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Backgrounds: Numerous lines of evidence support the intricate interplay 
between Parkinson’s disease (PD) and the PINK1-dependent mitophagy 
process. This study aimed to evaluate differences in plasma PINK1 levels among 
idiopathic PD, PD syndromes (PDs), and healthy controls.

Methods: A total of 354 participants were included, consisting of 197 PD 
patients, 50 PDs patients, and 107 healthy controls were divided into two 
cohorts, namely the modeling cohort (cohort 1) and the validated cohort 
(cohort 2). An enzyme-linked immunosorbent assay (ELISA)-based analysis was 
performed on PINK1 and α-synuclein oligomer (Asy-no). The utilization of the 
area under the curve (AUC) within the receiver-operating characteristic (ROC) 
curves served as a robust and comprehensive approach to evaluate and quantify 
the predictive efficacy of plasma biomarkers alone, as well as combined models, 
in distinguishing PD patients from controls.

Results: PINK1 and Asy-no were elevated in the plasma of PD and PDs patients 
compared to healthy controls. The AUCs of PINK1 (0.771) and Asy-no (0.787) 
were supposed to be potentially eligible plasma biomarkers differentiating PD 
from controls but could not differentiate PD from PDs. Notably, the PINK  +  Asy-
no  +  Clinical RBD model showed the highest performance in the modeling 
cohort and was comparable with the PINK1  +  Clinical RBD in the validation 
cohort. Moreover, there is no significant correlation between PINK1 and UPDRS, 
MMSE, HAMD, HAMA, RBDQ-HK, and ADL scores.

Conclusion: These findings suggest that elevated PINK1  in plasma holds the 
potential to serve as a non-invasive tool for distinguishing PD patients from 
controls. Moreover, the outcomes of our investigation lend support to the 
plausibility of implementing a feasible blood test in future clinical translation.
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Introduction

Parkinson’s disease (PD) is a prevalent (estimated to occur in about 
1% of individuals older than 60 years), chronic neurodegenerative 
disorder afflicting the elderly and is caused by a together of genetic and 
environmental factors (Poewe et  al., 2017). At present, the clinical 
diagnosis of idiopathic PD, primarily conducted by movement disorders 
specialists, relies heavily on the traditionally defined features of 
bradykinesia, rigidity, and resting tremor, along with non-motor 
symptoms (NMS). However, this approach suffers from a significant error 
rate, as evidenced by inconsistencies found in approximately 30–40% of 
patients clinically diagnosed with PD upon post-mortem examination of 
their brains (Armstrong and Okun, 2020). Thus, it is critically needed that 
an accurate and reliable diagnosis strategy be implemented to improve 
diagnosis and enable disease identification and clinical trial design. To 
date, numerous molecular biological processes underlying PD 
pathophysiology have been identified, including mitochondrial 
dysfunction, protein aggregation, DNA repair damage, and 
neuroinflammation (Armstrong and Okun, 2020). There is substantial 
evidence supporting an association between PD and mitophagy, which 
removes damaged or superfluous mitochondria (Pickrell and Youle, 2015; 
Ryan et al., 2015). Hence, an easily accessible biomarker that could reflect 
the status of mitophagy function possibly as an objective measure for 
diagnosing PD and improving the prediction of disease progression.

PINK1, a serine/threonine protein kinase primarily localized within 
mitochondria, has emerged as a key modulator of mitophagy (Villa et al., 
2018). Mutations in PINK1 have been linked to autosomal recessive PD, 
with affected patients manifesting impaired mitochondrial quality 
control mechanisms (Valente et al., 2004; Ivatt et al., 2014). Mitophagy, 
a selective process involving the autophagic removal of excess or 
damaged mitochondria, serves as a critical process in maintaining 
mitochondrial homeostasis in eukaryotic cells (Lou et al., 2019). Notably, 
studies in mammalian cells have demonstrated that Parkin, a cytosolic 
protein, is recruited to dysfunctional mitochondria in a PINK1-
dependent manner, facilitating their engulfment and subsequent 
degradation (Whitworth and Pallanck, 2017). Recent studies have 
revealed that PINK1–Parkin-mediated mitophagy is the main molecular 
mechanism pathway in this process (Palikaras et al., 2018).

There is a growing consensus on the potential diagnostic and 
prognostic utility of Cerebrospinal Fluid (CSF) and blood biomarkers 
in PD, offering insights into the underlying pathophysiology (Parnetti 
et al., 2019). Blood-based biomarkers are preferable to those in the CSF 
or other fluids as blood can be easily collected (Ashton et al., 2020). 
However, PINK1 is not well studied as a biomarker of mitophagy status 
in PD, with limited investigations into plasma mitophagy function or 
PINK1 expression in terms of PD subjects (Hsieh et al., 2016). Hence, 
the primary objective of this pilot study was to evaluate the 
performance of plasma PINK1 levels as a diagnostic biomarker for 
idiopathic PD and as a predictor of disease severity.

Methods

Standard protocol approvals, registrations, 
and patient consent

All patients included in this study were consecutively enrolled 
from the First Affiliated Hospital of Wenzhou Medical University, a 

prominent primary medical unit located in Wenzhou, between 
March 2018 and May 2022. Participants recruited after March 2020 
were designated as Cohort 1 (Modeling cohort) while the remaining 
individuals were assigned to Cohort 2 (Validation cohort). Ethical 
approval for this study was obtained from the institutional Ethics 
Board Committee of the Wenzhou Medical University First Affiliated 
Hospital, and written informed consent was obtained from all 
participants prior to their involvement in the research. The primary 
objective of our investigation was to ascertain the potential of plasma 
PINK1 levels as an underlying diagnostic biomarker for idiopathic 
PD diagnosis, as well as to differentiate patients with PD syndromes 
[PDs: e.g., Multiple System Atrophy (MSA), Progressive Supranuclear 
Palsy (PSP), or Vascular Parkinsonism (VPD)] from those with 
idiopathic PD and analyze the association of PINK1 levels with motor 
or non-motor performance and other related factors in patients 
with PD.

Study populations

See Figure  1 for a comprehensive flowchart illustrating the 
selection process utilized in this study. The study cohort consisted of 
a total of 354 participants, comprising 197 patients diagnosed with 
PD, 50 patients diagnosed with PDs, and 107 healthy controls (HCs). 
The diagnosis of PD was established based on the widely accepted 
Movement Disorder Society (MDS) clinical diagnostic criteria 
(Postuma et al., 2015). Patients diagnosed with MSA adhered to the 
consensus statement for the diagnosis of this specific disorder. HCs 
were recruited from the same institute and were selected among 
spouses or accompanying friends of patients with PD or PDs, ensuring 
neurologically normal conditions. Participants with a history of 
stroke, tumors, acute infectious diseases, and other relevant conditions 
were excluded from the study. This study was cross-sectional, without 
a longitudinal follow-up design. All subjects underwent a 
comprehensive cross-sectional clinical assessment, encompassing 
demographic and clinical data. Motor severity was evaluated with 
Unified Parkinson’s Disease Rating Scale (UPDRS) part III motor 
scores and with Hoehn-Yahr staging (H-Y). Non-motor was assessed 
via the Mini-Mental State Examination (MMSE), Hamilton 
Depression Rating Scale (HAMD), Hamilton Anxiety Rating Scale 
(HAMA), REM sleep behavior disorder questionnaire-Hong Kong 
(RBDQ-HK), and revised scale of Activity of Daily Living (ADL). 
Additionally, levodopa equivalent daily dose (LEDD) and PD 
complications, including falls, constipation, dyskinesia, and on–off 
phenomena were also assessed.

