoprotein (LDL) and high-density lipoprotein 
(HDL)), and the concentration (-P) of particles of three subtypes (large, medium and 
small sized particles) of the main types of lipoproteins, as well as the lipid content 
[cholesterol (-C) and triglycerides (-TG)] of the three main classes, together with 
intermediate-density lipoproteins (IDL)22. The Glycoscale uses the same technique 
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to determine the presence of glycosylated proteins in serum, which is an indicator of 
systemic inflammatory processes20. More specifically, it determines N-acetlyglucosamine 
and N-acetylgalactosamine bound to protein (glycA), N-acetylneuraminic acid bound to 
protein (glycB), and any of the three acetyl groups not bound to protein (glycF). From 
these three peaks, it distinguishes their area (associated with concentration) and the 
ratio high/width (describing the peak shape).

Data analyses

Unpaired analysis: Differences between groups were assessed for the comparisons 
with a diagnostic or prognostic value. These include control vs. pre-LTS, control vs. post-
LTS, pre-LTS vs. post-LTS, control vs. pre-DLB, control vs. pre-PD, control vs. post-DLB, 
control vs. post-PD, pre-DLB vs. pre-PD, post-DLB vs. post-PD, pre-DLB vs. post-DLB, 
and pre-PD vs. post-PD. Since individuals in the IRBD-only group are a heterogeneous 
mixture of possible pre-LTS and individuals that might not convert during their lifetime, 
we excluded comparisons between them and any other group for being non-informative. 
The differences between comparisons were determined by a Wilcoxon signed-rank test 
combined with the Benjamini–Hochberg procedure to correct for false discovery rate 
(FDR) for any given comparison (cutoff at adjusted p-value<0.05). Results are expressed 
as median ± interquartile range.

Paired analysis: Paired samples (pre-LTS vs. post-LTS, pre-DLB vs. post-DLB, 
and pre-PD vs. post-PD, from the same patients) were (re)analyzed independently using 
the paired and non-parametric test Wilcoxon matched pairs signed rank test. Correction 
for multiple comparisons was done by controlling the FDR with the Benjamini–
Hochberg procedure (cutoff at adjusted p-value<0.05).

Model building: Variables that allowed distinguishing between all groups were 
determined by non-parametric ANOVA (Kruskal-Wallis test) correcting for multiple 
comparisons by controlling the FDR with the Benjamini–Hochberg procedure. Those 
variables significant with an FDR-corrected p-value<0.05 were used to determine which 
groups were different by non-parametric multiple comparisons of the mean rank of each 
group with the mean rank of every other group correcting for FDR by the Benjamini–
Hochberg procedure. This allowed the selection of comparisons with differences (FDR-
corrected p-value<0.05). Next, elastic net (R function cv.glmnet) was used on the 
chosen comparisons for variable selection and model building23. The elastic net mixing 
parameter was tested from 0.1 to 0.9, at intervals of 0.05, and a 10-fold cross-validation 
was performed. The model with the lowest mean cross-validated error was kept, and a 
ROC curve was made. Internal validation of the model was achieved by bootstrapping24, 
using the R function vboot.glm. Internal bootstrapping validation logistic model was 
done with 1000 bootstrap samples, and 10-fold cross-validation with 100 replicates. 
The AUC from each model was corrected by subtracting the optimism value obtained by 
bootstrapping, and only those models with a corrected AUC>0.75 were kept. Figure 1 
summarizes the workflow for building the models.
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Figure 1. Schematic representation of model building workflow. Scheme illustrating the input/
output of each step done for building models to discriminate between groups, and the statistical methods 
used to perform them (italics). BH, Benjamini–Hochberg; ROC, receiver operating characteristic.

Data analyses were performed in R25 and GraphPad Prism version 8.0.1 for Windows 
(GraphPad Software, La Jolla California USA, www.graphpad.com). 

Results 

Cohort characteristics

The total number of samples analyzed was 130, including 101 from IRBD patients (i.e., 
33 from IRBD-only, 33 from pre-LTS, among which 15 were pre-DLB and 18 pre-PD, 
and 35 from post-LTS, among which 20 were post-DLB and 15 post-PD, individuals), 
and 29 from controls (table 1). There were no differences between groups in gender, 
assessed with Chi-square with Yates’ correction, except for control vs post-DLB samples 
(p-value=0.0373). There were also no differences in the age at IRBD nor LTS diagnosis, 
assessed by mean ranks comparison and corrected for multiple comparison. Moreover, 
there were no differences of time between IRBD and LTS diagnosis, sample collection 
and LTS diagnosis (pre-groups), and LTS diagnosis and sample collection (post-groups). 
There were only age differences at sample collection between controls and post-LTS 
(p-value=0.036), controls and post-DLB samples (p-value=0.0425), pre-LTS and post-
LTS samples (p-value=0.0019), and pre-DLB and post-DLB samples (p-value=0.0198). 
Comparably, there were differences in the time between IRBD diagnosis and sample 
collection between pre-LTS and post-LTS (p-value<0.0001), and pre-DLB and post-
DLB samples (p-value=0.0002). The aforementioned differences are inherent to the 
timeline of IRBD and LTS onset. Similar results were obtained when considering only 
the paired samples from each group (table 1).

We accounted for relevant comorbidities (i.e., dyslipidemia, Diabetes Mellitus and arterial 
hypertension; categorical data is given as percentage of total in table 1) and no differences 
between IRBD groups were detected at the time of IRBD diagnosis, assessed with Chi-
square with Yates’ correction. Similarly, no differences were found when comparing the 
prevalence of these comorbidities between our IRBD groups and the general population 
of individuals aged 64-75 years old in our region Catalonia26 (considered as controls) 
(table 1).

27 metabolite 
measurements

3 metabolites 
with differences

6 comparisons 
with differences

5 models 2 models

Multiple 
comparisons + 
BH correction

Kruskal-Wallis 
test + BH 
correction

Elastic net + 
bootstrapping 
correction (all 
metabolites)

ROC + 
optimism 
correction
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Differences between clinically relevant comparisons

Twenty-seven parameters related to lipoproteins and protein glycosylation were 
analyzed in 130 serum samples, including controls, IRBD-only, pre-LTS (which 
comprise pre-DLB and pre-PD) and post-LTS (which comprise post-DLB and post-PD) 
patients (Supporting Information). No significant differences were found between pre-
LTS or post-LTS patients compared with controls (table 2). When IRBD-LTS patients 
were analyzed distinguishing between those with either PD or DLB, we found significant 
decreased area glycB in pre-DLB patients (335±67µmol/L) compared to control subjects 
(431±115µmol/L), with an FDR-corrected p-value of 0.006 (table 2).
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Conversion biomarkers for DLB and PD

Next, the serum lipoprotein and glycosylated protein profile from those IRBD patients 
for which we had paired samples, from before and after their diagnosis of LTS, was 
compared. Significantly (FDR-corrected p-value<0.05) higher levels of area glycB, 
and lower levels of medium LDL-P and LDL-TG were found in IRBD patients after the 
diagnosis of an LTS compared to the same patients before the diagnosis (figure 2a-
c). When IRBD-LTS patients were analyzed distinguishing between those with either 
PD or DLB, we could not find significant differences, likely due to the small number of 
samples in each comparison. However, a trend (FDR-corrected p-value<0.25) towards 
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lower levels of LDL-TG, LDL-Z, medium LDL-P and large HDL-P, and higher levels of 
area of glycB was found in IRBD patients after the diagnosis of DLB, compared to the 
same patients before the diagnosis. Moreover, a trend towards increased levels of serum 
VLDL-C, and large VLDL-P, medium VLDL-P and small VLDL-P was found in IRBD 
patients after the diagnosis of PD, compared to the same patients before the diagnosis.

Figure 2. Differences between IRBD patients before and after LTS diagnosis. Graphs of the 
(a) area of glycosylated protein B (Glyc-B), (b) concentration of medium sized LDL particles (medium 
LDL-P) and (c) concentration of triglycerides in LDL (LDL-TG) in the same IRBD patients, before (pre-) 
and after (post-) the diagnosis of LTS. Mean with interquartile range represented. Wilcoxon matched-
pairs signed rank test, combined with the Benjamini–Hochberg procedure to correct for false discovery 
rate (FDR). *FDR-adjusted p-value<0.05

Predictive model building

In order to identify biomarkers with a predictive value, a machine learning approach 
was used to build predictive models. Models with a corrected AUC>0.75 were built for 
2 different comparisons. In agreement with our first analysis, an equation was obtained 
distinguishing between controls and pre-DLB patients that included area glycB (figure 
3a). This gave a model with a corrected AUC of 0.765 (p-value<0.0004), a sensitivity 
of 53.33% and a specificity of 96.55% at a cut-off of y>-0.233. Second, an equation 
was obtained distinguishing between pre-DLB and pre-PD patients that included 
small HDL-P and HDL-Z (figure 3b). This gave a model with a corrected AUC of 0.759 
(p-value<0.0005), a sensitivity of 72.22% and a specificity of 86.67% at a cut-off of 
y>0.201. Finally, applying the model that distinguished between pre-DLB and pre-PD 
patients to 33 IRBD patients that remained disease-free at the end of the study (IRBD-
only, which had a mean follow up between IRBD diagnosis and the time of this study 
of 10.3±4.1 years, and between sample collection and the time of this study of 5.4±1.7 
years), allowed the prediction that six individuals would classify as pre-DLB patients, 
while the rest would classify as pre-PD patients (figure 3c). Additionally, five of the 
putative pre-PD patients, were classified as such with a specificity of 100% (figure 3c).
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Figure 3. Discriminatory models. Graphs showing the results of the equation (written underneath) 
that allows distinguishing between controls and pre-DLB patients (a), and pre-DLB and pre-PD patients 
(b), including the threshold with the highest likelihood ratio (gray dotted line), together with the pertinent 
ROC curve and area under the curve (AUC) values. The application of model (b) in IRBD-only samples 
(c) distinguishes between putative pre-DLB (blue dots) and pre-PD (orange dots, darker orange implies 
100% specificity) patients.

Discussion

To the best of our knowledge, this represents the first study to assess serum lipoprotein 
and protein glycosylation profiles in IRBD patients before and after the manifestation of 
an overt LTS. We found that patients with IRBD present changes in their serum metabolic 
profile that differ between those eventually developing predominant parkinsonism (pre-
PD) or dementia (pre-DLB) at onset.

Currently, existing short-term conversion biomarkers in IRBD include hyposmia27 and 
altered DAT-SPECT28. Also, few biochemical peripheral biomarkers have been suggested 
for IRBD, including impaired ghrelin excretion29, serum N-glycan composition30, and 
serum proteins, such as dopamine β-hydrolase17. Nevertheless, all these marker studies 
compared IRBD patients with controls, without considering that the patients might 
be a heterogeneous group including individuals close to phenoconversion to an LTS 
manifesting primarily with parkinsonism or dementia.

Here, using two different analysis methods, we observed that the parameter area 
glycB could be considered as a biomarker for IRBD patients that develop a dementia 
onset LTS. This measurement corresponds to the amount of N-acetylneuraminic acid 
in glycoproteins. N-acetylneuraminic acid, the most abundant form of sialic acid in 

a) b)

c)

Controls vs pre-DLB Pre-DLB vs pre-PD

IRBD-only
classification

y = 1.8 - 0.8Area glyB

AUC = 0.765
y = -17.4 - 0.01Small HDLP + 2.1HDLZ

AUC = 0.759
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human cells, has a negative charge and hydrophilicity, which enable its structural and 
modulatory roles, such as blood cell charge repulsion or neural plasticity31. Sialylation 
changes have been associated with infectious diseases, stress, inflammation, autoimmune 
diseases, cancer and neurodegeneration32. As such, changes in area glycB have been 
described as an inflammatory marker associated with insulin resistance and adiposity28, 
obesity20, and rheumatoid arthritis10. In our data set, although there are no differences 
in the prevalence of cardiovascular risk factors (i.e., dyslipidemia, diabetes mellitus 
and arterial hypertension), area glycB is decreased in pre-DLB patients compared to 
controls, but then there is a trend to increased area glycB in post-DLB compared to pre-
DLB condition. This parameter is not modified in any of the analysis considering our 
PD cohort, implying possible biochemical differences in the patients manifesting these 
two different phenotypes. Although there are no studies on the inflammatory profile of 
IRBD patients before developing dementia onset LTS, peripheral inflammation has been 
seen in early stages of manifest DLB33,34. This phenomenon could be associated with the 
observed trend to increased inflammatory markers once IRBD patients convert to DLB, 
although the levels of post-DLB levels are similar to those in control individuals.

The analysis of samples from the same IRBD patients before and after their LTS 
diagnosis revealed higher levels of area glycB, and lower levels of medium LDL-P and 
LDL-TG after the diagnosis of an LTS. Higher levels of area glycB would point towards 
a more inflammatory profile when patients have an overt neurological condition, as 
also suggested by our previously discussed results. On the other hand, lower levels of 
medium LDL-P and LDL-TG would point towards a lower cardiovascular risk35,36, which 
is in disagreement with previous findings associating IRBD with higher cardiovascular 
risk factors8. It should be noted that these three parameters showed the same trend when 
analyzing the DLB, but not the PD, group. Since the DLB patients (n=12) outnumbered 
the PD patients (n=7) in the paired samples, it is possible that these changes are not 
common for both LTS manifestations, but rather specific for DLB. Studies with a larger 
cohort are needed to address these ambiguities and draw functional conclusions about 
the results.

We built a model to distinguish between IRBD patients that will eventually evolve into 
an LTS with an initial parkinsonism or dementia. The identification of a predictive 
biomarker for the conversion of IRBD patients to one or the other LTS is important for 
the clinical management and prognosis of both conditions. When applying our model 
to IRBD patients without an overt neurological condition (33 IRBD-only samples), we 
classified six individuals as pre-DLB patients while the rest would classify as pre-PD 
patients. Remarkably, five of the putative pre-PD patients, were classified as such with a 
specificity of 100%. Hence, we will examine this prediction following closely the clinical 
evolution of these individuals in the ensuing years at our institution.

We have found that the prediction to distinguish between IRBD patients that will 
initially manifest parkinsonism or dementia is mainly based on the changes in two 
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inversely related parameters: the mean size of HDL particles (HDL-Z) and the number 
of small HDL particles (small HDL-P). The parameter HDL-Z, which measures HDL 
particle profile and its heterogeneity, is inversely associated with cardiovascular risk37. 
Nevertheless, these differences are not statistically significant in a univariate analysis 
and there are no studies to confirm or deny the differences in cardiovascular risk between 
IRBD patients that will initially manifest parkinsonism or dementia, which should be 
further tested in future validation studies in independent IRBD cohorts.

This study has some limitations. First, the metabolic profiling was done in serum samples 
from non-fasting individuals, which adds variability and represents a confounding 
factor that could modify the results. Still, we have used stringent statistical cutoff values 
to avoid false positive and negative results. Also, one would expect that the putative 
alterations would be present in all groups under study since all samples were taken in 
non-fasting conditions, as well as the fact that variability between individuals is greater 
than the one expected by fasting13. The variation of postprandial status is mainly in the 
small VLDL-P parameter13, which is not used in our models. Second, it would have been 
optimal to analyze a second prospective sample from control individuals as done for 
the paired sample analysis for DLB and PD to rule out the contribution of ageing to 
the observed differences. Yet, age is an inherent factor associated to neurodegenerative 
diseases. Third, the low number of samples per group limits the reliability of the models 
presented. Hence, monitoring the IRBD-only individuals for the next 5 years is necessary 
to confirm the reliability of the presented model with a clinical diagnosis. Finally, due to 
sample availability, some groups under study (i.e., control vs post-DLB) showed different 
gender distributions. Still, the models here described correspond to comparisons without 
any statistically significant gender-bias. 

Strengths of our study include (1) the analyses of 101 samples from IRBD patients, which 
can be considered a large number in the IRBD field, (2) that the IRBD diagnosis was 
confirmed by video-polysomnography, (3) that some samples were obtained from the 
same patients longitudinally before and after conversion, and (4) that machine learning 
techniques were used to build predictive models rather than using simple statistical 
comparisons between groups. 

In conclusion, this study provides the first evidence of altered lipoprotein and protein 
glycosylation profiles in IRBD patients. We found that the baseline profiling of plasmatic 
lipoproteins and protein glycosylation in serum samples is able to distinguish between 
IRBD patients that will eventually evolve to an LTS with either an initial development 
of parkinsonism or dementia. This information in combination with other clinical (e.g., 
smell tests showing hyposmia) and neuroimaging (e.g., DAT-SPECT showing dopamine 
transporter deficit in the striatum) markers, could allow to better identify subjects with 
a high risk for short-term conversion to an overt LTS. Although this study requires an 
independent validation with larger and longitudinal cohorts, it provides an approach 
to a more accurate classification of IRBD patients in subtypes or variants with similar 
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prognosis and underlying biology. If confirmed, this approach will help the design of 
future intervention studies to target more homogenous subsets of LTS at early stages.
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Abstract

Parkinson’s disease (PD) is a highly prevalent neurodegenerative disease for which 
no disease-modifying treatments are available, mainly because knowledge about its 
pathogenic mechanism is still incomplete. Recently, a key role for lipids emerged, but 
lipid profiling of brain samples from human subjects is demanding. Here, we used an 
unbiased approach, lipidomics, to determine PD-linked changes in the lipid profile of 
a well-established cell model for PD, the catecholaminergic neuronal cell line SH-SY5Y 
treated with the neurotoxin 6-hydroxydopamine (6-OHDA). We observed changes in 
multiple lipid classes, including phosphatidylcholine (PC), phosphatidylglycerol (PG), 
phosphatidylinositol (PI), phosphatidylserine (PS), sphingomyelin (SM) and total 
cholesterol, in 6-OHDA-treated SH-SY5Y cells. Furthermore, we found differences in 
the length and degree of unsaturation of the fatty acyl chains, indicating changes in 
their metabolism. Except for the observed decreased PS levels, the alterations in PC, 
PG, PI and cholesterol levels are in agreement with the results of previous studies on 
PD-patient material. Opposite to what has been previously described, the cholesterol-
lowering drug statins did not have a protective effect, while low doses of cholesterol 
supplementation partially protected SH-SY5Y cells from 6-OHDA toxicity. However, 
cholesterol supplementation triggered neuronal differentiation, which could have 
confounded the results of cholesterol modulation. Taken together, our results show that 
6-OHDA-treated SH-SY5Y cells display many lipid changes also found in PD patient 
and animal model brains, although the SH-SY5Y cell model seems less suitable to study 
the involvement of cholesterol in PD initiation and progression.

Key words: Parkinson’s disease, lipidomics, phospholipids, sphingomyelin, cholesterol,
SH-SY5Y cells 

Background

Parkinson’s disease (PD) is the second most common neurodegenerative disease with a 
prevalence of around 9.5 per 1,000 people aged at least 65-70 years1. PD presents with 
motor and non-motor symptoms2,3 that worsen with advancing age, leading to a need for 
assistance with all daily activities. The main pathological hallmarks of PD are progressive 
loss of dopaminergic neurons in the substantia nigra (SN) projecting to the striatum, 
formation of Lewy bodies (abnormal protein aggregates containing α-synuclein), and 
microgliosis (activated microglia)4. However, the molecular mechanisms underlying 
these neuropathological features are currently not fully understood. 

In order to better discern the molecular mechanisms involved in the initiation and 
progression of PD, we have recently built a so-called molecular landscape for PD based 
on genetic information from the familial forms of PD (which account for 10% of the 
cases) and data from genome-wide association studies (GWAS) on sporadic PD patients5. 
This unbiased, hypothesis-free approach did not only corroborate evidence regarding 
the pathways that are thought to play a role in PD, but also provided novel insight, in 
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particular regarding the key role of lipids in PD etiology. Abnormal lipid composition of 
cellular membranes is known to affect α-synuclein aggregation, mitophagy and immune 
responses, i.e., processes linked to PD etiology6-8. Other studies have revealed that dietary 
intake of cholesterol and polyunsaturated fatty acids (PUFAs) is associated with PD9-11, 
and that omega-3 PUFAs seem to have a beneficial role in dopaminergic neurons12,13.

