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Abstract: Parkinson’s disease (PD) is a highly prevalent neurodegenerative movement disorder with
an unclear etiology and a lack of definite diagnostic tests and effective treatments. About 95% of PD
cases are idiopathic, in which none of the well-known genes underlying familial parkinsonism are
mutated. We used untargeted liquid chromatography-mass spectrometry (LC-MS/MS) to profile the
serum lipidome of 50 patients with different stages of idiopathic PD (early, mid, or advanced) and
45 age-matched controls. When comparing the PD patients to the control subjects, 169 lipids were
significantly altered in both a univariate analysis and a multivariate partial least-squares discriminant
analysis (PLS-DA). Compared to the controls, the patients with PD had higher levels of unsaturated
triacylglycerides (e.g., TG O-56:9 and TG 52:3), saturated lysophosphatidylcholines (LPC 17:0, 16:0,
and 15:0), and hydroxyeicosatetraenoic acid (12-HETE), while lower levels of phosphatidylserines
(e.g., PS40:4 and PS 16:0_22:4), sphingomyelins (SM 42:1), and ceramides (e.g., Cer 40:0 and 42:0) were
found between the PD patients and the controls. A panel of 10 significantly altered lipids (PS 40:0,
Cer 40:0, Cer 42:0, LPC 17:0, LPC 15:0, PC 37:7, PE O-40:8, PC O-42:4, FA 23:0, and SM 42:1) resulted
in a strong receiver operating characteristic curve with an AUC = 0.974. This panel may, therefore, be
useful for diagnosing PD. In addition, lipid panels may prove useful for distinguishing among the
progression stages of PD. Using one-way ANOVA, 155 lipid species were significantly altered among
the PD stages. Parkinson’s disease progressed from the early to advanced stages with decreasing
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dopaminergic neurons in the nigrostriatal pathway [3]. Besides motor symptoms (e.g.,
:)4

tremors, rigidity, and bradykinesia), patients with PD experience a variety of non-motor
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The majority of PD cases are idiopathic [1]. The lack of specific diagnostic tests con-
tinues to challenge the accurate diagnosis of PD. The clinical symptoms of PD are not
PD-specific and overlap with other neuropathological disorders, which complicates differ-
ential and timely diagnoses [6,7]. Current diagnoses depend mainly on the medical history,
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a physical examination, and the response to dopaminergic treatments [1]. Moreover, the
current treatments are only symptomatic to improve motor and non-motor functions, and no
disease-specific therapeutics are currently available [1]. Therefore, there is an urgent need to
identify potential diagnostic biomarkers for PD and provide better insights into the underly-
ing disease mechanism(s). This will enhance the current understanding of the pathogenesis
of PD and its stages, and aid in the development of disease-modifying therapeutics.

Lipids have diverse roles in brain function, such as influencing the flexibility and
structural arrangement of synaptic membranes as well as regulating the activity of proteins
involved in cellular signaling dynamics [8]. In PD, various lipid species are involved in
biological processes linked to the disease, including the aggregation potential of protein
a-synuclein [9] and mitochondrial functional processes [10]. Additionally, mutations in
lipid-producing enzymes have been linked to PD [11]. Recently, the dysregulation of lipid
homeostasis in the serum and the cerebrospinal fluid (CSF) has been reported to contribute
to the development and progression of PD [12].

Lipidomics identifies and quantifies many lipid species across diverse lipid classes,
highlighting the alterations in lipid metabolism and lipid-mediated signaling processes [13].
Lipids are directly susceptible to biochemical changes associated with environmental
disturbances, pathological processes, or drug treatments. Lipidomics has been applied to
study different neurodegenerative disorders, such as multiple sclerosis and Alzheimer’s
disease (AD) [14,15]. In PD, different lipidomic platforms use the CSF, serum, plasma, or
brain tissue to identify potential markers for the disease, differentiate between PD and
AD patients and patients with dementia, and investigate genetic mutations associated
with the disease [12,16-18]. One study used NMR-based lipidomics to identify PD-stage-
specific lipoprotein-lipid signatures in the plasma [16]. These studies revealed a strong
correlation between PD and abnormalities in lipid metabolism and the contribution of
various subclasses of fatty acyls (saturated and unsaturated fatty acids, a number of
eicosanoids, and acylcarnitine), glycerolipids, glycerophospholipids, sphingolipids, sterols,
and lipoproteins in PD pathogenesis. Here, we acquired data on serum lipidomic changes
using untargeted LC-MS/MS to examine the differences between patients with PD and
healthy controls, as well as lipid changes that can inform about disease progression and PD
disease severity.