Clinical evaluation

Respectively, we  evaluated motor symptom severity and 
progression stage of PD with a modified UPDRS (Elton, 1987) and 
H-Y staging (Hoehn and Yahr, 1967). Patients with H-Y stage <3 
points were classified as early-stage PD and those with stage ≥3 
were classified as advanced PD. Cognitive function was evaluated 
using the Chinese version of the Mini-Mental State Examination 
(MMSE), with adjustment of the cutoff score for cognitive 
impairment according to the level of education as follows: illiterate, 
≤ 17 points; primary school education, ≤ 20 points; and 
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postsecondary education or above, ≤ 24 points (Katzman et al., 
1988; Cui et al., 2011). PD with dementia (PDD) was diagnosed 
based on the criteria proposed by the Movement Disorder Society 
(Dubois et al., 2007). The HAMD (defined as possible depression, 
7–17; depression, 17–24; and severe depression, >24) and HAMA 
(defined as possible anxiety, 7–14; anxiety, 14–21; and severe 
anxiety, >21) scales were performed as reflected emotional 
conditions. The RBDQ-HK was used to detect RBD, with a cutoff 
value of >18 points (Li et al., 2010). All assessments were conducted 
during the “on” phase of the disease.

Measurement of plasma biomarkers

At the time of enrollment, a total of 10 mL of venous blood was 
collected from each participant. Within 1–2 h of collection, the blood 
samples underwent centrifugation at 3,000 g for 10 min to separate the 
plasma. Subsequently, plasma aliquots were carefully transferred into 
cryotubes and immediately stored at a temperature of −80°C until 
further analysis. Plasma levels of PINK1 and Asy-no were measured 
with a PINK1 assay kit (Jianglai Biotechnology Company, Shanghai, 
China, http://www.jonln.com; No: JL11175) and an Asy-no kit 

FIGURE 1

Flow chart of the study design and selection process.
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(JL41188) according to the manufacturer’s instructions by research 
assistants who were blinded to the clinical diagnosis.

Statistical analysis

The clinical and demographic characteristics of the participants 
were summarized in Table 1, with continuous variables presented as 
mean ± SD for those following a normal distribution, and as medians 
(25th and 75th percentiles) for variables with an abnormal 
distribution. Categorical variables were expressed as counts and 
percentages. Normality assessments for the dataset employed a suite 
of statistical evaluations, including the Kolmogorov–Smirnov test and 
visual inspections via P–P and Q-Q plots. Analysis of covariance 
(ANCOVA) or the Kruskal-Wallis test, followed by Bonferroni 
corrected post hoc comparisons, were utilized for continuous variables 
data analysis. Chi-square tests facilitated categorical variable 
comparisons, with adjustments made via Bonferroni corrections. 
Univariate and multivariable logistic regression analyses were 
conducted with the results reported as adjusted odds ratios (OR) along 
with their corresponding 95% confidence intervals (CIs). A directed 
acyclic graph (DAG), derived from Bayesian network principles 
(Fleischer and Diez Roux, 2008) was used with the “bnlearn” R 
package to guide the causal relationship among different covariates 
including demographic characteristics (sex, age, BMI, education, 
smoker, drinker, hypertension pressure as well as diabetes mellitus), 
neuropsychological assessments (MMSE, HAMA, HAMD, ADL, 
UPDRS, H-Y stage, and RBDQ-HK), non-motor status according to 
neurological assessments (cognitive impairment, depression, anxiety, 
and RBD), LEDD, and diagnosis.

Pearson correlation analysis served to elucidate the association 
between PINK1 and asymptomatic norms (Asy-no). Additionally, the 
associations between PINK1 levels and neuropsychological evaluation 
scales were investigated employing restricted cubic spline (RCS) 
(Desquilbet and Mariotti, 2010), with adjustments for age, sex, and 
education. The mediation effect was analyzed leveraging the 
“mediation” R package (Klumparendt et al., 2019). Then, the predictive 
utility of plasma biomarkers, both in alone or combined models, in 
differentiating among PD, PDs, and controls was appraised through 
Receiver Operating Characteristic (ROC) curve analysis, specifically 
examining the area under the curve (AUC), and the differences in the 
AUC were determined using DeLong statistics. To compare the 
difference of plasma PINK1 levels in subgroups, we used two-tailed 
t-tests. The ROC analysis and the combined models were first 
practiced in cohort 1 and subsequently validated in cohort 2 to assess 
the stability of the models. Other analyses were practiced in both 
cohorts. Statistical analyses were conducted using R version 4.1 and 
SPSS version 26. Statistical significance was defined at a two-tailed 
p < 0.05.

Results

Demographics, disease characteristics of 
the cohorts

Demographics and disease characteristics of the three groups 
(HCs, PD, and PDs) are presented in Table 1. For the modeling cohort, 

the groups were matched by age and gender distribution (PD vs. HC 
or PD vs. PDs), with PD groups were also comparable in terms of 
other demographic and clinical factors such as female rate, height, 
weight, BMI, education, smoking and drinking habits, blood pressure, 
and presence of diabetes mellitus when compared to control groups. 
On average, participants with PD were 2.5 years older than those in 
the HC group, and this was similar when compared to the PDs group. 
Additionally, significant differences were observed in various 
assessment scales, including the UPDRS, H-Y stage, HAMA, HAMD, 
RBDQ-HK, ADL scores, and levels of PINK1 and Asy-no, between 
PD and controls. Furthermore, our findings indicate that patients with 
PDs exhibited more severe motor symptoms and psychological 
conditions compared to PD participants, as evidenced by the 
assessment scales both in the modeling cohort and validated cohort.

PINK1 is elevated in the plasma of PD 
patients

Figure 2 demonstrates the plasma concentration of PINK1 and 
Asy-no in HCs, PD, and PDs groups. Previously, several genetic 
studies revealed that the PINK1 gene mutated in autosomal recessive 
parkinsonism. PINK1 is known to play a pivotal role in mitochondrial 
quality control, providing further evidence of mitochondrial 
involvement in PD (Pickrell and Youle, 2015; Clark et al., 2021). Here, 
we found that plasma PINK1 concentration was significantly higher 
in both the PD (96.2 ± 20.0 ng/mL) and PDs (96.4 ± 20.3 ng/mL) as 
compared to the HC group (77.7 ± 15.9 ng/mL). In this cohort, the 
level of PINK1 was comparable between PD and PDs, in cases and 
controls (Figure 2A). To assess the utility of plasma PINK1 levels in 
discriminating between idiopathic PD and HC, we obtained a 256 
cross-section of samples from the modeling cohort (Table 1). The 
ROC curve had an AUC of 0.771 for PINK1 with an optimum 
threshold was 80.404, and corresponding sensitivity and specificity 
were, respectively, 63.6 and 80.4% (Figure  2C). Similarly, when 
comparing PDs patients against the HC group, the AUC for PINK1 
was 0.766 (Figure 2D). Notably, the AUC for PINK1 in discriminating 
between PD and PDs was 0.500 (Figure 2E), indicating that plasma 
PINK1 levels do not provide discriminatory value in distinguishing 
PD from PDs.

