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ARTICLE INFO ABSTRACT

Keywords: Introduction: Parkinson's disease (PD) is characterized by marked phenotypic heterogeneity particularly with
PPARy regard to cognitive decline, which may be partly driven by ageing-related molecular pathways. Peroxisome
PPARG.CIA Proliferator-Activated Receptor y (PPARy) represents a key downstream component of such pathways, while
tgzgzzgy senes genetic variation in its coactivator gene peroxisome proliferator-activated receptor y coactivator-1-a (PPARGC1A)
Ageigng v may further modulate disease trajectories. We aimed to investigate the association of cerebrospinal fluid (CSF)
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Dementia

Dementia with lewy bodies
Alzheimer's dementia

PPARy levels and PPARGCIA single nucleotide polymorphisms (SNPs) with clinical outcomes in PD,

Methods: CSF PPARYy levels were measured in a cohort of 446 with PD, 61 patients with dementia with Lewy
Bodies (DLB), and 13 control participants. Associations with clinical parameters were analyzed using cross-
sectional and longitudinal approaches. In addition, three PPARGCIA SNPs (rs4697447, rs7659588, rs4697455)
were examined for their relationship with cognitive and motor outcomes.

Results: Higher CSF PPARYy levels were associated with older age at examination and lower Montreal Cognitive
Assessment (MOCA) scores. PPARy levels differed across diagnostic groups, with highest levels observed in DLB,
followed by PD and controls. Elevated PPARy levels were associated with a higher incidence of cognitive
impairment; these associations were largely attenuated after adjustment for age. In exploratory analyses,
PPARGCIA variants were associated with cognitive trajectories.

Conclusion: CSF PPARy levels are primarily associated with ageing-related processes rather than reflecting
disease-specific effects. Genetic variation in PPARGCIA may contribute to interindividual differences in cogni-
tive progression. Together, these findings support a role of ageing-related pathways in shaping clinical hetero-
geneity in PD.

1. Introduction

Among these, the Insulin-like growth factor 1 (IGF1) - a-Klotho -
SERPIN E1 - sirtuin 1 (SIRT1) - Forkhead box O3 (FOX03a) - Peroxisome

Parkinson's disease (PD) is widely considered a prototypical age- Proliferator-Activated Receptor y (PPARy) axis has emerged as a key
related neurodegenerative disorder, with incidence and prevalence regulatory network linking ageing, metabolic homeostasis, and neuro-
increasing markedly with advancing age, underscoring ageing as a degeneration [2-15] (Fig. 1). PPARy, a nuclear receptor involved in

major risk factor for disease onset and progression [1].

mitochondrial function, inflammation, and cellular stress responses,
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Fig. 1. Klotho mitigates the phosphorylation of Forkhead box 03 (FOXO3a)
primarily by inhibiting the Phosphoinositide 3-Kinase/Protein Kinase B (PI3K/
AKT) pathway [2,3]. This inhibition prevents the translocation of FOXO3a from
the nucleus, leading to increased expression of antioxidative enzymes such as
Superoxide Dismutase II (SODII) and human Catalase (CAT) through the acti-
vation of Peroxisome Proliferator-Activated Receptor y (PPARy). As a result,
there may be reduced production of interleukins, Major Histocompatibility
Complex - II (MHC-II), Tumor Necrosis Factor a (TNF-a), and Reactive Oxygen
Species (ROS), along with enhanced mitochondrial biogenesis and autophagy
[4]. PGC-1-a is the coactivator of PPARy. SIRT1 deacetylates PGC-1-a, a
necessary step for its binding to promoter regions [5]. Resveratrol has also been
shown to increase PGC-1-a activity [6], which led to reduced dopaminergic
neuron loss in a disease model [7]. Conversely, in a PGC-1-a knockout model,
an increased accumulation of a-Synuclein was observed [8].

Notably, protective effects on the central ageing pathway, partly mediated by
increased SIRT1 expression, can also be achieved through lifestyle modifica-
tions. These include physical activity [9], as well as the use of compounds such
as ginseng [10], curcumin [11,12], resveratrol [13] and polyamines like sper-
midine [14]. Additionally, caloric restriction, which has been linked to
increased life expectancy [15], is another important factor in promoting these
protective effects.

Created with BioRender.com.

represents a downstream effector within this pathway and may therefore
play a role in modulating disease progression in PD.

PPARYy signaling is functionally linked to its transcriptional coac-
tivator PGC-1a, encoded by PPARGCI1A. PGC-1a regulates mitochon-
drial biogenesis, oxidative metabolism, and cellular stress responses,
and acts as a coactivator of nuclear receptors, including PPARy [16].
Thus, genetic variation in PPARGCIA may influence downstream
pathways in which PPARy is involved. However, it is important to note
that CSF PPARYy levels and PPARGC1A genetic variants represent distinct
levels of biological regulation, and their relationship is not expected to
be linear but rather complementary within a shared ageing-related
pathway.

Genetic variation in PPARGCI1A has been implicated in PD suscep-
tibility and ageing-related phenotypes. Specifically, single nucleotide
polymorphisms (SNPs) such as rs6821591 and rs2970848 have been
associated with PD risk and age at onset, while rs8192678 and
rs6821591 have also been linked to longevity [17]. However, the extent
to which these genetic variants influence disease progression and clin-
ical trajectories in PD remains insufficiently understood.

