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JNK3 quantification in plasma: a novel
biomarker for neuronal damage in
Parkinson’s disease
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Diagnosis of Parkinson’s disease (PD) remains challenging due to the lack of reliable biomarkers. To
address this need, we quantified plasma levels of brain-specific c-Jun N-terminal kinase 3 (JNK3), a
protein involved in neurodegeneration. A total of 108 participants were enrolled, including 25
individuals with isolated REM sleep behavior disorder (iRBD), 26 patients with De Novo PD, 29 with
Late PD, and 28 age-matched healthy controls (HC). All subjects underwent clinical assessment,
blood sampling, and skin biopsy. Plasma JNK3 levels were significantly elevated in PD and iRBD
compared toHC, a finding that remained robust after adjustment for age and sex inmultivariate logistic
regression. ROC analysis demonstrated that JNK3 levels distinguished PD from HC with 100%
specificity and 65% sensitivity in Late PD. In contrast, Neurofilament Light Chain showed non-
significant groupdifferences andweakdiscriminative performance. Notably, while JNK3declinedwith
age in HC, it increased with age in Late PD (P = 0.048, B = 0.105) and negatively correlated with motor
impairment. Elevated JNK3 was also associated with pathological α-Synuclein in skin biopsy. These
findings highlight JNK3 as a promising blood biomarker for PD, with meaningful diagnostic and
prognostic value, suggesting that its implementation could refine patient stratification and improve
clinical trial efficiency.

Parkinson’s disease (PD) is one of the most prevalent neurodegenerative
disorders, with its incidence rapidly increasingworldwide1. The progression
of PD often spans several years, and its clinical presentation is marked by
considerable heterogeneity in both symptoms and disease trajectory among
individuals2. Recently, the underlying biology of PDhas been categorized in

terms of three key pathological processes: presence or absence of synuclei-
nopathy, evidence of neurodegeneration, and identification of genetic
factors3,4. Inmost cases, PD is characterized by the pathological aggregation
of α-Synuclein (α-Syn) in both the central and peripheral nervous systems,
with emerging evidence suggesting that the propagation of these aggregates
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plays a critical role in disease progression and neurodegeneration. More-
over, although most PD cases are sporadic, genetic factors have been
implicated in their development, potentially serving as early biological
triggers5,6.

PD diagnosis is primarily based on clinical evaluation, guided by either
the UK Parkinson’s Disease Society Brain or the refined International
Movement Disorder Society (MDS) clinical diagnostic criteria7,8. Although
genetic testing can provide supportive evidence, the significant hetero-
geneity in PD’s underlying causes makes early detection challenging. Initial
clinical presentations are highly variable and often include non-motor
symptoms such as anxiety, constipation, hyposmia, depression, and isolated
rapid-eye-movement sleep behavior disorder (iRBD)7. Moreover, motor
symptoms can take years to emerge (on average, about 10 years), thus
delayingdiagnosis2. Recognizing the pre-motor phase is therefore crucial for
developing disease-modifying treatments9, and the identification of reliable
biomarkers for early detection and intervention remains a crucial challenge.
Although no Biomarker has yet achieved full clinical validation, several
promising approaches are under investigation. Notably, two strategies are
currently being explored: (i) assessing α-Syn seeding capacity in cere-
brospinal fluid (CSF) by seeding amplification assay and (ii) detecting
phosphorylated α-Syn (P-αSyn) deposits in peripheral nerves via skin
biopsy10. In fact, skin biopsy has emerged as a promising, non-invasive
method to assess α-Syn pathology in peripheral tissues11,12. Variations in
CSF α-Syn seed and increases in its phosphorylated or aggregated forms in
peripheral tissuesmight serve as indicators of disease progression.However,
the lack of cohort studies and truly quantitative technology has hampered
the development of prognostic markers12. In addition, blood-based detec-
tion of Neurofilament Light Chain (NfL), a general biomarker of neu-
roaxonal injury, has been investigated for its potential to monitor disease
progression in PD, even though it is not specific to this disorder13–15. In fact,
NfL levels fall short in distinguishing PD from other neurodegenerative
disorders14.