Moreover, Asy-no, a protein implicated in PD, is considered one 
of the main pathological factors in the disease. However, the precise 
mechanisms through which it exerts its neurotoxic effects remain 
unclear (Lobanova et al., 2022). Recent evidence indicates that the 
assembly of toxic oligomeric species of a-synuclein may play a 
crucial role in the pathology and spread of PD (Bengoa-Vergniory 
et al., 2017). Analysis of samples across the study period revealed a 
nominal elevation in Asy-no levels in PD (3,352 ± 645 pg./mL) and 
PDs (3,445 ± 625 pg./mL) compared to controls (2,631 ± 667 pg./
mL) in the modeling cohort (Figure 2B). As a classical diagnostic 
marker, the AUC values for Asy-no were comparable to those of 
PINK1. The ROC analysis showed that a plasma Asy-no cutoff value 
of 2595.7 pg./mL exhibited a sensitivity of 56.0% and a specificity of 
92.0% for distinguishing between PD and HC, with an AUC of 
0.787 (Figure 2C). Furthermore, the Asy-no levels were higher in 
PDs compared to age-matched controls, with an AUC of 0.815 
(Figure 2D). However, the AUC for Asy-no was 0.530 between PD 
and PDs (Figure 2E). In the validation cohort, PINK1 levels were 
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elevated in PD compared to HC groups, with no discernible 
differences observed between PD and PDs (Figures 2F,G). There 
was no significant difference in PINK1 levels between HC and PDs, 

and Asy-no levels remained unchanged across the three groups, 
possibly attributed to the small sample size. Moreover, the AUCs of 
the PINK1 and Asy-no were 0.820 and 0.608, in PD vs. HCs 

TABLE 1 Characteristics for the modeling and validated cohorts.

Characteristics Modeling cohort Validated cohort

HC 
(N  =  88)

PD 
(N  =  168)

PDs 
(N  =  40)

PD 
vs. 
HC

HC 
vs. 

PDs

PD 
vs. 

PDs

HC 
(N  =  19)

PD 
(N  =  29)

PDs 
(N  =  10)

PD 
vs. 
HC

PDs 
vs. 
HC

PD 
vs. 

PDs

Age (years)a
64.5 

[58.8;69.0]

67.0 

[60.8;72.0]

67.5 

[62.0;73.5]
0.043 0.043 0.402

68.0 [61.0; 

74.0]

63.0 [62.0; 

69.0]

75.0 [68.2; 

78.0]
0.375 0.027 0.098

Female (%)b 49 (55.7%) 74 (44.0%) 17 (42.5%) 0.304 0.350 1.000 13 (68.4%) 17 (58.6%) 4 (40.0%) 0.703 0.697 0.697

Height (cm)a 162 (7.02) 161 (8.30) 161 (8.90) 0.693 0.676 0.863 159 (7.03) 160 (8.61) 160 (6.40) 0.849 1.000 0.912

Weight (kg)a 63.6 (9.48) 61.8 (10.3) 61.8 (9.96) 0.354 0.343 0.605 62.7 (8.17) 63.1 (17.5) 62.8 (8.75) 0.992 0.998 1.000

BMIa 24.3 (2.98) 23.9 (3.26) 24.0 (4.40) 0.643 0.619 0.866 24.7 (2.54) 24.3 (5.02) 24.6 (4.31) 0.947 0.985 0.997

Education (years)a
5.00 

[0.00;8.00]

4.00 

[0.00;7.00]

3.00 

[0.00;6.25]
0.835 0.835 0.835

2.00 [0.00; 

4.50]

3.00 [0.00; 

8.00]

2.50 [0.00; 

4.00]
0.576 0.576 0.962

Smoker (%)b 13 (14.8%) 37 (22.0%) 12 (30.0%) 0.331 0.228 0.389 1 (5.26%) 3 (10.3%) 2 (20.0%) 1.000 0.881 0.800

Drinker (%)b 16 (18.2%) 42 (25.0%) 9 (22.5%) 0.840 0.900 0.900 2 (10.5%) 4 (13.8%) 5 (50.0%) 1.000 0.048 0.048

HP (%)b 40 (45.5%) 56 (33.3%) 16 (40.0%) 0.232 0.701 0.701 15 (78.9%) 9 (31.0%) 7 (70.0%) 0.009 0.090 0.665

DM (%)b 16 (18.2%) 29 (17.3%) 11 (27.5%) 0.991 0.503 0.503 0 (0.00%) 4 (13.8%) 1 (10.0%) 0.426 1.000 0.517

Disease history (years)a -
3.00 

[1.00;7.00]

2.00 

[1.00;4.00]
- - 0.003 -

4.00 [2.00; 

5.00]

2.75 [1.25; 

6.50]
- - <0.001

UPDRSa -
40.0 

[27.0;53.0]

49.0 

[34.5;67.0]
- - 0.076 -

36.0 [28.0; 

52.0]

62.5 [56.5; 

74.2]
- - <0.001

Ia -
2.00 

[1.00;4.00]

3.00 

[2.00;5.00]
- - 0.004 -

2.00 [1.00; 

3.00]

3.50 [2.00; 

6.25]
- - <0.001

IIa -
11.0 

[7.00;16.0]

13.0 

[10.5;18.2]
- - 0.051 -

11.0 [10.0; 

14.0]

17.5 [13.2; 

20.0]
- - <0.001

IIIa -
24.0 

[15.0;35.0]

30.0 

[16.5;39.2]
- - 0.302 -

23.0 [14.0; 

33.0]

39.5 [27.8; 

46.8]
- - <0.001

IVa -
1.00 

[0.00;3.00]

1.00 

[0.00;2.25]
- - 0.420 -

3.00 [0.00; 

5.00]

3.50 [1.25; 

4.75]
- - <0.001

H-Y stagea -
2.50 

[1.50;3.00]

3.00 

[2.00;4.00]
- - 0.007 -

2.00 [1.50; 

2.50]

3.00 [3.00; 

4.00]
- - <0.001

MMSEa
24.0 

[21.0;26.0]

23.0 

[18.0;26.0]

16.0 

[11.0;20.8]
0.126 <0.001 <0.001

24.0 [20.0; 

27.0]

26.0 [20.0; 

28.0]

17.5 [11.5; 

20.0]
0.899 0.061 0.061

HAMDa
3.00 

[0.00;5.00]

5.00 

[2.75;9.00]

5.00 

[4.00;9.00]
<0.001 <0.001 0.440

2.00 [0.00; 

5.50]

6.00 [3.00; 

9.00]

7.00 [3.50; 

8.50]

0.022 0.884 0.034

HAMAa 4.00 

[1.00;7.00]

8.00 

[4.00;13.0]

8.00 

[4.00;11.2]

<0.001 <0.001 0.809 3.00 [0.00; 

9.00]

14.0 [8.00; 

17.0]

7.00 [5.25; 

8.75]

<0.001 0.036 0.152

RBDQ-HKa 3.00 

[1.00;10.0]

13.0 

[3.00;31.0]

7.00 

[2.75;26.2]

<0.001 0.005 0.327 5.00 [3.50; 

7.50]

24.0 [8.00; 

46.0]