On the basis of these observations and predictions, we hypothesized that defects in lipid 
composition and metabolism may contribute to the etiology of PD, and that lipids and 
lipid-metabolizing enzymes could constitute targets for therapy or modulation of the 
disease14. Since studies on the initiation and progression of PD in humans are difficult, the 
catecholaminergic neuroblastoma cell line SH-SY5Y treated with the catecholaminergic 
neurotoxin 6-hydroxydopamine (6-OHDA) has been widely used as a model to mimic 
PD15-17. Although multiple other studies have already been performed to establish the 
value of 6-OHDA-treated SH-SY5Y cells as PD-model18, the resemblance between the 
brain and serum lipidomes of PD patients, and the 6-OHDA-induced lipid profile of 
SH-SY5Y cells has - to our knowledge - not been investigated until now. Therefore, we 
decided to perform an in vitro study to explore the effect of 6-OHDA on the lipidome 
of SH-SY5Y cells. This unbiased lipidomics approach allowed us to profile differences 
in lipid species between SH-SY5Y cells treated at two time points with various doses of 
6-OHDA. 

Methods

Cell-culture conditions

The SH-SY5Y human neuroblastoma cell line (ATCC) expressed the neuronal 
marker β-III tubulin (online resource 1a), the catecholaminergic marker L-3,4-
dihydroxyphenylalanine (L-DOPA, online resource 1b), and the dopaminergic marker 
tyrosine hydroxylase (TH, online resource 1c). The cells were grown in modified 
Dulbecco’s Eagle media with 10% fetal bovine serum, 1% antibiotic-antimycotics, 1% 
GlutaMAX and 1% sodium pyruvate, and incubated in 5% CO2 at 37°C. Cells were kept 
no longer than passage 20 after acquisition. Cells were detached from the culture vessel 
using a short treatment with trypsin-EDTA and passaged once a week after they reached 
80% confluency. All media components and the trypsin-EDTA were from Thermo Fisher 
Scientific (Gibco™).

6-OHDA treatment

Cells were seeded in 6-wells plates at a density of 2.5*105cells/mL. After 24 hours of 
adherent growth, cells were treated for 12 or 24 hours with different concentrations of 
6-OHDA (Sigma). The chemical compound 6-OHDA mimics PD because it is able to 
enter neurons through dopaminergic or noradrenergic transporters and trigger reactive 
oxygen species formation and oxidative stress15. For RNA analysis, the cells were washed 
with phosphate-buffered saline (PBS) and taken up by direct detachment in Trizol 
Reagent (Sigma). For lipidomic analysis, the cells were washed with cold PBS, detached 
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with trypsin-EDTA, resuspended in cold PBS and centrifuged, and the pellets were snap 
frozen in liquid nitrogen and stored at -80°C until use.

Lipidomics

Pellets of cultured cells were mixed with UPLC-grade chloroform: methanol 1:1 (v/v) 
and, after 20 minutes, samples were centrifuged at 2,000xg and the supernatant was used 
directly for LC-MS analysis. To this end, 10µl was injected on a hydrophilic interaction 
liquid chromatography (HILIC) column (2.6µm HILIC 100Å, 50 x 4.6mm, Phenomenex, 
Torrance, CA), and eluted with a gradient from ACN/Acetone (9:1, v/v) to ACN/H2O 
(7:3, v/v) with 10mM ammonium formate, and both with 0.1% formic acid. Flow rate 
was 1 mL/min. The column outlet of the LC was either connected to a heated electrospray 
ionization source of a LTQ-XL mass spectrometer or a Fusion mass spectrometer (both 
from ThermoFisher Scientific, Waltham, MA). Full scan spectra were collected from m/z 
450–950 at a scan speed of 3scans/s in both positive- and negative ionization mode 
(LTQ-XL). On the Fusion full spectra were collected in negative ionization mode from 
m/z 400 to 1,600 at a resolution of 120,000. Parallel data dependent MS2 was done in 
the linear ion trap at 30% HCD collision energy. During lipid extraction and storage, 
a nitrogen atmosphere was maintained to prevent lipid peroxidation. The absence of 
oxysterols in the analysis of sterols illustrated that lipid peroxidation had not occurred19.

Cholesterol 

Cholesterol was measured essentially as described previously20. In brief, extracted lipids 
were eluted from a RP-HPLC column with a gradient of MeOH:2-propanol (8:2, v/v) 
in MeOH:H2O (1:1, v/v) from a 2x150mm HALO-C18 column (Advanced Materials 
Technology, Wilmington, DE). Cholesterol was measured by monitoring the transition 
from m/z 369.3, corresponding to [M+H-H2O]+, to its most abundant fragment at m/z 
161.1. A response factor was calculated using an external calibration curve.

For data analysis, data were converted to mzXML or mzML format and analyzed using 
XCMS version 1.52.0 running under R version 3.4.3 (R Development Core Team: A 
language and environment for statistical computing, 2016. URL http://www.R-
project.org). Carbon-13 de-isotoping and identification of lipid species was done in R 
by matching MS signals to lipid classes based on retention time and molecular species 
were subsequently assigned based on m/z matching to an in silico generated lipid MS 
database. 

RNA isolation

For RNA isolation, the Trizol cell mixtures were resupended and incubated for 25 
minutes at 4°C, followed by incubation for 5 minutes at room temperature (RT) in 
Eppendorf tubes. Then, RNase-free chloroform (80μL) was added, tubes were shaken 
and briefly vortexed. Next, samples were incubated for 2-3 minutes at RT and centrifuged 
for 15 minutes. The aqueous phase was recovered and 1μL of glycogen carrier (20μg/
mL) was added to each sample. Samples were vortexed shortly before adding 200μL 
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of isopropanol. Samples were mixed by inversion, incubated for 10 minutes at RT and 
centrifuged for 10 minutes. Supernatant was removed and 0.5mL of ice-cold (-20°C) 
75% ethanol was added to the pellet before a very short vortex and 5 minutes of 
centrifugation. Again, the supernatant was removed and the washing step with ice-cold 
ethanol was repeated. Next, supernatant was completely removed and the pellet was air-
dried for 10-15 minutes, dissolved in 15μL of autoclaved MilliQ water and incubated for 
10 minutes at 55°C before storing the samples at -80°C. The samples were kept at 4°C at 
all steps (including centrifugation), except otherwise indicated.

cDNA synthesis and QRT-PCR quantification 

Total cDNA was synthesized from 1μg of total RNA following the instructions of the 
ReverseAid First Strand cDNA synthesis kit (Fermentas Life Sciences). The 30μL of 
cDNA obtained were diluted with 420μL of MilliQ water, and stored at 4°C. Quantitative 
Real-time PCR was performed using SYBRGreen (Bioline). Briefly, reaction mixtures 
consisting of 5μL of SYBRGreen, 1.8μL of water, 0.6μL of forward primer, 0.6μL of 
reverse primer and 2μL of cDNA mixture were assembled for each sample (see table 1 
for primer sequences). Segments from each of the different cDNAs were PCR amplified 
with the following program: 2 minutes at 95ºC, 40 cycles of 95ºC for 5 seconds, 65ºC 
for 10 seconds and 72ºC for 15 seconds, and a gradient from 70ºC to 95ºC; on a Rotor 
Gene Q series. The quantification was accomplished by considering both the take off and 
amplification values of each sample and using a normalization value obtained from the 
housekeeping genes GAPDH and YWHAZ with the GeNorm2 algorithm21.

Table 1. List of primers used to identify changes in mRNA levels of lipid-related genes.

Gene Forwards primer Reverse primer

DHCR7 GCCGGTTCAAGAAGGAAAAGT AGATGCGGTTCTGTCATTGGT

GAPDH (housekeeping gene) ACCACCCTGTTGCTGTAGCC GACTTCAACAGCGACACCCA

HMGCR TTGGCAGCAGGACATCTTGTC AGAACCCAATGCCCATGTTC

LRP1 GACGCAGCTCAAGTGTGCCC TGGCCATCTGTTCCACGTGG

SREBF1 AGCCAGCCTGACCATCTGTGA GCACGGCCTTGTCAATGGAG

YWHAZ (housekeeping gene) CCAACACATCCTATCAGACTGGG TCAGCAATGGCTTCATCAAAAG

Cholesterol and simvastatin treatment

SH-SY5Y cells were plated in 96-wells plates (for a cell survival assay) or seeded in 8-wells 
ibidi plates (ibidi, Cat.No: 80826) (for immunocytochemistry and live-cell imaging) at 
a density of 2.5*105cells/mL. After 24 hours, the cells were treated with 2.5 to 40μM 
SyntheCholTM Supplement (Sigma) or 10nM to 5μM of the cholesterol-lowering drug 
simvastatin (Sigma), and/or 25μM 6-OHDA. After 24 hours, cells were washed with 
PBS and fixed with either cold 10% trichloroacetic acid (Sigma) or 4% paraformaldehyde 
for cell survival assay or immunocytochemical analysis, respectively.
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Cell survival analysis (Sulforhodamine B, SRB, assay)

After fixation with cold (4°C) 10% trichloroacetic acid for 1 hour at 4°C, cells were 
washed three times with MilliQ water. After removing the last wash, 0.5% SRB solution 
was added to each well. Cells were incubated in SRB for 15 minutes at RT in the dark, 
and washed four times with 1% acetic acid (Sigma). All acetic acid was tapped out the 
plate after the last washing step and the plate was dried at 60°C for 10-15 minutes. 
Finally, 150μL of 10mM Tris-HCl (pH=10) (ICN) was added to each well, its contents 
mixed to homogeneity, and the OD of the colored solution was measured with a Biorad 
plate reader at 510nm. 

Immunocytochemistry

Ibidi-well (ibidi, Cat.No: 80826) adherent cells were fixed with 4% paraformaldehyde for 
20 minutes at RT and washed 3 times with PBS. Thereafter, cells were incubated with 
blocking buffer for 1 hour at RT, and incubated with the primary antibody (mouse β-III 
tubulin, 1:100 (Covance)) in blocking solution overnight at 4°C. Next, the preparations 
were washed 3 times with PBS and incubated with the secondary antibody (Alexa Fluor 
568 goat against mouse, 1:500 (Life Technologies)) and DAPI (1:500) diluted in blocking 
buffer for 2 hours at RT, in the dark. Finally, cells were washed 3 times with PBS and 
pictures were taken with an automated high-content microscope (DMI6000B, Leica). 
Imaging was performed with the 20x objective; autofocus was set on the DAPI signal 
at every position, with a local focus of 30μm and medium precision. Image analysis was 
performed with ImageJ, whereby β-III tubulin intensity was normalized for the number 
of cells in each image. Per condition, at least 9 images with a minimum of 200 cells per 
image were quantified in each of the triplicates of the experiment.

Live-cell imaging

Cells were seeded in 12-wells plates at a density of 2.5*105cells/mL. After 24 hours of 
adherent growth, CellEvent™ Caspase-3/7 Green ReadyProbes™ Reagent (Thermo 
Fisher Scientific) was added to cells immediately upon treatment with 40μM of 
cholesterol and/or 25μM 6-OHDA, and imaging was performed for 24 hours with a 
Zeiss Axiovert 200M microscope with Moticam-pro 2850 CCD Camera, Okolab stage 
incubator and run by Micromanager 1.4 software.

Statistical analysis

Grouped data are expressed as mean ± SD and individual values are plotted. Changes 
between groups were analyzed by two-way ANOVA and Dunnett correction for multiple 
comparisons using statistical hypothesis testing (adjusted p-value) using GraphPad 
Prism (San Diego, CA). All measurements were repeated at least three times. Adjusted 
p-value<0.05 was accepted as significant.
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Results

Lipidomic analysis of 6-OHDA-treated SH-SY5Y cells

We first analyzed the changes in the lipid profile of SH-SY5Y cells treated with 6-OHDA. 
To avoid confounding effects, we chose for cell treatments with 12.5μM and 25μM 
6-OHDA for 12 and 24 hours, i.e., conditions under which the maximum induction of 
apoptosis was expected to be 50% (online resource 2). The lipid composition of the cells 
was analyzed by LC-MS. We identified 306 phospholipids from the following classes: 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol 
(PG), phosphatidylinositol (PI), and phosphatidylserine (PS), and the sphingolipid 
sphingomyelin (SM). After filtering for variance, a total of 216 lipids were kept for 
further analysis (online resource 3). A three-dimensional principal component analysis 
(PCA) plot of these lipids shows that at 12 hours the control condition is different from 
the two 6-OHDA treatments, while the two treatments do not greatly differ from one 
another (figure 1a). A similar plot at 24 hours shows a clear difference between the three 
treatment groups (figure 1b).

Global changes

We observed that a 12-hour treatment with 12.5μM 6-OHDA increased the levels of 
fatty acyl chains with 4 double bonds and decreased levels of those without double bonds 
(figure 2a), while 25μM significantly increased the levels of side chains with 1, 3 and 4 
double bonds, and decreased the levels of those without double bonds (figure 2a). After 
24 hours of treatment, 12.5μM 6-OHDA increased the levels of fatty acyl side chains 
with 1 double bond and decreased those without double bonds, while treatment with 
25μM 6-OHDA significantly increased the levels of side chains with 4 double bond, and 
decreased those without double bonds (figure 2b). These findings suggest that 6-OHDA 
interferes with the process of lipid unsaturation, decreasing fatty acyl side chains without 
double bonds in most conditions, and increasing those with 4 double bonds.

Furthermore, the 12-hour 12.5μM 6-OHDA treatment resulted in a significant increase 
in the number of 38 carbons-fatty acyl side chains. Similarly, the 12-hour 25μM 6-OHDA 
treatment led to a significant increase in the levels of lipids with 38 carbons-fatty acyl 
side chains and a decrease in those with 32 carbons (figure 2c). The 24-hour treatment 
with 12.5μM 6-OHDA significantly decreased the amounts of lipids with 32 carbons-
fatty acyl side chains and increased those with 36 carbons, while 25μM 6-OHDA 
significantly increased the levels of lipids with fatty acyl side chains of 36 and 38 carbons 
in length, and decreased those with 32 carbons in length (figure 2d). Therefore, the 
average abundance of each fatty acyl chain length in the total analysis was also modified 
by 6-OHDA treatment, with a global trend to a decrease of fatty acyl side chains with 32 
carbons and an increase of those with 36 and 38 carbons.
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Figure 1. Lipidomic analysis of 6-OHDA-treated SH-SY5Y cells. (a) Base peak chromatogram of 
the separation of phospholipid classes. Detected molecular species are plotted as an overlay. Abundance 
of each lipid specie is represented by the size of the dot. Each lipid class corresponds to a color. (b) Three-
dimensional principal component analysis (PCA) plot including all three conditions at 12 hours and (c) 24 
hours. Dots with the same color represent four biological replicates. The plot reduces the dimensionality 
of the data by projecting the 216 variance-filtered lipids into three principal components (axes 1, 2 and 3). 
The percentage of variation explained by each principal component is specified between brackets. 

Changes in PC

Eleven out of 72 individual PC species showed a significant change in at least one 
condition, and only PC 32:0 was significantly reduced in all four conditions. Interestingly, 
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PC species with shorter fatty acyl chains (30 and 32) were decreased in 6-OHDA-
treated SH-SY5Y cells, while those with longer fatty acyl side chains (36 and 38) were 
significantly increased (figure 3a-d). Only PC 34:1 was discordant in the direction of 
changes between the time points, namely downregulated at 12 hours upon treatment 
with 12.5µM 6-OHDA and upregulated at 24 hours with the 12.5µM and 25µM 6-OHDA 
treatments.

Figure 2. Double bonds and carbon-chain length of fatty acyl chains. Distribution of double 
bonds in fatty acyl chains after (a) 12 hours and (b) 24 hours of treatment; distribution of carbon-chain 
length after (c) 12 hours and (d) 24 hours of treatment. N=4. Dunnett corrected p-values of differences 
relative to the control. *p-value<0.05; **p-value<0.01; ***p-value<0.001.

Changes in PG

Two out of 15 individual PG species showed a significant change in at least one condition. 
More specifically, PG 34:1 was increased after 12 hours of treatment with 25μM 
6-OHDA, while it was significantly decreased after 24 hours of the same treatment, and 
PG 36:1 was increased in cells treated with 25μM 6-OHDA for 24 hours (figure 4a,b).

Changes in PI

PC and PG showed larger differences after 24 than 12 hours of treatment, while PI 
mainly changed at 12 hours of treatment (figure 4a,b). Four out of 27 PI species showed 
a significant change in at least one condition. The differences in PI 38:3, 38:4 and 38:5 
were statistically significant after 12 hours of treatment, from which the first two species 
increased in treated cells, while the last one decreased. Only PI 36:2 was increased after 
24 hours of treatment with both 12.5μM and 25μM 6-OHDA, while the abundance of PI 
38:4 increased in SH-SY5Y cells treated with 25μM 6-OHDA for 24 hours. 
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Figure 3. Abundance of individual PC species. Percentage of abundance of individual PC species 
after (a,c) 12 hours and (b,d) 24 hours of treatment with 0μM, 12.5μM or 25μM 6-OHDA. N=4. Dunnett 
corrected p-values of differences relative to the control. *p-value<0.05; **p-value<0.01; ***p-value<0.001.

Changes in PS

All changes in the abundance of individual PS species were reductions. A total of four 
species out of the 34 identified, namely PS 36:1, 40:4, 40:5 and 40:6, were down-
regulated at least in one of the treatment conditions (figure 4c,d). Remarkably, PS 40:6 
was significantly decreased under three out of the four conditions. 

Changes in SM

Four out of 29 individual SM species showed a significant change in at least one condition. 
Remarkably, all changes at 12 hours and those after 24 hours of 12.5μM 6-OHDA were 
increases in concentration, while the differences of cells treated with 25μM 6-OHDA for 
24 hours were decreases (figure 4e,f). 

6-OHDA treatment changes cholesterol levels in SH-SY5Y cells

Since multiple studies point to involvement of cholesterol changes in PD, we analyzed 
the total cholesterol abundance in SH-SY5Y cells treated with 0μM, 12.5μM and 25μM 
6-OHDA for 12 or 24 hours. The treatment with 12.5μM 6-OHDA did not change 
cholesterol abundance in SH-SY5Y cells. However, we observed that SH-SY5Y cells 
treated with 25μM 6-OHDA for 12 hours showed a trend towards increased cholesterol 
levels (adjusted p-value=0.0909), while a 24-hour treatment showed a statistically 
significant increase in cholesterol abundance compared to the control situation (figure 5a).
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Figure 4. Abundance of specific PG, PI, PS and SM species. Percentage of abundance of individual 
PG and PI species after (a) 12 hours and (b) 24 hours of treatment with 0μM, 12.5μM or 25μM 6-OHDA. 
Percentage of abundance of individual PS species after (c) 12 hours and (d) 24 hours of treatment with 
0μM, 12.5μM or 25μM 6-OHDA. Percentage of abundance of individual SM species after (e) 12 hours 
and (f) 24 hours of treatment with 0μM, 12.5μM or 25μM 6-OHDA N=4. Dunnett corrected p-values of 
differences relative to the control. *p-value<0.05; **p-value<0.01; ***p-value<0.001.