This unmet need for disease-specific peripheral biomarkers in PD
provides a strong rationale to explore novel molecular pathways. Among
others, JNK3 is a keymember of the JNK kinase family, which also includes
the JNK1 and JNK2 isoforms16, presenting a brain-specific expression pat-
tern and functional variations that may offer valuable insights into the
progression of PD. JNK3 has been shown to be strongly activated in several
neurodegenerative diseases, including Alzheimer’s disease (AD)17,18, motor
neurondisease19, epilepsy20, andvarious other central nervous system(CNS)
pathological conditions21–23, as well as in PD24,25. In PD, growing evidence
highlights JNK3 as a key pathway driving neuronal death26,27, and its
selective inhibition has shown promising neuroprotective effects, both in
vitro and in vivo28,29, offering hope for therapeutic strategies. Notably, JNK3
plays a key role in regulating “synaptic injury”, which is recognized as one of
the earliest and most common neurodegenerative events17,18,30. Beyond
synaptic dysfunction, JNK3 also contributes to oxidative stress, inflamma-
tion, mitochondrial dysfunction, and apoptosis in dopaminergic neurons16.
Despite its neuronal specificity, its activation in response to neuronal stress,
and its involvement in regulating neuroinflammation and apoptosis,
the potential of JNK3 as a PD biomarker remains largely unexplored.
To date, only one study has reported elevated levels of JNK3 in the
CSF of AD patients, where JNK3 levels significantly correlated with
cognitive decline31. This finding provides the first clinical evidence
that JNK3 can be released into extracellular fluids, supporting the
hypothesis that JNK3 may also be detectable in other biofluids such
as the blood.

Based on this, we investigated plasmatic JNK3 levels in PD patients at
different stages of disease, including premotor phase (i.e., iRBD) and age-
matched healthy controls (HC).

Results
Demographics and clinical characteristics
A total of 108 patients were enrolled and analyzed in this study; in detail, 25
iRBD, 26 De Novo PD, 29 Late PD patients, and 28 age-matched HC. The

demographic characteristics and clinical assessments of the study groups are
summarized in Table 1.

No significant differences in age were found between groups, while a
higher number of males was present in the iRBD group compared to the
others, especially vs HC. As expected, De Novo and Late PD had higher
motor impairment than iRBD, as measured by H&Y andMDS-UPDRS-III
scale scores and LEDD. iRBD showed higher score at RBDSQ and major
autonomic impairment vs Late PD measured by COMPASS-31, and
hyposmia was significantly worse in De Novo PD than iRBD.

Plasmatic JNK3 is higher in patients with PD
Our results indicate that the neuronal isoform JNK3 is detectable in plasma
andcanbeaccuratelymeasuredusing a commercial ELISAkit (seeMaterials
andMethods for details). Plasma JNK3 concentrations were higher in iRBD
and PD compared to HC (Fig. 1A). After adjustment for age and sex,
multivariate logistic regression analysis demonstrated that higher plasma
JNK3 levels were significantly associated with the diagnoses of iRBD, De
Novo PD, and Late PD (Fig. 1B, upper panel). Consistent results were
obtained with ordinal logistic regression, confirming that JNK3 expression
rises progressively across these clinical stages (Fig. 1B, lower panel). In
contrast, when LEDD was included as an additional covariate, the asso-
ciation between JNK3 levels andLate PDdiagnosiswas no longer significant
in the comparison between Late PDand De Novo PD (P = 0.203). ROC
curve analysis showed that plasmatic JNK3 concentration reliably dis-
tinguished HC from Late PD, achieving high specificity (100%) and mod-
erate sensitivity (65.5%), while a lower sensitivity but same high specificity
was obtained in separating De Novo vs HC (specificity 100%, sensitivity
50%) and iRBD vs HC (specificity 100%, sensitivity 48%) (Fig. 1C).

Plasmatic JNK3 is influenced by age and sex
In HC, plasmatic JNK3 levels showed an inverse correlation with age
(p = 0.013, B = -0.078, Fig. 2A). In addition, its expression resulted sig-
nificantly lower in females than males, and this trend was also detectable in
the other groups (iRBD p = 0.496, De Novo p = 0.879, and Late PD
p = 0.784), (Fig. 2B–E). When comparing males and females within each
group, the increase in plasma JNK3 expression observed in patients relative
to HC remained evident but was less pronounced among males (global
ANOVA: 0.0950; no linear tests between groups since global test not sig-
nificant) (Fig. 2F) than in females (global ANOVA: 0.0004) (Fig. 2G). In the
combined analysis ofDeNovoandLatePDpatients, plasma JNK3 levels did
not correlate significantly with age (Fig. 2H). In contrast, a significant
positive correlation with age was observed when the analysis was restricted
to the Late PD group (p = 0.048, B = 0.105; Fig. 2I). Moreover, JNK3 levels
showed a significant negative correlation with the motor scale MDS-
UPDRS-III, observed when grouping De Novo and Late PD (p = 0.027,
B =−0.074) (Fig. 2J).