Importantly, PD is characterized by marked clinical heterogeneity,
particularly regarding cognitive decline. Variants in the glucocere-
brosidase 1 (GBA1) gene are among the most prominent genetic modi-
fiers, being associated with a more severe disease phenotype, including a
shorter prodromal phase [18], faster disease progression with earlier
cognitive impairment [19], and increased a-Synuclein burden [20]. This
subgroup may therefore represent a model of accelerated or dysregu-
lated ageing within PD.
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Against this background, the present study aimed to investigate
whether CSF levels of PPARY, as well as genetic variation in PPARGCIA,
are associated with motor and cognitive disease progression. To this end,
we analyzed a well-characterized cohort comprising 446 patients with
PD, 61 patients with dementia with Lewy bodies (DLB), and 13 control
participants, integrating cross-sectional and longitudinal clinical data.
We further examined wether these associations differ according to GBA1
mutation status, thereby addressing the interaction between ageing-
related molecular pathways and genetic disease modifiers in PD.

2. Methods
2.1. Participants and clinical investigations

All 446 PD patients (referred to as PD total cohort) and 61 patients
with DLB were recruited and examined between 2001 and 2022 from the
ward and outpatient clinic for PD at the University of Tuebingen. All
patients were examined by a movement disorder specialist. The diag-
nosis of PD was defined according to UK Brain Bank criteria [21]. The
following demographic and clinical data were obtained: age, sex, age at
onset of parkinsonism. Additionally, we calculated the disease duration.
We assessed the severity of motor symptoms using the Unified PD Rating
scale part III (UPDRS III); from 2000 to 2008, and from 2009, the
MDS-UPDRS were applied [22]. The clinical diagnosis of DLB was
established in accordance with the revised consensus criteria for DLB, as
outlined in the fourth report of the DLB consortium [23]. Cognitive
function was tested using the Montreal Cognitive Assessment (MOCA)
[24] or the Mini Mental Status Examination (MMSE) [25]. As the MOCA
has only been available since 2009, all MMSE scores were converted to
MOCA equivalent scores according to an algorithm published recently
[26]. MOCA cutoff <25 indicated cognitive impairment (point of
maximum combined sensitivity and specificity [27]). Postural insta-
bility was characterized using the UPDRS III score, whereby patients
demonstrating three or more compensatory steps in the pull test were
classified as having postural instability. Depressive symptoms were
assessed using Beck's Depression Inventory (BDI) II [28].

The PD cohort, subjected to PPARy measurements, was chosen based
on the criterion of possessing a comprehensive clinical data set. Of the
446 PD patients, 239 had longitudinal data pertaining to the onset of
cognitive impairment, forming a smaller longitudinal sub-cohort. Of the
372 PD patients with genetic data, 208 had longitudinal data regarding
the onset of cognitive impairment.

All 13 control participants (CON) were spouses of patients with PD or
patients with functional disorders in whom neurodegenerative diseases
have been extensively excluded on the ward.

All CSF samples were obtained from the Neuro-Biobank of the Uni-
versity of Tuebingen, Germany (https://www.hih-tuebingen.
de/en/about-us/core-facilities/biobank/). The biobank is supported by
the local University, the Hertie Institute and the DZNE.

2.2. PPARy ELISA

A commercial ELISA kit was used for the detection of PPARy CSF
levels (in ng/ml) (Cat# abx253023, Lot# E2205191B, Abbexa, Cam-
bridge, UK). The assay was performed according to manufacturer's
protocols. Briefly, single analyses were performed of 1:2 diluted sam-
ples. 100 pL of either standard, quality control or CSF samples were
pipetted into the wells of a 96-well plate coated with capture antibody.
PPARy was allowed to bind to the coated capture antibody for 1,5h at
37°C. Unbound sample was removed and, without washing steps,
100 pL Detector Reagent A was added to each well. After incubation for
1 h at 37 °C, unbound Detector Reagent A were removed, and wells were
washed three times with wash buffer. 100 pL Detector Reagent B were
added to each well and incubated for 30 min at 37 °C. Unbound Detector
Reagent B was removed and wells were washed three times. 90 pL
substrate solution was added to each well. After further incubation for
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10 min at 37 °C, 50 pL stop solution was added to each well. Optical
density (OD) was determined using a Biotek ELX808 at 450 nm. The
analyte concentrations in the samples were back calculated to the
standard samples using a 5 PL regression fit (Biotek ELX808).

2.3. CSF measurements of -amyloid 1-42, h-TAU, p181-TAU (p-TAU),
neurofilament light protein (NfL) and a-Synuclein

CSF levels of p-amyloid 1-42, h-TAU and p-TAU were measured using
ELISA kits from INNOTEST, Fujirebio GmbH, Germany. CSF levels of NfL
were measured using the UmanDiagnostics NF- light® assay. Intra-assay
coefficients of variation for each CSF parameter were below 15%. CSF
levels of total a-Synuclein were assessed using an ELISA kit for human
a-Synuclein (Roboscreen GmbH, Germany). Intra-assay imprecision of
4.4% was calculated from duplicate analyses and expressed as median of
the range to average of the duplicates. Inter-assay imprecision of <10%
was determined using two quality control CSF pool samples.

All measurements were performed by board-certified laboratory
technicians who were blinded to the clinical data. All CSF samples were
collected, processed, and stored according to standardized protocols at a
single center. Biomarker measurements were performed using estab-
lished assays under controlled laboratory conditions. Given the
extended recruitment period, care was taken to ensure consistency in
sample handling and analytical procedures. Nevertheless, potential
variability related to long-term storage, batch effects, or technical de-
velopments over time cannot be fully excluded.

2.4. Genetics

DNA was isolated from ethylenediaminetetraacetic acid blood by
salting out method and stored at 4°C. Genetic screening for PD-
associated mutations was done using the NeuroChip. The NeuroChip is
a genotyping array (Illumnia) with a tagging variant backbone of ca.
306,670 variants. In addition, it contains 179,467 variants associated
with neurological diseases [29]. Known pathogenic point mutations in
the genes GBA1, LRRK2, PRKN, PINK1 and DJ1 detected by Neurochip
were confirmed by Sanger sequencing. Multiplex ligation-dependent
probe amplification was used to detect deletions and duplications in
the genes PRKN, PINK1 and DJ1. We restricted our analysis to patients
with GBA1 mutations in the absence of additional pathogenic variants in
other PD-associated genes.