12.5 [3.75; 

38.2]

0.003 0.520 0.273

ADLa 20.0 

[20.0;20.0]

26.5 

[21.0;35.0]

35.5 

[26.2;48.2]

<0.001 <0.001 0.001 20.0 [20.0; 

20.0]

22.0 [20.0; 

26.0]

50.5 [31.2; 

58.8]

<0.001 0.001 <0.001

PINK1 (ng/mL)a 77.1 (15.9) 96.2 (20.0) 96.4 (20.3) <0.001 <0.001 0.996 66.6 (4.62) 74.5 (6.72) 71.8 (6.10) <0.001 0.438 0.076

Asy-no (pg/mL)ac 2631 (667) 3352 (645) 3445 (625) <0.001 <0.001 0.701 2406 (209) 2494 (236) 2574 (209) 0.381 0.595 0.141

Continuous variables were assessed for normality by PP plot and QQ plot. Data are expressed as mean (SD), median [IQR], or n (%); ap values obtained from One-Way ANOVA or Kruskal-
Wallis test followed by Bonferroni corrected post hoc comparisons, and UPDRS and H-Y stage were only compared between PD and PDs by Mann–Whitney U test; bp values obtained from 
chi-squared test corrected by Bonferroni. HC, Healthy control; PD, Parkinson disease; PDs, Parkinsonian syndrome; Smoker: people who have smoked continuously or cumulatively for 
6 months or more throughout their lives; Drinker: people who have drinked continuously or cumulatively for 6 months or more throughout their lives; HP, Hyper blood pressure; DM, 
Diabetes mellitus; UPDRS, Unified Parkinson’s disease rating scale; MMSE, Mini-Mental State Examination; HAMD, Hamilton depression scale; HAMA, Hamilton anxiety scale; RBDQ-HK, 
REM sleep behavior disorder questionnaire-Hong Kong; ADL, Activity of daily living scale; BMI, Body mass index; Asy-no, Oligomeric α-syn; PINK1, PTEN induced putative kinase 1. cLess 
participants took the examination of plasma a-synuclein oligomer levels in the modeling cohort (HC = 83, PD = 137, and PDs = 40).
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(Figure 2H), 0.753 and 0.753 when PDs vs. HC (Figure 2I), while 
for PD vs. PDs, they were 0.610 and 0.591 (Figure 2J), respectively. 
The diagnostic performance of the PINK1 and Asy-no was 
evaluated by the AUC values in the training cohort and 
independently verified in the validation cohort.

Estimation of the performance of 
combined models and verification

To determine whether demographic characteristics and 
neuropsychological scale levels were independently associated with 

FIGURE 2

Plasma-derived PINK1 and Asy-no concentrations and diagnostic accuracy across clinically defined diagnostic profiles in modeling and validated 
cohort. Distribution of PINK1 and Asy-no concentrations across clinically defined diagnostics groups in modeling cohort (A,B) and validated cohort 
(F,G); The diagnosis accuracy of PINK1 and Asy-no in the context of PD vs. HC, PDs vs. HC, and PD vs. PDs in modeling cohort (C–E) and validated 
cohort (H–J). *p  <  0.05, **p  <  0.01, ***p  <  0.001, and ****p  <  0.0001 compared to HC group.

https://doi.org/10.3389/fnagi.2024.1369014
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Hong et al. 10.3389/fnagi.2024.1369014

Frontiers in Aging Neuroscience 07 frontiersin.org

PD. We  conducted a two-step analysis consisting of a univariate 
analysis followed by a multivariable logistic regression 
(Supplementary Table 1) and found RBDQ-HK score is a suitable 
predictor of PD diagnosis. In order to develop a more precise and 
clinically applicable combined model for diagnosing PD, we evaluated 
various combined models in both the Modeling cohort and the 
validation cohort. In the Modeling cohort (Figure  3A; 
Supplementary Table  2), the AUCs of the combined models 
constructed with PINK1 + Asy-no, PINK1 + Clinical RBD, 
Asy-no + Clinical RBD, and PINK + Asy-no + Clinical RBD were 0.820 
(95%CI 0.761–0.879), 0.829 (95%CI 0.763–0.875), 0.833 (95%CI 
0.777–0.890), and 0.861 (95%CI 0.808–0.913). Similarly, in the 
validation cohort (Figure 3B), the AUCs of the combined models built 
with PINK1 + Asy-no, PINK1 + Clinical RBD, Asy-no + Clinical RBD, 
and PINK + Asy-no + Clinical RBD were 0.800, 0.886, 0.780, and 
0.875. Among these models, the PINK + Asy-no + Clinical RBD model 
showed the highest performance in the modeling cohort and exhibited 
comparable performance to the PINK1 + Clinical RBD in the 
validation cohort (Figure 3).

Association of plasma PINK1 with clinical 
characteristics, motor and nonmotor 
features

To evaluate the potential impact of demographic characteristics 
and neuropsychological assessment scores on PINK1 concentration, 
our study conducted a comprehensive analysis. The results showed 
there were no significant differences in PINK1 levels between male 
and female participants (Figure 4A), overweight status (Chinese BMI 
classification; Pan et al., 2021, underweight was defined as <18.5, 

normal weight as 18.5–24, overweight as 24–28, and obesity as ≥28, 
Figure  4B), smoker or not (Figure  4E), as well as cognition 
impairment in the three groups (Figure 4I). Moreover, the levels of 
PINK1 were significantly lower in the PDs patients with hypertension 
(Figure  4C), depression (Figure  4G), and anxiety (Figure  4H). 
Conversely, in the control group, elevated PINK1 expression was 
associated with diabetes mellitus (Figure 4D) and subjects with RBD 
(Figure  4J). Subsequently, PD patients were stratified based on 
alcohol consumption, revealing higher PINK1 levels in the group of 
drinkers (Figure  4F). The detailed data can be  found in the 
Supplementary Table  3. Additionally, employing restricted cubic 
spline (RCS) models allowed for a nuanced exploration of the 
relationship between plasma PINK1 levels, treated as a continuous 
variable, and neuropsychological evaluation scales, while adjusting 
for age and sex. Interestingly, our analysis revealed no significant 
positive association between plasma PINK1 levels and UPDRS 
(p = 0.226), MMSE (p = 0.302), RBD-HK (p = 0.35), HAMA 
(p = 0.838), HAMD (p = 0.587), ADL (p = 0.941), disease duration 
(p = 0.104), and LEDD (p = 0.216) in PD subjects, except age with a 
U-shape association (p = 0.04; Figure 5).