Additionally, we compared the differential effects of 12- and 24-hours treatment of 
SH-SY5Y cells with 0, 12.5 and 25μM 6-OHDA on the expression levels of mRNAs 
for enzymes/receptors involved in cholesterol metabolism, namely SREBF1, DHCR7, 
HMCGR and LRP1. In an attempt to discriminate between apoptosis-inducing and 
genuine PD-related effects of 6-OHDA, we also analyzed the effects of etoposide, an 
apoptosis inducer that produces double-strand breaks by forming a ternary complex 
with DNA and topoisomerase II, leading to cell death unrelated to PD. Again, to avoid 
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confounding effects, we chose for a cell treatment with 5μM etoposide for 24 hours, 
conditions under which the induction of apoptosis was around 50% (online resource 
2). The three concentrations of 6-OHDA significantly decreased the mRNA expression 
of SREBF1 and DHCR7 after 24 hours of treatment, while there were no significant 
changes in HMGCR and LRP1 mRNA levels at any time point or concentration (online 
resource 4). Etoposide treatment decreased the expression of SREBF1 and DHCR7 
mRNAs both at 12 and 24 hours, increased the expression of LRP1 mRNA only at 24 
hours and did not alter the level of HMGCR mRNA (online resource 4). Hence, the 
changes in mRNA expression of cholesterol-associated genes are similar in 6-OHDA- 
and etoposide-treated cells, suggesting an apoptosis-like signature.

 

Figure 5. Effects of cholesterol manipulation. (a) Changes in cholesterol abundance in SH-SY5Y 
cells after a 12-hour or 24-hour treatment with 0μM, 12.5μM or 25μM 6-OHDA, in arbitrary units (a.u.). 
N=4. (b) Effect of 10nM to 5μM simvastatin treatment on cell survival of SH-SY5Y cells treated with 
(6-OHDA) or without (control) 6-OHDA. N=3. (c) Effect of 2.5μM to 40μM cholesterol treatment on 
cell survival of SH-SY5Y cells treated with (6-OHDA) or without (control) 6-OHDA. N=4. (d) Intensity 
of β-III tubulin staining on SH-SY5Y cells treated with 0μM, 2.5μM or 40μM of cholesterol. Differences 
relative to the control. Representative images of SH-SY5Y cells treated with (e) 0μM, (f) 2.5μM or 
(g) 40μM cholesterol, stained with DAPI (blue) and β-III tubulin (red). N=4. #p-value<0.1 (trend); 
*p-value<0.05; **p-value<0.01; ***p-value<0.001.

A low dose of cholesterol, but not simvastatin, reduces 6-OHDA toxicity in SH-SY5Y cells

Since SH-SY5Y cells treated with 25μM 6-OHDA for 24 hours displayed increased 
cholesterol levels and to determine if we could rescue 6-OHDA toxicity, we tried 
to compensate the increase in cholesterol by culturing the 6-OHDA-treated and 
untreated cells in the presence of various concentrations of the cholesterol-lowering 
drug simvastatin. At low doses (10-100nM), simvastatin slightly increased SH-SY5Y 
cell proliferation compared to untreated cells, whereas a dose of 5μM simvastatin was 
detrimental. On the other hand, we did not observe any improvement of SH-SY5Y 
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cell survival upon culturing the 6-OHDA-treated cells in the presence of a low dose of 
simvastatin, while concentrations ranging from 500nM to 5μM simvastatin enhanced 
6-OHDA toxicity (figure 5b). 

Since the use of a cholesterol-lowering drug did not protect 6-OHDA-treated SH-SY5Y 
cells, we hypothesized that cells expressing higher cholesterol levels are more protected 
against 6-OHDA treatment. Thus, increased cholesterol levels may be beneficial. We 
therefore treated SH-SY5Y cells with media containing various doses of cholesterol (2.5 
to 40μM) and 25μM 6-OHDA for 24 hours. A low dose of cholesterol (2.5μM) showed a 
trend towards increased survival after 6-OHDA treatment (p-value=0.058), while high 
doses of cholesterol (40μM) had detrimental effects on cell survival (p-value=0.0269) 
(figure 5c). 

We tried to confirm high-dose cholesterol toxicity with a time-lapse of the cells treated 
with 40μM cholesterol and/or 25μM 6-OHDA, and an early caspase indicator. We did 
not observe increased cell death in cells treated with only 40μM cholesterol, but cells 
treated with 40μM cholesterol and 25μM 6-OHDA died earlier than cells treated with 
only 25μM 6-OHDA (online resource 5). However, cells supplemented with 40μM 
cholesterol seemed to proliferate less, which, as previously described22,23, could be due 
to the occurrence of SH-SY5Y cell differentiation. Using β-III tubulin as a marker for 
neuronal differentiation, SH-SY5Y cells treated with 0μM, 2.5μM or 40μM cholesterol 
for 24 hours displayed a significant increase in β-III tubulin protein expression (figure 
5d). This finding indicates that in this model cholesterol may have effects beyond 
neuroprotection, e.g., on neuronal differentiation.

Discussion
In the present study, we performed a lipidomic analysis of SH-SY5Y cells treated with 
6-OHDA, a broadly used cell model to study aspects of PD pathology. We observed that 
6-OHDA leads to increased levels of unsaturated lipids (i.e., a decrease in lipid species 
without double bonds, and an increase in species with one or four double bonds). 
Interestingly, monounsaturated fatty acids, which have one double bond, are involved in 
α-synuclein toxicity, and inhibition of the rate-limiting enzyme in their synthesis, stearoyl 
CoA desaturase, leads to increased lipid species without double bonds and is protective 
in various cellular and animal PD models24,25. However, decreased unsaturation indices 
have been described in lipid rafts from frontal cortex of PD patients26. We also found that 
6-OHDA treatment results in an increase of lipids with longer fatty acyl side chains (36 
and 38 carbons in length). A SNP in ELOVL7, a member of the elongase family that plays 
a role in the elongation of acyl-CoA with a C18 carbon chain length27, has been associated 
with PD in a meta-analysis of GWAS results from over 20,000 PD cases and almost 
400,000 controls of European ancestry28, and to early-, but not late-onset PD in a GWAS 
on a Chinese population29. A defect in ELOVL7 leads to an accumulation of its substrate 
and could result in increased C36 and C38 phospholipids, in line with our observations 
and thus supporting the use of 6-OHDA-treated SH-SY5Y cells as an early PD model.
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In the 6-OHDA-treated SH-SY5Y cells, we observed both decreased and increased levels 
of PC, depending on their fatty acyl side chain length. The phospholipid PC is the most 
abundant in mammalian membranes30 and it is involved in neuronal differentiation, 
neurite outgrowth and axonal elongation31. When looking at individual species, 
those with shorter fatty acyl side chains, namely PC 30:0, 32:0, 32:1, 32:2, and 34:2, 
were decreased in 6-OHDA-treated cells. Decreased levels of PC 34:2 have also been 
described in plasma of PD patients32. Similarly, decreased levels of overall PC have been 
described in the SN of male PD patients33, in the SN of rats infused with 6-OHDA34, and 
in goldfish treated with the PD-linked neurotoxin prodrug 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine35. However, PC with longer fatty acyl side chains, including PC 36:1, 
36:2, 38:3, 38:4 and 38:5, were increased in 6-OHDA-treated cells. Interestingly, one of 
the enzymes involved in PC synthesis, namely phosphocholine cytidylyltransferase, is 
elevated in the SN of PD patients36.

We detected increased levels of PI 38:3 and 38:4. PI is not only a constituent of the 
cell membrane, but its metabolites are also involved in processes such as cell signaling, 
vesicular trafficking, metabolism, and pre- and post-synapse formation37-39. A trend 
towards increased PI has also been observed in skin fibroblasts from PRKN-mutant 
PD patients32 and in lipid rafts from frontal cortex of early-PD patients26. Moreover, PI 
enhances α-synuclein association with the membrane, and increases its self-interactivity 
and self-oligomerization40,41. Hence, our results are in line with the observed increase of 
PI in PD, which might be linked to α-synuclein toxicity.

We found a decrease in the levels of four species of PS, the main anionic phospholipid 
in the plasma membrane of neural tissue, which plays both a structural and a signaling 
role in the cell42. Decreased PS levels, as observed in our PD-cell model, have also been 
reported in plasma from PD patients32. However, increased PS levels have been found in 
brains of aged (male) mice overexpressing α-synuclein43, skin fibroblasts from PRKN-
mutant PD patients44, and elevated activity of phosphatidylserine synthase (the enzyme 
responsible for PS synthesis) has been found in the SN of PD patients36.

In our cell model, we observed an increase in three SM species at 12 hours, persisting 
after 24 hours of treatment with the lowest concentration of 6-OHDA, while the 25μM 
6-OHDA treatment led to a decrease of these species at 24 hours. SM is the most abundant 
sphingolipid in eukaryotic cells and, in the nervous system, it is the main constituent of 
myelin. SMPD1 encodes sphingomyelin phosphodiesterase, and mutations in this gene 
result in SM accumulation and are a risk factor for PD45-47. Additionally, increased levels 
of SM have been observed in the primary visual cortex and SN of PD patients33,48.

Besides the changes in PC, PG, PI, PS and SM lipid classes, it is of note that five lipid species, 
including PC 34:1, PG 34:1 and SM d18:1;16:0, which are likely to have the same side 
chain lipid composition with an oleic acid (18:1) and a palmitic acid (16:0), are discordant 
between time points and/or concentrations. An interconversion between these lipids 
may be relevant to the disease. For example, the synthesis of SM from PC and ceramide, 
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catalyzed by sphingomyelin synthase, has been shown to be involved in the production 
and release of endosomes49, which can trigger dopaminergic neurodegeneration50. 
Hence, the implications of these discordant changes remain to be established. 

Finally, we observed increased levels of cholesterol in the 6-OHDA-treated SH-SY5Y 
cells. The human brain harbors around 25% of the cholesterol present in the human 
body, which needs to be mainly synthesized in situ, since most plasma proteins 
carrying cholesterol cannot cross the blood-brain barrier51,52. Cholesterol is involved 
in cell-membrane fluidity and the formation of lipid rafts, which play a role in growth 
factor signaling, axon guidance and synaptic formation, among others51. Our results 
are consistent with the increased cholesterol levels observed in visual cortex of early-
PD patients48. Furthermore, cholesterol has been linked to lysosomal and endosomal 
dysfunction as well as to α-synuclein aggregation52,53,54 and has been demonstrated to 
contribute to dopaminergic neuronal loss in a mouse model for PD55. Total cholesterol 
levels also represent a PD-risk factor56 and the use of cholesterol-lowering drugs, statins, 
has been associated with multiple mechanisms that may improve dopaminergic neuronal 
survival, although its impact is controversial (reviewed in 57). Moreover, total cholesterol 
levels appear to be genetically associated with PD5. 

Since we do not observe any improvement on survival of 6-OHDA-treated cells upon 
simvastatin treatment, but an increase in cell death at high doses of this lipid-lowering 
drug, our results are not in line with its antiapoptotic effect58, but support a role of statins 
in SH-SY5Y apoptosis through the mitochondrial pathway59,60. However, part of the 
neuroprotective or neurorestorative effects of statins has been attributed to an increase of 
presynaptic dopaminergic biomarkers61 and thus possibly induction of a dopaminergic 
phenotype, which could have a detrimental effect on a dopaminergic cell toxicity model 
such as 6-OHDA-treated SH-SY5Y cells. Therefore, it would be interesting to study the 
effects of various statins on the differentiation of SH-SY5Y cells in order to clarify the 
here found increased sensitivity of these cells to 6-OHDA. 

On the other hand, we observed a trend towards a protective role of low doses of cholesterol 
in the 6-OHDA-treated SH-SY5Y cells, and found exacerbated toxicity of 6-OHDA at high 
doses of cholesterol, which is in agreement with previous studies using SH-SY5Y cells 
treated with 24- and 27-hydroxycholesterol, which are the cholesterol metabolites that 
can cross the blood-brain barrier62,63. Cholesterol treatment was also found to increase 
neuronal differentiation, which is in line with previous investigations22,23. Therefore, our 
results concerning the effects of increased cholesterol in the PD-cell model support previous 
observations. However, one should realize that SH-SY5Y cell studies in which cholesterol 
levels are modulated might give ambiguous results due to its effect on cell differentiation.

Conclusions
In conclusion, the alterations in the lipid profile of SH-SY5Y cells treated with low doses 
of 6-OHDA for 12 and 24 hours appear to mimic a substantial number of lipid changes 
that have been also reported for the brain lipidome of (early) PD patients and PD mouse 
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models. Our findings thus support the validity of cultured 6-OHDA-treated SH-SY5Y 
cells as an attractive cell model for in vitro studies on PD. However, one has to bear in 
mind that a single clonal cell type does not fully mimic the complex changes that occur 
in PD patient material. 
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Online resource 2. Dose-response of SH-SY5Y cells treated with 6-OHDA or 
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Online resource 3. Lipidomic analysis of SH-SY5Y cells treated with 0μM, 12.5μM 
and 25μM 6-OHDA for 12 and 24 hours. List of all lipids detected together with their 
percentages of abundance and summary statistics on annotated lipids.
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Abstract

Parkinson’s disease (PD) is a devastating neurodegenerative disease characterized by 
the loss of dopaminergic neurons from the substantia nigra (SN) that project to the 
dorsal striatum (caudate-putamen). To gain a better understanding of the molecular 
mechanisms underlying PD, we performed RNA sequencing and lipid profiling of human 
SN and putamen samples from PD patients and controls. We found 354 differentially 
expressed genes (DEGs) in the SN of PD patients compared to age-matched controls, 
while we observed 261 DEGs in the putamen samples. Top-enriched pathways from 
SN were “protein folding” and “neurotransmitter transport”, and from putamen was 
“synapse organization”. Furthermore, we identified pathways, e.g., “glutamate signaling”, 
and genes, encoding e.g., an angiotensin receptor subtype or a proprotein convertase, 
that have not been previously linked to PD. The identification of 33 genes that were 
common among the SN and putamen DEGs, which included the α-synuclein paralog 
β-synuclein, may contribute to the understanding of general PD mechanisms. The lipid 
analysis revealed altered levels of five lipid species in the SN of PD patients, pointing to 
a neuroinflammatory component and including elevated levels of the endosomal lipid 
Bis(Monoacylglycero)Phosphate 42:8. The levels of three lipid species were depleted in 
putamen, two of which were saturated sphingomyelin species. Remarkably, we observed 
gender-related differences in the SN and putamen lipid profiles. Our data confirms the 
key role of protein folding and neuronal death in PD pathology, and highlights new 
genes, pathways and lipids that have not yet been explored in the context of PD.

Keywords: Parkinson’s disease, RNA sequencing, transcriptomics, lipidomics, 
substantia nigra, putamen, postmortem human brain.

Background

Parkinson’s disease (PD) is the second most common neurodegenerative disease, after 
Alzheimer’s disease. PD is rare in individuals less than 50 years old, but its prevalence 
increases with age, reaching up to 4% in older-age groups1. Clinically, PD presents with 
motor symptoms, e.g., rigidity, bradykinesia, tremor and postural instability2, and non-
motor symptoms, e.g., depression, hyposmia, constipation and sleep disorders3. The 
neuropathology of PD is characterized by the formation of Lewy bodies (abnormal 
intracellular aggregates containing metals, lipids and proteins like α-synuclein), a 
progressive loss of dopaminergic neurons that project from the substantia nigra (SN) 
to the dorsal part of the striatum (which consists of the caudate nucleus and putamen), 
and microgliosis4.

Current knowledge of the molecular mechanisms underlying these pathological 
hallmarks has been derived from studies on 27 monogenic familial forms of PD5, 
which represent only 5-10% of the cases, and from toxin-induced PD cellular and 
animal models (e.g., use of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, rotenone 
or 6-hydroxydopamine)6-9. The most salient mechanisms described up to now include 
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mitochondrial dysfunction and oxidative stress, unfolded protein response, protein 
aggregation, lysosomal dysfunction and neuroinflammation10. Unfortunately, the existing 
data has not resulted in finding disease-modifying treatments for PD. The generation of 
unbiased, hypothesis-generating data using omic techniques could shed some light on 
the pathogenesis underlying PD. Genome-wide mRNA expression profiling, also known 
as transcriptomics, is one of the most-used omic techniques. Multiple studies have 
analyzed the PD brain transcriptome11. Microarrays are more cost-effective than RNA 
sequencing (RNA-seq)12, but the latter methodology is superior at detecting splicing 
events, and novel and/or low-abundance transcripts13. Thus, we used RNA-seq analysis 
of SN and putamen samples from PD patients and controls to complement the existing 
transcriptomic knowledge, mostly based on microarray studies. 

Additionally, recent studies have pointed towards a key role of lipids in PD14-16, although 
their role has not been systematically explored in an unbiased way17. Based on their 
chemical and biochemical properties lipids can be classified into eight different classes, 
namely fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterols, prenols, 
saccharolipids and polyketides18. Lipids are mainly known by their role in energy 
storage19, but they are also involved in cellular signaling and transport20,21. Furthermore, 
they are the main constituents of cellular membranes22, and form part of membrane 
rafts and anchors23,24. As such, an abnormal lipid composition has been linked to the 
molecular mechanisms underlying PD, i.e., protein aggregation25, mitophagy26, and 
immune processes27. Thus, an unbiased study on the brain lipid profiles of PD patients 
could be key to further understanding the disease. 

Here we examine the transcriptome and lipid profiles of SN and putamen samples from 
the same PD patients and controls. Additionally, we compare our genome-wide mRNA 
expression findings to previous PD/control SN and putamen transcriptomic results in 
order to draw more robust conclusions about differential mRNA expression profiles in 
these PD brain regions.

Methods

Human samples

Snap frozen post-mortem human brain samples were obtained from the Netherlands 
Brain Bank (Project 870; table 1). The average age for control and PD individuals was 
78.3 and 77.9 years old, respectively. The average postmortem delay (time interval 
from death to sample-freezing) for control and PD individuals was 6.49 and 5.53 hours, 
respectively. The cerebrospinal fluid pH for control and PD individuals was 6.54 and 
6.43, respectively. None of the three variables were significantly different between 
groups. All procedures were in accordance with the consensus criteria stablished by the 
Netherlands Brain Bank. Tissue blocks were cold-grinded in liquid nitrogen to obtain a 
homogenous sample for both RNA and lipid extraction.
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Table 1. Clinical information on the post-mortem human brain samples.

Diagnosis Age Gender PMD pH CSF Braak stage Cause of death

Control 78 M 8:25 6.56 0 Cardiac arythmia

Control 69 F 8:30 0 Myocardial infarction

Control 69 F 6:15 6.59 0 Cardiogenic shock

Control 84 M 7:05 5.90 0 Exacerbation of COPD

Control 73 F 6:40 0 Respiratory failure

Control 84 M 5:35 6.98 0 Heart failure

Control 82 M 5:10 6.75 0 Pneumonia

Control 85 F 7:05 0 Renal insufficiency

Control 79 M 5.45 6.38 0 Euthanasia

Control 80 M 4:25 6.59 0 Euthanasia

PD 86 F 4:08 6.32 5 Cachexia and dehydration

PD 86 M 7:25 6.26 4 Cardiac arrest

PD 74 M 4:35 6.58 6 Respiratory insufficiency

PD 68 F 4:05 6 Euthanasia

PD 77 M 3:10 6.28 6 Aspiration pneumonia

PD 86 M 4:10 6.91 6 Euthanasia

PD 84 M 4:50 6.41 3 Cachexia

PD 76 M 9:15 6.33 6 Ileus

PD 77 F 6:05 3.20 5 Stroke

PD 65 F 7:35 6.55 6 Cachexia and dehydration

The table includes the diagnosis (Control or Parkinson’s disease (PD)), age at death, gender (male (M) 
or female (F)), post-mortem delay (PMD), pH of the cerebrospinal fluid (CSF), Braak stage and cause of 
death.

RNA-sequencing analysis

RNA was extracted using the RNeasy Lipid Tissue Mini Kit (Qiagen, Cat No./ID: 
74804). Total RNA samples were spectrophotometrically analyzed and their 260/280 
ratio was typically above 1.9. RNA-seq directionality library preparation and sequencing 
with Poly(A) selection was performed by HudsonAlpha Genomic Services Laboratory 
(Huntsville, AL). Samples underwent sequencing on the HiSeq v4 (PE, 50bp, 25M 
reads), per standard protocols. 16 samples were run over two lanes (3.125M reads/
sample). Data is deposited under the accession number GSE136666.