To estimate if the three investigated SNPs in PPARGCIA are in
linkage disequilibrium (LD) with the previously reported SNPs
(rs6821591, rs2970848 and rs8192678), pairwise LD estimates were
calculated using the 1000 European genome data by LDlink (PMID:
26139635).

2.5. Statistics

Statistical analysis was performed using IBM-SPSS Statistics (IBM
Corp. Released 2021. IBM SPSS Statistics for Macintosh, Version 28.0.
Armonk, NY: IBM Corp.). Group comparisons for PPARy CSF levels were
conducted among following groups: PD GBA1 (N =89), comprising
patients with variants in GBA1 gene, PD wildtype (WT, N = 357) (pa-
tients without variants in GBA1), PD total cohort (PD GBA1 and PD WT,
N =446), CON (control participants, N=13) and patients with De-
mentia with Lewy Bodies (DLB, N = 61).

The genetic sub-cohort of 372 patients comprised 85 PD GBA1 and
287 PD WT.

Statistical levels were adapted according to the number of compar-
isons within each analytical context. The significance level was set at
p <0.007 for cross-sectional analysis (manual Bonferroni-correction
due to comparison of 7 groups) (Tables 1 and 2), at p<0.016 for
comparison of PPARy levels between CON, PD and DLB (Supplemental
Table 1), at p <0.05 for longitudinal analysis (Supplemental Table 2)
and at p < 0.016 for analyses regarding the 3 SNPs.
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The dominant genetic model was applied with the following defini-
tion: 0 =no minor allele; 1 = heterozygous or homozygous for the minor
allele.

2.5.1. Cross-sectional analysis

Group comparisons for continuous variables of demographic, clinical
and CSF data between DLB, PD and CON as well as between GBA1
subgroups were conducted using either the non-parametric Mann-
Whitney U test (in case of N < 20) or parametric analysis of covariance
(ANCOVA), with covariates sex, age at examination and disease dura-
tion as appropriate (Table 1).

Group comparisons of categorical variables (such as the incidence of
cognitive impairment and postural instability; prevalence of GBAI
variants) were conducted using the chi-squared test.

Spearman correlation analysis was employed to investigate the in-
fluence of PPARYy levels and age at examination on demographic, clinical
and biomarker data (Table 2).

Given the significant association between CSF PPARYy levels and age
at examination, additional age-adjusted partial correlation analyses
were conducted to determine whether associations with h-TAU, NfL and
a-Synuclein remained significant after controlling for age.

2.5.2. Analysis of PPARy levels

Comparison of CSF PPARy levels between PD, DLB and CON was
performed using non-parametric Kruskal-Wallis test, followed by post-
hoc tests (Supplemental Table 1). A sub-analysis between DLB and PD
was conducted using ANCOVA, adjusting for the covariates age at ex-
amination, sex and disease duration.

2.5.3. Longitudinal analysis

Kaplan-Meier curves, along with Cox regression analysis incorpo-
rating the factor “tertile group” or “genotype” were employed for lon-
gitudinal analysis. For these analyses, we compared the lowest vs. mid
vs. highest tertile of CSF PPARy levels (Supplemental Table 2) and the
genotypes 0 versus 1.

2.6. Ethics

All participants gave written informed consent. The study was
approved by the Ethics Committee of the Faculty of Medicine at the
University of Tuebingen (Project-No. 458/2023B0O2). All procedures
were in accordance with the Declaration of Helsinki (1975).

2.7. Data availability

The pseudonymized data of this study are available from the corre-
sponding author upon reasonable request.

3. Results
3.1. Analysis of protein levels

3.1.1. Cross-sectional analysis

3.1.1.1. Demographic and clinical characteristics. Of the 446 PD patients,
293 were male (65.7%). The mean age at examination was 65.5 years
(£9.7), the mean age at onset 58.1 years (£10.4), the mean disease
duration 7.4 years (£+5.2), the mean MOCA score 25.3 (+3.8), the mean
UPDRS III score 26.2 (+11.6) and the mean BDI II score 9.0 (£7.1).
There was no distinction between male and female PD patients con-
cerning the age at examination (64.9 years (+10.0) vs. 66.5 years
(£9.2), p=0.098) (Table 1).

Higher PPARy levels in CSF were associated with a higher age at
examination (r=0.540, p <0.001), a higher age at onset (r = 0.448,
p <0.001), a longer disease duration (r=0.146, p =0.002), a lower
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Table 1

Demographic, clinical, and CSF biomarker data are presented as mean values with standard deviations (in parentheses) for patients with Parkinson's disease (PD),
Dementia with Lewy Bodies (DLB) and controls (CON) with stratification for sex (T: total; M: male; F: female). Non-parametric Mann-Whitney-U test with significant p-
values <0.007 (manual Bonferroni-correction) presented as following: § PD vs. CON; * DLB vs. CON; 0.001<p < 0.007: §/*; p < 0.001: §§/**. Abbreviations: WT:
wildtype; GBA1: variant in the gene for glucocerebrosidase 1; UPDRS III: Unified Parkinson's Disease Rating Scale part III; MOCA: Montreal Cognitive Assessment; BDI II:
Beck's Depression Inventory II; NfL: neurofilament light chain.