Association between JNK3 and α-synuclein pathology
The same patients underwent both skin biopsy and blood sampling,
allowing for a direct correlation between peripheral α-Syn pathology and
plasma JNK3 levels. Immunofluorescence analysis of P-αSyn in skin biop-
sies showedpositivity in 13.3%ofHC, 62.5% iRBD, 77.8%DeNovoPD, and
68.2% of Late PD. When participants were stratified by skin-biopsy posi-
tivity for P-αSyn (Fig. 3A–C), those who resulted positive (57.1%) displayed
significantly higher plasma JNK3 levels (Fig. 3D). This association was
confirmed considering iRBD and PD at different stages (70.8% positive,
Fig. 3E) as well as only Late PD (68.2% positive, Fig. 3F).

Our bioinformatic analysis specifically investigated the interaction
pathways of JNK3 and α-Syn (SNCA) and revealed that the scaffold protein
mitogen-activated protein kinase 8 interacting protein 1 (MAPK8IP1, also
JNK-interacting protein 1 (JIP1)) occupies a central hubposition, connecting
the JNKkinase familywithα-Syn (i.e., SNCA) (Fig. 4A).Network analysis of
overlapping neurodegenerative pathways in PD andAD identified JIP1 as a
central mediator linking the two diseases (Fig. 4B). These findings suggest
that JNK3may interactwith α-Syn through JIP1, potentially contributing to
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shared pathogenic mechanisms and supporting its role as a candidate bio-
marker for PD.

Plasmatic NfL evaluation across PD stages
Neither parametric (ANOVA) nor non-parametric (Kruskall-Wallis) ana-
lysis revealed a difference of NfL concentration, measured by SIMOA,
among the four groups, even though a slightmonotone ascending trendwas
visible from HC to PD (Fig. 5A). These results were confirmed in multi-
variate logistic analyses: multinomial analysis did not reach significance,
while ordinal analysis found a slight significance (p = 0.020) at univariate
level, which remained significant (P = 0.011) after correcting for age and
gender (Fig. 5B). Furthermore, NfL values strongly correlated with age
(p < 0.001, B = 0.032) across all groups (Fig. 5C). NfL also correlated with
motor impairment when grouping De Novo and Late PD patients (as per
theH&Y scale) (Fig. 5D), while correlatedwith depression in Late PDgroup
(as per the BDI-II scale) (Fig. 5E).

Discussion
PD remains a diagnostic and prognostic challenge, largely due to the lack of
accessible, reliable biomarkers and the great heterogeneity of clinical phe-
notypes. The lack of a clear link between PD clinical manifestations and
currently available biomarker profiles hampers early diagnosis and precise
disease monitoring, underscoring the need for novel biomarkers that more
accurately reflect PD pathophysiology. Our study highlights plasmatic
quantification of neuronal kinase JNK3 as a promising peripheral bio-
marker for PD.

Our findings show that plasma JNK3 levels can be reliably measured
and are increased early in the PD continuum, including in individuals with
iRBD, a prodromal stage marked by non-motor symptoms and subtle
neurodegeneration. These findings are derived from plasmameasurements
of JNK3 and therefore do not allow direct conclusions regarding its
mechanistic role in early neurodegenerative processes. Nonetheless, the
significant elevation of JNK3 in iRBD, exceeding that of NfL, suggests that it
may serve as a marker of early neuronal stress and/or synaptic dysfunction.
This interpretation is consistent with the established role of JNK3 in neu-
ronal death pathways and is further supported by bioinformatic analyses
indicating its involvement within neurodegeneration-related interactomes,
reinforcing JNK3 as a promising and potentially druggable target for neu-
roprotective interventions17,21,32. The elevation of NfL is associated with
neuroaxonal degeneration and fast disease progression and is particularly

relevant inmotor neuron disorders33. In PD, however, studies have reported
mixed results, some indicating higher plasma NfL levels in patients com-
pared with HC, while others found no significant difference34. Even when
present, NfL increase in PD is generally modest, particularly in the early
stages of the disease35, consistent with the findings of the present work.

