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ARTICLE INFO ABSTRACT

Keywords: Emerging evidence highlights a possible interplay between serum lipid profiles and Parkinson’s disease (PD), but
Parkinson’s disease the biological underpinnings remain largely unexplored. In this cross-sectional study, we investigated whether
H_DL serum lipid levels (total cholesterol, high-density lipoprotein cholesterol (HDL), non-high-density lipoprotein
Biomarkers . cholesterol, and triglycerides) were associated with clinical severity and cerebrospinal fluid (CSF) biomarkers in
Neurodegeneration

early-stage PD patients. A cohort of 90 PD patients and 74 matched controls underwent serum lipid and CSF
biomarker assessment and APOE genotyping. While serum lipid levels did not differ significantly between groups,
PD patients showed reduced CSF a-synuclein. Notably, higher HDL levels correlated with higher CSF a-synuclein
and amyloid-p42 (Ap42) concentrations and milder motor impairment, independent of APOE &4 status. APOE &4
carriers displayed increased CSF phosphorylated tau and reduced Ap42/Ap40 ratio, but APOE genotype did not
modify the observed HDL associations. These findings suggest that higher circulating HDL levels are associated
with a milder clinical phenotype and a more favorable CSF biomarker profile in early-stage PD, potentially
reflecting a protective role independent of APOE genotype. Further studies are warranted to validate these ob-
servations and to assess their therapeutic implications.

Apolipoprotein E (APOE)

1. Introduction

Parkinson’s disease (PD) is a common, clinically heterogeneous,
neurodegenerative disorder whose neuropathological hallmarks
encompass the loss of dopaminergic nigral neurons and the brain
accumulation of a-synuclein (a-syn) enriched Lewy’s bodies (Hayes,
2019). PD pathogenesis is complex and involves the disruption of mul-
tiple biological pathways (Liddle, 2018; Tansey et al., 2022).

In recent years, lipids have emerged as critical in these mechanisms
(Alecu and Bennett, 2019). Lipids and lipoproteins, namely the molec-
ular complexes transporting the lipids across body fluids, have multiple
roles in the central nervous system, such as influencing the synapse’s
flexibility and regulating intracellular signaling (Dai et al., 2021; Wei

et al., 2023; Yoon et al., 2022).

In PD, lipid dysmetabolism has been linked to the core neuropa-
thology, including a-synucleinopathy and mitochondrial dysfunction
(Kamano et al., 2024; Lu et al., 2021). Moreover, the high-density li-
poproteins (HDL), which allow for the transportation of excessive
cholesterol from the peripheral tissues to the liver, participate in sys-
temic inflammation that is also critical in PD, acting as an
anti-inflammatory factor (Gordon et al., 2011; van der Vorst, 2020;
Yacoubian et al., 2023).

The relevance of lipids to PD has been further underlined by several
studies estimating the disease risk due to blood cholesterol and tri-
glyceride levels (Hong et al., 2022; Hurh et al., 2022; Jiang et al., 2020).
Moreover, different clinical studies have investigated the link between
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serum lipid profiles and PD severity, although findings have often been
inconclusive or contradictory. Some reports have demonstrated negative
correlations between total cholesterol, low-density lipoprotein, or HDL
levels and PD motor/cognitive impairment (Jeong et al., 2023; Yang
et al., 2020), while others have observed no significant relationships or
have identified different lipid fractions to be relevant (Gu et al., 2024).
However, the biological bases of this association have been poorly
investigated in patients since most of the evidence in this regard comes
from experimental models.

Apolipoprotein E (APOE) has been widely recognized as a crucial
genetic factor in various neurodegenerative conditions, including PD
(Liampas et al., 2024; Liu et al., 2013a; Pu et al., 2022). APOE encodes a
protein essential for lipid transport and metabolism, facilitating the
distribution and clearance of cholesterol and other lipids in both pe-
ripheral tissues and the central nervous system (Huang and Mahley,
2014; Yang et al., 2023). Different APOE alleles modify the risk and the
progression of neurodegenerative disease by influencing processes such
as amyloid aggregation, inflammation, and synaptic maintenance(Liu
et al., 2013b), thereby underscoring the intersection between APOE--
driven lipid homeostasis and the pathological pathways in PD.

Measurement of neurodegeneration CSF biomarkers, such as total
a-syn, amyloid-p peptides, and tau proteins, allows for tracking in vivo
pathological events underlying PD (Sancesario et al., 2020; Schirinzi
et al.,, 2019). Accordingly, here, we attempted to dissect in vivo the
interplay between serum lipid levels and the clinical-biological profile of
PD by examining the correlations between cholesterol (total, HDL,
NonHDL), triglycerides, and the neurodegeneration CSF biomarkers in a
well-characterized early-stage PD population, stratified per APOE status.

