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Parkinson’s disease (PD) exhibits substantial phenotypic variability, likely influenced, at least in part,
by proteins associated with pathways integral to aging processes. Plasminogen activator inhibitor-1
(SERPIN E1) is known for its association with aging processes and exacerbated α-Synuclein
pathology. We examined whether SERPIN E1 levels in cerebrospinal fluid (CSF) differ among controls
(CON,N = 16) and patients with PD (N = 479) or Dementia with Lewy bodies (DLB,N = 67), considering
that these conditions represent a spectrum of α-Synuclein pathology. Kaplan-Meier survival analysis
stratified by SERPIN E1 tertile levels was conducted to evaluate phenotype-modifying effects.
Elevated levels of SERPIN E1 exhibited an association with increased age and lower MOCA scores.
Heightened SERPIN E1 levels were observed in individuals diagnosed with DLB, followed by PD and
CON, and in males compared to females. The quantification of SERPIN E1 in CSF could potentially
serve as a surrogate marker, depicting (pathological) aging processes.

Parkinson’s disease (PD) serves as a prototype of age-related disorders, with
its incidence increasing with age, thereby emphasising aging and its
underlying pathways as a predominant risk factor for PD1. Furthermore,
evidence from community-based longitudinal cohorts consistently indi-
cates that both chronological age and an elevated age at disease onset
independently predict cognitive decline, deterioration in motor function
and increasedmortality among individuals with PD 2–4. It is well-established
that elements of blood coagulation, including plasminogen activator
inhibitor-1 (SERPIN E1), demonstrate a notable age-related elevation. This
phenomenon contributes to a procoagulatory state linked with
advanced age5.

Growing evidence reveals other potential connections between blood
coagulation and PD. Accumulation of α-Synuclein is a pathophysiological
hallmark in PD, PD with Dementia (PDD) and Dementia with Lewy
Bodies (DLB). Recently, a disease spectrum between PD, PDD and DLB
based on α-Synuclein depositionwas proposed, with themost pronounced
Lewy body pathology inDLB patients6. This seems evenmore pronounced
in patients carrying genetic variants in glucocerebrosidase 1 (GBA1)7.
Within this framework, the nuanced platelet antiaggregant role of exo-
genous α-Synuclein, a protein also found in platelets, has been elucidated.
This functionality primarily arises from the suppression of P-selectin

expression on the platelet surface, thereby hindering thrombin-induced
platelet activation8.

SERPIN E1 inhibits tissue-type plasminogen activator, thereby
impeding the conversion of plasminogen to plasmin. Attenuated plasmin
activity results in decreased fibrinolysis, consequently promoting the for-
mation of blood clots. An additional important function of plasmin is to
cleave α-Synuclein and impede its translocation from the extracellular
environment to neighbouring cells. Both α-Synuclein and inflammatory
processes have been demonstrated to upregulate the expression of SERPIN
E19, indicating a potential pathological feedback loop and promoting
accumulation of α-Synuclein10.

Interestingly, possible pathophysiological links between SERPIN
E1 and the other common aging-related neurodegenerative disorder,
namely Alzheimer’s disease (AD), were found, too. Given the demon-
strated contribution of concurrent AD pathology, coupled with addi-
tional vascular risk profiles, to cognitive decline in PD patients11, it is
conceivable that these associations might also apply, at least in part, to
PD and PDD. A function of plasmin is also to degrade Aß oligomers
and monomers. Inhibition of SERPIN E1 let to reduced plasma and
brain ß-amyloid levels, potentially ameliorating cognitive deficits in a
mouse model of AD12. Furthermore, elevated levels of SERPIN E1 have