CON PD DLB
PD total PD WT PD GBA1 DLB total DLB WT DLB GBA1
age at 63.5 (£9.1), 65.5 (+9.7), 66.0 (+9.7), 63.3 (£9.4), 72.1 (+6.5), 73.3 (£6.4), 68.9 (+5.6),
examination N=13 N =446 N=2357 N=89 N=61* N = 44** N=17
68.1 (+8.5), 64.9 (+10.0), 65.6 (+9.9), 62.2 (+9.8), 70.8 (£5.6), 72.0 (£5.3), 68.7 (+5.8),
N=6 N=293 N=233 N=60 N=43 N=27 N=16
59.6 (£8.1), 66.5 (+9.2), 66.7 (£9.4), 65.5 (+8.3), 75.2 (£7.4), 75.4 (£7.6), 71.6 (-),N=1
N=7 N=153 N=124 N=29 N=18** N=17%*
age at onset 58.1 (+10.4), 58.8 (+10.3), 55.1 (+10.2), 68.8 (+7.2), 70.1 (£7.3), 65.5 (+6.0),
N =446 N =357 N=89 N =60 N=43 N=17
57.8 (£10.5), 58.6 (£10.2), 54.5 (£11.3), 67.1 (£6.2), 68.2 (+£6.0), 65.3 (£6.1),
N=293 N=233 N=60 N=42 N=26 N=16
58.7 (+10.2), 59.2 (+10.7), 56.6 (+7.5), 72.7 (£8.0), 72.9 (£8.2), 70.0 (-),N=1
N=153 N=124 N=29 N=18 N=17
disease duration 7.4 (£5.2), 7.2 (£5.1), 8.2 (£5.5), 3.3(£2.1),N=60 3.3(£2.2), N=43 3.3 (£1.8),
N =446 N =357 N=89 N=17
7.2 (+4.8), 7.0 (£4.7), 7.8 (£5.3), 3.6 (£2.3), N=42 3.8 (£2.5), N=26 3.4 (£1.8),
N=293 N=233 N=60 N=16
7.8 (£5.7), 7.5 (£5.7), 9.0 (£5.9), 2.5 (£1.5), N=18 2.6 (£1.5), N=17 1.6 (-),N=1
N=153 N=124 N=29
UPDRS III 0.0 (£+0.0), 26.2 (+£11.6), 26.2 (£11.5), 26.5 (£11.9), 27.2 (£9.2), 25.5 (£7.9), 28.9 (+10.5),
N=5 N =4158§ N = 32988 N = 868§ N = 20%* N =10%* N =10%*
0.0 (£0.0), 26.9 (+11.6), 27.3 (+11.6), 25.6 (+11.7), 27.5 (£9.9), 24.9 (+8.8), N=8 29.8 (+10.8),
N=2 N=273 N =215 N =588§§ N=17 N=9
0.0 (£0.0), 24.9 (£11.5), 24.1 (£11.2), 28.3 (+£12.2), 25.7 (+4.5), N=3 28.0 (£2.8), N=2 21.0(-),N=1
N=3 N=142§ N=114§§ N = 288§
MOCA 27.8 (£2.4), 25.3 (+£3.8), 25.4 (£3.6), 25.1 (+4.5), 15.3 (+4.2), 14.9 (+£3.9), 16.0 (+4.7),
N=8 N=378 N =296 N=82 N =41%* N=26%* N=15%*
25.3 (£2.1), 25.4 (+£3.5), 25.4 (£3.3), 25.1 (+4.3), 15.5 (+4.4), 14.9 (+£4.1), 16.3 (+4.8),
N=3 N =246 N =190 N =56 N=31** N=17* N=14*
29.2 (£1.1), 25.2 (+4.2), 25.3 (+4.1), 24.9 (+£4.9), 14.6 (+£3.5), 14.9 (+3.6), 12.0 (<), N=1
N=5 N=132 N=106 N=26 N=10** N=9%*
BDI I 3.0 (£2.6), 9.0 (£7.1), 8.8 (£7.2), 10.1 (+6.7), 12.0 (+6.0), N=5 12.0 (+6.0), N=5
N=7 N=323 N =256 N=67§
3.0 (£2.6), 8.8 (£6.5), 8.2 (£6.2), 11.0 (£7.2), 10.0 (£7.5), N=3 10.0 (£7.5), N=3
N=3 N =202 N=156 N=46
3.0 (£2.9), 9.4 (£8.0), 9.8 (+8.4), 8.0 (£5.1), 15.0 (+£0.0), N=2 15.0 (+0.0), N=2
N=4 N=121 N=100 N=21
B-amyloid 1-42 (in 909.0 (£200.0),  717.6 (£266.3), 713.2 (+264.5), 734.6 (+274.4), 494.7 (+£219.4), 456.6 (+221.7), 591.2 (+186.6),
pg/ml) N=11 N =425 N =339§ N = 868§ N =60** N =43%* N =17**
865.2 (+234.1), 716.7 (+£256.6), 708.8 (+£253.7), 747.2 (£267.4), 491.1 (+204.7), 432.1 (£192.7), 587.1 (£191.8),
N=5 N =280 N=222 N=58 N =42% N=26%* N=16
945.5 (+180.5),  719.2 (+285.1), 721.7 (+284.8), 708.5 (+291.6), 503.2 (+256.8), 494.1 (+261.7), 658.0 (), N=1
N=6 N =145 N=117 N =28§ N=18%** N=17%*
h-TAU (in pg/ml) 254.5 (+81.4), 249.3 (£125.7), 251.0 (+£130.3), 242.7 (£105.9), 312.0 (£221.5), 346.0 (£242.7), 226.1 (£124.0),
N=11 N =425 N=339 N=86 N =60 N=43 N=17
287.8 (£105.6),  234.3 (+109.2), 231.3 (+£109.1), 245.7 (+£110.1), 288.8 (+178.7), 331.4 (£195.0), 219.6 (+125.1),
N=5 N =280 N =222 N=58 N=42 N=26 N=16
226.7 (+47.9), 278.4 (+148,7), 288.4 (+157.0), 236.4 (+98.2), 366.2 (+298.1), 368.4 (+307.1), 329.0 (-),N=1
N=6 N =145 N=117 N=28 N=18 N=17
p-TAU (in pg/ml) 46.7 (+£16.0), 42.4 (£17.1), 42.8 (£17.1), 40.8 (+£17.2), 45.1 (£25.8), 48.2 (+£27.7), 37.1 (+£18.4),
N=11 N =415 N=331 N=84 N=57 N=41 N=16
50.0 (£+22.9), 40.7 (+15.7), 40.4 (+14.6), 41.6 (£19.2), 43.3 (+25.7), 47.4 (+28.6), 36.3 (+18.8),
N=5 N=274 N =217 N=57 N=40 N=25 N=15
43.9 (+£8.7), 45.9 (£19.3), 47.5 (£20.4), 39.1 (£12.0), 49.3 (+£26.3), 49.4 (+£27.2), 48.0 (-),N=1
N=6 N=141 N=114 N=27 N=17 N=16
NfL (in pg/ml) 709.0 (+387.7),  975.4 (+813.1), 987.5 (+856.9), 929.2 (+618.6), 1722.4 (£1771.0), 1872.9 (£1996.6), 1346.3 (+961.5),
N=9 N=411 N =326 N=85 N =56%* N =40%* N=16
956.9 (+487.7),  975.4 (+£622.1), 976.1 (+620.6), 973.1 (+633.2), 1643.6 (+£1537.3), 1803.7 (+1802.8), 1387.6 (+980.5),
N=4 N=274 N=217 N=57 N=39 N=24 N=15

