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ABSTRACT: The potential of urinary biomarkers to facilitate non-invasive monitoring of Parkinson’s disease (PD) is
a promising avenue, offering insights into the complex pathophysiology of the disease. The aggregation of a-synuclein,
a central feature of PD, can be detected in urine, providing a diagnostic clue. Mutations in the LRRK2 gene, associated
with increased kinase activity, can be estimated through the measurement of phosphorylated LRRK2 (pS1292) in urine.
Oxidative stress, a hallmark of PD, is reflected in elevated levels of oxidized DJ-1 (0xDJ-1) in urine. Beyond these
core biomarkers, other urinary components like DOPA decarboxylase, acetyl phenylalanine, tyrosine, kynurenine,
and oxidized DNA (8-OHdG) are under investigation. These markers reflect diverse pathophysiological processes,
including dopamine metabolism, amino acid alterations, and oxidative DNA damage, offering a more comprehensive
understanding of PD progression. The potential clinical applications of these biomarkers are significant, including
early diagnosis, monitoring disease progression, and evaluating the effectiveness of therapeutic interventions. The
development of a robust panel of urinary biomarkers has the potential to assist PD diagnosis and management, enabling
earlier interventions and personalized treatment strategies, ultimately improving patient outcomes.
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1 Introduction

Parkinsons disease (PD) is a progressive neurodegenerative disorder that is characterized by the
degeneration of dopaminergic neurons in the substantia nigra, leading to motor dysfunction and a range of
non-motor symptoms [1]. The early and accurate diagnosis of PD can be crucial for effective management
and improved patient outcomes [2]. While traditional diagnostic methods rely on clinical evaluation and
neuroimaging, recent years have seen significant momentum in research for reliable biomarkers using
cerebrospinal fluid (CSF) [3], serum [4], saliva [5,6], tears [7], and other biofluids [8-11]. Unlike CSF
or serum collection, which requires invasive puncture, urine collection is a non-invasive, straightforward
procedure. The volume of saliva or tears is relatively small compared to urine for the multiplication of analyses
and validations. These characteristics render urine collection a more viable option for repeated sampling
and longitudinal monitoring [12,13]. The alterations in urinary biomarker levels can offer insights into
disease progression and the response to therapeutic interventions, thereby assisting clinicians in customizing
treatment regimens and assessing their effectiveness. Elevated levels of biomarkers in urine have been
detected in the early stages of PD, underscoring the importance of early diagnosis for timely intervention
and management of the disease, with the potential to decelerate its progression [14]. Furthermore, previous
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studies have demonstrated that the levels of urinary biomarkers exhibit high specificity and sensitivity in
distinguishing PD patients from non-PD individuals, thereby enhancing the reliability of biomarkers in urine
as a diagnostic tool for PD [15-17]. Several causative genes of PD have been identified as feasible biomarkers
for PD diagnosis, including a-synuclein, a major component of Lewy bodies found in PD patients [18].
Secondly, leucine-rich repeat kinase 2 (LRRK2), which contains a kinase and GTPase domain, has emerged
as a promising candidate for biomarker development due to its association with both familial and sporadic
forms of PD [19]. Thirdly, DJ-1, a protein encoded by the PARK7 gene, has emerged as a promising candidate
for a urinary biomarker in PD due to its role in oxidative stress response [20].

Other urinary biomarkers, such as DOPA decarboxylase (DDC) [21], acetyl phenylalanine [22],
tyrosine [23], and kynurenine [24], are emerging as valuable indicators of PD. Furthermore, 8-hydroxy-2'-
deoxyguanosine (8-OHdG), a form of oxidized DNA, in human urine has been validated to assess oxidative
stress in humans [25]. In this study, we aim to provide a comprehensive overview of the various urinary
biomarkers present in patients with PD and to elucidate their diagnostic potential for PD.

