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ARTICLE INFO ABSTRACT
Keywords: Introduction: Multiple system atrophy (MSA) is a rapidly progressing neurodegenerative disorder.
Multiple system atrophy Although diverse biomarkers have been established for Parkinson’s disease (PD), no widely

Parkinson’s disease

Pyruvate

Tea/coffee metabolites

Diagnostic and differential diagnostic model

accepted markers have been identified in MSA. Pyruvate and lactate are the end-product of
glycolysis and crucial for brain metabolism. However, their correlation with MSA remains un-
clear. Moreover, it is elusive how lifestyles modify these metabolites.

Methods: To investigate the correlation and diagnostic value of plasma pyruvate and lactate levels
in MSA and PD. Moreover, we explored how lifestyle-related metabolites interact with these
metabolites in determining the disease risk. We assayed the 3 metabolites in pyruvate/lactate and
6 in the tea/coffee metabolic pathways by targeted mass spectrometry and evaluate their in-
teractions and performance in diagnosis and differentiation between MSA and PD.

Results: We found that 7 metabolites were significantly different between MSA, PD and healthy
controls (HCs). Particularly, pyruvate was increased in PD while significantly decreased in MSA
patients. Moreover, the tea/coffee metabolites were negatively associated with the pyruvate level
in HCs, but not in MSA and PD patients. Using machine-learning models, we showed that the
combination of pyruvate and tea/coffee metabolites diagnosed MSA (AUC = 0.878) and PD (AUC
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= 0.833) with good performance. Additionally, pyruvate had good performance in distinguishing
MSA from PD (AUC = 0.860), and the differentiation increased (AUC = 0.922) when combined
with theanine and 1,3-dimethyluric acid.
Conclusions: This study demonstrates that pyruvate correlates reversely with MSA and PD, and
may play distinct roles in their pathogenesis, which can be modified by lifestyle-related tea/coffee

metabolites.

1. Introduction

Parkinson’s disease (PD) and multiple system atrophy (MSA) are progressive neurodegenerative disorders characterized by motor
and non-motor symptoms. Contrasting to PD, MSA patients follow a rapid progression for 6-10 years from symptomatic onset to death,
without effective therapy [1]. However, due to the overlapping symptomatology and pathology between PD and MSA, it is difficult to

make a differential diagnosis, especially in the early stage.

Table 1

Study participant demographic features and clinical characteristics.

Items Variables HCs MSA P-value (MSA vs. PD P-value (PD vs.
HCs) HCs)
Demographic Gender, Female (%) 65 58 (47.5%) 0.442 67 (54.9%) 0.891
characteristics (53.3%)
Age, Mean + SD 62.6 + 60.4 + 9.29 0.075 61.1 + 8.67 0.403
6.90
BMI, Mean + SD 24.7 £ 24.3 £ 2.39 0.818 23.3 £2.90 0.051
3.62
Disease duration, Mean + - 4.30 £+ 2.89 - 2.81 £3.78 -
SD
UPDRS III/UMSARS II, - 19.45 +11.18 - 25.15 + 14.88 -
Mean + SD (UMSARS 1) (UPDRS III)
H-Y stage, Median - 3(2,5) - 2(1,5) -
(min~max)
Epidemiological Smoking, Y (%) 45 34 (27.9%) 0.221 27 (22.1%) 0.017
information (36.9%)
Alcohol-drinking, Y (%) 33 36 (29.5%) 0.177 18 (14.8%) 0.028
(27.0%)
Frequency-Alcohol- 0(0,1) 0 (0, 0.75) 0.003 0 (0, 0) 0.031
drinking
Median (min~max)
Tea intake, Y (%) 87 48 (39.3%) 9.92E-07 70 (57.4%) 0.023
(71.3%)
Frequency-Tea 1(0,1) 0,1 5.21E-06 1(0,2) 4.99E-04
Median (min~max)
Coffee intake, Y (%) 29 5 (4.10%) 2.12E-05 13 (10.7%) 0.007
(23.8%)
Frequency-Coffee 0(0,0) 0 (0, 0) 0.000572 0 (0, 0) 0.003
Median (min~max)
No-motor symptoms Uroclepsia, Y (%) 38 61 (50.0%) 0.004128 61 (50.0%) 0.003
(31.1%)
Constipation, Y (%) 11 23 (18.9%) 0.042005 23 (18.9%) 0.038
(9.02%)
MoCA, Mean + SD 25.2 + 22.2+£541 2.12E-07 22.2 £ 541 2.12E-07
3.41
ESS, Mean + SD 2.92 + 4.79 + 4.25 0.00074 4.79 + 4.25 7.40E-04
2.66
RBDQ-HK, Mean + SD 7.98 + 21.4 +16.2 2.56E-15 21.4 +16.2 2.56E-15
8.44
SCOPA-AUT, Mean + SD 4.82 + 12.6 + 9.46 2.04E-15 12.6 +£ 9.46 2.04E-15
3.66
HAMD, Mean + SD 3.13 + 5.97 + 4.39 9.35E-09 5.97 + 4.39 9.35E-09
3.11
HAMA, Mean + SD 5.14 + 6.76 + 4.94 0.011362 6.76 + 4.94 0.011
3.78
NMSS-Total, Mean =+ SD 19.4 + 40.3 + 25.0 3.41E-13 40.3 + 25.0 3.41E-13
15.3