PINK1 mediates the association between 
Asy-no and the risk of PD incident

The DAG was used to guide the causal relationship among 
different covariates, which is a graphical tool that visually represents 
and enhances our comprehension of exposure, outcome, causation, 
and bias (Williams et al., 2018). As seen in Figure 6A, an arrow from 
PD incident diagnosis to Asy-no signifies our hypothesis that changes 
in Asy-no levels may influence the occurrence of PD. Moreover, the 

FIGURE 3

The receiver operating characteristic (ROC) curve analyzes the diagnosis accuracy of combined models to identify PD from HC participants in the 
modeling cohort and validated cohort. Four combined models (model1: PINK1  +  Asyno; model2: PINK1  +  RBDQ-HK; model3: Asyno  +  RBDQ-HK; and 
model4: PINK1  +  Asyno  +  RBDQ-HK) were constructed by multivariate logical regression to differentiate PD from HC. Receiver operating characteristic 
(ROC) curve analysis of combined models was used to confirm diagnosis accuracy in the modeling cohort (A) and the results were validated in the 
validated cohort (B).
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arrow from Asy-no to PINK1 indicates the close relationship between 
these two factors in the PD diagnosis domain. Further, our study 
revealed a significant correlation between plasma Asy-no and PINK1 
concentrations, as demonstrated by a linear correlation analysis model 
(correlation coefficient r = 0.501, p < 0.001, Figure  6B). This 
observation suggests a potential influence of Asy-no development on 
PINK1 levels. Notably, mediation analysis was performed for the 
Asy-no and PINK1, revealing that the relationship between Asy-no 
and the risk of PD incidence was significantly mediated by the PINK1 
element (Proportion of mediation = 48.8%, Figures 6C,D). Due to this 
analysis representing an assumption, we should tone down the claim 

that PINK1 mediates the relationship between Asy-no and the risk of 
PD when treating these results.

Discussion

The challenge of accurately diagnosing Parkinson’s Disease (PD) 
is compounded by the broad spectrum of symptomatology observed 
across individuals and the absence of definitive diagnostic tools. In 
terms of the therapy domain, despite numerous tested molecules, 
there is still a lack of agents or neuroprotective therapies capable of 

FIGURE 4

The comparison of PINK1 levels in the 10 subgroups with different clinical diagnoses. All the subjects in different diagnostic groups were redivided into 
subgroups according to different factors including Sex (A), Overweight (B), HP (C), DM (D), Smoker (E), Drinker (F), Depression (G), Anxiety (H), CI (I), 
and RBD (J). *p  <  0.05, **p  <  0.01. Overweight, subjects with BMI  ≥  24; HP, subjects with high blood pressure; DM subjects with diabetes mellitus; 
Smoker, subjects who have smoked continuously or cumulatively for 6  months or more in their lifetime; Drinker, subjects who have consumed alcohol 
continuously or cumulatively for 6  months or more in their lifetime (at least once a week); Anxiety, subjects with possible anxiety or anxiety and HAMA 
score  ≥  7; Depression, subjects with possible depression or depression and HAMD score  ≥  7; and CI, subjects with cognitive impairment according to 
MMSE scores (MMSE was used for cognitive examination, with adjustment of the cutoff score for cognitive impairment according to the years of 
education as follows: illiterate, ≤17 points; primary school education, ≤20 points; and postsecondary education or above, ≤24 points); RBD, subjects 
with RBDQ-HK >18 points.
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effectively slowing down, halting, or reversing neurodegeneration in 
PD patients, partly due to the administration being applied too late. 
Therefore, there is a pressing need to identify easily measurable and 
highly predictive biomarkers for early-stage PD (Parnetti et al., 2019). 
Genetic studies in PD highlight the pink1 gene in disease risk (Valente 
et al., 2004; Gegg and Schapira, 2011). However, the role of pink1 in 
disease progression remains inadequately elucidated. To our 
knowledge, no previous study has biochemically assessed PINK1 
activity markers in plasma from PD cases.

Presently, we found that (1) the PINK1 and Asy-no are elevated 
in the plasma of PD and PDs patients compared to healthy controls. 
(2) The AUCs of PINK1 and Asy-no were considered as potential 
eligible plasma risk factors differentiating PD from controls but could 
not differentiate PD from PDs. They showed similar discriminatory 
power between the PD and control groups, with AUCs ranging 
between 0.771 and 0.787. (3) There is no significant correlation 
between PINK1 and UPDRS, MMSE, HAMD, HAMA, RBDQ-HK, 
and ADL scores. Although the PINK1 level does not appear to relate 
to the neuropsychological tests, we found that individuals with PD 
develop higher PINK1 levels. These findings provide insights into the 
potential use of plasma PINK1 as a latent diagnostic biomarker, 
comparable to Asy-no, and support the future implementation of a 
feasible blood test in clinical practice. However, at present, such data 
are not enough to justify the routine suggestion that PINK1 can 
be supposed as a PD diagnostic biomarker in the clinic. Specifically, 
although levels seem to be elevated in PD as compared to healthy 
control in both the modeling and validation cohorts, there is apparent 
overlap in data points and not adequate effect size differentiating PD 
from controls. Accordingly, the reported sensitivity for PINK1 levels 
in the modeling cohort is 64%, which is low for a proposed Biomarker. 
Therefore, we should be cautious when explaining these results.

The dysregulation of the mitophagy-related protein PINK1, as 
reported in our study, offers valuable clues to the pathogenesis of 
PD. Recently, a series of research have revealed the mechanisms by 
which two enzymes, PINK1 and Parkin, mediate a mitochondrial 
quality control system, which contributes to the removal of damaged 
mitochondria through the mitophagy process (McWilliams and 
Muqit, 2017). Biochemical studies conducted in transfected cells and 
transgenic mice have provided evidence that damaged mitochondria 
activate the mitochondrial-associated kinase PINK1, leading to the 
phosphorylation of both ubiquitin and Parkin at their respective Ser65 
locus (Pickrell and Youle, 2015; Lou et  al., 2019). This triggers a 
feedforward amplification cascade of mitochondrial ubiquitylation, 
ultimately resulting in the clearance of the damaged organelles 
through mitophagy (Ordureau et al., 2014). Moreover, as impaired 
mitophagy has been connected to early-onset PD results from the 
mutations in human PINK1 and Parkin genes, aberrant mitophagy 
emerged as a promising hypothesis to illustrate the underlying 
pathophysiology of this disorder (Whitworth and Pallanck, 2017). 
Despite PINK1 being recognized as a key regulator of mitophagy and 
its involvement in PD pathogenesis, little is known about its exact 
activity in the plasma of PD subjects. Currently, in this project, using 
the ELISA-based approaches, we found that the PINK1 is elevated in 
the plasma of PD patients compared to healthy controls. The AUC of 
PINK1 is considered as a potential eligible plasma biomarker 
differentiating PD from controls. These results are consistent with the 
theory that mitochondrial dysfunction in PD patients would 
be  associated with higher mitophagy-related protein levels as a 
reflection of toxic mitophagy induction. Furthermore, the potential of 
PINK1 as a diagnostic biomarker was strengthened in two 
independent cohorts (AUC 0.771 and 0.820), even though the sample 
size is relatively small in the second cohort. Notably, PINK1 is not well 

FIGURE 5

Correlations between PINK1 levels and clinical assessments in PD patients using the restricted cubic spline curves (RCS) fitting model. Using non-linear 
smoothing spline regressions RCS model between PINK1 as a continuous value and neuropsychological evaluation scales including UPDRS (A), MMSE 
(B), RBDQ-HK (C), HAMA (D), HAMD (E), and ADL (F) and other clinical values such as disease history (G) and LEDD (I) after adjusting age, sex, and 
education. The correlation between PINK1 level and age (H) was assessed after adjusting sex and education. p  >  0.05, indicating lack of correlation of 
the tested values.
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studied in blood biofluid as a biomarker of mitophagy status in 
humans. While we found a high level of PINK1 in the plasma of PD 
and PDs patients compared to healthy controls, these data cannot 
be directly correlated with mitophagy pathway induction at present. 
Anyway, these findings lay the groundwork for future investigations 
into other biomarkers related to the mitophagy pathway in plasma or 
other biofluids to reflect neurodegeneration in PD. More biochemical 
investigation and clinical exploration might be required to understand 
the role.