2 a-Synuclein as a Urinary Biomarker for PD
2.1 Role of a-Synuclein in PD

a-Synuclein, a 140-amino acid protein, is predominantly localized to presynaptic terminals, where
it plays a critical role in synaptic function and neurotransmitter release [26]. In PD, a-synuclein under-
goes pathological aggregation, forming oligomers and fibrils that accumulate in Lewy bodies [27]. These
aggregates contribute to neurodegeneration through multiple mechanisms, including disrupting cellular
homeostasis, impairing proteostasis, and inducing mitochondrial dysfunction [28-30].

Post-translational modifications, such as phosphorylation, ubiquitination, and nitration, influence
the aggregation of a-synuclein [31]. Phosphorylation at serine 129 residue (pS129) is the most common
modification observed in PD and is associated with increased aggregation and toxicity (Fig. 1A) [32]. The
formation of a-synuclein oligomers is particularly relevant to PD pathogenesis, as these intermediate species
are thought to be more neurotoxic than mature fibrils (Fig. 1B) [33].
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Figure 1: The structure of a-synuclein and its aggregation. (A) a-Synuclein contains three domains: an amphipathic
region, an NAC, and an acidic tail. (B) Phosphorylation at serine 129 of a-synuclein has been validated as a hallmark
of its aggregates, and the interaction of misfolded a-synuclein monomers is a critical step in the formation of mature
fibrils and Lewy bodies. The intermediates, such as protofibrils and oligomers, have been demonstrated to be the culprit
of the pathogenic cause
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2.2 Measurement of a-Synuclein in Urine

Recent studies have explored the detection of a-synuclein in various biofluids, including CSF [34],
plasma [35], saliva [36], tear [37], and urine [38]. Urinary a-synuclein has emerged as a promising non-
invasive biomarker for PD due to its accessibility and ease of collection. Several methods have been developed
to detect a-synuclein in urine, with sandwich enzyme-linked immunosorbent assays (ELISA) being the most
commonly used [38,39]. Sandwich ELISA utilizes antibodies, a pair of capture and detection antibodies,
specific to various forms of a-synuclein to quantity its levels in urine samples. This method is highly sensitive
and can detect low levels of a-synuclein, making it suitable for early diagnosis and disease monitoring. Recent
advancements have focused on detecting specific oligomeric forms of a-synuclein, which are believed to be
more relevant to PD pathogenesis [39], and pSI29 a-synuclein [40]. However, there are no eligible studies
that measured pS129 a-synuclein in urine. The surface-based fluorescence intensity distribution analysis
(sFIDA) accurately detects a-synuclein oligomers in urine samples from individuals with PD, has also been
demonstrated [41]. As demonstrated in a previous study, the presence of a-synuclein oligomers in CSF of
patients can be detected using single-molecule detection with a nanopore [42], and this approach could
also be applied to diagnose a-synuclein oligomers in urine. Moreover, previous research has examined the
characteristics of a-synuclein oligomers in vitro using nuclear magnetic resonance (NMR) spectra [43]. In the
future, the analysis of the chemical environment and the arrangement of atoms within a-synuclein oligomers
could enhance the accuracy of diagnostic techniques such as ELISA, sFIDA, and single-molecule detection.
This analysis could also serve as a tool to improve diagnostic reliability.

Research has shown that higher levels of a-synuclein aggregates have been observed in the urine of
PD patients compared to non-PD individuals [39,41]. It is imperative to detect the presence of a-synuclein
oligomers in a patient’s urine, as these structures have been postulated to assume a pivotal role in the
pathogenesis of PD. Unlike synuclein aggregates, the levels of specific oligomeric forms of a-synuclein have
actually been reduced in PD patients, and in particular, an increase in oligomeric a-synuclein levels showed
a weak correlation with the severity of PD symptoms [39].

Conclusively, the emergence of urinary a-synuclein as a non-invasive biomarker can offer a promising
avenue for early diagnosis and monitoring, especially with advanced detection techniques like ELISA, sFIDA,
and nanopore-based single-molecule analysis. Although challenges remain—such as the reliable detection
of pS129 a-synuclein in urine and the variability in oligomer levels—ongoing research into the structural and
biochemical properties of a-synuclein aggregates holds potential to refine diagnostic accuracy and deepen
our understanding of PD.