Abbreviations: HCs = healthy controls; MSA = multiple system atrophy; PD = Parkinson’s disease; BMI = body mass index; MoCA = Montreal
Cognitive Assessment; ESS = Epworth sleepiness scale; RBDQ-HK = rapid eye movement sleep behavior disorder questionnaire-Hong Kong; SCOPA-
AUT = scales for outcome in Parkinson’s disease-autonomic dysfunction; HAMD = Hamilton Depression Scale; HAMA = Hamilton Anxiety Scale;
NMSS = non-motor symptoms scale. Statistical significance was assessed by Mann-Whitney U test and Chi-square test.
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Various molecules, such as a-syn, DJ-1, and neuroinflammatory cytokines, have been widely tested for utility in diagnosing PD and
MSA [2]. There were also approaches, including clinical decision trees [3] and imaging technologies [4] reported to differentiate MSA
from PD. However, the sample sizes in these reports were small and the results were controversial. The difficulty of finding an ideal
differential biomarker lies in the complex disease pathogenesis, which involves genetic, environmental factors and aging. Most
recently, metabolome, the collection of entities of small chemical molecules involved in metabolism, has been explored for potentials
biomarkers for diseases. Among the metabolites, pyruvate and lactate, the end-product of glycolysis, have been implicated as the
crucial molecules for brain metabolism, especially in coordination of neurons, astrocytes and oligodendrocytes.

In addition, environmental factors or lifestyles have been implicated as the important etiology of neurodegenerative disorders in
recent years. Tea, coffee or alcohol drinking and smoking have been commonly recognized as the protective factors for synucleino-
pathies. The neuroprotective effects of tea/caffeine had been established in patients with Alzheimer’s disease (AD), PD, amyotrophic
lateral sclerosis (ALS) and Huntington’s disease (HD) [5]. However, the metabolic profiles of MSA and their association with envi-
ronmental exposures have not been well investigated.

To investigate the pyruvate/lactate and tea/coffee metabolic profiles in PD and MSA and their performance in diagnosis and
differential diagnosis of the two diseases, we performed targeted MS spectrometry for these metabolites in age- and sex-matched MSA,
PD patients and healthy controls (HCs). We revealed significant differences in metabolite levels between different groups and iden-
tified pyruvate as a strong differential marker for MSA and PD, which can be modified by tea/coffee metabolites and lifestyles such as
smoking and alcohol-drinking.

2. Participates and methods
2.1. Study design and participants

The study cohort of MSA and PD patients were recruited from the outpatient or inpatient department who were admitted to
Xuanwu hospital of Capital Medical University from Aug 2021 to Sep 2022. The HC subjects were enrolled from Xinjiekou Community
Medical Health Service Center. The diagnosis was based on the international clinical guidelines. All patients completed detailed
clinical interviews and physical examinations. The symptomatic scores for clinical assessments included: Unified Multiple System
Atrophy Rating Scale [UMSARS] for MSA and Unified Parkinson’s disease Rating Scale [UPDRS] for PD, and non-motor symptoms
scale (NMSS), Montreal Cognitive Assessment (MoCA), Epworth sleepiness scale (ESS), rapid eye movement sleep behavior disorder
questionnaire-Hong Kong (RBDQ-HK), scales for outcome in Parkinson’s disease-autonomic dysfunction (SCOPA-AUT), Hamilton
Depression Scale (HAMD), and Hamilton Anxiety Scale (HAMA) scores for patients of both diseases. In addition, the demographic
information including age, age at onset, smoking, alcohol-drinking and tea/coffee-taken was also inquired (Table 1).

The study was approved by the Institutional Review Board and Ethics Committees of the Xuanwu Hospital of Capital Medical
University ([2020]060). Written informed consent was obtained from each participant or their legal guardians before they were
included in the study.