Interestingly, our study has demonstrated that the combined 
assessment of PINK1 and Asy-no profiles could potentially serve as a 
robust composite biomarker model for PD in human samples, as 
indicated by a notable AUC value of 0.820. It is noteworthy that the 
PINK1-dependent mitophagy process closely interacts with 
a-synuclein aggregation in this disease. In PD models, the 
accumulation of a-synuclein leads to an upregulation of Miro protein 
levels on the surface of mitochondria, resulting in a delay in the 
mitophagy process (Shaltouki et  al., 2018). However, it has been 
shown that the reduction of Miro levels can rescue mitophagy 
phenotypes and alleviate neurodegeneration in neurons derived from 

PD subjects. Moreover, the regulatory circuit formed by PINK1, 
Parkin, and a-synuclein plays a crucial role in modulating the 
mitochondrial stress response, providing a potential physiological 
basis for the prevalence of a-synuclein pathology in PD (Norris et al., 
2015). A transgenic mouse strain with specific overexpression of the 
A53T mutant form of a-synuclein in dopamine neurons exhibits 
profound early-onset mitochondrial abnormalities, further 
emphasizing the critical involvement of mitochondria and the 
consequential defective mitophagy in the pathogenesis of PD (Chen 
et al., 2015). Indeed, α-synuclein and PINK1 are two critical proteins 
associated with the pathogenesis of PD. Their interaction stimulated 
the removal of excess α-synuclein, which prevented mitochondrial 
deficits and apoptosis by activating autophagy (Liu et al., 2017).

In addition to the alterations observed in PINK1 levels, our study 
also detected elevated levels of Asy-no in the plasma of both PD and 
PDs patients compared to healthy controls, consistent with several 
previous findings (El-Agnaf et  al., 2006; Wang et  al., 2015). This 
suggests that Asy-no could serve as a potential biomarker for PD 
diagnosis. However, it is noteworthy that the elevation of Asy-no was 
observed primarily in the modeling cohort and not consistently 

FIGURE 6

The Diagnosis-Asyno-PINK1 pathway was validated in different analyses. (A) A directed acyclic graph (DAG) based on the Bayesian network was used 
to assess the causal relationship among different covariates including demographic characteristics (sex, age, BMI, education, smoker, drinker, 
hypertension pressure as well as diabetes mellitus), neuropsychological assessments (MMSE, HAMA, HAMD, ADL, UPDRS, H-Y stage, and RBDQ-HK), 
non-motor status according to neuropsychological assessments (cognitive impairment, depression, anxiety, and RBD), LEDD, and diagnosis. (B) A 
curve of linear regression was used to show the relationship between PINK1 and Asy-no levels. The correlation coefficient (r) and p value were 
assessed by Pearson correlation. (C) A diagram of mediation effect analysis was used to show the Diagnosis-Asyno-PINK1 pathway and the proportion 
of mediation effect is 48.8% (D). ACME, Average causal mediation effect; ADE, Average direct effect; Prop. Mediated, proportion mediated; *p  <  0.05, 
**p  <  0.01, and ***p  <  0.001 in mediation effect analysis.
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replicated in the validation cohort, potentially due to differences in 
sample characteristics or methodology. Interestingly, different 
α-synuclein forms displayed mixed results (Atik et al., 2016). One 
possible explanation for these conflicting results could be  the 
variations in the methods used to detect the low concentrations of 
a-synuclein in biofluids. Currently, most biofluid biomarkers, 
including cerebrospinal fluid (CSF), urine, and plasma biomarkers, are 
primarily analyzed using ELISA techniques (Heikenfeld et al., 2019). 
However, these assays are often performed manually and can 
be challenging to standardize. Expanding the range of the testing 
methods and implementing more rigorous sample preparation 
protocols could enhance the precision of biomarker detection. 
Moreover, our study did not find any association of the PINK1 level 
with clinical scales commonly used to assess the motor severity and 
non-motor symptoms in PD, showing that PINK1 is a disease-
sensitive but not a symptoms-specific marker of the extent of 
neurodegeneration. Of note, lower PINK1 levels were observed in PD 
patients with comorbid depression and anxiety in the PDs group. Due 
to the limited sample size and disproportionate distribution between 
the two groups in PDs, these observations should be  carefully 
explained and require further validation in larger cohorts.

It is important to acknowledge the limitations of our study. First, the 
number of PD patients in the validated model was relatively small. 
Additionally, the lack of separate PD patients into “on” and “off” stages 
(only done in the “on” state of the disease) when evaluating 
neuropsychological tests, limited our investigation of the correlation of 
biofluid markers in plasma with the disease motor and non-motor 
severity of PD. Second, the cross-sectional study design cannot reach a 
causal relationship between plasma biomarker changes and the disease 
process in PD. Therefore, further longitudinal studies with serial 
measurements of plasma markers are warranted to address these 
limitations. Third, in this study, the diagnosis of idiopathic PD was 
established based on the widely accepted MDS clinical diagnostic 
criteria. Therefore, the potential influence of PINK1 mutations on our 
findings remains uncertain and warrants further investigation. Lastly, it 
is important to note that the diagnosis of PD in our cohort was based 
on clinical diagnostic criteria from the Movement Disorder Society 
(MDS) and lacked confirmation through neuropathological examination.

Conclusion

We performed an ELISA-based analysis on plasma protein targets 
from a cohort comprising patients with PD and carefully matched 
control subjects to identify deregulated PINK1 levels. In summary, our 
findings suggest that elevated PINK1 in plasma holds the potential to 
serve as a non-invasive tool for distinguishing PD patients from 
controls. Longitudinal studies undertaken over a more extended 
period will be required to determine whether PINK1 can act as a 
potential biomarker of disease diagnosis and progression in the future.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material; further inquiries can be directed 
to the corresponding authors.

Ethics statement

The studies involving humans were approved by the 
Institutional Ethics Board Committee of the Wenzhou Medical 
University First Affiliated Hospital. The studies were conducted in 
accordance with the local legislation and institutional 
requirements. The participants provided their written informed 
consent to participate in this study.

Author contributions

XH: Conceptualization, Writing – review & editing, Investigation. 
YZ: Writing – review & editing, Data curation, Investigation, 
Visualization. JH: Investigation, Writing – review & editing. TJ: 
Investigation, Writing – review & editing. YL: Data curation, 
Investigation, Writing – review & editing. SZ: Data curation, 
Investigation, Writing – review & editing. QY: Data curation, 
Investigation, Writing – review & editing. CX: Supervision, Writing 
– original draft. JL: Supervision, Writing – review & editing. WW: 
Supervision, Writing – original draft.