1Department of Neurodegeneration and Hertie-Institute for Clinical Brain Research, Center of Neurology, University of Tuebingen,
Tuebingen, Germany. 2German Center for Neurodegenerative Diseases (DZNE), University of Tuebingen, Tuebingen, Germany. 3NMI Natural
and Medical Sciences Institute at the University of Tuebingen, Reutlingen, Germany. e-mail: milan.zimmermann@uni-tuebingen.de

npj Parkinson’s Disease |          (2025) 11:166 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41531-025-00984-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41531-025-00984-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41531-025-00984-3&domain=pdf
http://orcid.org/0000-0001-7066-7749
http://orcid.org/0000-0001-7066-7749
http://orcid.org/0000-0001-7066-7749
http://orcid.org/0000-0001-7066-7749
http://orcid.org/0000-0001-7066-7749
http://orcid.org/0000-0002-4905-8698
http://orcid.org/0000-0002-4905-8698
http://orcid.org/0000-0002-4905-8698
http://orcid.org/0000-0002-4905-8698
http://orcid.org/0000-0002-4905-8698
http://orcid.org/0000-0002-5508-004X
http://orcid.org/0000-0002-5508-004X
http://orcid.org/0000-0002-5508-004X
http://orcid.org/0000-0002-5508-004X
http://orcid.org/0000-0002-5508-004X
http://orcid.org/0000-0001-6785-181X
http://orcid.org/0000-0001-6785-181X
http://orcid.org/0000-0001-6785-181X
http://orcid.org/0000-0001-6785-181X
http://orcid.org/0000-0001-6785-181X
http://orcid.org/0000-0002-1069-1146
http://orcid.org/0000-0002-1069-1146
http://orcid.org/0000-0002-1069-1146
http://orcid.org/0000-0002-1069-1146
http://orcid.org/0000-0002-1069-1146
http://orcid.org/0000-0002-7515-8596
http://orcid.org/0000-0002-7515-8596
http://orcid.org/0000-0002-7515-8596
http://orcid.org/0000-0002-7515-8596
http://orcid.org/0000-0002-7515-8596
mailto:milan.zimmermann@uni-tuebingen.de
www.nature.com/npjparkd


been detected in plasma samples from PDpatients13 and in CSF samples
from AD patients14.

Here, we attempt to model this complex interplay between aging with
SERPINE1 as proxy protein and neurodegeneration in a cohort of 479
patients with PD, 16 control participants (CON) and 67 patients with DLB.

Our aim is to explore whether CSF levels of SERPIN E1 are associated
with progression of motor and/or cognitive impairment in PD. Patients
were categorised into two groups: those with theGBA1 variants (PDGBA1)
and those with wildtype PD. This classification, coupled with the incor-
poration of a cohort of individuals diagnosed with DLB, was initiated to
assess potential biological continuum patterns. This is motivated by the
observation that patients with DLB exhibit elevated Aβ deposition in both
the cortex and striatum, as well as an increased burden of cortical Lewy
bodies in the temporal and parietal cortex when compared to PD15. In this
line, we also considered commonneurodegenerative proteins (ß-amyloid 1-
42, h-TAU, p-TAU, NfL and α-synuclein), as they reflect different stages of
neuronal damage and highlight additional Alzheimer’s pathology.

Results
Demographic and clinical characteristics
Of the 479 PD patients (PD total cohort), 313 weremale (65.3%).Mean age
at examination was 65.4 years (±9.9), mean age at onset 58.1 years (±10.5),
mean disease duration 7.3 years (±5.2), mean MOCA score 25.3 (±3.9),
mean UPDRS III score 26.1 (±11.5) and mean BDI II score 9.1 (±7.2)
(Table 1).

There were no relevant differences between male and female PD
patients concerning mean age at examination (65.4 years (±9.9) vs. 64.9
(±10.2), p = 0.102).

Within the PD cohort, there were 59 individuals (12.3%) using acet-
ylsalicylic acid, 4 individuals (0.8%) using a combination of acetylsalicylic
acid and clopidogrel, 2 individuals (0.4%) using a combination of acet-
ylsalicylic acid and ticagrelor, 1 individual (0.2%) using clopidogrel and 1
individual (0.2%) using rivaroxaban (a direct factor X inhibitor).

We observed a higher prevalence of blood-thinningmedication intake,
including inhibitors of platelet aggregation or anticoagulants, in PDpatients
with the highest levels of SERPIN E1 (lowest tertile: 10/139 (7.2%), mid
tertile: 22/135 (16.3%), highest tertile: 35/138 (25.4%), p ≤ 0.001).