2. Materials and methods
2.1. Study population and clinical assessment

This study included 90 patients with early-stage PD (disease duration
< 3 years and levodopa equivalent daily dose (LEDD) < 300) and 74
age/sex-matched controls (CTRL), recruited from the Neurology Unit of
Tor Vergata University Hospital in Rome, Italy. PD was diagnosed ac-
cording to the 2015 Movement Disorder Society (MDS) criteria
(Postuma et al., 2015). CTRL were patients without neurodegenerative
diseases receiving lumbar puncture for diagnostic purposes (e.g., func-
tional disorders or suspected inflammatory disease); none of the CTRLs
had significant cognitive decline (Mini-Mental State Examination >=
24). The exclusion criteria were: 1) main acute/chronic inflammator-
y/infectious diseases; 2) history of diabetes mellitus; 3) hypolipidemic
therapy or a history of familial dyslipidemias; 4) other neurodegenera-
tive diseases or movement disorders.

Demographic, anthropometric, and medical history data were
recorded for each participant. PD patients were assessed using the
Movement Disorder Society-sponsored Unified Parkinson’s Disease
Rating Scale part III (MDS-UPDRSIII), the Hoehn and Yahr (H&Y) scale,
Mini-Mental State Examination corrected for age and educational level
(MMSE), and the Non-Motor Symptoms Scale (NMSS). The personal
LEDD was calculated using the conventional formula (Tomlinson et al.,
2010). Expert personnel performed clinical assessment within one week
of blood/CSF sampling.

The study was approved by the local ethics committee (protocol n°
16.21) and was conducted in accordance with the principles of the
Declaration of Helsinki. Informed consent was obtained from all
participants.

2.2. Serum lipid measurement

All participants underwent venous blood sampling for serum lipid
measurement in the morning after overnight fasting. Biochemical pa-
rameters were measured on venous blood. The collected sera were
centrifuged for 10 min at 2000 x g and then processed as fresh samples
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to allow for clot formation. All tests were performed and interpreted in
accordance with the manufacturer’s instructions. Serum samples were
analyzed for lipid profiles, including high-density lipoprotein choles-
terol (HDL), total cholesterol (TC), and triglycerides (TG). Non-high-
density lipoprotein cholesterol (NonHDL) was calculated by subtract-
ing HDL cholesterol from the total cholesterol levels (Blaha et al., 2008).
All these tests were measured with an immunoturbidimetric method
with the Alinity Analyzer (Abbott Diagnostics, Chicago, IL, USA).

2.3. CSF biomarkers assay and ATN profile

A lumbar puncture was performed within one week of the lipid
profile analysis and the clinical assessment. The levels of amyloid-$42
(Ap42), amyloid-$40 (AB40), total tau (t-tau), phosphorylated-181-tau
(p-tau), were measured using fully-automated CLEIA Fujirebio LUMI-
PULSE® G1200 (Fujirebio, Inc., Tokyo, Japan); and the levels of total
a-syn were assessed using Human a-synuclein ELISA kit (Biolegend).
The amyloid-p42/amyloid-p40 ratio (Ap42/Ap40) was calculated as
previously described (Nakamura et al., 2018).

According to CSF Ap42/Ap40, p-Tau levels, and t-Tau levels, patients
were stratified based on the AT(N) framework (Jack et al., 2018), a
classification approach that has gained increasing attention due to the
recognized role of Alzheimer’s disease co-pathology in synucleino-
pathies (Barba et al., 2024). Among the 90 PD included, one patient
showed an A+T + N + profile, three showed A—T+N+ profiles, four had
A—T+N+, five had A-T+N+, and four were classified as A+T—N—,
while the remaining 73 patients presented an A—T — N — profile. Due to
the small number of patients in each subgroup except A-T-N-, no further
stratified analyses were conducted, given the lack of statistical power.

2.4. APOE genotyping

Genomic DNA was extracted from blood, and the APOE genotype was
determined by the AMPLI-ApoE T334C and C472T kit, which allows the
detection of the presence of the 334T/C and 472C/T polymorphisms
responsible at the protein level for the amino acid variants C112R and
R158C. These polymorphisms are searched for after amplification with
specific primers and hybridization with a probe that recognizes an in-
ternal sequence. The probe is labeled with two different fluorophores
(reporter dye and quencher dye). During the amplification reaction, the
release of the quencher from the probe causes an increase in fluores-
cence caused by the reporter, which is, therefore, directly proportional
to the amount of amplified product recognized (real-time quantitative
PCR; CFX96 Real-Time System; BIORAD). According to the APOE ge-
notype, participants were grouped into “e4” carriers (when carrying at
least 1 copy of the ¢4 allele) and “non 4" carriers (when carrying €2 and
€3 alleles and no €4 alleles). Since we found only n = 4 €2 carriers,
further stratification by individual APOE genotypes was not feasible.
Therefore, we adopted a binary classification, as previously done in
similar studies (Zenuni et al., 2023).