2. Materials and Methods
2.1. Subjects and Selection Criteria

Ethical approval was obtained from the institutional review board of the Jordan
University of Science and Technology (ref.: 26/143/2021, date: 07.09.2021). All participants
(patients and controls) provided informed consent before participating in the study.

Patients with idiopathic PD (n = 50) were enrolled from public and private neurological
clinics and were diagnosed with idiopathic PD by registered neurologists. Healthy controls
(n = 45) with no clinical evidence of PD or other movement or neurodegenerative disorders
were recruited from the local community. Patients with PD that were on medication and
without a history of deep brain stimulation were selected [19]. The exclusion criteria
included: (i) patients with chronic conditions such as cancer, heart disease, kidney disease,
infectious diseases, or nephritis; (ii) patients with neurological disorders, a neurosurgery,
a head trauma, dementia, Alzheimer’s disease, or other mental illnesses; (iii) patients with
secondary Parkinson’s disease; and (iv) patients on medication different than dopamine
analogs or dopamine receptor agonists, such as statins. The patients were classified into
three clinical subgroups based on the Hoehn and Yahr staging criteria [20] after a subjective
assessment by the examining physician: an early group (H&Y stages I and II) (n = 28),
a mid group (H&Y stage III) (n = 14), and an advanced group (H&Y stages IV and V) (1 = 8).
Patients with seizures and/or metal brain implants were excluded from this study. The
healthy controls and patients with PD, as well as patients in the different PD groups, were
matched for age, gender, body mass index (BMI), and ethnic origin (Tables 1 and 2).
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Table 1. Demographic data for recruited controls and patients with PD.
PD (n = 50) Control (n = 45)
Demographic and Clinical Characteristics
Mean SD Mean SD p-Value ?

Age (years) 64.2 133 59.4 10.4 0.06

Gender (F/M) @ 19/31 NA 23/22 NA 0.20

BMI (kg/m?) 28.3 5.2 29.9 44 0.10
Systolic blood pressure (mmHg) 131.6 16.4 NA NA
Diastolic blood pressure (mmHg) 84.2 6.8 NA NA
Duration of PD (years) 9.8 7.2 NA NA
Total cholesterol (mmol/L) 5.18 0.53 NA NA
HDL cholesterol (mmol/L) 1.28 0.25 NA NA
LDL cholesterol (mmol /L) 3.45 0.90 NA NA

PD: Parkinson’s disease; F/M: female and male; BMI: body mass index. ? Presented as the number of subjects

in each group. Values are presented as mean + SD. P p-value using Student’s t-test for age and BMI, and a
chi-squared test for gender.

Table 2. Demographic data for recruited patients with PD at early, mid, and advanced stages.

Demographic and PD—Early PD—Mid PD—Advanced Value b
Clinical Characteristics (n=28) (n=14) (n=28) p-vatue
Age (years) 639 +12.1 68.7 +13.3 575+158 0.07
Gender (F/M) 2 10/18 6/8 3/5 0.12
BMI (kg/m?) 282+ 64 28.5+2.38 28.3+34 0.19

PD: Parkinson’s disease; F/M: female and male; BMI: body mass index. ® Presented as the number of subjects in

each group. Values are presented as mean + SD.  p-value using a one-way ANOVA test for age and BMI, and a
chi-squared test for gender.