Higher CSF SERPIN E1 levels were associated with a higher age at
examination (r = 0.464, p ≤ 0.001), a higher age at onset (r = 0.367,
p ≤ 0.001), a longer disease duration (r = 0.155, p ≤ 0.001), a lower MOCA
score (r = -0.249, p ≤ 0.001) and higher CSF levels of h-TAU (r = 0.353,
p ≤ 0.001), p-TAU (r = 0.297, p ≤ 0.001), NfL (r = 0.404, p ≤ 0.001) and α-
Synuclein (r = 0.250, p ≤ 0.001) (Table 2).

Male PD patients demonstrated higher CSF levels of SERPIN E1
compared to female patients (771.9 (±453.6) vs. 639.5 (±313.6), p ≤ 0.001).

249 out of 383 (65.0%) PD WT patients were male. Mean age at
examination was 65.9 years (±9.9), mean age at onset 58.8 years (±10.5),
mean disease duration 7.1 years (±5.0), mean MOCA score 25.4 (±3.6),
mean UPDRS III score 26.0 (±11.5) and mean BDI II score 8.9 (±7.1)
(Table 1).

There was no significant difference between male versus female PD
WT regarding the age at examination (65.5 years (±10.2) vs. 66.7
(±9.4), p = 0.268).

We found a higher prevalence of intake of blood-thinning medication
in PDWTwith the highest levels of SERPINE1 (lowest tertile: 6/105 (5.7%),
mid tertile: 18/110 (16.4%), highest tertile: 28/108 (25.9%), p ≤ 0.001).

Higher SERPIN E1 levels in CSF were associated with a higher age at
examination (r = 0.471, p ≤ 0.001), a higher age at onset (r = 0.376
p ≤ 0.001), a longer disease duration (r = 0.161 p = 0.002), a lower MOCA
score (r = -0.256, p ≤ 0.001) and higher CSF levels of h-TAU (r = 0.346,
p ≤ 0.001), p-TAU (r = 0.289, p ≤ 0.001) and NfL (r = 0.226, p ≤ 0.001)
(Table 2).

Male PD patients demonstrated significantly higher CSF levels of
SERPIN E1 compared to female patients (792.3 (±473.7) vs. 636.6
(±310.2), p ≤ 0.001).

In PDGBA1, 64 out of 96 patients weremale (66.7%). Themean age at
examinationwas 63.4 years (±9.4), themean age at onset 55.1 years (±10.2),
the mean disease duration 8.3 years (±5.6), the mean MOCA score 24.8
(±4.8), the mean UPDRS III score 26.6 (±11.7) and the mean BDI II score
10.2 (±7.3) (Table 1).

There was no significant difference between male versus female PD
GBA1 regarding the age at examination (62.4 (±9.7) vs. 65.4
(±8.7), p = 0.154).

There was no significant difference observed in terms of the use of
blood-thinningmedication (p = 0.435) between theSERPINE1tertile levels.

Higher CSF SERPIN E1 levels were associated with a higher age at
examination (r = 0.420, p ≤ 0.001), a higher age at onset (r = 0.323,
p ≤ 0.001) and higher CSF levels of h-TAU (r = 0.391, p ≤ 0.001), p-TAU
(r = 0.326, p = 0.002), NfL (r = 0.377, p ≤ 0.001) and α-Synuclein (r = 0.291,
p = 0.006) (Table 2).

We observed no statistically significant differences between male and
female patients (p = 0.172), with respect toCSFprotein levels of SERPINE1.
Furthermore, no relevant differences were identified in CSF SERPIN E1
levels based on the severity of GBA1 variants (risk: 709.0 (±363.6), mild:
688.5 (±364.0), severe: 621.0 (±311.1), p = 0.952).

Out of 67 patients diagnosed with DLB, 46 were male, constituting a
prevalence of 68.7%. The mean age at examination for this group was 72.5
years (±6.5), which is notably higher than the age at examination in CON
(p ≤ 0.001) andPD(p ≤ 0.001). Themean age at onset was 69.3 years (±7.3),
the mean disease duration 3.2 years (±2.1), the mean MOCA score 15.1
(±4.3), themeanUPDRSIII score 26.8 (±9.2) and themeanBDI II score 10.5
(±6.5). 18patients had a variant inGBA1 (26.9%) (Table 1). 88.9% (16/18) of
these patients were male.

In DLB total cohort, higher CSF levels of SERPIN E1 were associated
with a higher age at examination (r = 0.366, p = 0.002), a higher age at onset
(r = 0.335 p = 0.006) and higher h-TAU levels in CSF (r = 0.341, p = 0.005).