3 LRRK2 as a Urinary Biomarker for PD
3.1 LRRK2 in PD

The most common genetic cause of PD is mutations in the LRRK2 gene, including the G2019S
mutation [44]. LRRK2 is involved in several cellular pathways, including autophagy [45], mitochondrial
dynamics [46], and inflammatory responses [47], which are dysregulated in PD. LRRK2 functions as a kinase,
phosphorylating various substrates involved in cellular homeostasis. The G2019S mutation has been shown
to enhance LRRK2 kinase activity, leading to the hyperphosphorylation of its substrates and the disruption
of cellular processes (Table 1).
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Table 1: The substrates of LRRK2 kinase
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Protein Related function Reference
4E-BP1 Protein translation [48]
ArfGAP1 Increasing LRRK2 GTPase activity [49]
B-tubulin A component of the microtubule [50]
Endophilin A Synaptic vesicle endocytosis, recycling, and transmission [51]
Moesin Actin cytoskeleton rearrangement [52]
P62/SQSTM1 Autophagy-lysosomal degradation [53]
p53 Cell cycle arrest [54]
Rabla/b/c Vesicle trafficking from the endoplasmic reticulum (ER) [55-57]
to the Golgi compartment
Rab3a/b/c/d Exocytosis and neurotransmitter release [57,58]
Rab5a/b/c Early and recycling endosomal trafficking [55,56,58,59]
Rab8a/b Post-Golgi trafficking, ciliogenesis [55-58]
Rab10 Exocytosis, trans-Golgi/recycling [56,58]
endosome trafficking to the plasma membrane
Rabl12 Recycling of endosomes and lysosomes, ciliogenesis [56,58,60
Rab29 Endolysosomal sorting/degradation [55,56,58
Rab35 Recycling endosomal trafficking, exosome secretion [55,57,58]
Rab43 Anterograde ER-Golgi trafficking [58,61]
RPSI5 Protein translation [62]
Snapin Synaptic vesicle trafficking [63]
Tau Modulation of microtubule dynamics [64]

Elevated LRRK2 kinase activity has been associated with increased neuronal toxicity and degeneration,
underscoring its role in the pathogenesis of PD. The phosphorylation of LRRK2 at specific residues, including
serine (Ser) 910, Ser 935, Ser 1292, threonine 1503, and others, is indicative of its kinase activity and
pathological state (Fig. 2) [65].
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Figure 2: The structure of LRRK2 and its phosphorylation site. LRRK2 is comprised of two key enzyme domains:
a GTPase (ROC-DOR) and a kinase. The indicated phosphorylation sites of LRRK2 are subject to regulation by the
upstream kinase or itself. Moreover, the GTPase activity of LRRK2 has been demonstrated to function as a putative
modulator of kinase activity. Specific phosphorylation sites are frequently examined as a marker of LRRK2 kinase
activity in cells or biofluids (red letter)
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The phosphorylated form of LRRK2, specifically at serine 1292 residue (pS1292), has been identified as
a potential biomarker for PD [17,66]. This is because pS1292 LRRK2 has been detected in various tissues,
including the brain [38], CSF [67], and urine of individuals with PD [68]. The detection of pS1292 LRRK2
in urine offers a non-invasive approach to monitoring LRRK2 activity, which is a significant advantage in
predicting disease progression.

3.2 Phosphorylated LRRK2 in Urine

The measurement of pS1292 LRRK2 in urine necessitates the implementation of sensitive assays, such as
immunoassays or mass spectrometry, to quantify the levels of the phosphorylated protein. Immunoassays,
including western blot analysis, employ antibodies that are specific to pS1292 LRRK2 [17,68]. According
to the findings of the present study;, it is conceivable to employ the Western blot analysis technique for
the quantification of pS1292 LRRK2 in human CSF and urine [67]. This analysis is based on the accurate
measurement of phosphorylated proteins according to their mass-charge ratio as a standard. The total LRRK2
levels in purified exosome samples from CSF or urine were comparable; however, a clear correlation between
these levels and the study variables was not observed. pS1292-LRRK2 levels exhibited higher expression in
urine exosome samples from subjects with G20192S LRRK2 mutations, both male and female [67]. Although
ELISA has been employed for the measurement of phosphorylated LRRK2 at Ser 935 residues (pS935) in
human peripheral blood mononuclear cells, and the pS935 LRRK2 levels were found to be significantly
reduced in G2019S carriers with disease compared to idiopathic PD, while total LRRK2 levels remained
unchanged [69].