a-Synuclein (in

510.6 (£107.1),
N=5
620.1 (+139.2),

975.4 (£1102.8),
N=137
619.8 (+302.2),

1010.2 (£1199.5),
N=109
637.7 (+£310.4),

839.9 (4+588.7),
N=28
545.1 (+253.4),

1903.1 (+2262.5),
N=17%*
498.4 (£294.2),

1976.6 (+2315.6),
N=16%*
507.2 (+£301.6),

726.8 (=), N=1

475.2 (+281.8),

pg/ml) N=8 N=419 N=2338 N=81 N=58 N=42 N=16
653.1 (+107.0), 573.1 (£247.1), 579.1 (+£251.3), 549.9 (£230.4), 471.4 (+287.3), 466.0 (£290.9), 480.8 (+290.8),
N=4 N=275 N=219 N=>56 N=41 N=26 N=15
587.1 (£175.7), 708.9 (+371.2), 745.5 (+£374.7), 534.4 (+303.8), 563.4 (+309.3), 574.2 (+£316.2), 3919(-),N=1
N=4 N=144 N=119 N=25 N=17 N=16
PPARYy (in ng/ml) 0.39 (£0.20), 0.41 (£0.21), 0.41 (£0.21), 0.38 (£0.18), 0.48 (£0.32), 0.52 (£0.35), 0.38 (£0.20),
N=13 N =446 N =357 N=89 N=61 N=44 N=17

(continued on next page)
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Table 1 (continued)
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CON PD DLB
PD total PD WT PD GBAI DLB total DLB WT DLB GBA1
M 0.50 (£0.22), 0.41 (£0.20), 0.42 (£0.20), 0.37 (£0.17), 0.49 (£0.37), 0.56 (£0.43), 0.37 (£0.20),
N=6 N=293 N =233 N=60 N=43 N=27 N=16
F 0.29 (£0.12), 0.41 (£0.22), 0.41 (£0.22), 0.40 (£0.21), 0.46 (£0.15), 0.46 (£0.16), 0.50 (-),N=1
N=7 N=153 N=124 N=29 N=18 N=17

MOCA score (r=-0.267, p<0.001), a higher UPDRS III score
(r=0.133, p=0.007) and higher CSF levels of h-TAU (r=0.473,
p<0.001), p-TAU (r=0.442, p < 0.001), NfL (r=0.453, p < 0.001)
and a-Synuclein (r = 0.371, p < 0.001). A higher age at examination was
associated with a higher age at onset, a longer disease duration, a lower
MOCA score and higher CSF levels of h-TAU, p-TAU, NfL and a-Synu-
clein (Table 2).

To assess whether the observed biomarker associations were inde-
pendent of age, we performed age-adjusted partial correlation analyses.
The associations between CSF PPARy and a-Synuclein in CSF remained
significant after controlling for age (partial r=0.211, p <0.001), as
well as the association between CSF PPARy and h-TAU (partial
r=0.238, p < 0.001), whereas the association with NfL. was attenuated
and no longer significant (partial r = 0.029, p = 0.562).

There were no significant distinctions regarding CSF levels of PPARy
between male and female patients (0.41 ng/ml (£0.20) vs. 0.41 ng/ml
(£0.22), p=0.362).

Furthermore, there were no significant differences regarding PPARy
levels between patients with a disease duration above the median in
comparison to those below the median (0.43 ng/ml (+0.22) vs. 0.38 ng/
ml (£0.19), p=0.061), after adjusting for age at examination and sex as
covariates.

3.1.1.2. Group comparison of PPARy levels between CON, PD and DLB.
There was a significant difference between the three cohorts regarding
CSF PPARy levels with the highest levels in DLB WT (0.52ng/ml
(£0.35)), followed by PD WT (0.41 ng/ml (£+0.21)) and CON (0.39 ng/
ml (+0.20)) (p = 0.021). Post-hoc tests revealed a significant difference
in PPARy levels between DLB vs. PD (p = 0.007) and in females between
DLB vs. CON (p =0.015) (Supplemental Table 1).

A sub-analysis using ANCOVA to compare DLB and PD cohorts, while
adjusting for covariates such as age at examination, sex and disease
duration, revealed no significant differences in PPARy levels between
the groups (DLB total cohort vs. PD total cohort: p =0.630; DLB WT vs.
PD WT: p=0.272; DLB GBA1 vs. PD GBAI1: p =0.625). There was a
trend suggesting higher PPARy levels in male DLB WT compared to male
PD WT (p =0.066).