Quality control from raw data was performed with the FASTQC tool (http://www.
bioinformatics.bbsrc.ac.uk/projects/fastqc). Overall, data had enough quality to follow 
with transcriptome alignment. Reads mapping and quantification was performed with 
the Salmon pipeline28, which consists of a lightweight-mapping model, an online phase 
that estimates initial expression levels and model parameters, and an offline phase that 
refines expression estimates. Next, samples with less than 10 reads across samples 
were filtered out. Quality controls, including sample distances and principal component 
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analysis, performed after variance stabilizing transformation, concluded that all samples 
could be included for the differential expression analysis. Differential expression 
analysis was performed with the DESeq2 v1.22.2 Bioconductor’s package29,30. Finally, 
clusterProfiler31 was used to analyze and visualize functional profiles.

Compilation of transcriptomic studies

The terms used to browse the GEO DataSets database included “Parkinson’s disease” 
AND “Substantia Nigra” OR “Putamen”. GEO DataSets was applied to screen the studies 
compiled by11. 13 studies on human postmortem SN and/or putamen samples were 
found (table 2) and they were used for the validation of our data, except for the study that 
distinguished between medial and lateral SN (GSE8397) was excluded.
Table 2. Summary of publicly available transcriptomic studies on human postmortem SN and/or 

putamen from PD patients and controls.

Tissue Controls PD patients Platform Inclusion

GSE7621 SN 9 16 [HG-U133_Plus_2] Affymetrix 
Human Genome U133 Plus 2.0 
Array

Yes

GSE42966 SN 6 9 Agilent-014850 Whole Human 
Genome Microarray 4x44K G4112F

Yes

GSE43490 SN 5 8 Agilent-014850 Whole Human 
Genome Microarray 4x44K G4112F

No – only 
overexpressed 
genes

GSE49036 SN 8 15 [HG-U133_Plus_2] Affymetrix 
Human Genome U133 Plus 2.0 
Array

Yes

GSE20164 SN 5 6 [HG-U133A] Affymetrix Human 
Genome U133A Array

Yes

GSE20163 SN 9 8 [HG-U133A] Affymetrix Human 
Genome U133A Array

Yes

GSE20292 SN 18 11 [HG-U133A] Affymetrix Human 
Genome U133A Array

No – no 
DEGs

GSE20333 SN 6 6 [HG-Focus] Affymetrix Human HG-
Focus Target Array

Yes

GSE8397 SNm 7 9 [HuGene-1_0-st] Affymetrix Human 
Gene 1.0 ST Array [HuGene10stv1_
Hs_ENTREZG_15.0.0]

Yes

SNl 8 15

GSE54282 SN 3 3 NanoString nCounter gene 
expression system

Yes

Put 6 6

GSE77666 Put 12 12 NanoString nCounter gene 
expression system

Yes

GSE23290 Put 5 5 [HuEx-1_0-st] Affymetrix Human 
Exon 1.0 ST Array

Yes

GSE20291 Put 20 15 [HG-U133A] Affymetrix Human 
Genome U133A Array

No – no 
DEGs

Data includes GEO DataSets accession number, tissue, number of controls and PD patients, platform 

used and inclusion or exclusion criteria.
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The analysis and visualization of functional profiles was done with clusterProfiler31. 
Finally, we performed protein-protein interaction network analysis of the common 
DEGs with STRING, using only the highest confidence interaction score32.

Lipid profiling

Pellets of grinded tissue samples were mixed with UPLC-grade chloroform: methanol 
1:1 (v/v) and, after 20 minutes, samples were centrifuged at 2000xg and the supernatant 
was used directly for LC-MS analysis. To this end, 10µl was injected on a hydrophilic 
interaction liquid chromatography (HILIC) column (2.6µm HILIC 100Å, 50 x 4.6mm, 
Phenomenex, Torrance, CA), and eluted with a gradient from ACN/Acetone (9:1, v/v) 
to ACN/H2O (7:3, v/v) with 10mM ammonium formate, and both with 0.1% formic 
acid. Flow rate was 1ml/min. The column outlet of the LC was either connected to a 
heated electrospray ionization source of an LTQ-XL mass spectrometer or a Fusion mass 
spectrometer (both from ThermoFisher Scientific, Waltham, MA). Full scan spectra were 
collected from m/z 450–950 at a scan speed of 3scans/s in both positive- and negative 
ionization mode (LTQ-XL). On the Fusion mass spectrometer full spectra were collected 
in negative ionization mode from m/z 400 to 1600 at a resolution of 120,000. Parallel 
data dependent MS2 was done in the linear ion trap at 30% HCD collision energy. 

Experimental design and statistical analyses

Twenty post-mortem human SN samples (10 controls and 10 PD patients) and 18 post-
mortem striatum samples (9 controls and 9 PD patients), from the same individuals, 
were analyzed.

RNA-seq

Pools of two and three RNA samples of the same gender and condition were made for the 
SN and putamen samples, respectively. Differential expression analysis was performed 
with the DESeq2 v1.22.2 Bioconductor’s package29,30. Since this is an exploratory analysis, 
we chose not to use multiple testing adjustments, as supported by several authors33, but 
apply a threshold for effect size. Hence, genes with a p-value<0.01 and |log2FC|>0.5849 
were considered as significant.

Reanalysis of published transcriptomic data

All included datasets were analyzed using GEO2R34 to obtain a homogeneous analysis. 
Genes with p-value<0.01 and |log2FC|>0.5849 were considered differentially expressed 
genes (DEGs). To convert the obtained identifiers to gene symbols when these were not 
available from the GEO2R analysis, g:Profiler (version e95_eg42_p13_f6e58b9) was 
used35. Two studies did not report any DEGs and one study had only upregulated DEGs 
and were therefore excluded. 

Lipid profiling

Data analysis was performed by combining a univariate analysis and an ensemble learning 
method, together with a ROC analysis to select optimal findings. The univariate analysis 
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included multiple comparisons of all lipids and a selection of those with a p-value<0.05. 
Random forests, an ensemble learning method, were used to identify lipids relevant for 
disease/gender classification. Similar to36, the classification at each node in a tree was 
done with 100 randomly selected metabolites and the forest consisted of 5,000 trees. 
The process was repeated 50 times, and the model with the highest area under the curve 
(AUC) was kept. Lipids with a mean decreased accuracy>2 were considered relevant. A 
ROC analysis was performed on all the lipids considered relevant by either method, and 
an AUC>0.8 and p-value<0.05 was established as the threshold for important lipids to 
distinguish between conditions. Lipids that fulfilled at least two out of the three criteria 
were considered as associated with the disease/gender.

Results

Transcriptomic profiling

DEGs in the SN of PD patients and controls 

We first performed a restrictive analysis of the RNA-seq data (adjusted p-value<0.05 
and |log2FC|>0.5849) and identified 39 upregulated and 41 downregulated transcripts 
(supplementary file 1). Among these DEGs, 7 were unknown (no gene symbol 
associated), 2 were uncharacterized transcripts (LOC) and 3 were long intergenic 
non-protein coding RNA (LINC). The top 5 upregulated DEGs were OR7C1 (log2FC 
= 2.05), MTRNR2L8 (log2FC = 1.94), an unknown transcript (ENSG00000244921, 
log2FC = 1.94), PCDH20 (log2FC = 1.61) and KLF5 (log2FC = 1.50), while the top 5 
downregulated DEGs were TPH2 (log2FC = -1.98), LOC101929445 (log2FC = -1.96), 
ADRA1D (log2FC = -1.63), IL1B (log2FC = -1.62) and DOK7 (log2FC = -1.58). 

Next, we performed a less-restrictive RNA-seq data analysis (p-value<0.01 and 
|log2FC|> 0.5849) to determine which biological pathways were enriched in the dataset. 
This analysis yielded 354 DEGs in the SN of PD patients compared to controls, of which 
152 were upregulated and 202 downregulated (supplementary file 1). To understand the 
biological significance of this outcome, we analyzed on the basis of gene ontology (GO) 
terms which biological pathways were enriched in the 354 DEGs as well as in the up- 
and down-regulated DEGs separately (supplementary file 1). The top-three pathways in 
the all-DEGs analysis were “signal release” (GO:0023061), “neurotransmitter transport” 
(GO:0006836) and “amine transport” (GO:0015837) (figure 1a). The pathways “response 
to heat” (including GO:0009408 and GO:1900034) and “chaperone-mediated protein 
folding” (GO:0061077) represented the top significantly enriched in the upregulated 
genes (figure 1b), while the biological pathways related to “regulation of neurotransmitter 
levels” (GO:0001505), “signal release” (GO:0023061) and “neurotransmitter transport” 
(GO:0006836) were the top significantly enriched ones among the downregulated DEGs 
(figure 1c).
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Figure 1. Biological pathways enriched in the SN from PD patients relative to controls. 
Biological pathways enriched in (a) all, (b) upregulated and (c) downregulated DEGs found in our RNA-
seq analysis of SN and in (d) all, (e) upregulated and (f) downregulated DEGs from the overlap between 
previous microarray mRNA expression profiling studies on SN from PD patients and controls, including 
the present study. 

Subsequently, we tried to validate our results by comparison to the only other RNA-
seq study on PD and control SN37. We found that 9.8% of the DEGs identified in our 
study were also listed as differentially expressed in 37. However, 47% of the overlapping 
genes were differentially expressed in the same direction, while the remaining 53% 
were differentially expressed in the opposite direction, questioning the validity of the 
overlap. We then aimed to validate our results and obtain more robust outcomes by 
comparing the publicly available transcriptomic studies performed with microarrays, 
homogeneously analyzed with GEO2R, and our data. Interestingly, our data partially 
overlaps with the results of these previous studies (table 3). We found that 311 DEGs 
(112 upregulated and 199 downregulated) were present in the same direction in at least 
two datasets (overlapping genes; supplementary file 2). The top biological pathways 
enriched in the 311 DEGs, and also in the downregulated overlapping DEGs, were 
associated with “synapse organization” (e.g., GO:0050808), while the top pathways 
enriched in the upregulated overlapping DEGs were “regulation of cellular response to 
heat” (GO:1900034), and “chaperone-mediated protein folding” (GO:0061077) (figure 
1d-f).
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Table 3. Overlap between transcriptomic studies on the SN from PD patients.

GSE7621 GSE42966 GSE49036 GSE20164 GSE54282 GSE20163 GSE20333 Our data

DEGs 932 64 872 242 24 432 133 304

Overlap 223 (24%) 18 (28%) 229 (26%) 77 (32%) 2 (8%) 114 (26%) 19 (14%) 72 (24%)

Same 
direction

206 (92%) 14 (78%) 218 (95%) 71 (92%) 1 (50%) 103 (90%) 12 (63%) 66 (92%)

The table includes the accession numbers of the studies used, the number of differentially expressed genes 
with p-value<0.01 and |log2FC|>0.5849 (DEGs), the number of DEGs overlapping between all studies 
(overlap), and the number of overlapping DEGs that are either upregulated or downregulated in the same 
direction in all studies where they appear as DEGs. Percentages of overlapping genes from the total DEGs, 
and percentages of overlapping genes in the same direction from the total number of overlapping genes, 
can be found between brackets in the rows “Overlap” and “Same direction”, respectively.

Next, we analyzed the interactions between the proteins encoded by the 311 DEGs 
found in at least two studies (overlap). One of the largest clusters of proteins encoded 
by downregulated DEGs (figure 2a), which includes some of the DEGs common in four 
out of eight studies, such as TH, DDC, DRD2, KCNJ6 (also known as GIRK2), SLC18A2 
(VMAT2), and SLC6A3 (DAT), was related to dopamine synthesis and transport, 
providing confidence in the effectiveness of our approach. This pertinent cluster was 
also associated with other proteins linked to G-protein-coupled receptor signaling (e.g., 
GNG3). Other protein clusters linked to downregulated DEGs were associated with 
GDNF-RET signaling (e.g., RET), and neural development (e.g., SLIT1). The protein-
protein interaction networks of upregulated DEGs (figure 2b) consisted of six main 
protein clusters associated with multiple cellular processes, including protein folding (e.g., 
HSPA1A), aldo-keto reductase family (e.g., AKR1C1), cell migration and extracellular 
matrix (e.g., ITGB1), DNA (damage) (e.g., ATM) and ubiquitination (e.g., RNF130).

DEGs in the putamen of PD patients and controls

We identified 15 DEGs (5 upregulated and 10 downregulated genes) in the putamen 
of PD patients compared to controls when using restrictive parameters for RNA-seq 
data analysis (adjusted p-value<0.05 and |log2FC|>0.5849), of which 2 were unknown 
transcripts (no gene symbol associated) and 1 LINC RNA. The 5 upregulated DEGs 
corresponded to 2 unknown transcripts (ENSG00000244921, log2FC = 2.22, and 
ENSG00000257767, log2FC = 1.41), MYOT (log2FC = 0.97), ZNF646 (log2FC = 0.74) 
and HIP1BP3 (log2FC = 0.60), while the top 5 downregulated DEGs were SLC30A3 
(log2FC = -2.26), DUSP2 (log2FC = -2.10), PPL (log2FC = -1.68), GRM2 (log2FC = 
-1.67) and GNG2 (log2FC = -1.58). 

Next, we identified 261 DEGs in the putamen of PD patients compared to controls with 
the less-restrictive analysis (p-value<0.01 and |log2FC|>0.5849), of which 68 were 
upregulated and 193 downregulated (supplementary file 3). The top three pathways 
enriched in these putamen DEGs were “synapse organization” (GO:0050808), “cartilage 
development” (GO:0051216) and “prostaglandin transport” (GO:0015732). There were 
no biological pathways enriched in the upregulated DEGs, while the downregulated 
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ones were involved in “synapse organization” (GO:0050808), “cartilage development” 
(GO:0051216) and “synapse assembly” (GO:0007416) (supplementary fi le 3).

Figure 2. Protein-protein interaction networks of DEGs in the SN from PD patients and 
controls. Interaction networks of proteins encoded by genes down- (a) or up- (b) regulated in at least 
two of the eight studies included in the overlap analysis. Protein-protein networks were obtained with 
STRING31. Only highest confi dence associations were included. Non-connecting nodes were removed.

There are less transcriptomic studies on putamen than SN from PD patients and 
controls, and most of them have resulted in the identifi cation of only a very low number 
of DEGs. Moreover, there was essentially no overlap between the DEGs resulting from 
these studies (table 4). We therefore performed no further analysis on these datasets.

(GO:0051216) and “synapse assembly” (GO:0007416) (supplementary fi le 3).

Figure 2. Protein-protein interaction networks of DEGs in the SN from PD patients and 
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Table 4. Overlap between microarray studies on the putamen from PD patients.

GSE54282 GSE77666 GSE23290 Our data

DEGs 56 4 2481 232

Overlap 7 (12%) 3 (75%) 35 (1.4%) 25 (11%)

Same direction 7 (100%) 1 (33%) 21 (60%) 13 (52%)

The table includes the accession numbers of the studies used, the number of differentially expressed genes 
with p-value<0.01 and |log2FC|>0.5849 (DEGs), the number of DEGs overlapping between all studies 
(overlap), and the number of overlapping DEGs that are either upregulated or downregulated in the same 
direction in all studies where they appear as DEGs. Percentages of overlapping genes from the total DEGs, 
and percentages of overlapping genes in the same direction from the total number of overlapping genes, 
can be found between brackets in the rows “Overlap” and “Same direction”, respectively.

DEGs common between SN and putamen

Finally, we analyzed the overlap between SN and putamen mRNA expression profiles to 
find possible global mechanisms underlying PD. As mentioned above, since there was no 
robust overlap between previous transcriptomic studies on the putamen, we could only 
use our own data and found 33 common DEGs between the SN and putamen profiles 
(table 5).

Table 5. DEGs found both in the SN and putamen from PD patients and controls.

ENSEMBL Gene symbol Protein name Protein function

Upregulated

ENSG00000089041 P2RX7 P2X purinoceptor 7 ATP receptor that acts as a ligand-
gated ion channel

ENSG00000119699 TGFB3 Transforming growth 
factor beta-3 proprotein

Embryogenesis and cell 
differentiation

ENSG00000120729 MYOT Myotilin Myofibril assembly and stability

ENSG00000125551 PLGLB2 Plasminogen-like 
protein B2

Unknown

ENSG00000127530 OR7C1 Olfactory receptor 7C1 Odorant receptor

ENSG00000159842 ABR Active breakpoint cluster 
region-related protein

GTPase-activating protein for RAC 
and CDC42

ENSG00000168209 DDIT4 DNA damage-inducible 
transcript 4 protein

Regulates cell growth, proliferation 
and survival in response to cellular 
energy levels and cellular stress

ENSG00000180015 NA

ENSG00000186352 ANKRD37 Ankyrin repeat domain-
containing protein 37

Unknown

ENSG00000188269 OR7A5 Olfactory receptor 7A5 Odorant receptor

ENSG00000214313 AZGP1P1 Pseudogene

ENSG00000234769 NA

ENSG00000244921 NA

ENSG00000255823 MTRNR2L8 Humanin-like 8 Unknown

ENSG00000272755 NA
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Downregulated

ENSG00000074317 SNCB Beta-synuclein Regulator of SNCA

ENSG00000078401 EDN1 Endothelin-1 Vasoconstrictor peptide

ENSG00000099957 P2RX6 P2X purinoceptor 6 ATP receptor that acts as a ligand-
gated ion channel

ENSG00000103199 ZNF500 Zinc finger protein 500 Transcriptional regulation

ENSG00000137267 TUBB2A Tubulin beta-2A chain Major constituent of microtubules

ENSG00000148803 FUOM Fucose mutarotase Interconversion between alpha- 
and beta-L-fructose

ENSG00000155367 PPM1J Protein phosphatase 1J Serine/threonine protein 
phosphatase

ENSG00000164082 GRM2 Metabotropic glutamate 
receptor 2

Glutamate receptor

ENSG00000167306 MYO5B Unconventional myosin-
Vb

Vesicular trafficking

ENSG00000171532 NEUROD2 Neurogenic 
differentiation factor 2

Transcriptional regulation, 
implicated in neuronal 
determination

ENSG00000172794 RAB37 Ras-related protein 
Rab-37

GTPase that regulates vesicle 
trafficking

ENSG00000174807 CD248 Endosialin Angiogenesis

ENSG00000185567 AHNAK2 Protein AHNAK2 Calcium signaling

ENSG00000196972 SMIM10L2B Small integral 
membrane protein 10-
like protein 2B

Unknown

ENSG00000198563 DDX39B Spliceosome RNA 
helicase DDX39B

mRNA export from the nucleus 
to the cytoplasm; spliceosome 
assembly

ENSG00000234944 LOC101929445 Non protein coding - 
LINC02623

ENSG00000272789 NA

ENSG00000277400 MAFIP MaFF-interacting 
protein

Coactivator of MAFF 
transcriptional activity

Up- and down-regulated DEGs found both in the SN and putamen samples, in the same direction. The 
table includes the ENSEMBL identification, gene symbol (when available), protein name (UniProt) and 
short summary of the protein function. Protein functions that are not certain are in italics.

Lipid profiling

The lipid compositions of the SN and putamen samples from PD patients and 
controls were analyzed by LC-MS. We identified 269 phospholipids of the following 
classes: Bis(Monoacylglycero)Phosphate (BMP), phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylinositol (PI), 
and phosphatidylserine (PS), and the sphingolipid sphingomyelin (SM) (supplementary 
file 5). In the SN, we found five lipid species that have different abundances between 
PD patients and controls, namely BMP 42:8, PC 36:3, PE A36:2, PI 42:10 and PS 36:3 
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(figure 3a-e), while three differentially expressed lipid species were identified in the 
putamen, i.e., PI 34:2, SM d18:1;14:0 and SM d18:1;16:0 (figure 3f-h).