2.2. Lipid Extraction from Blood Serum

Volumes of 5 mL of blood were collected in plain vacuum blood collection tubes
without additives and allowed to clot at room temperature for 30 min. Serum samples were
obtained by centrifugation at 1500 x g for 10 min and then stored as aliquots for analysis at
—80 °C. After thawing, 345 puL of cold LC-MS methanol (Fisher Scientific, Hampton, NH,
USA) was added to 35 pL of serum, followed by adding 172.5 uL of HPLC chloroform
(Fisher Scientific, USA), shaking for 30 s, adding 88 pL of LC-MS water (Fisher Scientific,
USA), and then shaking again for 30 s. Equal volumes of chloroform and water were added
(172.5 uL), followed by centrifugation at 10,000 rpm for 5 min. From the lower separated
organic phase, 250 uL was placed into an Eppendorf tube. All samples were dried using
a vacuum centrifugal evaporator (Eppendorf, Hamburg, Germany) and stored at —80 °C
until further lipidomics analysis.

2.3. Untargeted Lipid Profiling Using Reversed-Phase Liquid Chromatography Coupled with
Quadrupole Time-Of-Flight Mass Spectrometry

Dried samples were resuspended in 110 pL of a lipidomics resuspension solution
containing 75 internal standards, which included the Avanti UltimateSPLASH™ ONE
internal standards kit in addition to several in-house internal standards. The samples
were vortexed, sonicated for 5 min, centrifuged at 16,100 x g for 2 min, and finally, two
volumes, each 33 uL, were transferred into two HPLC vials with 200 uL inserts for a
separate LC-MS analysis of each polarity mode. Lipid profiling was performed using an
Agilent 6530 and Agilent 6550 QTOF MS for the positive and negative mode, respectively.
Injected lipid extracts (1.67 and 5 pL for the positive and negative mode, respectively) were
separated using a Waters Acquity Premier BEH C18 (1.7 um, 2.1 x 50 mm) column with
the temperature maintained at 65 °C and a flow rate of 0.8 mL/min. The mobile phase
for the positive mode was composed of 60:40 v/v acetonitrile (ACN):water with 10 mM
ammonium formate and 0.1% formic acid as solvent A and 90:10 v/v isopropanol: ACN
with 10 mM ammonium formate and 0.1% formic acid as solvent B. For the negative mode,
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60:40 v/v ACN:water with 10 mM ammonium acetate was used as solvent A and 90:10 v/v
isopropanol: ACN with 10 mM ammonium acetate was used as solvent B. The following
gradient was used: 0 min, 15% (B); 0.75 min, 30% (B); 0.98 min, 48% (B); 4.00 min, 82% (B);
4.13 min, 99% (B); 4.50 min, 99% (B); 4.58 min, 15% (B); and 5.50 min, 15% (B).

Data were acquired in the data-dependent acquisition (DDA) mode (10 spectra/s)
with the following MS parameters: ESI capillary voltage, +3.5 kV and —3.5 kV; collision
energy, 25 eV and 25 eV; and MS1 scan range, 120-1700 Da and 60-1700 Da for the positive
and negative mode, respectively. Masshunter 10.1 was used for the data acquisition.

A pooled quality control (QC) sample was prepared by mixing 33 uL of each resus-
pended sample to assess the performance of the LC-MS instrument. The QC samples were
injected every 10 samples and the coefficient of variability (CV) was calculated for all mass
ions to ascertain the system suitability and stability.

2.4. Data Processing and Lipid Identification

The raw LC-MS data were processed, for peak picking and alignment, and annotated
using the freely available software MS-DIAL, version 4.92 [21]. Thereafter, the data were
curated for blank reduction, duplicate and isotope deletion, and finally, adduct combining.

2.5. Statistical Analysis (Multivariate and Univariate Analyses)

For the multivariate analysis, the processed datasets (mass ion (Rt, m/z)) pairs with
their normalized peak height were imported to Simca P + 14 (Sartorius Stedim Data An-
alytics AB, Umea, Sweden), mean-centered, and pareto-scaled. A partial least-squares
discriminative analysis (PLS-DA) was performed to examine group separation and clus-
tering. The PLS-DA model was validated using cross-validation (leave-one-out method
(1 out of 7)) to evaluate the robustness of the generated models by monitoring the fitness
of the model using the R2Y value (which indicates the value of the variability in the data
explained by the generated model) and the predictive ability of the model using the Q2
value. High R2Y values (close to one) and Q2 values >0.5 reflect robust models. The
PLS-DA model was also validated using a permutation test (999 permutations). A variable
importance in the projection (VIP) >1 was used to extract the important altered lipids in the
PLS-DA model [22,23].