Funding

The author(s) declare that financial support was received for 
the research, authorship, and/or publication of this article. This 
work was supported by the Projects of the National Science 
Foundation of China (Nos. 81600977 and 82271469) and the 
Projects of the Natural Science Foundation of Zhejiang Province 
(LQ23H090007, Y19H090059, and LZ23H090001), and the 
Projects of the Wenzhou City Committee of Science and 
Technology (No. Y20220164).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnagi.2024.1369014/
full#supplementary-material

https://doi.org/10.3389/fnagi.2024.1369014
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnagi.2024.1369014/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2024.1369014/full#supplementary-material


Hong et al. 10.3389/fnagi.2024.1369014

Frontiers in Aging Neuroscience 12 frontiersin.org

References
Armstrong, M. J., and Okun, M. S. (2020). Diagnosis and treatment of Parkinson 

disease: a review. JAMA 323, 548–560. doi: 10.1001/jama.2019.22360

Ashton, N. J., Hye, A., Rajkumar, A. P., Leuzy, A., Snowden, S., Suarez-Calvet, M., et al. 
(2020). An update on blood-based biomarkers for non-Alzheimer neurodegenerative 
disorders. Nat. Rev. Neurol. 16, 265–284. doi: 10.1038/s41582-020-0348-0

Atik, A., Stewart, T., and Zhang, J. (2016). Alpha-Synuclein as a biomarker for 
Parkinson's disease. Brain Pathol. 26, 410–418. doi: 10.1111/bpa.12370

Bengoa-Vergniory, N., Roberts, R. F., Wade-Martins, R., and Alegre-Abarrategui, J. 
(2017). Alpha-synuclein oligomers: a new hope. Acta Neuropathol. 134, 819–838. doi: 
10.1007/s00401-017-1755-1

Chen, L., Xie, Z., Turkson, S., and Zhuang, X. (2015). A53T human alpha-synuclein 
overexpression in transgenic mice induces pervasive mitochondria macroautophagy 
defects preceding dopamine neuron degeneration. J. Neurosci. 35, 890–905. doi: 10.1523/
JNEUROSCI.0089-14.2015

Clark, E. H., Vazquez de la Torre, A., Hoshikawa, T., and Briston, T. (2021). Targeting 
mitophagy in Parkinson's disease. J. Biol. Chem. 296:100209. doi: 10.1074/jbc.
REV120.014294

Cui, G. H., Yao, Y. H., Xu, R. F., Tang, H. D., Jiang, G. X., Wang, Y., et al. (2011). 
Cognitive impairment using education-based cutoff points for CMMSE scores in elderly 
Chinese people of agricultural and rural Shanghai China. Acta Neurol. Scand. 124, 
361–367. doi: 10.1111/j.1600-0404.2010.01484.x

Desquilbet, L., and Mariotti, F. (2010). Dose-response analyses using restricted cubic 
spline functions in public health research. Stat. Med. 29, 1037–1057. doi: 10.1002/
sim.3841

Dubois, B., Burn, D., Goetz, C., Aarsland, D., Brown, R. G., Broe, G. A., et al. (2007). 
Diagnostic procedures for Parkinson's disease dementia: recommendations from the 
movement disorder society task force. Mov. Disord. 22, 2314–2324. doi: 10.1002/
mds.21844

El-Agnaf, O. M., Salem, S. A., Paleologou, K. E., Curran, M. D., Gibson, M. J., 
Court, J. A., et al. (2006). Detection of oligomeric forms of alpha-synuclein protein in 
human plasma as a potential biomarker for Parkinson's disease. FASEB J. 20, 419–425. 
doi: 10.1096/fj.03-1449com

Elton, S.F.R.L. (1987). Members of the UPDRS development committee unified 
Parkinson's disease rating scale, in recent developments in Parkinson's disease.

Fleischer, N. L., and Diez Roux, A. V. (2008). Using directed acyclic graphs to guide 
analyses of neighbourhood health effects: an introduction. J. Epidemiol. Community 
Health 62, 842–846. doi: 10.1136/jech.2007.067371

Gegg, M. E., and Schapira, A. H. (2011). PINK1-parkin-dependent mitophagy 
involves ubiquitination of mitofusins 1 and 2: implications for Parkinson disease 
pathogenesis. Autophagy 7, 243–245. doi: 10.4161/auto.7.2.14332

Heikenfeld, J., Jajack, A., Feldman, B., Granger, S. W., Gaitonde, S., Begtrup, G., et al. 
(2019). Accessing analytes in biofluids for peripheral biochemical monitoring. Nat. 
Biotechnol. 37, 407–419. doi: 10.1038/s41587-019-0040-3

Hoehn, M. M., and Yahr, M. D. (1967). Parkinsonism: onset, progression and 
mortality. Neurology 17, 427–442. doi: 10.1212/wnl.17.5.427

Hsieh, C. H., Shaltouki, A., Gonzalez, A. E., Bettencourt da Cruz, A., Burbulla, L. F., 
St Lawrence, E., et al. (2016). Functional impairment in Miro degradation and 
Mitophagy is a shared feature in familial and sporadic Parkinson's disease. Cell Stem Cell 
19, 709–724. doi: 10.1016/j.stem.2016.08.002

Ivatt, R. M., Sanchez-Martinez, A., Godena, V. K., Brown, S., Ziviani, E., and 
Whitworth, A. J. (2014). Genome-wide RNAi screen identifies the Parkinson disease 
GWAS risk locus SREBF1 as a regulator of mitophagy. Proc. Natl. Acad. Sci. USA 111, 
8494–8499. doi: 10.1073/pnas.1321207111

Katzman, R., Zhang, M. Y., Ouang Ya, Q., Wang, Z. Y., Liu, W. T., Yu, E., et al. (1988). A 
Chinese version of the Mini-mental state examination; impact of illiteracy in a Shanghai 
dementia survey. J. Clin. Epidemiol. 41, 971–978. doi: 10.1016/0895-4356(88)90034-0

Klumparendt, A., Nelson, J., Barenbrugge, J., and Ehring, T. (2019). Associations 
between childhood maltreatment and adult depression: a mediation analysis. BMC 
Psychiatry 19:36. doi: 10.1186/s12888-019-2016-8

Li, S. X., Wing, Y. K., Lam, S. P., Zhang, J., Yu, M. W., Ho, C. K., et al. (2010). Validation 
of a new REM sleep behavior disorder questionnaire (RBDQ-HK). Sleep Med. 11, 43–48. 
doi: 10.1016/j.sleep.2009.06.008

Liu, J., Wang, X., Lu, Y., Duan, C., Gao, G., Lu, L., et al. (2017). Pink1 interacts with 
alpha-synuclein and abrogates alpha-synuclein-induced neurotoxicity by activating 
autophagy. Cell Death Dis. 8:e3056. doi: 10.1038/cddis.2017.427

Lobanova, E., Whiten, D., Ruggeri, F. S., Taylor, C. G., Kouli, A., Xia, Z., et al. (2022). 
Imaging protein aggregates in the serum and cerebrospinal fluid in Parkinson's disease. 
Brain 145, 632–643. doi: 10.1093/brain/awab306

Lou, G., Palikaras, K., Lautrup, S., Scheibye-Knudsen, M., Tavernarakis, N., and 
Fang, E. F. (2019). Mitophagy and neuroprotection. Trends Mol. Med. 26, 8–20. doi: 
10.1016/j.molmed.2019.07.002

McWilliams, T. G., and Muqit, M. M. (2017). PINK1 and Parkin: emerging themes in 
mitochondrial homeostasis. Curr. Opin. Cell Biol. 45, 83–91. doi: 10.1016/j.
ceb.2017.03.013