In addition, the progressive increase in JNK3 levels from iRBD through
De Novo to Late PD further supports its potential as a dynamic biomarker
capable of tracking neurodegenerative changes across disease stages.
Notably, plasma JNK3 levels distinguished all stages of PD and iRBD from
HC with high specificity (100%) and moderate sensitivity (48–65%), being
higher for Late PD (65%). Although the Youden method yields perfect
specificity, this comes at the expense of amoderate sensitivity. Adjusting the
balance between sensitivity and specificity may therefore be considered,
depending on the clinical context and the associated cost–benefit
considerations.

Plasma JNK3 is a promising, non-invasive biomarker that overcomes
the limitations of invasive CSF-based markers. Its accessibility via routine
blood sampling allows for longitudinal monitoring of disease progression
and could facilitate earlier patient stratification for clinical trials. Although
quantification would be enhanced by amore sensitive, SIMOA-based assay
(not yet commercially available), current measurement relies on well-
established laboratory techniques. This simplicity ensures that plasma JNK3
can be readily integrated into existing diagnostic workflows, accelerating its
clinical translation.

InHC,weobserved that JNK3 levels decreasedwith age andwere lower
in females, a trend consistent with physiological brain aging36. Notably, this
is in direct contrast to plasma NfL, which increased with age, confirming
previous studies13–15. This opposing trajectory suggests that JNK3 and NfL
are controlled by distinct biological mechanisms during the aging process.
In patients withPD, however, this age-related decline in JNK3was reversed,
indicating that the effects of neurodegeneration override the normal aging
process, and positioning JNK3 as a potential marker of disease-specific
pathology rather than a general biomarker of aging. Further studies are
required to validate this hypothesis.

Counter-intuitively, despite being elevated in the PD cohort, higher
JNK3 levels were associated with lower motor impairment. This may
indicate that JNK3 does not track motor decline directly, but rather reflects
other aspects of the disease, such as non-motor pathology. Indeed, its early
elevation in iRBD further supports the notion that JNK3 serves as a sensitive
marker of early neuronal dysfunction, potentially reflecting synaptic

Fig. 1 | Evaluation of plasmatic JNK3 as a promising diagnostic biomarker. APlot
of plasmatic JNK3 concentration measured by ELISA assay in HC and pathological
groups. Each dot represents a patient and bars the median of the group. Significant
pairwise Bonferroni corrected P-values, after one-way ANOVA analysis, are shown.
Multivariate multinomial (B, upper panel) and ordinal logistic regression (B, lower

panel) analyses to assess the OR and 95% CI for JNK3, age, and sex among patho-
logical groups. An OR > 1 indicates an increased likelihood of pathological diag-
nosis. C ROC curves analysis of JNK3 concentration. The referral line is reported in
black. For each comparison, the table provides the asymptotic significance, AUC
with 95% CI, % sensitivity, specificity, and Youden value.
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impairment and involvement of extra-motor regions, components that are
overlooked in motor-centric PD assessments. Furthermore, the limitations
of motor assessments in levodopa-treated individuals may obscure the true
relationship between the biomarker and underlying neurodegeneration,
potentially explaining this unexpected finding. Further studies with larger
cohorts and more comprehensive clinical characterization will be required
to confirm this association and clarify its biological significance.

A key finding of this study is the strong correlation between plasma
JNK3 and peripheral P-αSyn derived from skin biopsies within the same
individuals. This paired analysis establishes a direct link between a CNS-
related blood biomarker and peripheral synucleinopathy. The convergence
of these two markers supports a potential dual-biomarker strategy for
improved early diagnosis and disease monitoring, offering a powerful,
minimally invasive alternative to lumbar punctures or neuroimaging. The
established reliability of skin P-αSyn as a diagnostic marker further
strengthens the clinical potential of this combined approach3.