For the univariate analysis, heat maps, volcano plots, and a receiver operating charac-
teristic (ROC) curve were generated using MetaboAnalyst, version 5.0 (McGill University,
Montreal, QC, Canada) [24,25]. The datasets were normalized to the sample’s total median,
pareto-scaled, and then subjected to Student’s independent t-test (for a PD and control
case comparison) or one-way ANOVA (for a comparison among PD stages) to identify
significantly altered lipid species among the compared groups. A p-value less than 0.05 was
defined as significant. Individual lipid abundance comparisons between the control and
PD cases and among the PD stages were performed using GraphPad Prism 8 (version 8,
San Diego, CA, USA).

3. Results
3.1. Demographic and Clinical Data of Participants

The control and PD cases were matched with no significant differences between the
two groups regarding age, body mass index (BMI), or gender (Table 1). Similarly, patients
in the different PD stages, early, mid, and advanced, were matched with regards to age,
BM], and gender (Table 2).

3.2. Lipid Profiling in Patients with PD Compared to Healthy Controls

Around 700 unique lipids were structurally identified from different lipid species,
including saturated and unsaturated phosphatidylcholines (PCs), lysoPCs (LPCs), phos-
phatidylethanolamines (PEs), phosphatidylinositols (PIs), ceramides (Cers), acyl carnitines
(ACs), fatty acyl esters of hydroxy fatty acids (FAHFAs), di- and triglycerides (DGs and
TGs), and sphingomyelins (SMs) (Figure S1 in Supplementary Information).
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To obtain an overview and examine any trends of separation or clustering between the
PD and control groups, a PLS-DA score plot was generated (Figure 1A). Evident separation
of the two study groups was noticed in the PLS-DA model, reflecting significant changes
in the lipidome of the patients with PD compared to the controls. The PLS-DA model
yielded satisfactory R2Y (0.86) and Q2 (0.78) values and passed the validity permutation
test (Figure S2 in Supplementary Information).
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Figure 1. Multivariate analysis of patients with PD (n = 50) compared to healthy controls (1 = 45).
(A) PLS-DA score plot (R%Y = 0.86, Q2 = 0.78). (B) Top 25 significant lipids and compounds with the
highest VIP scores in the PLS-DA model.

To extract important altered lipids responsible for the observed class separation in the
PLS-DA model, a VIP value > 1 was used. The top lipids accountable for the PLS-DA class
separation (VIP >1) included unsaturated phosphatidylserines (PSs) (e.g., PS 40:4, PS 38:4,
and PS 40:3), PEs (e.g., PE O-40:8), TGs (e.g., TG O-56:9), Cers (e.g., Cer 40:0 and Cer 34:1),
and hydroxyeicosatetraenoic acid products (HETEs; e.g., 12-HETE) (Figure 1B).

A set enrichment analysis using the ChemRICH software [26] revealed that PD im-
pacted several lipid clusters (Figure 2A). Perturbations in unsaturated LPCs, PCs, PEs, and
unsaturated Cers were observed in the PD patients. Compared to the controls, the PD cases
had higher levels of unsaturated TGs (e.g., TG O-56:9 and TG 52:3), saturated LPCs (LPC
170:0, 16:0, and 15:0), HETESs, and phospholipid ethers, and lower levels of saturated Cers,
acyl carnitine, and SMs.