In DLB GBA1, higher SERPIN E1 levels in CSF were associated with
higher h-TAU levels (r = 0.633, p = 0.005) and higher α-Synuclein levels
(r = 0.635, p = 0.006) (Table 2).

No statistically significant results were observedwhen comparingmale
and female patients (p = 0.089). We found statistically significant higher
CSF levels of SERPIN E1 in DLB vs. PD (total cohort: p = 0.019, Cohen’s
d =−0.431; WT: p = 0.005, Cohen’s d =−0.505; GBA1: p = 0.148, Cohen’s
d =−0.207) considering age at examination, disease duration and sex as
covariates.

Of the 16 control participants (CON), 7 were male (43.8%). The mean
age at examinationwas65.6 years (±9.5), themeanMOCAscore27.7 (±2.2),
the mean UPDRS III score 1.3 (±2.6) and the mean BDI II score 4.5 (±6.2)
(Table 1).

There were no significant differences concerning the age at examina-
tion between PD total cohort vs. CON (p = 0.935), PD WT vs. CON
(p = 0.794) or PD GBA1 vs. CON (p = 0.549).

Higher SERPIN E1 levels in CSF were associated with higher levels of
NfL in CSF (r = 0.794, p = 0.006), a higher age at examination in female
CON (overall: r = 0.447, p = 0.083; male: r = –0.429, p = 0.337; female:
r = 0.883, p = 0.002) (Table 2).

Group comparison of SERPIN E1 levels between CON, PD
and DLB
There was a significant difference between the three cohorts regarding CSF
SERPIN E1 levels with the highest levels in DLB total cohort (986.6 pg/ml
(±747.5)), followed by PD total cohort (726.0 pg/ml (±415.0)) and CON
(687.6 pg/ml (±326.1)) (p ≤ 0.001). Post-hoc tests revealed a significant
difference in SERPINE1 levels betweenDLB total cohort vs. PD total cohort
(p ≤ 0.001) as well as between DLB WT vs. CON (p = 0.011) (Supplemen-
tary Table 1, Fig. 1.

Longitudinal analysis
The incidence of cognitive impairment and postural instability did not
exhibit statistically significant differences among the three CSF SERPIN E1
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tertile groups throughout the longitudinal study in PD total cohort, PDWT
and PDGBA1. The time interval until 50% of PDpatients reached cognitive
impairment did not show any statistically significant differences based on
the SERPIN E1 tertiles. The follow-up time (in years) exhibited marginal
statistically significant differences among the three tertiles of CSF SERPIN
E1 levels in PD total cohort (lowest tertile: 9.0 (±4.8),N = 85,mid tertile: 9.4
(±6.3), N = 86, highest tertile: 9.2 (±5.7), N = 84, p = 0.029). Furthermore,
patients with the highest SERPIN E1 tertile levels presented with a higher
age at examination (Supplementary Tables 2 and 3).

Discussion
Elevated levels of SERPINE1 inCSFwere associatedwith anadvancedage at
examination in individuals with PD and in control participants as well as
with male sex in PD.

We found a significant difference between the three cohorts regarding
CSF SERPINE1 levels with the highest levels inDLB, lower levels in PD and
the lowest levels in CON, albeit with the limitation of a small number of
control participants and an older age at examination of DLB patients vs. the
other two cohorts.

This finding might mirror the continuum of Lewy body pathology
observed in patients with PD and DLB6, with the most pronounced Lewy
body pathology in DLB patients, especially when exhibiting variants in
GBA17. Remarkably, CSF SERPIN E1 levels also exhibited statistically sig-
nificant differences between DLB and PD taking into account age at
examination, disease duration and sex as covariates in the ANCOVA.

No significant differences were detected between PD and CON, with
both cohorts exhibiting a similar age at examination, nor betweenPDGBA1
and PDWT.

Moreover, we identified an association between elevated SERPIN E1
levels and a lowerMOCA score, along with increased CSF levels of h-TAU,
p-TAU, NfL, and α-Synuclein in PD and partly in patients with DLB. As a

limitation, the correlationanalyses predominantly yielded r values in the low
to moderate range of strength.