2.5. Statistical analysis

The distribution of continuous variables was assessed using the
Kolmogorov-Smirnov test. Variables that deviated from normality were
log10-transformed before statistical analysis to meet the assumptions
required for parametric tests. Group comparisons were performed using
ANCOVA or Chi-square tests, as appropriate, with adjustments for age
and sex when applicable. Pearson’s partial correlation analysis, adjusted
for age and sex, was employed to explore the relationships between
serum lipid profiles, clinical characteristics, and biological markers in
both cohorts. Although the PD and CTRL groups were matched for age
and sex, these variables were included as covariates in statistical ana-
lyses to reduce residual confounding and variance and to address the
potential per se effect of these biological factors on the lipid profile.
Moreover, we computed the out-of-sample performance of Pearson’s
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partial correlations using bootstrapping (BS) as a cross-validation (CV)
method. This resampling technique allowed us to assess the reliability of
our correlation estimates by repeatedly sampling subsets of the data.
The number of BS iterations we used was 1000. In the results, we pro-
vided a 95 % confidence interval (BS-95 %CI) of the BS distribution of
correlation coefficients as an estimation of the robustness of our find-
ings. Finally, the false Discovery Rate (FDR) method was employed to
control the family-wise error rate (FWER). Additionally, we performed
multiple linear regression analyses to further investigate the associations
between serum lipid profile and selected clinical and biological markers.
The dependent variables included in the models were chosen based on
significant associations observed in partial correlation analyses. All
regression models included age, sex, and APOE genotype as covariates.
Statistical significance was defined as p < 0.05, and all analyses were
conducted using IBM SPSS Statistics (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Group analysis

Table 1 summarizes the study population’s demographic, clinical,
and biochemical features.

PD patients exhibited lower CSF a-syn levels (897.60 + 327.3 pg/
mL) than CTRL (1164.21 + 505.6 pg/mL; p < 0.01). Other CSF bio-
markers and serum lipid levels did not differ between the two groups. An
overview of the group comparisons for serum lipid levels and CSF bio-
markers is provided in Fig. 1.

In the PD group, APOE &4 carriers (n = 13) showed higher CSF p-Tau
levels (52.3 + 30.2 pg/mL) compared to non-carriers (27.9 + 12.0 pg/
mL; ANCOVA on log10-transformed values, p < 0.01) and lower Ap42/
Ap40(0.11 £ 0.3vs 0.15 £ 0.4; p = 0.03). Other CSF biomarkers (t-tau,
a-syn) and serum lipid levels did not differ significantly between APOE
€4 carriers and non-carriers. In the CTRL group, no significant differ-
ences were found between APOE €4 carriers (n = 11) and non-carriers
concerning either serum lipid profiles or CSF biomarker concentrations.

3.2. Partial correlation analysis

We performed a partial correlation analysis using sex and age as
covariates. In the PD group, we found significant partial correlations
between HDL and a-syn (r = 0.35, pFDR = 0.02, BS-95 % CI [0.10,
0.68]), HDL and AB42 (r = 0.30, pFDR = 0.04, BS-95 % CI [0.06, 0.65]),
HDL and AB42/AB40 (r = 0.36, pFDR = 0.03, BS-95 % CI [0.04, 0.55]),
and HDL and MDS-UPDRSIII (r =-0.32, pFDR = 0.02, BS-95 % CI

Table 1
Demographic, clinical, and biochemical features of the population of the study.