When applying cut-offs of p < 0.05, the volcano plot visualization revealed that 65 lipids
were dysregulated in the PD patients compared to the controls at fold changes > 1.5
(Figure 2B). Here, we opted for selecting lipids based on the effect sizes (fold changes) in
addition to raw p-values instead of using Benjamini—-Hochberg FDR corrections, because
fold changes will be critical when attempting to create robust clinical assays for PD diag-
noses. The levels of TG O-56:9, TG 52:3, and PE O-40:8 were significantly increased, while
the levels of several PSs (e.g., PS 40:4 and PS 16:0_22:4) and Cer 40:0 were significantly
decreased in PD. A visualization of the top perturbed lipid species between the two groups
is presented in the heatmap in Figure 2C.
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Figure 2. Significantly altered lipid clusters in patients with PD compared to healthy controls.
(A) ChemRICH enrichment result for significantly impacted lipid clusters. The plot’s y-axis shows the

most significantly altered clusters on the top. The cluster colors represent the proportion of increased

or decreased compounds (red =

increased, blue = decreased). (B) Volcano plots of up (red)- and
down (blue)-regulated lipids using p-value and fold-change (FC) cutoffs of <0.05 and 1.5, respectively.
(C) Heatmap of the top 40 altered lipids. The heatmap was generated based on t-test results using
autoscale features for the standardization parameter (each compound is autoscaled /z-transformed;
thus, each cell displays the feature-wise z-score). The higher values (red) reflect a higher lipid
abundance and the lower values (blue) reflect a lower abundance.

When we combined the results from both the univariate and multivariate analyses,
169 lipids were found to be both significant in the univariate analysis (p-value < 0.05) and
important for class separation in the multivariate analysis (VIP > 1) (Table S1). These
included mainly Cers, LPCs, PCs, PEs, PSs, SMs, and TGs. Ten of the significantly altered
lipids, namely PS 40:0, Cer 40:0, Cer 42:0, LPC 17:0, LPC 15:0, PC 37:7, PE O-40:8, PC O-42:4,
FA 23:0, and SM 42:1, resulted in an excellent ROC curve with an area-under-the-curve
(AUC) value of 0.974 (Figure 3). These ten lipids were manually selected because they
represent different biochemical classes and, hence, reflect the dysregulation of different
pathways in a more robust way than relying on fewer compounds or fewer pathways.
In future validation studies, this list may be modified and expanded to ensure overall
robustness across clinical sites. Nevertheless, this initial lipid panel highlights the taunting
possibility that a specific assay (using LC—triple quadrupole mass spectrometry, or even
specific antibody-based ELISA or dip-stick assays) could be worked out to discriminate
between controls and PD cases, and as diagnostic PD biomarkers.
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Figure 3. (A) Ten significantly altered lipids between control and PD patients (B) Receiver operating
characteristic (ROC) curve generated from 10 significantly altered lipids between control and PD
patients. Significance between the two groups is expressed as ****, which indicates a p-value < 0.0001
(Student’s independent t-test).

3.3. Lipid Profiling of the Three Different Stages of PD: Early, Mid, and Advanced

The PLS-DA score plot revealed a partial overlap among the three PD stages, where
complete separation could not be achieved (Figure 4A). Using one-way ANOVA, 155 lipids
were significantly altered among the PD stages (Table S2). The differential lipids were
mainly fatty acids, PCs, PEs, LPCs, and SMs. A visualization of the top altered lipids
among the three groups is shown in the heat map in Figure 3B.

Among the three PD stages, the lipidomes of the advanced- and early-stage cases were
associated with the most significant changes. The PLS-DA score plot revealed complete
separation between the two groups (Figure 4C). A ChemRich analysis displayed increased
levels of saturated LPCs, HETEs, SMs, and FAHFAs and decreased levels of TGs (saturated
and unsaturated) and unsaturated PEs in advanced-stage PD (Figure 4D). The volcano plot
with a fold-change cutoff of 2 showed a significant increase and decrease in the levels of
8 and 21 lipids, respectively, in advanced cases compared to early-stage PD (Figure 4E).
The levels of eicosenoic acid (FA 20:1) and FAHFA 18:2/18:1 were higher, while the levels
of PC 31:1 and several unsaturated PEs (e.g., PE 34:1, PE 40:5) were significantly lower in
the advanced stage compared to the early stage (Figure 4E).