This preliminary study is limited by its small sample size, and our
findings require validation in larger, independent cohorts. Future studies
should aim to correlate plasma JNK3 with advanced neuroimaging37,38 and

other fluid biomarkers (e.g., α-Syn species, synaptic proteins39) to better
contextualize its pathological role. Longitudinal studies will be crucial to
determine if JNK3 can track disease progression, predict clinical outcomes,
or monitor therapeutic responses, particularly in diverse cohorts such as
atypical parkinsonisms, α-Syn-negative PD subtypes, and patients under-
going disease-modifying therapies. Finally, mechanistic studies exploring
the link between plasma JNK3, skin P-αSyn, as well as JNK3 presence in
other tissues like CSF are needed to fully understand its biological sig-
nificance. Addressing these points will clarify how to best integrate JNK3
into multiparametric panels to improve diagnosis, stratification, and per-
sonalized medicine for PD.

Methods
Patients’ enrollment
Patients were consecutively recruited from the movement disorders and
sleep medicine clinic at NSI Lugano, the sleep medicine clinic at the
University-Hospital of Bologna, and the movement disorders clinic at St.
Gallen Hospital, as part of the multicentric NSIPD001 study. HC were
recruited among hospital staff and patients’ partners. Inclusion criteria for

Fig. 2 | Clinical correlations and sex influence on JNK3 levels. A Correlation
between JNK3 and age in HC. B–G Scatter plot of plasmatic JNK3 concentration in
males and females in the distinct groups. Each dot represents a patient and bars the
median of the group. Unpaired T-Test and one-way ANOVA analyses are shown.

P-values < 0.05 were considered significant.H, ICorrelation between JNK3 and age.
J Correlation between JNK3 and MDS-UPDRS-III in De Novo and Late PD. The
regression lines are reported together with their 95% CI (dashed line).
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PD were a definite clinical diagnosis according to the UK Brain Bank
diagnostic criteria40, and no family history. De Novo PD were patients with
less than2years from thediagnosis,while LatePDwerepatientswith>2 and
<15 years from the diagnosis. Inclusion criteria for iRBD were established
according to the standard diagnostic criteria and included a video-
polysomnography documentation of REM sleep without atonia41.

Clinical assessment
Patients underwent a standard clinical evaluation: Hoehn and Yahr scale
(H&Y)42 and the Movement Disorder Society-Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS)43 were used for disease gravity assessment;
Mini-Mental State Evaluation (MMSE)44 and Montreal Cognitive Assess-
ment (MoCA)45 scales for cognitive impairment; Beck Depression
Inventory-II (BDI-II)46 scale for mood disorder; Composite Autonomic
Symptom Score 31 (COMPASS-31, OH: orthostatic hypotension, VM:
vasomotor, SM: sudomotor, GI: gastrointestinal, BL: bladder, PM:
pupillomotor)47 for autonomic dysfunction; rapid eye movement (REM)
sleep behavior disorder screening questionnaire (RBDSQ) for REM sleep
disorders48. Levodopa equivalent daily dose (LEDD)49 was calculated for PD
patients. The BMI was also reported.

Blood collection and plasma preparation
All subjects included in the study underwent blood collection. 10ml of
blood were collected into anticoagulant-EDTA tubes and centrifuged for
15minutes at 1600 g at 10 °C, to eliminate cellular components. The
obtained plasma was aliquoted and stored at−80 °C.

JNK3 ELISA
JNK3 level detection in plasma was performed using the Human Stress-
activated Protein Kinase JNK3, MAPK10 commercial ELISA kit (Bioassay
Technology Laboratory, EA701Hu) distributed by Li Starfish (Catalog
number: BTB-E6701HU; https://www.bt-laboratory.com/index.php/Shop/
Index/productShijiheDetail/p_id/29125.html; Datasheet: https://www.bt-
laboratory.com/Upload/manual/kit/E6701Hu.pdf). Plasma samples were
collected as described in the Blood Collection and Plasma Preparation
section, aliquoted, and stored at –80 °C, avoiding repeated freeze–thaw
cycles. Only one freeze–thaw cycle was allowed before measurement.
Plasma samples were not diluted when using this ELISA kit. When sedi-
ments were observed after storage, samples were centrifuged again before
analysis and hemolyzed samples were excluded. All analyses were per-
formed in triplicate and using two different kit batches to minimize varia-
bility. Before use, all reagents and samples were equilibrated to room
temperature for 30minutes. Disposable pipette tips and plate sealers were
used to prevent cross-contamination. According to the manufacturer’s
specifications, the assay has a sensitivity of 13.19 ng/L, with a standard curve
range of 20–6000 ng/L. The intra-assay coefficient of variation (CV) is
reported to be < 8% and the inter-assayCV < 10%. The assay is validated for
use with plasma samples. Although no independent spike-in recovery tests
were performed in this study, and the manufacturer does not provide
recovery data in plasma, all measured values in our samples were
within the validated detection range. This product is for research use
only, not for use in a diagnostic procedure as described in the
manufacturer’s protocol.