Figure 3. Lipid species with different abundances in the SN and putamen from PD patients 
compared to controls. Percentage of abundance of lipid species that differ between PD patients and 
controls, according to at least two of the three selection criteria, in the SN (a-e) and the putamen (f-
h). BMP, Bis(Monoacylglycero)Phosphate; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, 
phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin, where d18:1 indicates the common 
sphingosine base c.f. standard nomenclature. Sample values are plotted individually. “A” indicates that 
the sn-1 position is linked via an ether linkage. Numbers (X:Y) represent the number of carbons (X) and 
double bonds (Y).

Since sex hormones have been found to modulate brain lipid levels38, we performed the 
analyses separately for males and females (supplementary file 5). Interestingly, a number 
of lipid species displayed different abundances in female and male controls, including PC 
36:4 in the SN (figure 4a), and PI 34:1 and PS 38:3 in the putamen (figure 4b-c), while 
these differences were not present in PD patients. Additionally, some lipid species had 
distinct levels in female and male controls and PD, e.g., PE A38:4 in the putamen (figure 
4d), whereas PS A38:4 levels were lower in females than in males, regardless of the 
condition and in both brain regions (figure 4e-f).
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Figure 4. Lipid species with gender-dependent abundance differences in the SN and putamen 
from PD patients and controls. Percentage of abundance of lipid species that differ between male and 
female controls, and also in male PD patients compared to controls in the SN (a), or the putamen (c), or in 
female PD patients compared to controls in the putamen (b). Percentage of abundance of a lipid that has 
different abundances in both males and female controls, and male and female PD patients, together with 
a difference in female PD patients compared to controls (d). Percentage of abundance of the lipid that is 
lower in females than in males, both in controls and PD patients, in the SN (e) and the putamen (f). PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine. 
Sample values are plotted individually. “A” indicates that the sn-1 position is linked via an ether linkage. 
Numbers (X:Y) represent the number of carbons (X) and double bonds (Y).

Discussion

The data presented here represent the first transcriptome and lipid analyses performed 
on PD and control SN as well as putamen samples from the same individuals. We 
conducted transcriptome analysis by RNA-seq rather than microarrays in order to 
identify not only annotated transcripts, but also currently unannotated sequences for 
future re-evaluation (50/354 SN DEGs and 29/261 putamen DEGs represent not-
annotated transcripts)12. Additionally, we analyzed our data together with publicly 
available transcriptome datasets to draw more robust conclusions about the relevance of 
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gene functions and pathways for PD.

The top upregulated DEG in the SN is ORC7C1, which encodes an odorant receptor. 
Mesencephalic dopaminergic neurons express olfactory receptors and they respond 
to odorant-like molecules in mice39. Several odorant receptors have been found to be 
downregulated in the frontal cortex of PD patients40, but the difference in the directionality 
of expression could be brain region related. The fact that the top upregulated DEG, 
together with the 7th upregulated DEG (i.e., OR7A5) is an odorant receptor highlights the 
importance of a poorly studied group of receptors that could modulate cells via binding of 
small molecules and, thus, could play a crucial role in PD. The relationship between the 
upregulated MTRNR2L8 and the mitochondrial MT-RNR2 gene is at present unclear41 
and its role in PD has not been analyzed yet. The protocadherin encoded by PCDH20, 
which is thought to be involved in the establishment and function of specific cell-cell 
connections in the brain, has been found to be also upregulated in a meta-analysis of 
transcriptomic studies from SN of PD patients42. Nevertheless, the role of this protein 
has thus far not been studied in the context of PD. The transcription factor KLF5 binds to 
GC box promoter elements and activates their transcription, mediating multiple cellular 
processes, such as proliferation, migration and differentiation, among others43, but its 
association with PD has not been explored yet.

The top downregulated DEG in the SN is TPH2, which encodes the rate-limiting enzyme 
in the synthesis of serotonin. Interestingly, serotoninergic neurons are progressively lost 
in PD, which is implicated both in motor and non-motor manifestations of PD44, and 
polymorphisms in TPH2 are associated with addictive behaviors45 and depression46 in 
PD patients. Additionally, Tph2 KO mice, which have serotonin deficiency, present with 
systemic oxidative stress and lipidomic abnormalities47, and swallowing dysfunction48. 
The alpha-D1 adrenergic receptor encoded by ADRA1D is also downregulated in the 
hippocampus of Alzheimer’s disease and dementia with Lewy bodies patients49, and 
noradrenergic impairment is present in PD patients as well50. Both findings highlight 
the importance of neurotransmitters other than dopamine in the pathology of PD, which 
should be further studied to obtain a better understanding of this complex disease. The 
observed downregulated expression of IL1B is in contrast with earlier findings showing 
increased IL1B expression in striatum51 and cerebrospinal fluid52 of PD patients. However, 
the complex effects of IL1B depend on the time, place and level of IL1B expression, e.g., 
infusion of IL1B in the striatum of rats 5 days before 6-OHDA injection had a protective 
effect53. Finally, DOK7 encodes a protein involved in neuromuscular synaptogenesis, but 
its role in PD pathogenesis remains to be established.

PD is characterized by the loss of dopaminergic neurons from the SN4, which reaches a 
reduction of at least 70% by the time the disease is diagnosed. Thus, our top finding of 
decreased expression of genes associated with neurotransmitter levels, and dopamine 
synthesis and transport in postmortem PD SN samples is likely linked to the decreased 
number of dopaminergic neurons and fibers in the SN and putamen, respectively. One 



190

of these was the PD-associated RET gene54, encoding a GDNF receptor required for the 
preventive and compensatory mechanisms linked to dopaminergic system degeneration 
that is triggered by the neurotrophic factor55,56. Remarkably, RET and some of its 
interaction partners (GFRA1, DOK4 and DOK6) are downregulated in multiple SN 
transcriptomic studies, highlighting the importance of the process of dopaminergic 
neurodegeneration in PD brains. The two most-enriched upregulated pathways were 
“cellular response to heat” and “protein folding”, which have an overlap of 80% among 
their DEGs. Since misfolded proteins are a hallmark of PD57, upregulation of transcripts 
associated with these pathways, such as the molecular chaperone HSPA1A, may 
represent a compensatory cellular mechanism to handle the accumulation of misfolded 
proteins. Furthermore, we confirmed other previously reported PD mechanisms, such as 
a dysfunction of protein folding. Interestingly, other SN DEGs comprise pathways that 
may provide a better understanding of PD pathology, including “positive regulation of 
acute inflammatory response” (GO:0002675), “female pregnancy” (GO:0007565) and 
“G-protein-coupled glutamate receptor signaling pathway” (GO:0007216).

The overlap of our RNA-seq data with results from earlier microarray studies on 
postmortem PD and control SN confirms the degeneration of dopaminergic neurons 
in this brain region, since 10 out of the 12 DEGs that were found in at least half of 
the studies are associated with dopaminergic neurons or PD (ALDH1A1, DDC, 
DLK1, DRD2, GAP43, KCNJ6, SLC18A2, SLC6A3, SV2C and TH). The other two 
transcripts are AGTR1, the angiotensin II receptor subtype AT1, which has been shown 
to be downregulated in 5 out of the 8 SN studies, and the neuroendocrine proprotein 
convertase 1, PCSK1, which was downregulated in 4 out of the 8 SN studies. AGTR1 
and PCSK1 do not have a known role in dopaminergic neurons or PD, and are therefore 
interesting candidates for future functional studies. The reason for the restricted overlap 
between the results of our study and those of the only other PD/control SN RNA-seq 
analysis is at present unclear.

The top upregulated, protein-coding transcript in the putamen is MYOT, which codes 
for a component of a complex of actin cross-linking proteins. Transcriptional levels of 
MYOT have been found to be upregulated and downregulated in the SN and blood of 
PD patients, respectively58, while PD patients present a higher prevalence of MYOT 
autoantibodies than controls59. Thus, MYOT may play a role in the pathology of PD, but 
its nature has not been elucidated. The function of the transcription factor ZNF646 nor 
its link to PD has been widely studied. The protein coded by the upregulated transcript 
HP1BP3 mediates chromatin condensation and modulates cognitive aging60, but has not 
been associated with PD.

The top downregulated transcript in the putamen is SLC30A3, which encodes a protein 
involved in the accumulation of zinc in synaptic vesicles, rather than in the cytosol. 
Decreased levels of the protein have been observed in the (pre)frontal cortex of dementia 
with Lewy bodies and PD dementia patients61,62 and is, thus, associated with dementia. 
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Moreover, PD patients present changes in the cellular distribution of zinc in the SN63 

and treatment of midbrain primary cultures with MPP+ leads to zinc accumulation64. 
These findings highlight the relevance of metals in the pathology of PD and encourage 
further studies in this direction. The second most downregulated transcript is DUP2, 
a phosphatase involved in the negative regulation of ERK1 and ERK2, which are 
associated with cellular proliferation and differentiation, but its association with PD has 
not been studied yet. Similarly, GNG2 encodes a gamma subunit of heterotrimeric G 
proteins, which are involved in cellular responses to external signals, but its role in PD is 
unknown. PPL codes for a component of desmosomes and is thus involved in filament 
binding. Although PPL has not been associated with PD, genetic variants of another 
Plakin family member, MACF1, which lead to decreased expression, confer risk for PD65. 
Finally, GRM2 encodes a metabotropic glutamate receptor and, interestingly, glutamate-
induced excitotoxicity has been suggested to lead to the loss of dopaminergic cells in 
PD66. Moreover, activation of both metabotropic glutamate receptors 2 and 3, which have 
inhibitory functions, gives rise to striatal protection in PD rodent models67. Hence, this 
finding further supports the involvement of multiple neurotransmitter systems in PD.

Among the various transcriptomic studies on putamen, we found no overlapping 
genes. While SN is considered to be one of the primary sites of degeneration in PD, 
the neurodegeneration in the dorsal striatum may be mainly a consequence of the 
depletion of dopaminergic innervation68. Thus, the lack of overlap among putamen 
DEGs could point to more heterogeneous pathology in the putamen than in the SN. 
We found an enrichment of downregulated putamen genes that play a role in the 
control of neurotransmitter levels and transport, which may well be associated with the 
loss of dopaminergic innervation68. Furthermore, we observed DEGs associated with 
prostaglandin transport, which may argue for a neuroinflammatory response in this 
brain region69. Indeed, neuroinflammatory events may play a role in nearly all known 
neurodegenerative diseases70.

Interestingly, we found 33 transcripts that were differentially expressed in both the 
PD SN and putamen, hinting at mechanisms shared by the two brain regions. The 
use of pathway analysis software nor the findings from extensive literature searches 
led to the identification of a specific pathway within the set of 33 genes. Of note is the 
downregulation of β-synuclein, the paralog of α-synuclein. β-synuclein inhibits the 
assembly71, aggregation72 and toxicity73,74 of α-synuclein. Since α-synuclein aggregation is 
one of the neuropathological hallmarks of PD75, β-synuclein upregulation may represent 
a potential target to ameliorate the disease. Hence, overexpression of β-synuclein in 
cellular and animal PD models would be central to better understand its role in the 
disease. Other potentially interesting examples of the set of common SN and putamen 
DEGs include DDIT4, which mediates apoptosis in cellular PD-models76, and P2RX7, 
which antagonist is neuroprotective in cellular and animal models for PD77. Additionally, 
SNPs in the common genes encoding EDN1 and MYO5B have been associated with 
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multiple systems atrophy (which presents with parkinsonism78) and loss of the sense of 
smell (an early non-motor PD-symptom79), respectively. Therefore, functional studies 
on the genes that are differentially expressed in both brain regions, e.g., by manipulating 
their expression in cellular and animal PD models, may provide clues for further 
understanding of the pathobiological principles that underlie PD.

Previously, neuropathological lipidomic studies on primary visual cortex80, primary motor 
cortex81, hippocampus82 and cerebellum83 from PD and/or Lewy body disease individuals 
have been carried out. Our lipid profiling involved the analysis of seven classes of lipids 
and showed several lipid species modulated in the SN and putamen of PD patients 
compared to age-matched controls. Two other studies have been performed on the lipid 
profile of the SN84,85 and one on the putamen83 of PD patients, but they have reported 
only differences in lipid classes rather than lipid species and focused on sphingolipid and 
gangliosides, respectively, hindering a comparative analysis. The differences we found in 
the putamen include PI 34:2 and two saturated SM species, namely SM d18:1;14:0 and 
SM d18:1;16:0. Unfortunately, current knowledge of putamen lipids does not allow a 
functional interpretation of the changes we detected. BMP 42:8 and PI 42:10, both with 
increased abundance in the SN of PD patients compared to controls, are thought to have 
arachidonic acid (20:4) as one of the two side chains, while the three decreased lipid 
species, PC 36:3, PE A36:2 and PS 36:3, are likely to have linoleic acid (18:1) as one of 
their two side chains. The presence of these five differentially expressed SN lipid species 
could point towards a neuroinflammatory component, since increased arachidonic 
acid has been demonstrated in acute neuroinflammation86, while linoleic acid is one of 
the sources of arachidonic acid87. A neuroinflammatory involvement is in line with the 
findings of our transcriptomic analysis. Lipid BMP 42:8 belongs to a lipid class highly 
enriched in lysosomal membranes88 and is key for the proper functioning of lysosomal 
hydrolases89. Interestingly, BMP accumulation also occurs in macrophages from patients 
with Gaucher disease90, a rare genetic disorder characterized by deposition of the lipid 
glucocerebroside in macrophages and that highly increases the life-time risk to develop 
PD91. Nevertheless, we realize that it is difficult to draw functional conclusions about 
individual lipids since only the roles of lipid classes have been characterized.

Even though our sample size was small, it is important to note that we found gender-
related differences in the abundance of lipids both in PD patients and controls. This 
observation agrees with the gender-related differences that have been found in the SN 
lipid profiles of PD patients85 and in the “female pregnancy” pathway detected in our 
transcriptional analysis. Interestingly, PD incidence differs between genders92 and a gender 
dimorphism has been observed in the fatty acid profiles of control mouse brains93. Hence, 
the relationship between sex hormones, brain lipids and PD is worth exploring further.

This study has several limitations. First, relative to control samples, the SN samples 
from PD patients are characterized by an extensive loss of dopaminergic neurons and 
gliosis, which hinders making a distinction between mRNA/lipid changes caused by 
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the disease-generated differences in the composition of cellular populations or by the 
molecular mechanisms leading to neurodegeneration (i.e., the “consequence” or the 
“cause”). Second, we pooled samples for RNA-seq analysis, which hampered a gender-
dependent analysis as performed with the lipid profiling. Moreover, the pooling of 
samples might have masked minor differences in mRNA expression levels due to a small 
sample size and thus less statistical power. Finally, our lipid analysis was focused on 
phospholipids and sphingolipids, and did not include other lipid classes that could be 
relevant for PD, such as sterols and glycolipids17.

Conclusions

We here report the first transcriptomic and lipid analyses of SN and putamen samples 
from the same PD patients and control individuals. This study has allowed us to confirm 
molecular pathways associated with PD, and identify a number of potentially interesting 
genes and pathways that may help to better understand PD pathology. Additionally, we 
unraveled changes in the PD brain lipid profile, some of which are gender dependent and 
should be studied further to evaluate their relevance.
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The research described in this thesis aimed at broadening our current molecular 
understanding of Parkinson’s disease, focusing on the role of lipids. Lipids are classified 
in eight classes, namely fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, 
sterols, prenols, saccharolipids, and polyketides1. Lipids are the least studied biomolecules, 
while they have major pathobiological significance, and essential metabolic, structural 
and mechanistic roles in cells2. First of all, lipids are of key significance for metabolism, 
and droplets containing triacylglycerol and steryl esters represent the most-efficient way 
for cells to store energy. Second, lipids are necessary for the formation of membranes that 
compartmentalize cells into various organelles. The membranes are also indispensable 
for the reshaping of mother and daughter cells during cell division and for the control 
of intracellular trafficking. Third, lipid messengers and lipid-membrane domains that 
recruit signaling proteins are necessary for signal reception and intracellular signal 
transduction. Hence, lipid composition determines not only the identity and structure of 
the cell membrane and organelles, but also their function. These central roles in multiple 
cellular processes make lipids an interesting subject of study in the context of Parkinson’s 
disease, where the dysfunctioning of not one but multiple pathways is associated with 
the death of dopaminergic neurons. Below I briefly discuss the role of lipids regarding a 
selected subset of molecular and cellular processes that have emerged as being of specific 
interest for Parkinson’s disease etiology in the recent past (reviewed in detail in chapter 1). 

Mitochondrial function and oxidative stress

There is now accumulating evidence to suggest that aberrancies in mitochondrial form 
and function have a particularly pertinent role in the pathogenesis of Parkinson’s disease3. 
Lipids are necessary not only for mitochondrial structure and integrity, but also for 
protein transport, stabilization of respiratory chain complexes and apoptosis-associated 
processes in mitochondria4. Interestingly, in mice, mitochondrial lipid composition 
changes with age5, which is one of the main risk factors for Parkinson’s disease. 
Moreover, “free” lipids (i.e., fatty acids) not only exert a metabolic role in production 
and storage of cellular energy, but can also modulate the formation of reactive oxygen 
species (ROS)6, one of the byproducts of normal mitochondrial activity7 and the main 
mediator of oxidative stress8. Lipids are thereby able to induce cellular adaptive responses 
against oxidative stress by upregulating antioxidant compounds and enzymes9,10. Under 
oxidative conditions, lipids can be oxidized enzymatically, leading to the formation of 
eicosanoids, which regulate inflammation11, or non-enzymatically, producing lipid 
peroxidation products able to form adducts with proteins, DNA and phospholipids12, 
and lead to apoptosis13. Therefore, based on these multivalent roles, lipids can be 
considered central players in mitochondrial function and oxidative stress modulation.

Proteostasis

Disturbance in the control over synthesis, folding, breakdown and intracellular 
distribution of cellular proteins is another issue of central interest for Parkinson’s disease 
research, and an area that is tightly coupled to the (patho)biological role of lipids. Given 
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the fact that the endoplasmic reticulum (ER) is the main location for protein synthesis 
and folding, and also the major site of sterol and phospholipid biosynthesis14, it is not 
surprising that during the last decade multiple reports implicated this organelle in the 
progression of Parkinson’s disease. A number of regulatory proteins controlling lipid 
metabolism, such as sterol regulatory element-binding proteins (SREBPs), reside in 
the ER15. The unfolded protein response (UPR), a cellular response to the presence 
of misfolded proteins within the ER16, can be triggered by lipid abnormalities (e.g., 
increased fatty acid saturation) that induce biophysical changes in membranes and favor 
the dimerization, and thus activation, of UPR-related factors17–19. Another intracellular 
mechanism that controls protein homeostasis and copes with misfolded proteins is 
the autophagy-lysosomal pathway20. On the one hand, autophagy is involved in the 
regulation of intracellular lipid stores21 and the lysosomal compartment – the end station 
of the autophagic pathway – contains a wide range of hydrolases that degrade lipids22. 
On the other hand, also converse regulation exists as lipids may alter autophagy in four 
different ways, namely by mediating signal transduction processes, facilitating the local 
recruitment of effectors to membranes, mediating covalent modification of proteins, and 
directly affecting the physicochemical properties of lipid membranes23. These alterations 
are associated with changes in the abundance of multiple lipid classes, including fatty 
acyls (e.g., saturated and unsaturated fatty acids24,25), glycerophospholipids (e.g., 
phosphatidylinositol derivatives26), sphingolipids (e.g., ceramide27) and sterols (e.g., 
cholesterol28). Thus, tight reciprocal coupling exists between lipids and proteostasis 
during their role in the steering of cell fate and behavior.