Given that a similar pattern was observed in the correlation analysis
between the age at examinationand the clinical andCSFbiomarkerdata, it is
reasonable to attribute these findings to age-related effects. Previous studies
have also investigated age-dependent changes in CSF biomarkers, revealing
an age-dependent increase in TAU16, NfL17 and α-Synuclein18.

Interestingly, a significantly higher prevalence of blood-thinning
medication intake was observed in PD patients with the highest tertile of
SERPIN E1 levels. This finding might be also attributed to the older age at
examination and the subsequently increased prevalence of neurovascular
diseases. Likewise, blood-thinning medication might directly influence
SERPIN E1 levels.

It is pertinent to acknowledge that the identification of these age-
related effects in our study serves not merely as a limitation but also as an
opportunity. The quantification of these protein levels could potentially
serve as surrogate marker, depicting (pathological) aging processes and
helping to dissect different entities in the wide spectrum of Parkinson´s
diseases. This aligns with the hypothesis of accelerated aging in PD,
dementia, and other neurodegenerative conditions, especially in PDGBA1.
Our findings may also facilitate the stratification of PD patients based on
distinct risk scores for intervention studies.

As a limitation, no significant findings were observed in longitudinal
analysis concerning the incidence of cognitive impairment and postural
instability depending on CSF SERPIN E1 tertile levels. Additionally, there
were no significant results regarding the time interval until 50% of PD
patients developed cognitive impairment.

Another limitation of our current study is the use of both the UPDRS
III and, since 2009, the MDS-UPDRS III, which has a broader scale.

The primary limitation of this study is the small number of control
participants (N = 16), which restricts the ability to draw reliable conclusions

Fig. 1 | Levels of SERPIN E1 in CSF of patients and controls. Levels of SERPIN E1
in CSF are compared between controls (CON) (blue dots) and patients with Par-
kinson’s disease (PD) (green dots) andDementiawith LewyBodies (DLB) (red dots)
(Fig. 2A), between CON and PD/DLB patients without GBA1 variants (wildtype,

WT) (Fig. 2B), and between CON and PD/DLB patients with GBA1 variants
(Fig. 2C). There was a significant difference between the three cohorts regarding
CSF SERPIN E1 levels with the highest levels in DLB total cohort, followed by PD
total cohort and CON.
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about differences in protein levels. This limitation is particularly relevant
when considering the potential utility of SERPIN E1 CSF levels as a diag-
nostic biomarker for early diagnosis.Given the scarcity ofCSF samples from
controls, future studies could focus on investigating potential differences in
serum levels between controls and PD patients, which would also be more
practical for use as a screening test.

The correlation between elevated SERPIN E1 levels and advanced age
at examination, lower MOCA scores and higher levels of h-TAU, p-TAU
and NfL, coupled with heightened SERPIN E1 levels in patients, may
alternatively indicate potential risk characteristics concerning the course of
PDassociatedwith this protein. This interpretation alignswith theproposed
pathophysiological role of SERPIN E1, which serves as an inhibitor of
plasmin, thereby impeding the clearance of α-Synuclein.

The pathological feedback loop involving both α-Synuclein and neu-
roinflammation, leading to increased SERPIN E1 expression, could
potentially exacerbate neurodegenerative processes, as previously
suggested10. Given potential differences in age at examination between the
cohorts, caution is warranted, necessitating validation in future studies.
Nevertheless, our findings, which indicate the lowest levels of SERPINE1 in
CON, elevated levels in PD and the highest concentrations in DLB patients,
may alignwith the current conceptualisationof adisease spectrumspanning
PD, PDD and DLB.

In individuals with DLB, a heightened burden of Lewy bodies, parti-
cularly in the temporal and parietal cortex, is generally observed.Moreover,
increased Aβ deposition in the cortex and striatum in DLB patients was
noted post-mortem15. These findingsmay contribute to clinical distinctions
such as an earlier onset of cognitive impairment and a higher frequency of
visual hallucinations. In this context, the potential “synergistic” or “trig-
gering” effects among cortical α-Synuclein pathology, p-TAU burden and
Aβ deposition were explored15. The identification of a spectrum of SERPIN
E1 levels across diseases with Lewy Body pathology may mirror the spec-
trum of heightened α-Synuclein and Aβ deposition due to pathological
feedback loops and reduced clearance mediated by the inhibition of plas-
min. Alternatively, it might mirror aging and thereby predisposes to these
pathologies.