But there are no eligible studies of quantifying urinary LRRK2 levels using ELISA. Elevated urinary
exosomal pS1292 LRRK2 levels were identified in individuals diagnosed with idiopathic PD. These levels
exhibited a positive correlation with the severity of cognitive impairment and the challenges associated with
performing activities of daily living [66]. Recently, the measurement of LRRK2 kinase activity in human
serum using a single-molecule array assay was reported [70], and this analysis could be applied to human
urine samples.

Taken together, the phosphorylated form pS1292 LRRK2 has emerged as a compelling biomarker,
detectable in urine and providing a non-invasive window into disease progression and severity. Although
techniques like Western blot and mass spectrometry have shown promise in quantifying pS1292 LRRK2,
further refinement and validation of these assays are needed to establish consistent diagnostic standards.
As research advances, integrating urinary biomarkers such as pS1292 LRRK?2 into clinical practice could
significantly enhance early detection, personalized monitoring, and therapeutic targeting in PD.

4 Oxidized DJ-1
4.1 Oxidative Stress and DJ-1

Oxidative stress, a hallmark of PD, arises from an imbalance between the production of reactive oxygen
species (ROS) and antioxidant defenses [71]. DJ-1, a multifunctional protein, plays a crucial role in cellular
defense against oxidative stress by acting as an antioxidant [72], a chaperone [73], and a transcription
regulator [74]. In conditions of oxidative stress, DJ-1 undergoes oxidation at a cysteine 106 residue, resulting
in the formation of oxidized DJ-1 (0xD]J-1) [75]. The significance of DJ-1in the context of PD is underscored by
its protective role against mitochondrial dysfunction [76], a-synuclein aggregation [77], and cell death [78]—
key pathological processes in PD. Given its central role in mitigating oxidative stress, the detection of 0xDJ-1
levels could provide insights into the disease state and progression.
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4.2 DJ-1 as a Biomarker for PD

The potential of DJ-1 as a biomarker for PD has been explored through various studies [5,11,16,79].
Specifically, the levels of 0oxDJ-1 in urine samples from PD patients compared to non-PD controls were
investigated using western blot analysis followed by microfiltration and fractionation [80]. But there are no
eligible studies of oxDJ-1in urine with other analyses.

In conclusion, the detection of 0xDJ-1in urine through techniques like western blot analysis can support
a non-invasive method to assess disease presence and progression. As research continues to refine these
detection methods, DJ-1 holds significant potential not only for early diagnosis but also for monitoring
therapeutic responses and understanding the molecular underpinnings of PD.

5 Other Urinary Biomarkers in PD: Expanding the Diagnostic Horizon

DDC, also known as I-aromatic acid decarboxylase, plays a critical role in the final step of dopamine
synthesis, catalyzing the conversion of L-DOPA to dopamine, a neurotransmitter central to motor con-
trol [21]. In PD, dopaminergic neurons are progressively lost, leading to reduced dopamine levels. Urinary
levels of DDC are elevated in patients with PD compared to healthy controls. This elevation in DDC levels is
indicative of the compensatory mechanisms employed by surviving neurons and the increased demand for
dopamine synthesis [81]. Acetyl phenylalanine, a metabolite associated with impaired dopamine synthesis, is
also elevated in PD patients [22]. The loss of dopaminergic neurons disrupts the normal metabolic pathways,
leading to altered levels of various metabolites. Elevated levels of acetyl phenylalanine in urine have been
reported in PD patients, indicating disrupted metabolic processes and the body’s compensatory response
to dopamine loss [82]. Tyrosine, a precursor to dopamine, plays a crucial role in its synthesis [23]. In PD,
the impaired function of dopaminergic neurons affects the availability of tyrosine, resulting in altered levels
of this amino acid. Urinary tyrosine levels are significantly elevated in PD patients, reflecting the body’s
compensatory mechanisms and the increased demand for dopamine synthesis [82]. Kynurenine, a metabolite
of the tryptophan-kynurenine pathway, plays a role in neuroinflammation and neurodegeneration [24].
In PD, neuroinflammatory processes and mitochondrial disturbances play a significant role in disease
progression. Elevated levels of kynurenine in urine have been observed in PD patients, indicating the
presence of neuroinflammatory processes and mitochondrial dysfunction [83] via a similar pathway in the
increase of 0xDJ-1 by oxidative stress, oxidized DNA can be generated during PD progression. Significantly
higher levels of 8-OHdG in the urine of PD cases were observed. In addition, the level of urinary 8-OHdG
progressively increased with PD progression [84].