A few lipids such as PC 31:1, PC 38:4, and LPE 22:5 demonstrated a significant decrease
in their levels with the progression of PD from the early to advanced stages (Figure 5A).
On the other hand, LPC-O 20:0, PC O-42:3, FA 19:0, and FA 22:2 displayed an increase in
their levels with disease progression (Figure 5A). Of note, 8,5-DiHETE, 12-HETE, PE 36:0,
and LPC O-18:1 were significantly changed between the patients with PD and the controls
and among the different stages of PD (Figure 5B).
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Figure 4. Lipid profiling of different PD stages: early, mid, and advanced. (A) PLS-DA score plot
(R2Y = 0.622, Q% = 0.24) of different PD stages: early (n = 28), mid (n = 14), and advanced (n = 8).
(B) Heatmap of the top altered lipids. The higher values (red) reflect a higher metabolite abundance,
and the lower values (blue) reflect a lower abundance. (C) PLS-DA score plot (R%Y = 0.784, Q%= 0.32)
for class separation between early and advanced stages of PD. (D) ChemRICH enrichment result
for significantly impacted lipid clusters in advanced-stage PD compared with early-stage PD. The
plot’s y-axis shows the most significantly altered clusters on the top. The cluster colors represent the
proportion of increased or decreased compounds (red = increased, blue = decreased). (E) Volcano
plots of up (red)- and down (blue)-regulated lipids in advanced PD compared with early-stage PD
using p-value and fold-change (FC) cutoffs of <0.05 and 2, respectively.
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Figure 5. Lipids significantly altered during the progression of PD (A) and between controls and
PD patients (B). One-way ANOVA using Turkey’s post hoc test was used to indicate significance.
* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, *** p-value < 0.0001.
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4. Discussion

Parkinson’s disease is the second most common neurodegenerative disorder, and
is characterized by the accumulation of x-synuclein, the formation of Lewy bodies in
the brainstem, neuroinflammation, oxidative stress, and mitochondrial dysfunction [27].
Around 90-95% of PD cases are defined as idiopathic and have an unknown etiology. Lipids
are involved in many aspects of PD pathology, including oxidative stress and inflammation,
and lipid dysregulation or disruptions in lipid homeostasis could contribute to the disease
pathogenesis. In the presented work, an LC-MS lipidomics approach was applied to analyze
serum samples from patients with different stages of PD (early, mid, or advanced) and
age-matched controls to identify significantly altered lipids between the PD and control
cases and among the different stages of the disease. These lipid signatures might act as
potential biomarkers to aid in disease diagnosis and monitoring, provide new insights into
the pathophysiology of PD, and identify new therapeutic targets.

Here, we report significant decreases in the circulating levels of glycerolipids, specifi-
cally for both saturated and unsaturated TGs, in advanced-stage PD patients compared
to early ones. The mechanisms by which TGs are involved in PD development and pro-
gression are unclear, but could be related to their role in neural communication, signal
transduction, and cell membrane and mitochondrial functions [28]. Lower serum TG levels
were associated with more severe motor performance effects in patients with PD [29]. Our
findings indicate that lower TG levels might play a role in accelerating PD progression
among early-stage PD individuals, and this could be a potential biomarker for monitoring
the progression of the disease. Nevertheless, controversial results regarding the association
between serum TG levels and PD have been reported [30,31], warranting further investiga-
tion. We also found a significant decrease in the monoacylglyceride (MAG) levels in the
patients with PD compared to the controls. Although limited studies are available on the
level of MAG in PD patients, studies using PD models suggest that inhibiting MAG lipase,
and consequently, increasing the levels of MAG, might have a protective effect against
PD [31].

Several glycerophospholipid subgroups were altered in PD compared to the controls
and during the progression of the disease. Such phospholipids are classified by their polar
head groups into PE, PI, PC, PS, and phosphatidylglycerol (PG) lipids. The hydrolysis of
one acyl derivative gives rise to the bioactive signaling lipid species of lysophospholipids
(LPs) [31]. Interestingly, we found several PSs to be significantly altered in the patients with
PD compared to the controls. PSs are involved in neuronal survival and neurotransmitter
release [32]. In addition, PSs play a regulatory role in apoptosis and the development of
a-synuclein-related pathologies [31]. Our findings support previous studies that report
decreased levels of PSs, particularly PS 40:4, in PD patients and in a neuronal cell model of
PD [33,34].