Variable PD patients (n = 90)  CTRL (n = 74) P value
Age (y) 61.5 +£10.2 62.1 £11.3 n.s.
Sex (male/female) 65/25 44/30 n.s.
Disease duration(y) 1.6 £ 0.9 \ \

BMI 26.4 + 2.6 \ \

HDL (mg/dl) 49.5 + 8.7 47.5 £ 10.6 n.s.
TC (mg/dl) 180.6 + 31.6 177.6 + 35.8 n.s.
NonHDL (mg/dl) 122.5 + 32.2 130.0 &+ 36.5 n.s.
TG (mg/dl) 103.9 + 54.6 110.8 + 45.4 n.s.
MDS-UPDRSIIT 25.4+£9.8 \ \
MMSE 28.0 + 1.7 26.9 £ 2.1 \
NMSS 34.6 £ 33.0 \ \
H&Y 1.9+ 0.6 \
LEDD 50.8 (£104.7) \
Ap42 (pg/mL) 914.5 + 327.4 981.2 + 469.7 n.s.
Ap42/Ap40 0.14 £ 0.04 \
t-Tau (pg/mL) 245.3 £ 125.9 232.7 £ 123.8 n.s.
p-Tau (pg/mL) 31.5 +£18.2 31.4+£11.4 n.s.
o-syn (pg/mL) 896.8 + 343.3 1164.2 + 505.6 (n = 37) < 0.01

Abbreviations: n = number; y = years; other abbreviations are spelled out in the
text. Statistically significant results are marked in bold.
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[-0.58, 0.02]) (Fig. 2). Conversely, no significant partial correlations
were observed in the CTRL group.

After further adjusting for APOE €4 carrier status, the previously
identified significant partial correlations between HDL and CSF bio-
markers (a-syn, Ap42, AP42/AB40) and clinical severity (MDS-
UPDRSIII) remained statistically significant (all pFDR <0.05), suggest-
ing that these relationships were not mediated by APOE genotype. These
results are graphically presented in Supplementary Figure 1.

3.3. Multivariable linear regression analyses

We performed multivariable linear regression analyses to confirm
the partial correlation findings, using serum HDL as the independent
variable and clinical and biological markers as dependent variables.
Age, sex, and APOE &4 status were included as covariates in all models.
The associations that emerged as significant in the partial correlation
analyses remained statistically significant in the multivariable linear
regression models, further supporting the robustness and consistency of
these relationships. Results are presented in Supplementary Table 1.

4. Discussion

Serum lipid levels, specifically cholesterol and triglycerides, are well-
known risk factors for vascular diseases. Recent evidence also suggests a
potential role even in neurodegenerative disease, PD in particular (Hurh
et al., 2022; Jiang et al., 2020; Kamano et al., 2024). However, the
existing literature does not display univocal results, and direct in-
vestigations on the contribution of serum lipids to the biological profile
of patients are still lacking.

In this study, we measured serum cholesterol and triglyceride levels
in an early-stage PD population, stratified per APOE status, and exam-
ined correlations with clinical parameters and CSF biomarkers of
neurodegeneration.

First, we did not observe differences in HDL, NonHDL, total choles-
terol, and triglyceride serum levels between PD patients and controls.
This finding is in line with other ones reported in previous studies (Hong
et al., 2022; Hurh et al., 2022; Jiang et al., 2020), and probably derives
from the inclusion/exclusion criteria of the study population that might
have limited comorbidities.

Although in the absence of a significant case-control difference in
serum lipid levels, we observed relevant associations between HDL and
both clinical and biological markers of disease in PD. After adjusting for
main confounding factors, serum HDL was inversely associated with
motor symptom severity and directly associated with both CSF a-syn and
amyloidopathy markers (Ap42 and AB42/AB40). Specifically, lower HDL
levels correlated with greater motor severity and a more unfavorable
biomarker profile.

Additionally, given the known role of the APOE €4 genotype in lipid
metabolism and neurodegeneration (Huang and Mahley, 2014; Liampas
etal., 2024; Piccarducci et al., 2023), we investigated whether the APOE
genotype influenced these associations. While APOE €4 carrier status
had no significant impact on serum lipid levels, a-synuclein, or total tau,
we found that APOE ¢4 carriers had significantly higher CSF p-Tau and
lower Ap42/Ap40 compared to non-carriers. These results align with
previous literature associating APOE €4 with increased amyloid depo-
sition and tau pathology, predominantly reported in Alzheimer’s disease
but increasingly acknowledged as relevant in PD (Liampas et al., 2024;
Michaelson, 2014; Rosal et al., 2025; Zenuni et al., 2023). Importantly,
adjusting for APOE €4 carrier status did not affect the strength or sig-
nificance of the associations between HDL and clinical-biological pa-
rameters, suggesting that HDL’s putative protective role may be
independent of APOE genotype.