Together, monitoring these levels over time can aid in tracking disease progression and assessing
the efficacy of therapeutic interventions aimed at restoring dopaminergic function, modulating metabolic
pathways, targeting neuroinflammation or mitochondrial disturbances, and oxidative stress.

6 Limitations and Challenges
6.1 Diagnostic Accuracy Gaps

While CSF a-synuclein seeding amplification assays (SAAs) have demonstrated high diagnostic perfor-
mance, with pooled sensitivities and specificities often exceeding 85%, urinary biomarker assays currently
show a large gap in diagnostic accuracy [85,86]. One study that compared CSF to urine, skin, and olfactory
mucosa for detecting pathogenic a-synuclein found that while skin biopsies had comparable performance
(sensitivity 94%, specificity 98%), urine had a much lower sensitivity of just 22%, although its specificity
remained high at 100% [87]. The authors of the study noted discrepancies between the results obtained
from CSF and urine tests. However, the observed discrepancy in results based on different measurements
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of a-synuclein monomers or oligomers within the same CSF-based diagnostic test suggests that CSE-
based diagnostics cannot serve as a standard for diagnostic methods using other biological fluids [88-91].
Additionally, given the inability of certain strains of a-synuclein oligomers to form conventional fibril-like
aggregates, diagnostic methods employing SAA to artificially generate fibril forms cannot be considered
the standard for diagnosing PD [92,93]. Research has even indicated that the degree of phosphorylation,
a characteristic of pathogenic alpha-synuclein, is unrelated to the amount of fibrils obtained via the SAA
method [94]. Furthermore, the specific oligomers that induce the death of dopaminergic neurons and result
in PD remain to be fully elucidated. In summary, these inconsistencies are likely to endure. Among the extant
urine-based and CSF-based diagnostic methods, urine testing—though potentially less sensitive—offers high
accuracy, affordability, and ease of administration, making it a low-barrier option for patients.

6.2 Technical Obstacles

The development of a reliable urinary biomarker test is hindered by numerous technical obstacles,
which contribute to its reduced accuracy. Pre-analytical variability represents a significant problem in
clinical research, as various factors have the capacity to exert substantial influence on the concentrations
of biomarkers. These factors include the timing of urine collection, the age of the subject, and the subject’s
sex. For instance, morning urine generally contains higher concentrations of biomarkers, and inconsistent
collection times can lead to unreliable results. Another significant impediment pertains to the markedly
diminished concentration of disease-related proteins, such as a-synuclein, in urine relative to CSF, which
complicates their detection. Although methodologies such as microfiltration and fractionation have the
potential to enhance the concentration of these biomaterials, they concomitantly introduce a degree of
complexity into the testing process. Furthermore, renal function has the potential to interfere with biomarker
levels, given that urine composition is a reflection of kidney health. These are yet another confounding
variable that must be considered in diagnostic analysis and represents an aspect that must be overcome for
PD diagnosis using urine.