Role of lipids in Parkinson’s disease modulatory pathways

Various intercellular and intracellular regulatory pathways that control neurobiological 
integrity at the cell and tissue level are modulated by lipids. For example, recent 
studies have provided evidence that specific cells of the immune system, e.g., T-cells 
and microglia, may play a role in the initiation or progression of Parkinson’s disease29. 
Lipids can regulate these Parkinson’s disease-related immune responses by modulating 
membrane fluidity, and being a source of lipid peroxides and eicosanoids30,31. More 
specifically, fatty acyls modify lymphocyte functions32 and natural killer cell activity33, 
sphingolipids activate and control both innate and adaptive immunity34–36, sterols 
modulate T- and B-cells, neutrophils and macrophages37, and endocannabinoids can 
modulate multiple types of immune cells by regulating their migration and production 
of cytokines and chemokines38. Some of the other Parkinson’s disease modulatory 
pathways described in chapter 1, i.e., intracellular calcium signaling and neuromelanin 
accumulation, are also influenced by lipids. Specifically, lipid membranes have a 
substantial calcium-binding capacity, relevant for calcium buffering39. Moreover, lipids 
like glycerophospholipids (e.g., phosphoinositides) and sphingolipids (e.g., sphingosine-
1-phosphate) are major regulators of calcium channel function40–42. Additionally, other 
lipids (e.g., lysophosphatidylcholine43, the polyunsaturated fatty acid linoleic acid44 
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and leukotriens45) are able to trigger calcium signaling. The pigment neuromelanin is 
associated with dolichol and other lipids, which account for up to 35% of the neuromelanin 
granule volume46–50, and lipid content determines neuromelanin aggregation and 
granule size in vivo51. Collectively, these fi ndings demonstrate that lipids may have a role 
not only in central pathways that lead to brain cell death, such as to the dopaminergic 
neuron degeneration that is specifi c for Parkinson’s disease, but also in the modulatory 
pathways thereof.

As lipids appear to play a major role in most of the molecular mechanisms associated 
with Parkinson’s disease, one would expect their involvement in the pathology to be 
thoroughly studied. However, current knowledge (reviewed in chapter 3) is fragmented, 
inconsistent between studies and poorly standardized. The role of lipids in Parkinson’s 
disease can be studied in multiple ways, and for the studies summarized in my thesis 
four diff erent approaches were used (fi gure 1): genetics (chapter 4), blood-based 
biomarkers (chapter 5), in vitro analyses (chapter 6) and end-stage alterations in 
brain patient material (chapter 7).

Figure 1. Schematic representation of the four approaches used in this thesis to study the role 
of lipids in Parkinson’s disease. Lipids have been studied from a genetic perspective, as blood-based 
biomarkers, in in vitro cellular studies and in postmortem human brain samples. 

Genetic association between Parkinson’s disease and lipids

Genetic studies on Parkinson’s disease started with the identifi cation of familial genes, 
which nowadays include mutations in 26 genes52. Interestingly, the functions of 14 out 
of the 26 genes (i.e., LRRK253–56, SNCA57, VPS3558, ATXN259, PRKN60,61, PINK162,63, 
DJ164–66, ATP13A267,68, PLA2G669–71, SYNJ172, VPS13C73, RAB39B74, UCHL175–77 and 
HTRA278) have already been linked to lipids. Moreover, the most-studied genetic risk 
factor for Parkinson’s disease, namely GBA, encodes a lipid hydrolase and as such is 
involved in lipid metabolism. Since familial Parkinson’s disease accounts for only 
5-10% of the cases, researchers started to use genome-wide association studies (GWAS) 
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to determine genetic variants linked to the sporadic form of the disease. Among the 
identified candidates, four are directly associated with lipid metabolism (i.e., SREBF1, 
GALC, DGKQ and ELOVL7), while single nucleotide polymorphisms (SNPs) in four 
other genes (i.e., ITIH479, SIPA1L280, DLG281, and MTHFR82) are associated with 
peripheral lipid levels, and the proteins encoded by eleven other susceptibility genes (i.e., 
ACMSD83–85, BAP186,87, CHMP2B88, CD3889–91, CTSB92–95, HIP1R96, ITPKB97, PDLIM298, 
RIT299, SCARB2100–102, and TLR9103) have also been connected to lipids. Therefore, lipids 
modulate and are modulated by a wide range of familial genes and risk loci associated 
with Parkinson’s disease.

Most of the above-mentioned genetic findings have been obtained by studying Parkinson’s 
disease as a Mendelian disorder, in which variants in one or a few genes determine the 
propensity to develop the disease. While this approach can be useful to determine the 
causal factors for 5 to 10% of the cases, in most instances Parkinson’s disease represents 
a complex disease in which a large number of common variants, each with a small effect, 
contributes to its development104. One method to study the aggregated effects of multiple 
genetic variants and capture the cumulative risk associated with a disease or trait is 
Polygenic Risk Score (PRS) analysis105, which has been shown to be useful to predict 
the risk and onset of Parkinson’s disease106. Interestingly, PRS-analysis can also be used 
to determine the genetic sharing between complex traits107. Hence, instead of studying 
the relationship between lipids and Mendelian traits, we took an alternative approach by 
evaluating the genetic sharing and concordance between Parkinson’s disease and blood 
levels of 370 lipids and lipid-related molecules (chapter 4).

We found a strong genetic link between Parkinson’s disease and the blood levels of eight 
lipids, namely two C20 polyunsaturated fatty acids (eicosatrienoic acid (20:3n3 or n6) 
and arachidonic acid (20:4n6)), four triacylglycerols (TAG 44:1, 46:1, 46:2 and 48:0), 
phosphatidylcholine aa 32:3 (PC aa 32:3) and sphingomyelin 26:0 (SM 26:0). These 
results confirm the association between Parkinson’s disease and lipids. Moreover, they 
indicate that Parkinson’s disease processes and the regulation of (blood) lipid levels have 
common molecular mechanisms. Therefore, imbalances in lipid composition could be 
one of the causal, rather than consequential, molecular mechanisms contributing to 
Parkinson’s disease pathogenesis. Lipid imbalances can be genetically determined, as 
the ones included in our PRS study, or environmentally triggered by factors such as 
body mass index (BMI), alcohol drinking, cigarette smoking, age, gender and diet108,109. 
Remarkably, all these factors have been associated with Parkinson’s disease in that 
low BMI is associated with lower density of dopaminergic neurons110 and poorer life 
prognosis111, a (weak) inverse association exists between Parkinson’s disease and alcohol 
intake and smoking112,113, age is one of the main risk factors for Parkinson’s disease114, 
gender is an important factor determining susceptibility and clinical features115,116, 
and diet is associated both with initiation and progression of the disease117–119. Hence, 
lipids – or rather abnormalities in whole-body lipidome homeostasis - could be the link 
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between a number of environmental factors and Parkinson’s disease. Interestingly, all 
of these factors and blood lipid levels are also associated with changes in the human 
microbiome120–128, suggesting a sequence of pathophysiological events involving 
environmental factors, gut microbiota, lipid metabolism and neurodegeneration. 

Lipids as biomarkers for Parkinson’s disease

One of the challenges in the development of Parkinson’s disease treatments is the timing 
of its diagnosis that is currently relatively late. Therefore, it is fundamental to identify 
early-stage biomarkers, i.e., objective, accurate and reproducible measurements that 
reflect the interaction between a biological system and a potential hazard129. As briefly 
described in chapter 1, there are multiple imaging and molecular biomarkers for 
Parkinson’s disease, but their use in daily practice is limited due to intercenter variability 
and lack of standardized procedures. 

In multiple studies, lipids have been used as potential biomarkers for Parkinson’s disease. 
More specifically, fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterols 
and lipoproteins have been suggested as potential plasma and/or cerebrospinal fluid 
(CSF) biomarkers (chapter 3). However, most of these studies have been performed 
with diagnosed Parkinson’s disease patients, which implies that the disease has been 
present for a few years already. Early-stage biomarkers should be identified either in 
large prospective cohorts of the general population or in prodromal Parkinson’s disease 
cohorts. The latter include carriers of autosomal dominant (e.g., SNCA and LRRK2) 
and susceptibility (e.g., GBA) mutations, and individuals presenting early non-motor 
symptoms (e.g., hyposmia, depression and anxiety, constipation and rapid eye movement 
(REM) sleep behavior disorder (RBD))130. Although most of the early non-motor 
symptoms are not unique for Parkinson’s disease, the majority of RBD patients, while not 
having overt neurological dysfunctions, will eventually develop a synucleinopathy, such 
as Parkinson’s disease or dementia with Lewy bodies131. Hence, RBD patients may form 
an attractive population to identify early-stage biomarkers and test disease-modifying 
treatments before the emergence of neurological symptoms. 

In chapter 5, we determined the glycosylation and lipoprotein profiles of serum 
samples from RBD patients and controls to establish diagnostic and prognostic 
biomarkers. We identified the size and the number of small high-density lipoproteins 
particles as parameters able to distinguish between RBD patients who will progress 
to either Parkinson’s disease or dementia with Lewy bodies. These results support 
the value of serum metabolic profiling to obtain long-term conversion markers and 
highlight the need for proper stratification of RBD patients as a useful prodromal cohort 
of Parkinson’s disease. Stratification is an essential concept not only in RBD, but also in 
Parkinson’s disease, because the etiology of the disease is diverse (i.e., multiple genetic 
and environmental factors playing a role in various cellular pathways are involved in 
its onset132), and clinical presentation and progression is also diverse133. This diversity 
should be systematically analyzed in large prospective investigations, such as the 
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Luxembourg Parkinson’s study134. These kinds of studies will be fundamental to gain 
insight into the proper stratification of Parkinson’s disease patients on the basis of both 
clinical and molecular data, and they will allow the testing of novel and specific disease-
modifying treatments. 

Lipid changes in a cellular model for Parkinson’s disease

Since we now realize that lipids are crucial for Parkinson’s disease pathology, it is 
fundamental to understand the role they play in the neurodegenerative process, e.g., by 
studying the effects of neurotoxins used to mimic Parkinson’s disease on the lipidome. 
Hence, in chapter 6 we used a cell model and examined the changes in the lipidome 
that occur in a catecholaminergic neuroblastoma cell line (SH-SY5Y cells) treated with 
the dopaminergic toxin 6-hydroxydopamine (6-OHDA). We observed a number of 
changes associated with overall lipid metabolism, such as increased levels of unsaturated 
lipids and of lipids with longer fatty acyl chains. Moreover, we detected variations in the 
abundance of multiple phosphatidylcholine, phosphatidylglycerol, phosphatidylinositol, 
phosphatidylserine and sphingomyelin species, and cholesterol. Interestingly, these 
results are in agreement with previous lipidomic analyses of brain samples from both 
Parkinson’s disease patients and animal models. Yet, the results reported in chapter 6 
are derived from a study on only one in vitro model.

There is a myriad of cell lines and treatment combinations available to model Parkinson’s 
disease in vitro, each with its pros and cons, making the choice difficult. The main 
options include tumor-derived catecholaminergic cell lines (e.g., SH-SY5Y - chapter 
2, SK-N-SH135–137, BE(2)-M17135-138, PC12139–141 and Neuro-2a142–144), primary145,146 and 
immortalized (e.g., MESC2.10147, LUHMES148,149, CSM14.1150,151, N27152, and MN9D153–

155) mesencephalic cell lines, and induced pluripotent stem cells derived from somatic 
cells of Parkinson’s disease patients and controls156. Multiple aspects need to be evaluated 
when choosing a cell line. First of all, the main goal of the study has to be considered. For 
example, when studying the most characteristic, predominant cellular effects of a genetic 
mutation associated with familial Parkinson’s disease, non-neuronal cell models may be 
used first, such as HEK239 cells, HeLa cells or fibroblasts157. However, when studying 
the typical susceptibility of dopaminergic neurons to a specific drug and/or mutation, 
the model of choice should be one of the above-mentioned dopaminergic(-like) cell lines. 
Second, interspecies differences may affect the outcome. Some of the cell lines used, such 
as primary mesencephalic cultures, are obtained from rodents, but these animals do not 
spontaneously develop the disease158. Hence, they may have protective mechanisms 
that could interfere with the understanding of the molecular mechanisms leading to 
degeneration in humans. Third, there should be a balance between the expected outcome 
and the time available, which is often one of the limiting factors in science. Ideally, when 
using an in vitro approach to study Parkinson’s disease, multiple cell lines should be used 
to validate the findings. Retrospectively, validating the findings described in chapter 4 
in an additional cell line could have strengthened the results and conclusions obtained.
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A critical aspect of Parkinson’s disease cell lines concerns the lack of standardization and 
interlaboratory differences in cell culture and analysis protocols (chapter 2). Yet, these 
variables are crucial to acquire replicable results to untangle the molecular mechanisms 
leading to disease. In the addendum of chapter 2, we observed that a basic aspect 
of cell culture, namely the type of maintenance and growth medium used, may have 
an effect on the susceptibility of the cells to a toxin used to mimic Parkinson’s disease. 
Therefore, authors need to specify the cell source, the passage number and the medium 
formulation used, and characterize the cell line at the time of use, as done in chapter 4. 
Moreover, further studies need to be performed on the effects of medium composition 
and the (off-target) effects of differentiation compounds.

Once a cell line has been chosen and characterized, there are two main approaches to 
induce a phenotype that mimics Parkinson’s disease, namely genetic- and drug-based 
methods. Genetic strategies include manipulation of genes associated with familial 
forms of Parkinson’s disease (e.g., LRRK2159,160, SNCA161–163, VPS35164, PRKN165–167, 
PINK1168,169, DJ1170,171, RAB39B172 and GBA173–175). These models can be useful to 
identify the molecular mechanisms leading to specific familial Parkinson’s disease 
forms, but some familial mutations do not have complete penetrance176, suggesting a 
complex genetic landscape underlying disease manifestation. For example, correction 
of the LRRK2 mutation in human midbrain organoids derived from Parkinson’s disease 
patient cells does not rescue the degeneration177. Pharmacological models are considered 
to model the sporadic form of the disease. The most commonly used neurotoxins are 
those that trigger oxidative stress and/or impair mitochondrial function (e.g., 6-OHDA178 

and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)179), impair the different 
steps of proteostasis (e.g., thapsigargin180 and tunicamycin181), trigger the immune 
system (e.g., lipopolysaccharide (LPS)182), increase calcium signaling (e.g., excitatory 
amino acid transporters inhibitors183) or modify lipid metabolism (e.g., beta-sitosterol 
beta-D-glucoside184) and neuromelanin185. Although pharmacological agents may 
mimic sporadic Parkinson’s disease, they tend to cause a rapid degeneration of all cells 
in culture, which differs from the actual neurodegenerative process that in humans leads 
to slow and selective loss of the brain cell population over the course of years to decades. 

In chapter 4, we used 6-OHDA-treated SH-SY5Y cells as a model for Parkinson’s disease 
since this catecholaminergic neurotoxin can only enter the cell through dopaminergic 
or noradrenergic transporters, giving specificity to the system. Additionally, 6-OHDA 
causes oxidative stress and cell death in dopaminergic neurons178, mimicking molecular 
mechanisms known to occur in Parkinson’s disease186. Hence, we aimed at improving 
the knowledge of a widely used cell model for Parkinson’s disease by reporting its lipid 
profile. Nevertheless, translation of our results to Parkinson’s disease will need further 
validation with additional pharmacological and/or genetic models in future studies.



8

209

Changes in human post-mortem samples

Another approach to study the lipid changes that occur in Parkinson’s disease is the 
analysis of the brain lipidome in postmortem samples from patients and controls 
(chapter 7). Since Parkinson’s disease is characterized by the death of dopaminergic 
neurons from the substantia nigra projecting to the striatum, we analyzed human 
samples from the main site of neurodegeneration (i.e., the substantia nigra) and from 
its main projecting site (i.e., the putamen). We observed changes in five lipid species in 
the substantia nigra (i.e., one bis(monoacylglycero)phosphate, one phosphatidylcholine, 
one phosphatidylethanolamine, one phosphatidylinositol and one phosphatidylserine 
species) and three in the putamen (i.e., one phosphatidylinositol and two sphingomyelin 
species). The substantia nigra results point towards a neuroinflammatory profile. This 
finding is in agreement with the positive genetic concordance that we observed between 
Parkinson’s disease and blood levels of arachidonic acid (chapter 4), a lipid involved in 
neuroinflammation187. This inflammatory response within the brain or spinal cord may 
be caused by aging188, viral and bacterial infections189, traumatic brain injuries190, toxic 
metabolites191, cell death192 or autoimmune responses193, and triggers the activation of 
glial cells194. Intriguingly, all these causative factors have been associated with Parkinson’s 
disease195–199 and glial cell activation occurs in postmortem Parkinson brain samples200. 
Depending on its intensity and duration, neuroinflammation may have positive (e.g., 
tissue repair and neuroprotection) or negative (e.g., neuronal damage) consequences201. 
As briefly discussed in chapter 1, neuroinflammation and immune system activation 
have been described as a cause as well as a consequence of the degenerative process. 
The results reported in chapter 4 regarding the positive genetic concordance between 
arachidonic acid blood levels and Parkinson’s disease point towards a causal (or 
susceptibility) factor. Still, if Parkinson’s disease is considered a syndrome rather than 
a disease, which is supported by the diversity of presentations and molecular causes202, 
neuroinflammation could have different roles depending on the specific etiology of 
the disease. Remarkably, we found gender differences in the brain lipid composition 
of both Parkinson’s disease patients and controls. Current data indicates that gender 
differences exist not only in Parkinson’s disease incidence and prevalence, but also in 
its clinical manifestation116,203. The lipid differences we detected may be related to the 
gender difference observed in the incidence, prevalence and manifestation of Parkinson’s 
disease, but more research is needed to better understand these possible relationships.

In order to obtain a more complete picture of the changes that occur in postmortem 
Parkinson’s disease brains, we performed a transcriptomic analysis of the samples also 
used for lipidomics (chapter 7). We observed 354 differentially expressed genes (DEGs) 
in the substantia nigra of Parkinson’s disease patients compared to controls, and 261 
DEGs in the putamen samples. The DEGs from the substantia nigra not only confirmed 
the current knowledge of the end-stage changes that occur in Parkinson’s disease (e.g., 
loss of dopaminergic neurons or protein folding defects), but also suggested other 
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potentially interesting pathways (e.g., glutamate receptor signaling, female pregnancy or 
inflammatory responses). The DEGs from the putamen pointed towards an imbalance in 
neurotransmitter levels, a dysfunction of transport and neuroinflammation. Interestingly, 
these transcriptomics results again support an important role for neuroinflammation (and 
gender) in Parkinson’s disease, corroborating the lipidomics results. We also identified 
33 genes that were differentially expressed in both brain regions. The substantia nigra 
contains the cellular bodies from dopaminergic neurons, while the putamen contains 
their axons and terminals, together with postsynaptic neurons. While soma and axons 
have distinct transcriptomes204 and degeneration patterns205, the DEGs common 
between the substantia nigra and the striatum may represent dysregulated pathways 
shared among various neuronal populations. Hence, although changes may occur in all 
neurons, dopaminergic neurons seem to be more susceptible to insults leading to their 
preferential degeneration, as briefly described in chapter 1. This hypothetical scenario 
should be further studied by transcriptomic analyses of various laser-microcaptured 
neuronal cell types from brains of Parkinson’s disease patients and controls, including 
single-cell or single-nucleus RNA sequencing analyses.

Although patient material is crucial for the study of a disease, brain samples from patients 
are mainly obtained postmortem, when the neurodegenerative process has already 
greatly advanced. Therefore, the observations yield end-point rather than mechanistic 
information. This could explain the differences between the lipidomic results found in 
SH-SY5Y cells treated with 6-OHDA (chapter 6) and human samples (chapter 7). 
Nevertheless, data from brain samples is crucial to obtain a more complete impression 
of Parkinson’s disease pathology.