The adverse effects of SERPIN E1 on neurodegenerative diseases may
also stem from its influence on one of the most relevant aging-related
pathways encompassing the Insulin-like growth factor 1 (IGF1) -α-Klotho -
SERPIN E1 - sirtuin 1 (SIRT1) - Forkhead boxO3 (FOXO3a) - Peroxisome
Proliferator-Activated Receptor γ (PPARγ) axis (Fig. 2). α-Klotho stimu-
lates the transcription factor FOXO3a, resulting in an increased expression
of antioxidative enzymes, such as superoxide dismutase II (SODII) and
human catalase (CAT), facilitated by the activation of PPARγ, among other
factors, through the inhibition of the phosphoinositide 3-kinase/protein
kinase B (PI3K/AKT) pathway19. SIRT1 is also capable of enhancing the
expression of PPARγ through the deacetylation of FOXO3a20.

α-Klotho-knockout mice manifest a phenotype indicative of pre-
mature aging, characterised by arteriosclerosis, osteoporosis, muscle atro-
phy, neuronal degeneration, a shortened lifespan and infertility 21,22. In PD
research, both in vitro and in mouse models, the activation of PPARγ
through the agonist pioglitazone has been demonstrated to result in a
reduction of reactive oxygen species (ROS) 23,24. This reduction is accom-
panied by a decrease in inflammation25 and neuroinflammation, evidenced
by lowered levels of interleukins, tumour necrosis factor α (TNF-α) and
major histocompatibility complex - II (MHC-II), coupled with mitochon-
drial biogenesis and heightened autophagy 26,27.

Physiological, there is a transition from a predominant glucose meta-
bolism in the growthhormone/IGF1pathway to a prevailing lipid oxidation
through the activation of PPARγ. This emerges as a pivotal pathway in
longevity25. The positive impact on longevity and neurodegenerative dis-
eases may stem from a potential overshoot in the heightened expression of
antioxidative enzymes and increased autophagy surpassing the augmented
ROS production during lipid metabolism as previously discussed for the
protective effects of α-Klotho28.

In contradistinction to these protective effects, SERPINE1 precipitates
accelerated aging by reducing telomere length and stabilising the IGF1
receptor29.

Remarkably, discernible distinctions were noted between male
and female patients in our current study. Male PD patients manifested
higher SERPIN E1 levels than their female counterparts. This aligns
with previous research demonstrating sex-specific variations in the
central aging pathway. Such differences could be attributed to varia-
tions in insulin metabolism between sexes; for instance, FOXO1A
exhibits high expression in the female reproductive system30. More-
over, sex-specific distinctions are observed in components of the
coagulation cascade, potentially influenced by the effects of estrogen31,
at least premenopausal.

We suggest future investigations in protein profiles of additional
constituents within the central IGF1 – α-Klotho - SERPIN E1 - SIRT1 -
FOXO3a - PPARγ - aging pathway, as well as the polyamine metabo-
lism. Such explorations have the potential to furnish supplementary
insights relevant to pharmacological interventions. Especially SIRT132,
PPARγ33 and SERPIN E134 emerge as promising drug targets for
patients with neurodegenerative and other age-related diseases.
Importantly, protective effects on the central aging pathway, partly
mediated by increased SIRT1 expression, can also be attained through
lifestyle modifications, including physical interventions35, the use of
ginseng36, curcumin 37,38, resveratrol39 or polyamines like spermidine32.
Caloric restriction, which has shown an association with increased life
expectancy40, is another noteworthy factor in promoting these pro-
tective effects.

To validate the results of our exploratory data analysis, additional
studies focusing on these proteins within the central aging pathway,
encompassing a larger cohort of control participants and patients with
diverse neurodegenerative diseases, are imperative.