3.1.2. Longitudinal analysis

3.1.2.1. PD total cohort. The follow-up time (in years) exhibited no
differences among the three tertiles of CSF PPARy levels (p = 0.722). PD
patients with the highest tertile of PPARy levels presented with a higher
age at examination (lowest tertile: 57.3 years (£8.2), mid tertile: 62.1
(+9.3), highest tertile: 67.2 (+7.7), p <0.001). PD patients with the
lowest PPARYy levels in CSF had a lower incidence of cognitive impair-
ment throughout the longitudinal study (lowest tertile: 30.0%, mid
tertile: 53.8%, highest tertile: 40.5%, p = 0.009). There was no signifi-
cant difference observed in the incidence of postural instability
(p =0.721). Similarly, there was no significant disparity in the time
interval until 50% of patients reached cognitive impairment across the
PPARYy tertiles (p = 0.445).

3.1.2.2. PD WT. The follow-up time (in years) exhibited no differences
among the three tertiles of CSF PPARy levels (p =0.944). PD patients
with the highest tertile of PPARy levels presented with a higher age at

examination (lowest tertile: 58.5 years (+8.4), mid tertile: 61.9 (£9.2),
highest tertile: 67.4 (+£7.6), p <0.001). PD patients with the lowest
PPARy levels in CSF had a lower incidence of cognitive impairment
throughout the longitudinal study (lowest tertile: 30.6%, mid tertile:
54.8%, highest tertile: 36.1%, p=0.016). There was no significant
difference observed in the incidence of postural instability (p = 0.632).
Similarly, there was no significant disparity in the time interval until
50% of patients reached cognitive impairment across the PPARy tertiles
(p = 0.840).

3.1.2.3. PD GBA1. The follow-up time (in years) exhibited no differ-
ences among the three tertiles of CSF PPARy levels (p = 0.622). PD pa-
tients with the highest tertile of PPARy levels exhibited a higher age at
examination (lowest tertile: 54.2 (4£7.4), mid tertile: 62.2 (£9.9),
highest tertile: 66.5 (£8.1), p <0.001). Male PD patients with the
highest PPARy levels in CSF had a higher incidence of cognitive
impairment throughout the longitudinal study (lowest tertile: 21.4%,
mid tertile: 41.7%, highest tertile: 72.7%, p =0.036). There was no
significant difference observed in the incidence of postural instability
(p =0.286). The time interval until 50% of patients reached the mile-
stone cognitive impairment differed significantly among the three ter-
tiles of CSF PPARy levels in male PD GBA1. Specifically, in the lowest
tertile, it was 23.4 years (95% confidence interval: 15.2-31.7), in the
mid tertile, it was 14.7 years (8.7-20.7) and in the highest tertile, it was
9.6 years (6.4-12.8) (p=0.019). Considering age at examination as a
second covariate in COX regression analysis revealed no significant re-
sults in regard to the onset of cognitive impairment (male PD GBAI:
p =0.454) (Fig. 2 and Supplemental Table 3 and 4).

3.2. Analysis of SNPs in PPARGCIA

3.2.1. Selection of SNPs

Out of a total of 94 SNPs in PPARGCI1A, which are evailable on the
NeuroChip, 3 SNPs were selected based on their significant association
with the onset of cognitive impairment in Cox regression analysis
(Supplemental Table 4). These SNPs (rs4697447 (minor allele T),
rs7659588 (minor allele C), and rs4697455 (minor allele A)) were
further investigated using cross-sectional and longitudinal clinical data.
These three SNPs are not in Linkage Disequilibrium (LD) with the SNPs
associated with PD or longevity in previous publications.

3.2.2. Cross-sectional analysis: Demographic and clinical characteristics
PD GBA1 patients carrying one or two copies of the minor allele T in

rs4697447 exhibited a higher MOCA score (26.4 (£3.3) vs. 23.9 (£5.1),

p =0.010) in comparison to all other patients (Supplemental Table 5C).

3.2.3. Longitudinal analysis: Onset of cognitive impairment

The time interval until 50% of patients (PD total cohort) reached the
milestone cognitive impairment differed significantly among the geno-
types (rs4697447: 0: 15.1 years (11.6-18.6), 1: 19.5 years (15.7-23.3),
p =0.002; rs7659588: 0: 15.0 years (11.4-18.7), 1: 17.9 years (14.6-
21.1), p=0.022; rs4697455: 0: 18.9 years (15.0-22.9), 1: 11.3 years
(9.8-12.8), p=0.008) (Supplemental Fig. 1 and Supplemental
Table 6A).



Table 2

Correlation analysis (Spearman's correlation) between A. PPARy levels in cerebrospinal fluid (CSF) (in ng/ml) along with demographic data, clinical data and CSF biomarker levels (in pg/ml) in patients with Parkinson's
Disease (PD), Dementia with Lewy Bodies (DLB) and controls (CON). B. Age at examination is also analyzed in relation to the aforementioned parameters. Significant p-values <0.007 (manual Bonferroni-correction) are
highlighted in bold. Abbreviations: R: correlation coefficient according to Spearman; P: p-value; N: sample size; WT: wildtype; GBAI: variant in the gene for glucocerebrosidase 1; UPDRS III: Unified Parkinson's Disease
Rating Scale Part III; MOCA: Montreal Cognitive Assessment; BDI II: Beck's Depression Inventory II; NfL: neurofilament light chain.