HDL is synthesized in the liver and intestines and transports
cholesterol through the human body. Apolipoprotein Al (ApoAl) is the
major HDL protein component and can cross the blood-brain barrier
(BBB), thus entering the CNS and impacting brain lipid homeostasis
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Fig. 1. Group comparisons of serum lipid levels and CSF biomarkers between PD and CTRL.Group comparisons of serum lipid levels (TC, HDL, NonHDL, TG) and CSF
biomarkers (a-syn, Ap42, t-Tau, p-Tau) between PD and CTRL. A significant reduction in CSF a-syn levels was observed in the PD group (p < 0.01), while no sig-
nificant differences emerged for other parameters. Data are shown as boxplots; horizontal lines represent medians, boxes indicate interquartile ranges, and whiskers
denote 1.5 x IQR. Dots represent outliers. * indicates p < 0.05.
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Fig. 2. The heatmap showing partial correlation coefficients between serum lipid levels, CSF biomarkers, and clinical parameters in Parkinson’s disease patients,
adjusted for age and sex. Positive correlations are shown in red, negative correlations in blue; color intensity reflects the strength of the association (see color bar). *

indicate statistically significant correlations after false discovery rate (FDR) correction (p < 0.05).

(Mahley et al., 1984; van der Vorst, 2020). There is compelling evidence
of the multiple roles of this apolipoprotein that may account for its
possible involvement in neurodegenerative diseases, including PD
(Emamzadeh, 2017). ApoAl is critical in maintaining brain cholesterol

homeostasis and regulating local and systemic inflammation, two main
drivers of protein misfolding and aggregation (Frankel et al., 2023;
Vitali et al., 2014). Specifically, in several experimental models, ApoAl
interfered with the amyloid-p (Ap) fibrils formation and nucleation
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processes, counteracting the occurrence of synucleinopathy and amy-
loidopathy, as well as promoting A efflux across the BBB, reducing the
Ap aggregation (Emamzadeh, 2017; Frankel et al., 2023; Magro et al.,
2019). In a few studies, the ApoA1l levels were found reduced either in
CSF or serum of PD patients in association with an earlier disease onset
and a more severe motor phenotype (Swanson et al., 2015), which
supports the relevance of ApoAl lowering to PD pathogenesis or the
potential neuroprotection due to its higher levels (Paslawski and Sven-
ningsson, 2023; Qiang et al., 2013; Wang et al., 2010). Finally, a recent
work indicated that lipoprotein species can inhibit a-synuclein aggre-
gation in the CSF (Bellomo et al., 2023).

Our findings thus agree with these data, showing how higher HDL
circulating levels may reflect a milder clinical-biological PD profile,
consistent with a possible neuroprotective effect. The positive correla-
tion between HDL and o-syn may have different biological in-
terpretations. In PD, the higher CSF a-syn levels could indicate reduced
pathological aggregation within the brain in Lewy-type inclusions,
reflecting a milder synuclein-related pathology (Barba et al., 2022;
Majbour et al., 2016; Parnetti et al., 2019). In this scenario, HDL might
aid in the clearance or stabilization of soluble a-syn, helping preserve
synaptic integrity and limit the formation of toxic oligomers (Burré
et al., 2015), ultimately resulting in milder clinical manifestations.
Otherwise, we should acknowledge that, in other complex synucleino-
pathies with concurrent AD co-pathology, CSF a-syn levels can instead
directly mirror widespread synaptic loss (Barba et al., 2023), basically
accounting for a quite ambiguous interpretation of the total CSF a-syn
levels.

Nevertheless, we cannot exclude that elevated HDL reflects better
overall health and lower vascular burden, which might independently
slow PD progression (Imbriani et al., 2020; Wei et al., 2023).

In contrast, NonHDL cholesterol fractions, such as low-density lipo-
proteins and very-low-density lipoproteins, are considered mild risk
factors for the development of cognitive impairment in general; how-
ever, their relationships with neurodegenerative processes remain
poorly defined (Poliakova and Wellington, 2023). This distinction may
explain the lack of correlation between NonHDL cholesterol or TC levels
and the clinical-biological profile of our early-stage PD cohort.

Despite the limitations due to the sample size, the absence of repli-
cation cohorts, the cross-sectional design, the limited neuro-
degeneration biomarker panel (e.g., absence of CSF ApoA-I or
neurofilaments), and the lack of stratification for life habits (e.g.,
smoking, diet, physical exercise) (Beyene et al., 2020), this study
demonstrated in vivo a direct correlation between the serum lipids and
the clinical-biological profile of early-stage PD.

Although within a normal range, we showed that lower HDL levels
may contribute to a worse disease presentation, independently of APOE
genotype. Larger, multicenter studies including serum and CSF lip-
idomics, with longitudinal follow-up, are now needed to confirm these
observations and support the development of novel therapeutic strate-
gies targeting lipid metabolism through lifestyle and dietary in-
terventions readily applicable in clinical practice.
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