Fig. 3 | Differences of JNK3 in patients positive for cutaneous phosphorylated α-
Syn.Confocal microscopy images of a muscle arrector pili in HC (A), sweat gland in
iRBD (B), and dermal plexus in PD (C). The co-localization signal of P-αSyn (green)
and nerve fibers (red) is defined by the yellow signal (white arrows). Scale bar: 50 μm

(D–F) Plot of plasmatic JNK3 concentration in subjects positive or negative for
P-αSyn. Each dot represents a patient and bars the median of the group. Unpaired
T-test analysis is shown.
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Fig. 4 | Network integration of the neurodegeneration-related interactome from
NDAtlas. A Interaction network centered on MAPK8IP1 (JIP1), illustrating its
connectivity with JNK kinases (MAPK9 and MAPK8), and α-Syn (SNCA).
B Overlapping interaction networks of PD and AD highlighting the central con-
nectivity role of MAPK8IP1 (JIP1). Interaction metrics: MAPK8IP1-SNCA Score:

0.6655, Confidence: 0.3010. Each node indicates a protein or gene associated with a
neurodegenerative disease, color-coded as follows: gray for N/A, black for AD, blue
for multiple pathologies, and purple for PD. Edges (lines) between nodes represent
known or predicted interactions, such as physical binding or functional links.
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Plasma NfL quantification
The plasma NfL was quantified using a Simoa NF-Light Advantage PLUS
(SR-X) Kit (#104364) on a Quanterix SR-X platform (Quanterix, Boston,
MA, USA). All reagents used for NfL analysis were from a single lot, and
measurements were performed according to the manufacturer’s protocol.

Skin biopsy collection and immunofluorescence
Based on the availability of the biobank, skin biopsy has been performed
in 43.6% of HC (15 out of 28), 32.0% of iRBD (8 out of 25), 69.2% of De
Novo PD (18 out of 26), and 75.9% of Late PD (22 out of 29). A 3 mm-
diameter punch skin biopsy was performed in the neck at C8 dermato-
mal level (cervical) and in the distal leg 10 cm above the lateral malleolus
(ankle). Following our published and standardized protocol11,12, skin
samples were fixed overnight at 4 °C in Paraformaldehyde-lysine-
periodate (PLP) 2% fixative. The day after, 50-μm-thin skin sections were
cut with a cryotome for free-floating immunofluorescence analysis.
Three non-consecutive sections per localization per patient were incu-
bated overnight with antibodies against the panaxonal marker protein
gene product 9.5 (PGP9.5, rabbit, polyclonal, EMD Millipore Corpora-
tion, AB5925, dilution 1.1000) and P-αSyn at serine 129 (mouse,
monoclonal, FUJIFILM Wako Pure Chemical Corporation, 015-25191,
dilution 1:1000). The day after, sections were incubated with secondary
antibodies AlexaFluor488 and AlexaFluor594 (ThermoFisher Scientific,
Waltham, USA, 1:1000), and counterstained with DAPI. All samples
were anonymized and coded before the arrival in the laboratory; thus,
staining, imaging acquisition, and analysis were performed by operators
blinded to the clinical diagnosis11,12.

Immunofluorescence evaluation
Skin sections were evaluated under an inverted fluorescence micro-
scope (Nikon Eclipse Ti-E, Tokyo, Japan). For each section, intrae-
pidermal nerve fibers, dermal nerve bundles, and at least 15
autonomic structures (sweat glands, muscle arrector pili, and vessels)

per anatomical area per patient were screened. Structures showing P-
αSyn signal within PGP9.5 positive nerve fibers were further analyzed
using a confocal microscope (Leica Stellaris 5, LasX software). Serial
pictures, every 2 μm on the Z-axis, were taken using a 40X magni-
fication. Every single stack of all the obtained pictures was analyzed
with ImageJ software by an operator blinded to the clinical diagnosis.
To ensure consistency, all evaluations were performed using stan-
dardized image acquisition and analysis parameters. For each image,
the presence/absence of P-αSyn signal was reported. Structures were
defined as “positive” if showing P-αSyn within PGP9.5-positive
fibers. Anatomical sites were defined as “positive” when at least one
positive structure was present. A subject was considered P-αSyn
positive if at least one PGP9.5-positive structure containing P-αSyn
immunoreactivity was detected in any of the sampled sites.