A. PPARy CSF levels B. age at examination
PD DLB CON PD DLB CON
total WT GBA1 total WT GBA1 total WT GBA1 total WT GBA1
age at examination R 0.540 0.524 0.589 0.418 0.338 0.400 0.548
P <0.001 <0.001 <0.001 <0.001 0.025 0.112 0.052
N 446 357 89 61 44 17 13
age at onset R 0.448 0.445 0.460 0.378 0.318 0.303 0.882 0.888 0.865 0.958 0.931 0.939
P <0.001 <0.001 <0.001 0.003 0.037 0.236 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
N 446 357 89 60 43 17 446 357 89 60 43 17
disease duration R 0.146 0.143 0.176 0.059 0.112 0.108 0.138 0.141 0.136 —-0.182 -0.172 —0.093
P 0.002 0.007 0.100 0.652 0.475 0.680 0.004 0.008 0.204 0.165 0.269 0.722
N 446 357 89 60 43 17 446 357 89 60 43 17
MOCA R —0.267 —0.263 —-0.267 -0.017 —0.246 0.412 —0.344 —0.440 —0.450 —0.424 —0.372i —-0.376 -0.274 —0.466
P <0.001 <0.001 0.015 0.917 0.226 0.127 0.404 <0.001 <0.001 <0.001 0.017 0.058 0.323 0.244
N 378 296 82 41 26 15 8 378 296 82 41 26 15 8
UPDRS III R 0.133 0.155 0.052 -0.299 —0.030 —0.406 0.118 0.119 0.124 0.164 0.360 —0.031
P 0.007 0.005 0.633 0.201 0.933 0.244 0.016 0.031 0.254 0.490 0.307 0.933
N 415 329 86 20 10 10 415 329 86 20 10 10
BDI II R —0.057 0.016 —0.284 —0.205 —0.205 0.775 —0.046 0.010 —-0.239 0.359 0.359 0.378
P 0.310 0.795 0.020 0.741 0.741 0.041 0.414 0.871 0.051 0.553 0.553 0.403
N 323 256 67 5 5 7 323 256 67 5 5 7
p-amyloid 1-42 R 0.095 0.125 —0.002 0.028 0.185 0.135 —0.091 —0.053 —0.012 —0.201 —0.154 —0.085 0.096 0.073
P 0.051 0.021 0.986 0.833 0.236 0.606 0.790 0.275 0.823 0.063 0.239 0.587 0.715 0.832
N 425 339 86 60 43 17 11 425 339 86 60 43 17 11
h-TAU R 0.473 0.488 0.415 0.500 0.436 0.495 —0.041 0.450 0.481 0.324 0.318 0.193 0.468 0.309
P <0.001 <0.001 <0.001 <0.001 0.004 0.043 0.905 <0.001 <0.001 0.002 0.013 0.215 0.058 0.355
N 425 339 86 60 43 17 11 425 339 86 60 43 17 11
p-TAU R 0.442 0.455 0.363 0.439 0.378 0.347 —0.256 0.411 0.431 0.313 0.295 0.207 0.386 —0.050
P <0.001 <0.001 <0.001 <0.001 0.015 0.188 0.448 <0.001 <0.001 0.004 0.026 0.195 0.140 0.884
N 415 331 84 57 41 16 11 415 331 84 57 41 16 11
NfL R 0.453 0.467 0.406 0.317 0.334 0.438 0.678 0.617 0.639 0.555 0.149 0.079 0.221 0.283
P <0.001 <0.001 <0.001 0.017 0.035 0.090 0.045 <0.001 <0.001 <0.001 0.274 0.627 0.412 0.460
N 411 326 85 56 40 16 9 411 326 85 56 40 16 9
a-Synuclein R 0.371 0.345 0.456 0.454 0.470 0.350 0.262 0.333 0.314 0.365 0.218 0.139 0.382 0.524
P <0.001 <0.001 <0.001 <0.001 0.002 0.184 0.531 <0.001 <0.001 <0.001 0.101 0.381 0.144 0.183
N 419 338 81 58 42 16 8 419 338 81 58 42 16 8
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Fig. 2. A-C: Kaplan-Meier survival curves and COX regression analysis for the time interval (in years) until 50% of the Parkinson's disease (PD) patients reached the
milestone cognitive impairment (CI) in male PD total cohort (A), PD wildtype (B) and PD GBA1 (C), stratified by tertiles of CSF PPARy levels. Categories: lowest
tertile of PPARy CSF levels; mid tertile of PPARy levels; highest tertile of PPARy levels. D-I: Scatter plots depicting the correlation between CSF PPARy levels and age
at onset (D), CSF NfL levels (E), CSF a-Synuclein levels (F), disease duration (G), MOCA scores (H) and UPDRS III scores (I). Abbreviations: r: correlation coefficient
according to Spearman; p: p-value; NfL: neurofilament light chain; MOCA: Montreal Cognitive Assessment; UPDRS IIL: Unified Parkinson's Disease Rating Scale

part IIL

4. Discussion
4.1. Principal findings

In this study, we investigated the role of PPARy within an ageing-
related molecular framework in PD and related synucleinopathies. Our
findings indicate that elevated CSF PPARy levels are primarily associ-
ated with age at examination and correlate with established markers of
neurodegeneration, including h-TAU, p-TAU, NfL, and o-Synuclein.
Furthermore, higher PPARy levels were associated with an increased
incidence of cognitive impairment, although these effects were largely
attenuated after adjusting for age.

In addition, we observed differences in CSF PPARy levels across
diagnostic groups, with the highest levels in DLB, intermediate levels in
PD, and the lowest levels in controls. Finally, exploratory analyses of
PPARGCIA variants suggest a potential influence on cognitive trajec-
tories, although these findings require replication.

4.2. PPARy as a marker of ageing and neurodegeneration

The observed associations between PPARy and both age and neuro-
degenerative biomarkers suggest that CSF PPARy may primarily reflect
ageing-related processes rather than disease-specific mechanisms. This
interpretation is supported by previous studies demonstrating age-
dependent increases in CSF biomarkers such as TAU [30], NfL [31],
and o-Synuclein [32].