Fig. 2 | Klotho mitigates the phosphorylation of Forkhead box O3 (FOXO3a),
primarily through the inhibition of Phosphoinositide 3-Kinase/ProteinKinase B
(PI3K/AKT). This action prevents the displacement of this central transcription
factor from the nucleus, resulting in elevated expression of antioxidative enzymes
such as Superoxide Dismutase II (SODII) and human Catalase (CAT) through the
activation of Peroxisome Proliferator-Activated Receptor γ (PPARγ). Possible
outcomes include reduced production of interleukins, Major Histocompatibility
Complex - II (MHC-II), Tumour Necrosis Factor α (TNF-α), and Reactive Oxygen
Species (ROS), coupled with an increase in mitochondrial biogenesis and
autophagy25. Similar effects can be induced by modifying lifestyle factors, including
physical intervention, the application of substances such as ginseng, curcumin, or
polyamines like spermidine, and caloric restriction, which has been associated with
an extension in life expectancy40. These protective effects are hypothetically
diminished by SERPIN E1 stabilising the Insulin-like Growth Factor 1 (IGF1)
receptor and reducing telomere length29. Created with BioRender.com.
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Methods
Participants and clinical investigations
All 479 PD patients (referred to as PD total cohort) and 67 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 amovement disorder specialist. The diagnosis of PDwas
defined according to UK Brain Bank criteria41. 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 symptomsusing theUnifiedParkinson´sDiseaseRating scale part III
(UPDRS III); from 2000 to 2008, and from 2009, the MDS-UPDRS were
applied42. The clinical diagnosis of DLB was established in accordance with
the revised consensus criteria forDLB, as outlined in the fourth report of the
DLB consortium43. Cognitive function was tested using the Montreal
Cognitive Assessment (MOCA)44 or the Mini Mental Status Examination
(MMSE)45. As the MOCA has only been available since 2009, all MMSE
scores were converted to MOCA equivalent scores according to an algo-
rithm published recently46. MOCA cutoff ≤25 indicated cognitive impair-
ment (point of maximum combined sensitivity and specificity47). Postural
instability was characterised 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) II48. The PD cohort, subjected to
SERPIN E1measurements, was chosen based on the criterion of possessing
a comprehensive clinical data set. Of the 479 PD patients, 255 had long-
itudinal data pertaining to the onset of cognitive impairment, forming a
smaller longitudinal sub-cohort.

All 16 control participants (CON) were spouses of patients with Par-
kinson´s disease or patients with functional disorders in whom neurode-
generative 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 Uni-
versity, the Hertie Institute and the DZNE.

Collection of CSF Samples
Spinal tap was performed between 9:00 AM and 1:00 PM. Samples were
directly taken from the bedside and centrifuged within 60min after col-
lection and frozen at −80 °C within 90min after collection. Samples with
abnormal routine CSF diagnostics (white blood cell count >6 cells/μL;
Immunoglobulin subtype G index >0.7) were excluded.

CSF measurements of ß-amyloid 1-42, h-TAU, p181-TAU (p-
TAU), Neurofilament Light Protein (NfL) and α-Synuclein
CSF levels of ß-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 α-Synuclein were assessed using an ELISA kit for human α-
synuclein (Roboscreen GmbH, Germany). Intra-assay imprecision of 4.4%
was calculated fromduplicate analyses and expressed asmedian of the range
to average of the duplicates. Inter-assay imprecision of <10% was deter-
mined using two quality control CSF pool samples.

All measurements were performed by board-certified laboratory
technicians who were blinded to the clinical data.

Bead-based detection of SERPIN E1
SERPIN E1 CSF levels (in pg/ml) were detected using a commercial 3-plex
human magnetic Luminex assay (R&D Systems, Wiesbaden, Germany, cat
no. LXSAHM-03, lot number L139408). Individual analyses were performed
with 1:2 diluted samples according to the manufacturer’s protocol. For the
multiplex assay, 50 µLLuminex beads and50 µL standards, quality control or
CSF samples were pipetted into the wells of a 96-well plate. The specific
analytes are boundby the immobilised antibodies on the colour-coded beads.
Unbound sample was removed, and beads washed three times with wash

buffer. 50 µL biotinylated detection antibody was added to each well and
incubated at 800 rpm for 1 h at room temperature. The beads were washed
three times to remove unbound detection antibody. 50 µL Streptavidin-PE
conjugate was added to each well. After 30min incubation at 800 rpm,
unbound Streptavidin-PE was removed, and the beads washed three times.
The beads were resuspended in 100 µl of buffer and then analyzed using the
FlexMap 3D® analyser and Luminex xPONENT® 4.2 software (Luminex,
Austin, TX, USA). Median fluorescence intensity (MFI) values were back-
calculated using a 5PL regression fit to the standard samples (Bio-Plex
Manager, version 6) to determine SERPIN E1 concentrations.