Difficulties to study lipids

A recurrent topic discussed in most chapters (namely chapters 3, 4, 6 and 7) is the 
existing difficulties encountered when studying lipids. For instance, although the actual 
number of biologically relevant lipid species is at present unclear, the lipidome is known 
to be complex in that one of the largest lipid-only databases (i.e., LIPID MAPS Structure 
Database206) currently contains over 21,000 curated lipid species and in addition over 
21,000 computationally generated structures for lipid classes. Of these, more than 10,000 
lipid species may be present in an individual mammalian cell with highly specific spatial 
and temporal patterns of distribution207, and playing a role in a myriad of processes. 
Further difficulties include technical complications encountered when analyzing lipids, 
e.g., their insolubility, micelle formation and uncertain partitioning. Moreover, there 
is no single assay that can sample the entire lipidome, since lipids are present both 
in polar and non-polar phases of the extraction protocols, and different methods to 
apply lipids to mass spectrometry (e.g., electrospray ionization vs chromatography) 
yield different results208,209. Additionally, lipids within one class have a common head 
group and backbone, but aliphatic chains with different lengths, and varying degrees 
of unsaturation, location of double bonds (isomers) and potential branches make their 
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exact identification challenging due to their similarity in mass and charge210. Lastly, it is 
difficult to assess the effects of the treatment of cells with lipids, since they can modify 
membrane composition affecting their biophysical properties (e.g., curvature, thickness 
and elasticity) and/or their protein-binding ability211. Also metabolic interconversion 
of lipids, which occurs at differential speed and specificity, depending on cell type and 
differentiation state, may play a complicating role during cell culture, cell harvesting and 
sample preparation. Therefore, future improvements in various aspects of lipidomics 
technology are necessary to yield a more complete and reliable picture of the role of lipids 
in Parkinson’s disease.

Future perspectives

The findings of the studies described in this thesis highlight the central role that lipids 
play in multiple aspects of Parkinson’s disease (Chapters 3-7 and figure 2). My work 
is meant as a solid starting point for further research in the future to complement the 
results obtained. Our understanding of the multifaceted role of lipids in Parkinson’s 
disease is still in its infancy and - as a first step - it is fundamental to improve the 
detection and quantification methods, the approaches to modulate cellular lipids and our 
knowledge of the functions of specific lipid species, intracellularly, in circulation, in the 
brain and in the whole human body. Second, it would be interesting to perform GWAS 
studies on the lipidome of the CSF from the general population. This would allow us to 
determine the genetic correlation between Parkinson’s disease and lipid metabolism in a 
compartment more closely related to the brain than peripheral blood. Third, it is necessary 
to systematically study large cohorts of the general population to identify accurate 
diagnostic and prognostic markers. Fourth, further standardization of in vitro cell and 
tissue models for Parkinson’s disease is crucial to obtain reliable results concerning the 
molecular mechanisms leading to neurodegeneration and allow comparison with studies 
by others. Fifth, it is essential to thoroughly study the contribution of the peripheral 
system in Parkinson’s disease pathology, e.g., decipher the role of lipids in the interplay 
between the microbiome and neurodegeneration. Also the effects of lipids on the integral 
immune system in the brain of Parkinson’s disease patients should not be neglected. 
Only with such developments, the molecular mechanisms leading to Parkinson’s disease, 
and the role of lipids in particular, can be dissected with sufficient accuracy and detail 
to allow the identification of potential biomarkers and the design of disease-modifying 
treatments.
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Figure 2. Schematic representation of the experimental approaches and main fi ndings of the 
studies described in this thesis. The fi gure illustrates the various approaches used for the studies 
described in chapters 4 to 7 of this thesis with their respective outcomes and relevance for the role that 
lipids have in multiple aspects of Parkinson’s disease. BMP, bis(monoacylglycero)phosphate; HDL, 
high-density lipoprotein; PC, phosphatidylcholine; PG, phosphatidylglycerol; PI, phosphatidylinositol; 
PRS, polygenic risk score; PS, phosphatidylserine; PUFA, polyunsaturated fatty acids; REM, rapid eye 
movement; SM, sphingomyelin; TAG, triacylglycerol.
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Parkinson’s disease (PD) is the second most common neurodegenerative disorder, after 
Alzheimer’s disease. Age is one of the main risk factors to develop PD and since the world’s 
population is aging and there is no cure and a lack of disease-modifying treatments, better 
understanding of its etiology is urgently needed. Studies on familial mutations and/
or environmental triggers in various cellular and animal models have led to improved 
knowledge of the molecular mechanisms leading to PD and point towards defects in 
oxidative stress response, mitochondrial function, proteostasis and immune response, 
among others. Lipids, the least-studied biomolecules, modulate these molecular and 
cellular processes, but their involvement in PD has been scarcely investigated. Hence, 
the aim of this thesis was to explore the role of lipids in this devastating disease.

In Chapter 1 I provide an overview of our current knowledge of PD, including its 
epidemiology, clinical symptoms and diagnosis, etiology, pathophysiology and treatment. 

In Chapter 2 I review the use of the human neuroblastoma cell line SH-SY5Y as a 
cellular model, emphasizing the importance of the source of the cell lineage, the culture 
conditions, differentiation protocols, different methods and approaches used to mimic PD 
features in vitro, and the preclinical validation of findings. Due to its catecholaminergic 
neuronal phenotype and ease of maintenance, this cell line is the prime choice for many 
researchers exploring PD. Yet, a lack of standardization and interlaboratory differences 
in cell culture and analysis protocols have led to a substantial number of non-replicable 
results. Therefore, to acquire replicable results when using SH-SY5Y cells it is necessary 
to accurately report their characteristics, the origin of the lineage, passage number and 
the medium formulations used for cultivation.

In Chapter 3 I summarize the existing knowledge regarding the roles of multiple lipid 
classes in PD, namely of fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, 
sterols and lipoproteins. Overall, the available data is fragmented, inconsistent between 
studies and poorly standardized, complicating the extraction of meaningful conclusions. 
Nevertheless, the review illustrates the potential of the study of lipids in the context of 
PD, and sets a framework for the following chapters.

In Chapter 4 I study the genetic sharing and concordance between PD and blood lipid 
levels. We performed a so-called polygenic risk score-based analysis between a genome-
wide association study (GWAS) of PD and multiple GWASs analyzing the genetic 
component of blood levels of 370 lipid species and lipid-related molecules in the general 
population. We validated our findings on the basis of a second, larger GWAS of PD. 
Whereas a positive concordance was found between PD and the blood levels of three lipids 
(i.e., two polyunsaturated fatty acids - 20:3n3 or n6 and 20:4n6 - and sphingomyelin 
26:0), a negative concordance emerged between PD and the blood levels of five lipids 
(i.e., four triacylglycerols - TAG 44:1, 46:1, 46:2 and 48:0 - and phosphatidylcholine aa 
32:3). To our knowledge, this is the first study to describe a genetic link between PD and 
the regulation of (blood) lipid levels.
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In Chapter 5 I characterize the glycosylation and lipoprotein serum profiles of patients 
with isolated Rapid Eye Movement (REM) sleep behavior disorder (IRBD), which is a 
prodromal stage of synucleinopathies (i.e., PD and dementia with Lewy bodies (DLB)). 
Interestingly, we found that the size of high-density lipoproteins allow the distinction 
between IRBD patients who will progress to either PD or DLB. This is one of the first 
studies to analyze the differences between PD and DLB, often considered by clinicians as 
distinct manifestations of the same pathology. Since we identified molecular differences 
between both prodromal stages, this work opens the door to a change of paradigm, 
whereby PD and DLB are fully separated entities.

In Chapter 6 I analyze, in an unbiased way, the lipid changes that occur in a widely 
used cellular model for PD (i.e., SH-SY5Y cells treated with varying concentrations of the 
neurotoxin 6-hydroxydopamine, 6-OHDA). The treatment led to changes in multiple 
lipid classes, including phosphatidylcholine, phosphatidylglycerol, phosphatidylinositol, 
phosphatidylserine, sphingomyelin and total cholesterol as well as in lipid metabolism, 
which is reflected by differences in the length and degree of saturation of the fatty acyl chains. 
Remarkably, these results are in agreement with previous lipidomics analyses of brain 
samples from both PD patients and animal models. Nevertheless, translation of our results 
to PD will need further validation with additional pharmacological and/or genetic models.

In Chapter 7 not only the lipid but also the transcriptome changes that occur in the 
substantia nigra and the putamen, i.e., the main site of neurodegeneration and its 
projecting site, respectively, in brains of PD patients are documented. We observed changes 
in five lipid species in the substantia nigra (i.e., one bis(monoacylglycero)phosphate, 
one phosphatidylcholine, one phosphatidylethanolamine, one phosphatidylinositol and 
one phosphatidylserine species) and three in the putamen (i.e., one phosphatidylinositol 
and two sphingomyelin species). Moreover, we observed 354 differentially expressed 
genes (DEGs) in the substantia nigra of patients compared to controls, and 261 DEGs in 
the putamen samples. This is the first study that performed lipidomics as well as RNA 
sequencing analyses of the same samples from two brain areas. Both analyses revealed a 
role for neuroinflammation and gender in PD.

In Chapter 8 I discuss a number of topics dealt with in this thesis. I start by describing 
how lipids play a major role in most of the molecular mechanisms associated with PD. 
I continue by discussing the genetic association between PD and lipids, the use of lipids 
as biomarkers for PD, how lipids change in a cellular model for PD and the alterations in 
post-mortem PD brain samples. Next, I highlight the difficulties to study lipids and how 
these are hampering the understanding of the role of lipids in PD. Finally, I describe the 
future perspectives on the basis of the subject matters reported in this thesis. 

The findings documented in this thesis illustrate that the understanding of the multifaceted 
role of lipids in PD is still in its infancy. Concomitantly the results obtained also highlight the 
importance of this distinct class of molecules in multiple aspects of disease manifestation, 
thus forming a point of departure which may become crucial for future research.
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De ziekte van Parkinson (PD) is de tweede meest voorkomende neurodegeneratieve 
aandoening, na de ziekte van Alzheimer. Leeftijd is een van de belangrijkste risicofactoren 
voor de ontwikkeling van PD en aangezien de wereldbevolking vergrijst, er nog geen 
genezing mogelijk is, en er een gebrek bestaat aan ziektebelemmerende behandelingen, 
is een beter begrip van de etiologie van de ziekte dringend noodzakelijk. Studies van 
familiaire mutaties en/of omgevingsfactoren in verschillende cellulaire en diermodellen 
hebben geleid tot een betere kennis van de moleculaire mechanismen die leiden tot 
PD en resultaten daaruit wijzen op defecten in onder andere oxidatieve stressrespons, 
mitochondriële functie, proteostase en immuunrespons. Lipiden, de minst bestudeerde 
biomoleculen, moduleren deze moleculaire en cellulaire processen, maar hun 
betrokkenheid bij PD is nauwelijks onderzocht. Het doel van dit proefschrift was dan 
ook om de rol van lipiden bij deze bijzonder ernstige neurodegeneratieve aandoening te 
onderzoeken.

In Hoofdstuk 1 geef ik een overzicht van onze huidige kennis over PD, inclusief 
de epidemiologie, klinische symptomen en diagnose, etiologie, pathofysiologie en 
behandeling.

In Hoofdstuk 2 bespreek ik het gebruik van de neuroblastoom cellijn SH-SY5Y als 
cellulair model, met nadruk op het belang van de bron van de cellijn, de kweekcondities, 
differentiatieprotocollen, en de verschillende methoden en benaderingen die gebruikt 
worden om PD-kenmerken in vitro na te bootsen. Ook bespreek ik de preklinische 
validatie van de bevindingen. Door zijn catecholaminerge neuronale fenotype en het 
gemak waarmee deze cel in kweek is te houden, is deze cellijn de eerste keuze voor veel 
PD-onderzoekers. Toch hebben een gebrek aan standaardisatie en verschillen tussen 
laboratoria in het gebruik van celcultuur- en analyseprotocollen geleid tot een aanzienlijk 
aantal niet-reproduceerbare resultaten. Om reproduceerbare resultaten te verkrijgen bij 
het gebruik van SH-SY5Y-cellen is het daarom noodzakelijk om hun eigenschappen, de 
oorsprong van de cellijn, het aantal keren dat de cellen doorgekweekt zijn en de voor de 
kweek gebruikte mediumsamenstelling zorgvuldig te rapporteren.

In Hoofdstuk 3 vat ik de bestaande kennis samen over de rol van meerdere 
lipidenklassen in PD, namelijk die van acylvetzuren, glycerolipiden, glycerofosfolipiden, 
sfingolipiden, sterolen en lipoproteïnen. Over het algemeen zijn de beschikbare gegevens 
gefragmenteerd, inconsistent tussen studies en slecht gestandaardiseerd, wat het 
trekken van zinvolle conclusies bemoeilijkt. Desalniettemin illustreert het overizcht de 
mogelijkheden om lipiden te bestuderen in de context van PD, en vormt het een kader 
voor de volgende hoofdstukken.

In Hoofdstuk 4 bestudeer ik de genetische verdeling en concordantie tussen PD en 
lipideniveaus in bloed. We voerden een zogenaamde polygene risicoanalyse uit tussen 
een genoombrede associatiestudie (GWAS) van PD en meerdere GWASs die gericht 
waren op de genetische component van bloedspiegels van 370 lipidesoorten en lipide-
gerelateerde moleculen in de algemene populatie. We hebben onze bevindingen 
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gevalideerd op basis van een tweede, grotere GWAS van PD. Terwijl een positieve 
concordantie werd gevonden tussen PD en de bloedspiegels van drie lipiden. twee 
meervoudig onverzadigde vetzuren - 20:3n3 of n6 en 20:4n6 - en sfingomyeline 26:0), 
bleek er een negatieve concordantie te zijn tussen PD en de bloedspiegels van vijf lipiden 
(vier triacylglycerolen - TAG 44:1, 46:1, 46:2 en 48:0 - en fosfatidylcholine aa 32:3). 
Voor zover ons bekend, is dit de eerste studie die een genetisch verband beschrijft tussen 
PD en de regulering van (bloed)lipidenniveaus.

In Hoofdstuk 5 karakteriseer ik de glycosylerings- en lipoproteïneserumprofielen van 
patiënten met geïsoleerde Rapid Eye Movement (REM) slaapgedragstoornis (IRBD), 
een prodromale fase van synucleinopathieën (PD en dementie met Lewy bodies (DLB)). 
Interessant is dat we hebben vastgesteld dat de grootte van hoge-dichtheid lipoproteïnen 
het onderscheid mogelijk maakt tussen IRBD-patiënten bij wie zich uiteindelijk PD of 
DLB zal manifesteren. Dit is één van de eerste studies die de verschillen tussen PD en DLB 
heeft geanalyseerd, aandoeningen die door clinici vaak als verschillende manifestaties 
van dezelfde pathologie worden beschouwd. Aangezien we moleculaire verschillen 
tussen beide prodromale stadia geïdentificeerd hebben, opent deze studie de deur naar 
een verandering van paradigma, waarbij PD en DLB volledig gescheiden entiteiten zijn.

In Hoofdstuk 6 analyseer ik de lipideveranderingen die optreden in een veel-gebruikt 
cellulair model voor PD (SH-SY5Y cellen behandeld met wisselende concentraties van het 
neurotoxine 6-hydroxydopamine, 6-OHDA). De behandeling leidde tot veranderingen in 
meerdere lipideklassen, waaronder fosfatidylcholine, fosfatidylglycerol, fosfatidylinositol, 
fosfatidylserine, sfingomyline en totaal cholesterol, en in het lipidemetabolisme, wat 
bleek uit verschillen in de lengte en de mate van verzadiging van de vetzure acylketens. 
Opmerkelijk is dat deze resultaten overeenkomen met eerdere lipidoomeanalyses 
van hersenmonsters van zowel PD-patiënten als diermodellen. Desalniettemin zal 
de vertaling van onze resultaten naar PD verdere validatie vereisen met bijkomende 
farmacologische en/of genetische modellen.

In Hoofdstuk 7 worden niet alleen de lipiden-, maar ook de transcriptoomveranderingen 
die optreden in de substantia nigra en de putamen, de belangrijkste plaatsen van 
respectievelijk neurodegeneratie en de projectie daarvan, in de hersenen van PD-
patiënten vastgesteld. We hebben veranderingen waargenomen in vijf lipidensoorten 
in de substantia nigra (één bis(monoacylglycero)fosfaat, één fosfatidylcholine, één 
fosfatidylethanolamine, één fosfatidylinositol en één fosfatidylserinesoort) en drie in de 
putamen (één fosfatidylinositol en twee sfingomyelinesoorten). Bovendien hebben we 
354 verschillend tot expressie komende genen (DEGs) waargenomen in de substantia 
nigra van patiënten in vergelijking met controles, en 261 DEGs in de putamenmonsters. 
Dit is de eerste studie waarbij zowel lipidomics als RNA sequencing analyses van dezelfde 
monsters uit twee hersengebieden is uitgevoerd. Beide analyses toonden een rol aan voor 
neuroinflammatie en gender bij PD.

In Hoofdstuk 8 bespreek ik de inhoud van dit proefschrift. Ik begin met het beschrijven 
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van hoe lipiden een belangrijke rol spelen in de meeste moleculaire mechanismen 
die geassocieerd worden met PD. Ik ga verder met het bespreken van de genetische 
associatie tussen PD en lipiden, het gebruik van lipiden als biomarkers voor PD, hoe 
lipiden veranderen in een cellulair model voor PD en de veranderingen in menselijke 
postmortale hersenmonsters. Vervolgens belicht ik de moeilijkheden om lipiden te 
bestuderen en hoe deze het begrip van de rol van lipiden in PD in de weg staan. Tot 
slot beschrijf ik de toekomstperspectieven die samenhangen met de inhoud van dit 
proefschrift. 

De bevindingen gedocumenteerd in dit proefschrift illustreren dat het begrip van de 
veelzijdige rol van lipiden bij PD nog in de kinderschoenen staat. Tegelijkertijd tonen de 
verkregen resultaten echter ook aan dat deze specifieke klasse van moleculen van belang 
kan zijn bij meerdere aspecten van ziektemanifestatie, en vormen ze dus een ideale basis 
en vertrekpunt voor toekomstig onderzoek.
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La malaltia de Pàrkinson és el segon trastorn neurodegeneratiu més freqüent, després 
de la malaltia d’Alzheimer. L’edat és un dels principals factors de risc per a desenvolupar 
la malaltia de Pàrkinson, i com que la població mundial està envellint i no hi ha cura 
ni tractaments per a modificar-ne el curs, és urgent entendre’n millor la seva etiologia. 
Els estudis realitzats emprant mutacions familiars i/o desencadenants ambientals en 
diversos models cel·lulars i animals han portat a un millor coneixement dels mecanismes 
moleculars que porten a la malaltia de Pàrkinson, els quals inclouen defectes en la resposta 
a estrès oxidatiu, la funció mitocondrial, la proteostasis i la resposta immunitària, 
entre d’altres. Els lípids, que són biomolècules poc estudiades, modulen tots aquests 
processos moleculars i cel·lulars, però el seu paper en la malaltia de Pàrkinson ha estat 
poc investigat. Per tant, l’objectiu d’aquesta tesi ha estat explorar el paper dels lípids en 
aquesta malaltia devastadora.

En el capítol 1 proporciono una visió general del nostre coneixement actual sobre la 
malaltia de Pàrkinson, incloent la seva epidemiologia, símptomes i diagnòstic clínic, 
etiologia, fisiopatologia i tractament.