Of note, the positive association between PPARy and CSF a-Synu-
clein levels should be interpreted with caution. CSF a-Synuclein levels
are influenced by multiple factors, including disease stage, neuronal
turnover, and methodological aspects, and their interpretation in

clinical cohorts remains complex. Therefore, the observed association is
unlikely to reflect a direct mechanistic relationship, but rather may be
related to broader ageing-related and neurodegenerative processes,
given that CSF PPARy showed concurrent associations with several
biomarkers, including h-TAU and o-Synuclein, even after adjustment for
age.

From a mechanistic perspective, PPARy represents a downstream
effector within a central ageing pathway linking IGF1 signaling, meta-
bolic regulation, and cellular stress responses. The increase in CSF
PPARy may therefore reflect either a compensatory upregulation in
response to neurodegeneration or a passive release due to neuronal
damage. Similar compensatory mechanisms have been proposed for
other components of this pathway, such as a-Klotho in early-stage PD
[33].

4.3. Disease spectrum

The observed gradient of PPARy levels across controls, PD, and DLB
may be consistent with the clinical spectrum of synucleinopathies,
which is characterized by increasing disease severity from PD to DLB
[34]. This pattern may be particularly relevant in patients with GBA1
variants, who are known to exhibit a more severe and rapidly progres-
sive disease course [18-20].

Notably, this observation should be interpreted with caution, as it
contrasts with experimental data suggesting predominantly neuro-
protective effects of PPARy activation. One possible explanation is that
elevated CSF PPARy levels reflect secondary or compensatory responses
to neurodegenerative processes rather than a direct causal role. Alter-
natively, increased CSF levels may be related to altered cellular turnover
or release mechanisms in the context of neuronal stress. However, given
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the observational nature of the data, these interpretations remain
speculative and require further investigation.

4.4. Genetic findings and PPARGCIA variants

Exploratory analyzes of PPARGC1A SNPs suggest a potential role in
modulating cognitive trajectories. While the rare allele of rs4697447
was associated with a more favorable cognitive profile, rs4697455
appeared to confer increased risk for earlier cognitive decline. Given
that both variants are located in intronic regions, their functional rele-
vance may lie in transcriptional regulation.

However, these findings should be interpreted with caution due to
the exploratory nature of the analysis and the lack of prior replication.
Further studies are required to clarify the functional impact of these
variants and their role within the broader ageing pathway.

Taken together, these considerations highlight that the observed
associations should primarily be interpreted within the framework of
ageing-related biological processes rather than as disease-specific ef-
fects, and that both protein levels and genetic variation reflect com-
plementary aspects of this complex system.

4.5. Methodological considerations and limitations

Several limitations should be considered when interpreting our
findings.

The longitudinal data in this study were derived from routine clinical
assessments in a tertiary care setting, including outpatient visits and
inpatient admissions. As a result, follow-up intervals were not stan-
dardized and varied between individuals. While this reflects real-world
clinical practice, it introduces heterogeneity in temporal sampling.
However, this limitation was addressed by applying statistical models
that account for variable follow-up times, such as Cox regression ana-
lyses and Kaplan Maier survival curves. Importantly, the consistency of
findings across cross-sectional and longitudinal analyses supports the
robustness of the observed associations.

The extended recruitment and sampling period represents a potential
source of variability. Although standardized protocols were applied,
long-term storage effects, assay variability, and potential batch effects
cannot be fully excluded and may introduce systematic bias.

Additionally, the relatively small number of control participants and
differences in age distribution between groups limit the robustness of
group comparisons and may confound biomarker analyses.

The observed correlations with disease duration, MOCA and UPDRS
III scores are weak and should be interpreted cautiously despite reaching
statistical significance.

Furthermore, different clinical rating scales were used over the
course of the study. Motor function was assessed using both UPDRS III
and MDS-UPDRS III, reflecting changes in clinical practice. While both
instruments capture comparable domains, differences in scaling may
introduce measurement variability. Similarly, partial reliance on con-
version between MMSE and MoCA scores, although based on validated
algorithms, may introduce additional uncertainty in the assessment of
cognitive function.

Finally, the exploratory nature of subgroup and genetic analyses
necessitates cautious interpretation.

4.6. Implications for ageing-related mechanisms and therapeutic
perspectives

Our findings support the concept that ageing-related molecular
pathways contribute to the clinical heterogeneity of PD and related
disorders. The IGF1 - a-Klotho - SERPIN E1 - SIRT1 - FOXO3a - PPARy
axis represents a potential integrative framework linking metabolic
regulation, oxidative stress, and neurodegeneration.

From a translational perspective, several components of this
pathway, including SIRT1 [14], PPARy [35], and SERPIN E1 [36], have
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been proposed as therapeutic targets. Experimental studies have
demonstrated neuroprotective effects of PPARy agonists, including
reduced dopaminergic cell loss and modulation of amyloid metabolism
[37,38].

In addition, lifestyle interventions influencing this pathway, such as
physical exercise, have been associated with reduced a-Synuclein pa-
thology and increased PPARy expression in preclinical models [39].

4.7. Future directions

Future studies should aim to validate these findings in larger and
more homogeneous cohorts, particularly with respect to control pop-
ulations. In addition, the integration of serum biomarkers, CSF exosomal
analyses, and multi-marker profiling of the ageing pathway may provide
a more comprehensive understanding of its role in neurodegeneration.

Seed amplification assays (SAA) are increasingly considered a more
sensitive and disease-specific approach for assessing underlying synu-
cleinopathy in comparison to ELISA-based CSF a-Synuclein measure-
ments and represent an important avenue for future studies
investigating the relationship between PPARy and a-Synuclein-related
pathology [40].

Longitudinal studies with standardized follow-up intervals would
further help to disentangle ageing-related effects from disease-specific
mechanisms.
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