6.3 Current Clinical Adoption Status

Notwithstanding the evidence of their efficacy, urinary biomarkers for PD have not yet been incorpo-
rated into prevailing clinical guidelines or standard diagnostic practices. This is primarily due to a paucity of
validation and a lack of discriminatory power. While some studies are exploring the use of these biomarkers
in research settings, such as using urinary proteome analysis with machine learning to classify PD and LRRK2
mutation status, they are not yet part of standard patient care [95,96]. The clinical diagnosis of PD is still
reliant upon a combination of neurological examination, clinical rating scales, and, in some cases, genetic
or imaging tests. Although CSF-based SAAs are becoming moderately accepted, fluid-based tests are still in
their infancy as far as clinical trials are concerned. For this reason, post-mortem histological examinations
remain the gold standard for a definitive diagnosis.

7 Future Perspectives
7.1 Assay Standardization and Multicenter Validation Studies

The methods, such as ELISA, sFIDA, and single-molecule detection, are used to measure a-synuclein
and LRRK2 in urine. This lack of a single, standardized approach can lead to inconsistencies in results
across different labs, making it difficult to compare findings and establish reliable diagnostic criteria. The
text also mentions that there are no eligible studies that have measured pS129 a-synuclein in urine, and no
eligible research on quantifying urinary LRRK2 levels using ELISA. To overcome these challenges, large-
scale multicenter validation studies are necessary to ensure that the assays are reliable, reproducible, and can



2290 BIOCELL. 2025;49(12)

be applied consistently in diverse populations. These studies would help to establish clear benchmarks and
protocols for sample collection, processing, and analysis.

7.2 Value of a Point-of-Care-Test (POCT)

The development of a POCT for PD biomarkers would be highly valuable, as it would enable rapid, non-
invasive, and cost-effective testing. A POCT could be performed in a doctor’s office or even at home, offering
several benefits. A POCT would allow for earlier screening and diagnosis, which is crucial for initiating timely
treatment. Patients could also conveniently and periodically monitor their disease progression and treatment
response. Besides, a POCT, which is simple and user-friendly, would reduce the need for specialized lab
equipment and personnel. However, developing a POCT also poses challenges, such as ensuring the device’s
accuracy and reliability in a non-laboratory setting and maintaining the stability of the biomarkers within
the test kit.

8 Conclusions

The early detection of elevated levels of a-synuclein, pS1292 LRRK?2, 0xDJ-1, DDC, acetyl phenylalanine,
tyrosine, kynurenine, and 8-OHdG in urine is paramount for the early diagnosis of PD, with the potential
to identify the disease before the emergence of motor symptoms. The early diagnosis may be essential
for implementing neuroprotective strategies, ultimately enabling timely intervention and better disease
management. Furthermore, regular measurement of urinary biomarker levels is valuable for tracking disease
progression and assessing the effectiveness of therapeutic interventions. Monitoring changes in biomarker
levels over time can provide critical insights into the patient’s response to treatment and offer essential
data on how patients respond to therapies. Identifying individuals with elevated urinary a-synuclein levels
can support personalized treatment strategies based on disease severity and progression. This personalized
approach may lead to more targeted and effective therapies, enhancing patient outcomes. Similarly, elevated
urinary LRRK2 levels facilitate patient stratification and the development of customized treatment plans,
enhancing the effectiveness of interventions and overall patient care. The diagnosis of PD using oxDJ-1
can suggest that patients should receive antioxidant therapy in addition to conventional treatment. The
development of standardized assays and reference ranges for detecting biomarkers in urine is essential
for ensuring consistent and accurate measurements. The variability in assay sensitivity and specificity can
impact the reliability of biomarker measurements, highlighting the need for optimized assay protocols and
established reference standards. Longitudinal studies are also critical for validating the clinical utility of
urinary a-synuclein as a biomarker for PD. These studies should investigate the correlation between urinary
a-synuclein levels and disease progression, as well as the impact of therapeutic interventions on biomarker
levels. Long-term studies are also necessary to validate the clinical utility of urinary LRRK2 and oxD]-
1, providing robust data on its prognostic and diagnostic value through large-scale, multicenter research.
Additionally, large-scale clinical studies are needed to validate the findings and establish reference ranges for
DDC, acetyl phenylalanine, tyrosine, kynurenine, and 8-OHdG levels in PD patients and healthy controls.