Genetic analysis
DNA was isolated from blood collected in EDTA (ethylenediaminete-
traacetic acid) tubes by salting out method and stored at 4 °C. Genetic
screening for PD-associatedmutations was done using theNeuroChip. 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 diseases49. 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 performed GBA1-subgroup classification in PD GBA1 for muta-
tion severity according to established mutational risk reported for PD: low
risk (“risk”, N = 48), mild risk (“mild”, N = 20), severe risk (“severe”,
N = 28). Of note, some variants that have been reported as nonrelevant for
Gaucher disease have been proven to increase the risk for PD and therefore
have been included in our analysis, for example, p. E326K and p.T369M.

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 were conducted among following
groups: PDGBA1 (N = 96), comprisingpatientswith variants inGBA1gene,
PD wildtype (WT, N = 383) (patients without variants in GBA1), PD total
cohort (PD GBA1 and PD WT, N = 479), CON (control participants,
N = 16) and patients with Dementia with Lewy Bodies (DLB, N = 67).

The significance level was set at p ≤ 0.007 for cross-sectional analysis
(manualBonferroni-correctiondue to comparisonof 7 groups) (Table 1 and
Table 2), at p ≤ 0.016 for comparison of SERPIN E1 levels between CON,
PDandDLB (SupplementaryTable 1) and p ≤ 0.05 for longitudinal analysis
(Supplementary Table 2).

Group comparisons for continuous variables of demographic, clinical
andCSFdatabetweenDLB,PDandCONaswell asbetweenGBA1 subgroups
(cross-sectional analysis) were conducted using either the non-parametric
Mann–WhitneyU test or parametric analysis of covariance (ANCOVA),with
covariates sex, age at examination and disease duration as appropriate.

Group comparisons of categorical variables (such as the incidence of
cognitive impairment andpostural instability; prevalence of intake of blood-
thinning medication; prevalence of GBA1 variants) were compared using
the chi-squared test.

Spearman correlation analysis was employed to investigate the influ-
ence of SERPIN E1 levels and age at examination on demographic, clinical
and biomarker data (Table 2).

Comparison of CSF SERPIN E1 levels between PD, DLB, and CON
was performed using non-parametric Kruskal-Wallis test, followed by post-
hoc tests (Supplementary Table 1). Additionally, SERPIN E1 levels between
PD and DLB were also compared using ANCOVAwith covariates sex, age
at examination and disease duration. SERPIN E1 levels in controls were
approximately normally distributed, as assessed by the Shapiro-Wilk test
(p > 0.05), whereas this was not the case for PD or DLB patients (p ≤ 0.05).

Kaplan-Meier curves, alongwithCox regressionanalysis incorporating
the factor “tertile group”, were employed for longitudinal analysis. For these
analyses, we compared the lowest vs. mid vs. highest tertile of CSF SERPIN
E1 levels (Supplementary Table 2).
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Data availability
The pseudonymized data of this study are available from the corresponding
author upon reasonable request.

Abbreviations
BDI II Beck´s Depression Inventory II
CAT human Catalase
CON control participants
CSF cerebrospinal fluid
DLB Dementia with Lewy Bodies
FOXO3a Forkhead box O3
GBA1 glucocerebrosidase 1
GH Growth Hormone
IGF1 Insulin-like Growth Factor 1
MHC-II Major Histocompatibility Complex - II
MMST Mini Mental Status Test
MOCA Montreal Cognitive Assessment
NfL neurofilament light chain
PD Parkinson´s Disease
PI3K/AKT Phosphoinositide 3-Kinase/Protein Kinase B
PPARγ Peroxisome Proliferator-Activated Receptor γ
SIRT1 sirtuin (silent mating type information regulation 2

homolog) 1
SODII Superoxide Dismutase II
TNF-α Tumor Necrosis Factor α
UPDRS III MDS-UPDRS-part III; Movement-Disorder-Society-

Unified Parkinson’s disease Rating Scale-part III
WT wildtype
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