We found phosphatidylcholines (PCs) to be mostly dysregulated in PD patients when
these lipids had long fatty acyl carbon chains with multiple double bonds, e.g., PC 18:2_20:4,
PC 38:5, PC 377, and PC 36:6, but also peroxisomal-derived ether-linked PC lipid species
(PC-0O). PCs with longer fatty acyl side chains were found to be increased in a cell model of
PD. This increase might be linked to the elevated level of one of the enzymes involved in PC
synthesis, phosphocholine cytidylyltransferase, in the substantia nigra of PD patients [34].

Specific PCs (PC 31:1, PC 38:4) showed, for the first time, a pattern of decrease in their
levels with the progression of PD. PCs are the most abundant glycerophospholipids in
cellular and mitochondrial membranes [31]. They provide structural support and play
a key role in neuronal processes by impacting the differentiation of neurons and their
signaling pathways. They also participate in anti-inflammatory actions [31]. The decrease
in the levels of PCs with the progression of PD noticed herein might contribute to the
neuroinflammation exacerbation associated with disease advancement. Decreased levels of
overall PCs have been described in the substantia nigra of PD patients and in PD animal
models [35,36].
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Our findings revealed an increase in both saturated and unsaturated LPC species
in the PD patients compared to the controls and among early- and advanced-stage PD
cases. LPCs, the most abundant lysophospholipids in the blood generated by the enzymatic
breakdown of PCs, are involved in PD-related pathological processes such as neuroin-
flammation and oxidative stress [37,38]. Changes in the LPC levels indicate disturbances
in the mitochondrial function and defects in their permeability [39]. In a PD cell model,
higher LPC levels were associated with cytotoxic changes, a decrease in the mitochondrial
potential, and an increase in reactive oxygen species (ROS) formation [40]. The high levels
of LPCs, particularly in an advanced stage, might contribute to the neuroinflammation and
oxidative stress that are characteristic of PD. Increased levels of LPC 16:0 and 18:1 have
been reported in a PD cell model [41], and higher plasma levels of LPC 18:2 have been
found in PD patients compared to controls [42]. Similarly, the levels of the previous LPC
species were higher in the current work. Besides, LPC O-18:1 was found to be significantly
increased in PD patients compared to controls, and its level continued to increase as the
disease progressed, suggesting that it can also be used to monitor the progression of PD.

PE phospholipids account for around 45% of the phospholipids in the brain. PEs
have a structural role in biological membranes, and they are regulators of cell division [31].
Evidence points towards decreased levels of PEs in PD patients, and lower total PE levels
have been observed in the substantia nigra of PD patients [31]. Moreover, in yeast and
worm models of PD, a PE deficiency disrupted a-synuclein homeostasis and induced its
aggregation [43]. Herein, lower levels of unsaturated PEs were detected in advanced PD
compared to early PD. The decrease in the levels of PEs with the progression of the disease
could accelerate o-synuclein aggregation and, thus, neurodegeneration. Such a decrease in
the PE levels could be due to the increased formation of LPCs from PEs. Nevertheless, the
biological implications of the decreased PE levels need to be examined further. Interestingly,
two PE species (PE 36:0 and PE 34:1) showed increased and decreased levels in the PD
patients compared to the controls and with the advancement of the disease.

Besides glycerophospholipids, perturbations in the levels of sphingolipids were de-
tected in PD. The levels of several ceramide lipid species were significantly decreased in
the PD patients compared to the controls. Cers are bioactive sphingolipids involved in
apoptotic pathways and mitochondrial function. Increased and decreased plasma levels
of ceramides have been reported in patients with PD [31]. Decreased Cer levels were also
reported in the postmortem brain tissue of patients with PD and have been suggested to be
potentially pathogenic [44].

Oxidative stress is one of the hallmarks of PD. Higher levels of the eicosanoids 12-
HETE and 8,5-DiHETE were noticed in the PD patients compared to the controls and
among PD stages, which is consistent with a previous study that reported increased levels
of HETEs in the plasma of PD patients [45].