This study elucidates the diagnosis of PD using urine, acknowledging that the underlying research
was conducted by disparate countries or groups. Furthermore, the clinical diagnostic criteria employed to
recruit groups for these studies exhibited variability among specialists, contingent on their experience or
preferences. Consequently, it was challenging to delineate the characteristics of PD patient groups, healthy
control groups, or non-PD patient groups in their totality. These findings collectively indicate that results
obtained from centrally controlled multicenter studies will enhance the reliability and diagnostic accuracy
of urine-based testing.
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The combination of a-synuclein, LRRK2, and oxDJ-1 with other biomarkers has the potential to enhance
the diagnostic and prognostic accuracy for PD. Multi-biomarker panels, incorporating genetic, proteomic,
and imaging biomarkers, can offer a comprehensive assessment of disease status and progression. Future
research should explore the integration of urinary a-synuclein, LRRK2, and oxD]J-1 with other biomarkers to
provide a more accurate diagnostic and prognostic tool, promoting a comprehensive understanding of PD

(Fig. 3).
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Figure 3: A schematic diagram for the diagnosis of PD using urinary biomarkers. The urine sample collected from
PD patients can be analyzed with immunoreactive assays, such as ELISA, Western blot, single-molecule array, surface
plasmon resonance, and spectrometry, including NMR and LS-MS. Urinary biomarkers that are feasible for analysis
with the urine sample are a-synuclein oligomers, LRRK2 kinase activity, oxDJ-1, and other chemical variants (DDC,
acetyl phenylalanine, tyrosine, kynurenine, and 8-OHdG)

Redox-dependent hormetic stress is a biological process in which a low-level, temporary increase
in ROS triggers a protective response in the body, thereby boosting resilience. This mild oxidative stress
can function as a beneficial signal that activates resilience networks, primarily the vitagenes, which are
a group of genes that encode protective proteins. The relationship between hormetic stress and vitagene
activation may be critical for anti-neurodegeneration because the brain is highly susceptible to oxidative
damage, a major factor in diseases like Alzheimer’s disease and PD. A pivotal factor in this process is
the transcription factor Nrf2 (nuclear factor erythroid 2-related factor 2). The Nrf2-vitagene pathway is a
target of redox-dependent hormesis, a process that, when repeated and moderate, strengthens the brain’s
intrinsic defenses. Upon exposure to mild stress, Nrf2 translocates to the cell nucleus, where it activates
the transcription of antioxidant enzymes, including heat shock proteins (HSPs), heme oxygenase-1 (HO-1),
and sirtuins [97-99]. Elevated levels of HSPs impede the accumulation of misfolded proteins, a hallmark
of neurodegenerative disorders [100,101]. The enhanced antioxidant capacity of enzymes such as HO-1
contributes to the neutralization of deleterious ROS [102], while the improved mitochondrial function
facilitated by sirtuins supports neuronal energy requirements [103,104]. These protective proteins function
by restoring cellular balance, enhancing antioxidant capacity, and promoting the repair of cellular damage.
This comprehensive mechanism essentially preconditions the cell to better withstand future, more severe
stressors. This, in turn, can protect against age-related neurodegeneration and potentially decelerate the
progression of these debilitating diseases, including PD.

Conclusively, researching and developing diagnostic tools and treatments for PD is crucial for improv-
ing patients’ quality of life alongside current traditional medications that alleviate symptoms.
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Abbreviations

PD Parkinson’s disease

CSF Cerebrospinal fluids

LRRK2 Leucine-rich repeat kinase 2

DDC DOPA decarboxylase

8-OHdG 8-hydroxy-2'-deoxyguanosine

pSI129 Phosphorylation at the serine 129 residue of a-synuclein
Ser Serine

pS1292 Phosphorylation at the serine 1292 residue of LRRK2
ELISA Enzyme-linked immunosorbent assays

sFIDA Surface-based fluorescence intensity distribution analysis
NMR Nuclear magnetic resonance

ROS Reactive oxygen species

oxD]J-1 Oxidized DJ-1

Nrf2 Nuclear factor erythroid 2-related factor 2

HSPs Heat shock proteins

HO-1 Heme oxygenase-1
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