Norris, K. L., Hao, R., Chen, L. F., Lai, C. H., Kapur, M., Shaughnessy, P. J., et al. (2015). 
Convergence of Parkin, PINK1, and alpha-Synuclein on stress-induced mitochondrial 
morphological remodeling. J. Biol. Chem. 290, 13862–13874. doi: 10.1074/jbc.
M114.634063

Ordureau, A., Sarraf, S. A., Duda, D. M., Heo, J. M., Jedrychowski, M. P., 
Sviderskiy, V. O., et al. (2014). Quantitative proteomics reveal a feedforward mechanism 
for mitochondrial PARKIN translocation and ubiquitin chain synthesis. Mol. Cell 56, 
360–375. doi: 10.1016/j.molcel.2014.09.007

Palikaras, K., Lionaki, E., and Tavernarakis, N. (2018). Mechanisms of mitophagy in 
cellular homeostasis, physiology and pathology. Nat. Cell Biol. 20, 1013–1022. doi: 
10.1038/s41556-018-0176-2

Pan, X. F., Wang, L., and Pan, A. (2021). Epidemiology and determinants of obesity in 
China. Lancet Diabetes Endocrinol. 9, 373–392. doi: 10.1016/S2213-8587(21)00045-0

Parnetti, L., Gaetani, L., Eusebi, P., Paciotti, S., Hansson, O., El-Agnaf, O., et al. (2019). 
CSF and blood biomarkers for Parkinson's disease. Lancet Neurol. 18, 573–586. doi: 
10.1016/s1474-4422(19)30024-9

Pickrell, A. M., and Youle, R. J. (2015). The roles of PINK1, parkin, and mitochondrial 
fidelity in Parkinson's disease. Neuron 85, 257–273. doi: 10.1016/j.neuron.2014.12.007

Poewe, W., Seppi, K., Tanner, C. M., Halliday, G. M., Brundin, P., Volkmann, J., et al. 
(2017). Parkinson disease. Nat. Rev. Dis. Primers 3:17013. doi: 10.1038/nrdp.2017.13

Postuma, R. B., Berg, D., Stern, M., Poewe, W., Olanow, C. W., Oertel, W., et al. (2015). 
MDS clinical diagnostic criteria for Parkinson's disease. Mov. Disord. 30, 1591–1601. 
doi: 10.1002/mds.26424

Ryan, B. J., Hoek, S., Fon, E. A., and Wade-Martins, R. (2015). Mitochondrial 
dysfunction and mitophagy in Parkinson's: from familial to sporadic disease. Trends 
Biochem. Sci. 40, 200–210. doi: 10.1016/j.tibs.2015.02.003

Shaltouki, A., Hsieh, C. H., Kim, M. J., and Wang, X. (2018). Alpha-synuclein delays 
mitophagy and targeting Miro rescues neuron loss in Parkinson's models. Acta 
Neuropathol. 136, 607–620. doi: 10.1007/s00401-018-1873-4

Valente, E. M., Abou-Sleiman, P. M., Caputo, V., Muqit, M. M., Harvey, K., Gispert, S., 
et al. (2004). Hereditary early-onset Parkinson's disease caused by mutations in PINK1. 
Science 304, 1158–1160. doi: 10.1126/science.1096284

Villa, E., Marchetti, S., and Ricci, J. E. (2018). No Parkin zone: Mitophagy without 
Parkin. Trends Cell Biol. 28, 882–895. doi: 10.1016/j.tcb.2018.07.004

Wang, X., Yu, S., Li, F., and Feng, T. (2015). Detection of alpha-synuclein oligomers in 
red blood cells as a potential biomarker of Parkinson's disease. Neurosci. Lett. 599, 
115–119. doi: 10.1016/j.neulet.2015.05.030

Whitworth, A. J., and Pallanck, L. J. (2017). PINK1/Parkin mitophagy and 
neurodegeneration-what do we really know in vivo? Curr. Opin. Genet. Dev. 44, 47–53. 
doi: 10.1016/j.gde.2017.01.016

Williams, T. C., Bach, C. C., Matthiesen, N. B., Henriksen, T. B., and Gagliardi, L. 
(2018). Directed acyclic graphs: a tool for causal studies in paediatrics. Pediatr. Res. 84, 
487–493. doi: 10.1038/s41390-018-0071-3

https://doi.org/10.3389/fnagi.2024.1369014
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1001/jama.2019.22360
https://doi.org/10.1038/s41582-020-0348-0
https://doi.org/10.1111/bpa.12370
https://doi.org/10.1007/s00401-017-1755-1
https://doi.org/10.1523/JNEUROSCI.0089-14.2015
https://doi.org/10.1523/JNEUROSCI.0089-14.2015
https://doi.org/10.1074/jbc.REV120.014294
https://doi.org/10.1074/jbc.REV120.014294
https://doi.org/10.1111/j.1600-0404.2010.01484.x
https://doi.org/10.1002/sim.3841
https://doi.org/10.1002/sim.3841
https://doi.org/10.1002/mds.21844
https://doi.org/10.1002/mds.21844
https://doi.org/10.1096/fj.03-1449com
https://doi.org/10.1136/jech.2007.067371
https://doi.org/10.4161/auto.7.2.14332
https://doi.org/10.1038/s41587-019-0040-3
https://doi.org/10.1212/wnl.17.5.427
https://doi.org/10.1016/j.stem.2016.08.002
https://doi.org/10.1073/pnas.1321207111
https://doi.org/10.1016/0895-4356(88)90034-0
https://doi.org/10.1186/s12888-019-2016-8
https://doi.org/10.1016/j.sleep.2009.06.008
https://doi.org/10.1038/cddis.2017.427
https://doi.org/10.1093/brain/awab306
https://doi.org/10.1016/j.molmed.2019.07.002
https://doi.org/10.1016/j.ceb.2017.03.013
https://doi.org/10.1016/j.ceb.2017.03.013
https://doi.org/10.1074/jbc.M114.634063
https://doi.org/10.1074/jbc.M114.634063
https://doi.org/10.1016/j.molcel.2014.09.007
https://doi.org/10.1038/s41556-018-0176-2
https://doi.org/10.1016/S2213-8587(21)00045-0
https://doi.org/10.1016/s1474-4422(19)30024-9
https://doi.org/10.1016/j.neuron.2014.12.007
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1002/mds.26424
https://doi.org/10.1016/j.tibs.2015.02.003
https://doi.org/10.1007/s00401-018-1873-4
https://doi.org/10.1126/science.1096284
https://doi.org/10.1016/j.tcb.2018.07.004
https://doi.org/10.1016/j.neulet.2015.05.030
https://doi.org/10.1016/j.gde.2017.01.016
https://doi.org/10.1038/s41390-018-0071-3

	Detection of elevated levels of PINK1 in plasma from patients with idiopathic Parkinson’s disease
	Introduction
	Methods
	Standard protocol approvals, registrations, and patient consent
	Study populations
	Clinical evaluation
	Measurement of plasma biomarkers
	Statistical analysis

	Results
	Demographics, disease characteristics of the cohorts
	PINK1 is elevated in the plasma of PD patients
	Estimation of the performance of combined models and verification
	Association of plasma PINK1 with clinical characteristics, motor and nonmotor features
	PINK1 mediates the association between Asy-no and the risk of PD incident

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