PD is a multifactorial heterogeneous disorder that involves several pathophysiological
mechanisms and pathways. A diverse and novel panel of lipid species that included ten of
the significantly altered lipids (PS 40:0, Cer 40:0, Cer 42:0, LPC 17:0, LPC 15:0, PC 37:7, PE
0-40:8, PC O-42:4, FA 23:0, and SM 42:1) possessed a sufficient specificity and sensitivity
and yielded a ROC curve with a high classification accuracy. Generally, for any diagnostic
technique to be meaningful and acceptable, the AUC must be greater than 0.8 and the
lower 95% CI value of the AUC must be >0.5 [46]. The ROC curve generated had an AUC
of 0.97 and a lower CI limit of 0.93. This set of promising biomarkers has the potential to
function as a diagnostic test for idiopathic PD. Still, it is crucial to validate this finding in
a larger cohort, specifically in prospective studies to rule out the potential impact of PD
medication itself on the serum lipid levels.

5. Conclusions

The etiology and the pathogenesis of PD are still unknown. Our findings provide new
insights into the extent of lipid dysfunction in PD that could enhance the development of
biomarkers that can assist in the diagnosis of PD and the monitoring of its progression.
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Notably, the mechanistic links between lipid dysregulation and PD are not understood.
One limitation of the study is that, here, we analyzed patient serum levels, which allows
for only a modest translation into lipid changes in the brain. Mechanistic studies are best
performed in cell, organoid, or animal models. Therefore, future studies that investigate
the pathogenesis of PD using cell or animal models remain urgent.

Several serum lipid classes were impacted in PD and during the progression of the
disease, including PCs, LPCs, PEs, PSs, Cers, acyl carnitines, HETEs, and TGs. LPC O-18:1,
12-HETE, and PE 36:0 were significantly increased in the PD patients compared to the
controls, and their levels continued to increase with disease advancement, suggesting that
they can also be used to monitor the progression of PD. The patients in the current work
were on PD medications. Although challenging, future studies must include prospective
trials with subjects who are not on PD medications, but are later diagnosed with PD,
compared to corresponding control subjects to rule out any effects of PD medication that
might affect the lipid profile.

A major challenge in PD is the overlap of its clinical features with those of other
neurodegenerative conditions, making misdiagnoses common in idiopathic PD. The panel
of ten lipid species offers promising potential biomarkers that might aid in the diagnosis
of PD once validated in larger cohorts. Eventually, such lipid panels would be combined
into absolute quantification targeted methods such as LC-triple quadrupole MS to evaluate
their use as diagnostic tools in clinical settings.
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was performed with 999 random permutations. R2Y (blue squares) and Q2 (green circles) values from
the permuted analysis (bottom left) are significantly lower than the corresponding original values
(top right). Table S1: Summary of significantly altered lipids (in multivariate and univariate analyses)
in Parkinson’s disease patients compared to healthy controls. Table S2: Summary for significantly
altered lipids among different Parkinson’s disease stages (early, mid, and advanced), as calculated by
one-way ANOVA, with their p-values.
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spray ionization; FA: fatty acyl ester; FAHFA: fatty acyl ester of hydroxy fatty acids; FC: fold change;
FDR: false discovery rate; HETE: hydroxyeicosatetraenoic acid; LC-MS: liquid chromatography-mass
spectrometry; LPC: lysophosphatidylcholine; MAG: monoacylglyceride; MS: mass spectrometry;
NMR: nuclear magnetic resonance; PC: phosphatidylcholine; PC-O: peroxisomal-derived ether-linked
PC lipid species; PD: Parkinson’s disease; PE: phosphatidylethanolamine; PI: phosphatidylinositol;
PLS-DA: partial least-squares discriminant analysis; PS: phosphatidylserine; QC: quality control;
QTOF MS: quadrupole time-of-flight mass spectrometry; ROC: receiver operating characteristic;
ROS: reactive oxygen species; SM: sphingomyelin; TG: triglyceride; VIP: variable importance in
the projection.
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