Bioinformatic analysis
Protein-protein interaction investigation was conducted using the Neuro-
degenerative Disease Atlas (NDAtlas) database (accessed March 24, 2025;
https://bis.zju.edu.cn/ndatlas/). NDAtlas integrates protein-protein inter-
action data, structural docking scores, isoform information, and disease-
specific subnetworks to provide a comprehensive, high-resolution inter-
actome map50.

Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics 26.0 and Stata/
IC v 15.1. Variable distribution was assessed by the Kolmogorov-Smirnov
test. One-way ANOVA test with post-hoc Bonferroni’s test for multiple
comparisons was used for normally distributed variables, with descriptive
statistics expressed as mean ± standard deviation (SD); Kruskal-Wallis test
for non-normally distributed variables, with descriptive statistics expressed
as medians and interquartile range; χ² or Fisher’s exact tests for categorical
variables, reporting frequencies and percentages (%). We looked at the
graphical distribution to obtain a view of the approximate normality of the

Fig. 5 | Evaluation of plasmatic NfL in the study cohort. A Plot of plasmatic
log(NfL) concentration measured by SIMOA technology in HC and pathological
groups. Each dot represents a patient and bars the median of the group. (B, upper
panel) Multivariate multinomial and (B, lower panel) ordinal logistic regression
analyses to assess the OR and 95% CI for NfL, age, and sex among pathological

groups. An OR > 1 indicates an increased likelihood of pathological diagnosis.
C Correlation between log(NfL) and age in all participants. D Correlation between
log(NfL) andH&Y inDeNovo and Late PD groups. ECorrelation between log(NfL)
and BDI-II in Late PD group. For all correlations, the regression line is reported
together with its 95% CI (dashed line).
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variables of interest. Since the graphs showed the presence of skewness or a
few extreme (high) values, we tried a logarithmic transformation to obtain a
normal distribution. We also used a formal test (Royston, P. 1991. sg3.5:
Comment on sg3.4 and an improved D’Agostino test. Stata Technical
Bulletin 3: 23-24. Reprinted in Stata Technical Bulletin Reprints, vol. 1, pp.
110-112.College Station,TX: StataPress): logarithmic transformationofNfl
and original scale of JNK3 had best results and were used for parametric
analyses, even though they were slightly non-normal, since parametric
analyses are rather robust for slight deviations fromnormality andnecessary
to conduct more flexible analyses. Multivariate multinomial logistic
regression analysis, adjusted for age and sex, was performed to evaluate
differences between the different diagnostic stages and HC. Since the dif-
ferent classes were ordered, we also used an ordered multivariate logistic
regression to obtain a single parameter to study the association between
JNK3 or NfL and PD/HC classes; the assumption of proportionality across
the categories was tested without finding any departure. A model further
correcting for BMI was implemented but disregarded since some subjects
had no BMI value and, at the same time, BMI did not show any correlation
with PD stages, neither at univariate nor multivariate levels. ROC curve
analysis was used to evaluate the area under the curve (AUC) and compare
diagnostic performances. In addition to AUC, p-value, 95% confidence
interval (CI), sensitivity, specificity, and Youden value were reported for
each ROC analysis. Correlations were evaluated by Pearson’s r coefficient
and tested by univariate and multivariate linear regression analysis. A
p-value lower than 0.05 was considered significant. The sample size of the
studywas dictated by the number of available plasmas. For clinical variables,
missing data were not replaced, while JNK3 data were available for all
subjects. Since values for plasmatic NfL were highly asymmetric, showing
important outliers, we analyzed them after a logarithmic transformation,
obtaining a much more symmetric distribution. Moreover, in relation to
age, NfL showed heteroskedasticity while log(NfL) did not. JNK3 values
were expressed as pg dL to obtain clinically interpretable parameter.

Ethics approval and consent to participate
This study was performed in line with the principles of the Declaration of
Helsinki. Subjects were included according to the study protocol, approved
by the Cantonal Ethics Committee (CETi 2895). All enrolled subjects gave
written informed consent to the study.

Data availability
The data obtained in this research are available from the corresponding
author upon reasonable request.
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