En el capítol 2 reviso l’ús de la línia SH-SY5Y de neuroblastoma humà com a model 
cel·lular, emfasitzant la importància de la font del llinatge cel·lular, les condicions de 
cultiu, els protocols de diferenciació, els diferents mètodes que s’utilitzen per imitar 
les característiques de la malaltia de Pàrkinson in vitro i la validació preclínica de 
les troballes. Degut al seu fenotip neuronal catecolaminèrgic i a la seva facilitat de 
manteniment, aquesta línia cel·lular és l’elecció principal per a molts investigadors que 
exploren la malaltia de Pàrkinson. No obstant això, la manca d’estandardització i les 
diferències entre laboratoris en el cultiu cel·lular i els protocols d’anàlisi han donat lloc 
a un nombre substancial de resultats no reproduïbles. Per tant, per obtenir resultats 
reproduïbles quan s’utilitzen cèl·lules SH-SY5Y és necessari informar amb precisió de les 
seves característiques, l’origen del llinatge, el número de passatge i les formulacions dels 
medis utilitzats per al cultiu.

En el capítol 3 resumeixo els coneixements existents sobre el paper de diverses 
classes de lípids (àcids grassos, glicerolípids, glicerofosfolípids, esfingolípids, esterols 
i lipoproteïnes) en la malaltia de Pàrkinson. En general, les dades disponibles són 
fragmentades, inconsistents entre els estudis i mal estandarditzades, cosa que complica 
l’extracció de conclusions significatives. No obstant això, la revisió il·lustra el potencial 
de l’estudi dels lípids en el context de la malaltia de Pàrkinson i estableix un marc per als 
capítols següents.

En el capítol 4 estudio el solapament i la concordança genètica entre la malaltia de 
Pàrkinson i els nivells de lípids en sang. Hem realitzat una anàlisi basada en la puntuació 
del risc poligènic entre un estudi d’associació del genoma complet (GWAS, de l’anglès 
Genome Wide Association Study) de la malaltia de Pàrkinson i múltiples GWAS que 
analitzen el component genètic dels nivells de sang de 370 espècies de lípids i molècules 
relacionades amb els lípids en la població general. Les troballes d’aquesta primera anàlisi 
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s’han validat amb un segon GWAS més gran de la malaltia de Pàrkinson. Els resultats 
mostren una concordança positiva entre la malaltia de Pàrkinson i els nivells sanguinis 
de tres lípids (dos àcids grassos poliinsaturats - 20: 3n3 o n6 i 20: 4n6 - i esfingomielina 
26: 0), i una concordança negativa entre la malaltia de Pàrkinson i els nivells sanguinis 
de cinc lípids (quatre triacilglicerols - TAG 44: 1, 46: 1, 46: 2 i 48: 0 - i fosfatidilcolina 
aa 32: 3). Segons el que sabem, aquest és el primer estudi que descriu un vincle genètic 
entre la malaltia de Pàrkinson i la regulació dels nivells de lípids en sang.

En el capítol 5 caracteritzo els perfils sèrics de glicosilació i lipoproteïnes de pacients 
amb trastorn aïllat de comportament del moviment ràpid dels ulls (REM de l’anglès 
Rapid Eye Movement) del son (IRBD, de l’anglès Isolated REM sleep Behaviour 
Disorder), que és un estadi prodròmic de sinucleïnopaties (més concretament de la 
malaltia de Pàrkinson i la demència amb cossos Lewy (DLB de l’anglès Dementia with 
Lewy Bodies)). Hem trobat que la mida de lipoproteïnes d’alta densitat permet distingir 
entre pacients amb IRBD que desenvoluparan la malaltia de Pàrkinson o DLB. Aquest és 
un dels primers estudis en analitzar les diferències entre la malaltia de Pàrkinson i DLB, 
sovint considerades pels clínics com a manifestacions diferents de la mateixa patologia. 
La identificació de diferències moleculars entre ambdues etapes prodromals obre la 
porta a un canvi de paradigma, pel qual la malaltia de Pàrkinson i la DLB serien entitats 
separades.

En el capítol 6 analitzo, de forma imparcial, els canvis del perfil lipídic que es 
produeixen en un model cel·lular molt utilitzat en l’estudi de la malaltia de Pàrkinson: 
les cèl·lules SH-SY5Y tractades amb diferents concentracions de la neurotoxina 
6-hidroxidopamina (6-OHDA). El tractament comporta canvis en múltiples classes de 
lípids, incloent-hi fosfatidilcolines, fosfatidilglicerols, fosfatidilinositols, fosfatidilserines, 
esfingomielines i el colesterol total, així com en el metabolisme dels lípids, cosa que es 
reflecteix en diferències en la longitud i el grau de saturació de les cadenes acils grasses. 
Remarcablement, aquests resultats concorden amb anàlisis anteriors del perfil lipídic de 
mostres cerebrals tant de pacients amb la malaltia de Pàrkinson com de models animals. 
No obstant això, la traducció dels nostres resultats a la malaltia de Pàrkinson necessitarà 
validació amb models farmacològics i/o genètics addicionals.

En el capítol 7 documento no només els canvis del perfil lipídic, sinó també els canvis 
transcripcionals que es produeixen en la substància nigra i el putamen, és a dir, el lloc 
principal de neurodegeneració i la seva àrea de projecció, respectivament, en cervells 
de pacients amb la malaltia de Pàrkinson. Hem observat canvis en cinc espècies de 
lípids a la substància nigra (un bis(monoacilglicer)fosfat, una fosfatidilcolina, una 
fosfatidiletanolamina, un fosfatidilinositol i una fosfatidilserina) i tres espècies al 
putamen (un fosfatidilinositol i dues espècies d’esfingomielina). A més, hem observat 
354 gens expressats de manera diferent en la substància nigra de pacients en comparació 
amb els controls i 261 en les mostres de putamen. Aquest és el primer estudi en realitzar 
lipidòmica, així com anàlisis de seqüenciació d’ARN, de dues àrees cerebrals dels 
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mateixos individus. Els dos anàlisis revelen un paper de la neuroinflamació i el gènere en 
la malaltia de Pàrkinson.

En el capítol 8 discuteixo diversos temes tractats en aquesta tesi. Començo per descriure 
com els lípids tenen un paper important en la majoria dels mecanismes moleculars 
associats a la malaltia de Pàrkinson. Continuo comentant l’associació genètica entre la 
malaltia de Pàrkinson i els lípids, l’ús de lípids com biomarcadors per a la malaltia de 
Pàrkinson, com canvien els lípids en un model cel·lular per a la malaltia de Pàrkinson i les 
alteracions en mostres cerebrals de la malaltia de Pàrkinson post-mortem. A continuació, 
destaco les dificultats per estudiar els lípids i com aquestes compliquen la comprensió del 
paper dels lípids en la malaltia de Pàrkinson. Finalment, descric les perspectives de futur 
a partir dels resultats obtinguts en aquesta tesi.

Les troballes documentades en aquesta tesi il·lustren que la comprensió del paper 
polifacètic dels lípids en la malaltia de Pàrkinson encara està a la seva infància. 
Paral·lelament, els resultats obtinguts també posen de manifest la importància d’aquesta 
classe de molècules en diversos aspectes de la manifestació de la malaltia, creant així un 
punt de partida que pot esdevenir crucial per a futures investigacions.



Curriculum vitae

235



236

Helena Xicoy Cortada (1991) finished her four-year Bachelor’s programme in Human 
Biology at Universitat Pompeu Fabra (Barcelona, Spain) in 2013. Next, she moved to 
the Netherlands and joined the “Molecular Mechanisms of Disease” research Master at 
Radboud University Nijmegen, supported by a Radboudumc study fund scholarship. 
During this Master’s program she did two internships, which formed a basis for the topic 
of this thesis. The first internship was performed at the Department of Molecular Animal 
Physiology, Radboud University, Nijmegen, working on the pathways underlying spora-
dic Parkinson’s disease and the effect of exercise on the MPTP Parkinson disease mouse 
model. The second internship was done at the Center for Neurodegeneration Research, 
Harvard Medical School, Boston, MA, USA, working on a high-throughput screening 
for the identification of therapeutic agents that rescue human LRRK2 mutant neural cell 
phenotypes. After graduating cum laude in 2015, she wrote a PhD proposal for an open 
Radboudumc competition and was awarded with an internal stipend for a 4-year’s PhD 
trajectory. Supported by this funding she started her studies for this thesis in a joint 
project embedded in the departments of Cell Biology (Radboudumc, Nijmegen) and Mo-
lecular Animal Physiology (Radboud University, Nijmegen). The last year of the PhD 
program was spent at the Department of Neurodegenerative Diseases at the Vall d’He-
bron Research Institute, Barcelona, Spain. During her PhD program, she participated 
in the organization of the 1st European PhD and Postdoc symposium “Breaking Down 
Complexity: Innovative Models and Techniques in Biomedicine”, within the ENABLE 
initiative (https://enablenetwork.eu/). The results of all activities during her PhD period 
are presented in this thesis.



List of publications

237



238

Baekelandt V, Lobbestael E, Xicoy H and Martens GJM. Editorial: The Role of Lipids in 
the Pathogenesis of Parkinson’s Disease. Front. Neurosci. 2020;14:250.

Xicoy H, Brouwers JF, Kalnytska O, Wieringa B, Martens GJM. Lipid Analysis of the 
6-Hydroxydopamine-Treated SH-SY5Y Cell Model for Parkinson’s Disease. Mol Neuro-
biol. 2020 Feb;57(2):848-859.

Xicoy H, Peñuelas N, Vila M, Laguna A. Autophagic- and Lysosomal-Related Biomar-
kers for Parkinson’s Disease: Lights and Shadows. Cells. 2019 Oct 25;8(11).

Xicoy H, Wieringa B, Martens GJM. The Role of Lipids in Parkinson’s Disease. Cells. 
2019 Jan 7;8(1).

Klemann CJHM, Xicoy H, Poelmans G, Bloem BR, Martens GJM, Visser J. Physical 
Exercise Modulates L-DOPA-Regulated Molecular Pathways in the MPTP Mouse Model 
of Parkinson’s Disease. Mol Neurobiol. 2018 Jul;55(7):5639-5657.

Xicoy H, Wieringa B, Martens GJ. The SH-SY5Y cell line in Parkinson’s disease re-
search: a systematic review. Mol Neurodegener. 2017 Jan 24;12(1):10. 

*Publications resulting from the ENABLE initiative:

Di Mauro G, Dondi A, Giangreco G, Hogrebe A, Louer E, Magistrati E, Mullari M, Turon 
G, Verdurmen W, Xicoy Cortada H, Zivanovic S. ENABLE 2017, the First European 
PhD and Post-Doc Symposium. Session 1: Building the Foundations of Biology: Synthe-
tic and Cellular Research. Biomolecules. 2018 Jul 6;8(3).

Di Mauro G, Dondi A, Giangreco G, Hogrebe A, Louer E, Magistrati E, Mullari M, Turon 
G, Verdurmen W, Xicoy Cortada H, Zivanovic S. ENABLE 2017, the First European 
PhD and Post-Doc Symposium. Session 2: The OMICS Revolution. Biomolecules. 2018 
Oct 17;8(4).

Di Mauro G, Dondi A, Giangreco G, Hogrebe A, Louer E, Magistrati E, Mullari M, Turon 
G, Verdurmen W, Cortada HX, Zivanovic S. ENABLE 2017, the First EUROPEAN 
PhD and Post-Doc Symposium. Session 3: In Vitro to In Vivo: Modeling Life in 3D. J 
Pers Med. 2018 May 22;8(2). pii: E20.

Di Mauro G, Dondi A, Giangreco G, Hogrebe A, Louer E, Magistrati E, Mullari M, Turon 
G, Verdurmen W, Xicoy Cortada H, Zivanovic S. ENABLE 2017, the First EURO-
PEAN PhD and Post-Doc Symposium. Session 4: From Discovery to Cure: The Future 
of Therapeutics. Med Sci (Basel). 2018 May 28;6(2). pii: E42.



Portfolio

239



240

Name PhD student: H Xicoy PhD period: 21-10-2015 until 
09-01-2020

Department: Cell Biology Promotor(s): Prof. Dr. B Wieringa, 
GJM Martens

Graduate school: Radboud Institute for 
Molecular Life Sciences

Co-promotor(s):

TRAINING ACTIVITES Year(s) ECTS

a) Courses & Workshops
- Introduction day Radboudumc
- RIMLS course “In the lead”
- RIMLS technical forums
- Journal club
- RIMLS integrity workshop

2015
2016

2015-2016
2015-2019

2019

0.5
1.0
0.5
8.0
0.5

b) Seminars & Lectures
- Radboud Research Rounds
- Theme meeting(s), seminars etc
- VHIR research rounds

2015-2016
2015-2019
2018-2019

1.0
16.0
1.0

c) (Inter)national Symposia & Congresses
- PhD retreat *
- Dutch neuroscience Meeting *
- FENS forum *
- The organoid revolution: organs in a dish
- Radboud Frontiers
- IRB PhD retreat
- Radboud Frontiers
- ENABLE meeting
- ENBLE meeting *
- PhD retreat #

2016
2016
2016
2016
2016
2016
2017
2017
2018
2019

1.0
1.0
2.0
0.5
1.0
1.0
1.0
1.0
1.5
1.0

d) Other
- Organize the 1st ENABLE Meeting
- Peer Review Scientific Papers 
- FENS SfN Summer School *

2016-2017
2015-2018

2018

5.0
0.5
2.5

TEACHING ACTIVITES Year(s) ECTS

e) Lecturing
- Assistance on seminars (Course: Neurodevelopment) 2015-2017 1.5

f) Other
- Supervision of Master student
- Supervision of Bachelor student

2016
2016-2017

2.0
3.0

TOTAL 54

Oral and poster presentations are indicated with a * and # after the name of the activity, respectively



FAIR principles

241



242

The primary and secondary data obtained during my PhD at the Radboud University 
Medical Center (Radboudumc) have been eithercaptured and stored on Labguru and/or 
stored in a hard-drive belonging to the department of Cell Biology. Published data gene-
rated or analyzed in this thesis are part of open access published articles and its additio-
nal files are available from the associated corresponding authors on request. The RNA-
seq data mentioned in Chapter 7 will be available in GEO after publication. All protocols 
are described in detail in each chapter. To ensure interpretability and reusability of the 
data, all filenames, primary and secondary data, metadata, descriptive files and program 
code and scripts used to provide the final results are documented along with the data.



Acknowledgements

243



244

I would like to dedicate these last pages of my thesis to the people whose support and 
contributions made it possible.

Dear Gerard, my promotor, I would like to thank you for welcoming me to Molecular 
Animal Physiology when I started my Master’s degree, trusting me for the PhD period 
and following my evolution through the years. I would also like to thank you not only for 
the knowledge and support you gave me on the academic aspects of my thesis, but also 
for being understanding during the difficult times that I went through during my PhD 
period.

Dear Bé, my promotor, thank you for allowing me to be part of Cell Biology when my 
project was out of the scope of the group, and making sure that I had proper counseling 
and guidance. Although you officially retired during my PhD period, you were always 
there when I needed your opinion and support, being also thoroughly understanding.

Dear Miquel, my PI while I was in Barcelona, thank you for sharing your knowledge and 
opinions, and for letting me be part of your research group in the last year of my PhD 
period.

Dear Ari, my supervisor in Barcelona, thank you for all the knowledge, encouragement, 
availability and dedication you had towards me, and also the ones you have towards 
science (and life) in general. I think you are an example of a woman (scientist) worth 
admiring.

This thesis would not have been possible without the many collaborators that I had. 
I would like to thank the members of Drug Target ID, Geert and Ward, for their time 
and scientific input. I would specially like to thank Koen since he was my first Master’s 
internship supervisor, he helped with my PhD project grant design and writing, and he 
has followed my progress and encouraged me during the last 6 years. I would also like to 
thank Jos for performing all the lipidomic analyses and sharing his knowledge on lipids, 
a topic that was almost unknown to me before I started this project.

Next, I would like to thank Prof. Dr. Fred C.G.J. Sweep, Dr. Ir. Marcel M. Verbeek, and 
Prof. Dr. Elly M. Hol, as members of the manuscript committee for their time and interest 
in being part of this committee.

Dear Alex and Jordi, my paranymphs and friends, thank you for all your support and 
always being there, no matter where I was living. Thank you for all the Friday afternoons 
at Aesculaaf, the dinners, board game nights, parties, escape rooms, theme park days 
out, and the countless experiences that we have shared, and I hope we will continue to 
share after my graduation.

I would also like to thank the people from the Molecular Animal Physiology department, 
because although I did not spend that much time there, they were key for this thesis, and 
contributed to having a nice work environment. I would like to thank Jolien, Nick, Kim, 



245

Dorien, Astrid, Laura, Sharon, and probably some people that I am forgetting right now. 
A special mention should be done to the two students that I supervised and contributed 
to this thesis and to whom I would like to thank their time and dedication, Oleksandra 
and Raquel.

Similarly, I would like to thank the people from the Cell Biology department for making 
me feel part of the group and discussing the progress of my thesis although my topic was 
completely different to theirs. I would like to thank Laurène, Leontien, Remco, Marieke, 
Rick, Wiljan, Huib, Paola, Koen, Ben and Alessandra.

Although it has been only a year, I would like to thank Jordi Romero, Jordi Riera and 
Marta Montpeyó for making this last year special: the chocolate, the talks at the bench 
and the laughs we have shared. I am really glad of having had the opportunity to meet 
you, because you are now friends rather than just co-workers. I would also like to thank 
Marta Montpeyó and Irene for making possible the design of the cover that I had in 
mind, by taking the picture and editing it. Moreover, I would also like to thank all the 
other people from the Neurodegenerative disease research group in Barcelona, Thais, 
Júlia, Alba Nicolau, Núria, Jordi Galiano, Albert, Anabelle, Camille, Sara, Alba Navarro, 
Marta González, Marta Martínez, Jordi Bové and Jorge, for making me feel part of such 
a wonderful group of people. Moltes gràcies.

My thesis is just a step from a journey that started a long time ago, and which would 
have never been possible without my family: my mum, Anna, my dad, Lluís, my brother, 
Ignasi, and my sister, Mireia. Thank you for always supporting not only my academic, 
but also my personal development. Thank you for always being there, no matter where I 
was physically. Encara que hagi estat lluny molt temps, aquesta tesi té un trosset de cada 
un de vosaltres, perquè sempre heu estat al meu costat.

Last but not least, although this thesis is an academic project, my friends from outside 
the lab helped me go through these four intense years. There have been many people, 
both from the Netherlands, and from Barcelona, that have made my PhD trajectory a 
unique and beautiful moment of my life. Mireia, who was my inseparable companion 
while we did the Master’s degree, and also during part of my PhD period, thank you 
for the fun we had every time we got together, no matter what we did. Galuh, Lonneke, 
Erwin and many other people thank you for making my stay in Nijmegen easier, and 
making me feel almost at home in a different country. Anna, Arnau, Sara, Adrià, and 
Marc, thank you for welcoming me back to Barcelona, spending countless evenings at 
“Ramon” and getting the best out of me. Clara, Isabel and Sílvia, my friends from uni, 
thank you for your support and helping me grow as a person throughout all the years we 
have known each other. Júlia, Judit, Marina, Fusté, Vilaseca, Ramon, Jofre, Eva, Forroll, 
Isma, Llorenç, Martí, Horaci, Marcel & co, thank you for the great moments shared in 
Gràcia and for demonstrating the beauty of friendship between very different people. 
Santi, thank you for guiding me through the discovery of scuba diving. Judit, Txell, Eva, 



246

Juanjo, Leire, Lali and many more people, thank you for welcoming me to the big family 
and wonderful project that is Progrés (au, au, auu!). I could keep on writing about all 
these wonderful people (and more that I am probably forgetting), but I don’t think that 
words will ever reflect how much I love each and every one of them, and how important 
they have been for this thesis. Encara que moltes no en sigueu conscients, heu estat un 
pilar fonamental d’aquesta tesi. Moltes gràcies a totes.