2.2. Chemicals

Analytical standards of citrate, lactate, 1,3-dimethyluric acid, 1-methylxanthine, citric acid d4, theobromine-d6 and 1-methylxan-
thine-d3 were purchased from Toronto Research Chemicals (TRC). Caffeine and theophylline were purchased from National Institutes
for Food and Drug Control, China. Lactic acid-13C3, theophylline-d6 were purchased from CMASS Science/Technology. Caffeine 13C3
was supplied by Sigma-Aldrich (St. Louis, MO). Theobromine was supplied by Aladdin, China. Acetonitrile, methanol, and formic acid
were supplied by Thermo Fisher Scientific (Houston, TX, USA). All the chemicals were of LC-MS grade. Ultra-pure water was obtained
from the Milli-Q system (Millipore, Bedford, MA, USA).

2.3. Sample preparation for metabolomic analysis

Sampling times are assumed to be random. 10 ml of whole blood from each subject was drawn into an ethylenediaminetetraacetic
acid (EDTA) anticoagulant tube (1.8 mg EDTA/mL blood). The blood was allowed to stand at 4-8 °C for 30 min before being
centrifuged at 4 °C, 1500xg for 15 min. The upper and middle layers, containing plasma was collected. After the serum was thawed at
4 °C, 200 pL sample was aliquoted into a 1.5 mL microfuge tube, and 10 pL of the 10 pg/ml internal standard solution was precisely
introduced. To improve protein precipitation, 600 pL pre-cooled methanol was added to 200 pL serum sample, vortexed for 2 min,
incubated at room temp for 10min. The sample was then centrifuged at 14,000g for 20min at 4 °C, where after 2 pL supernatant was
injected into the liquid chromatography-mass spectrometry (LC-MS) system. All samples were kept at —80 °C for uses.

2.4. Apparatus and operation conditions

Samples were analyzed on a TQ-S micro (Waters, Millford, MA, USA) mass spectrometer (MS) coupled with an Acquity UPLC
system (LC) (Waters, Millford, MA, USA). The analysis of 2 pL of the sample was injected into an analytical column (Waters Acquity
UPLC HSS T3, 100 x 2.1 mm column; Waters, Millford, MA, USA). 0.05% formic acid in water constituted the mobile phase A and
0.05% formic acid in acetonitrile constituted the mobile phase B. The rate of flow was 0.3 mL/min. The gradient elution was applied
and programmed as follows: the gradient started with 99% eluent A in 1.0 min and decreased linearly down to 90% in 0.5 min. It
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Fig. 1. Comparison of the concentrations of targeted metabolites detected in MSA, PD patients and HC subjects. A The design and flowchart of the
study. B citrate, C lactate, D pyruvate, E 1,3-edimethyluric acid, F caffeine, G theophylline, H 1-methylxanthine, I theobromine, J theanine. Sta-
tistical significance was assessed by Mann-Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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decreased linearly again down to 70% in 1 min and held for 0.5 min. Then, it returned to 99% of eluent A in 0.5 min immediately,
followed by a re-equilibration for 1.5 min. The total run time for each sample analysis was 5 min.

The LC-MS system were conducted in positive and negative ionization modes on a tandem quadrupole mass spectrometer (Acquity
TQD; Waters) equipped with an ESI source. The optimal mass spectrometry settings were: source temperature and capillary voltage
were 150 °C and 3.5 kV (positive ionization modes)/2.5 kV (negative ionization modes), respectively, the rate of flow of cone gas was
50 L/h, and the rate of flow of desolvation gas was 650 L/h. Data analyses were performed with QuanLynx 4.0 software (Waters
Corporation). The mass transitions of all the analytes are listed in Supplementary Table 1.

2.5. Quality control procedure

A procedural blank and a spiked sample were run periodically for each batch of 20 samples to evaluate the possible contamination
of samples and the accuracy of analytical procedures. The procedural blanks for target analytes were below the limit of detection
(LOD). A series of calibration samples were assessed before and after the quality control samples and the unknown samples. Besides,
solvent control was assessed once or twice in each batch. A typical sample batch per day consisted of 48 samples including the
calibration samples.

2.6. Statistical analysis

R software version 3.6.3 was utilized for univariate and multivariate analyses, and permutation of ANOVA. One-way ANOVA
permutation and unpaired Student’s t-test were conducted to evaluate the significance of the differences among groups, and the
Kruskal-Wallis test was used for one-way analysis of variance. Receiver operator characteristic (ROC) curve analysis was also used to
evaluate the discriminative capability of valid machine learning classifiers, including support vector machine (SVM), decision tree
(DT) and logistic regression (LG). The relative importance of the variables in the optimized model was ranked by the GINI index (for
DT) and measure input importance coefficient (for SVM). Ten-fold cross analysis was used to further validate the representativeness
and robustness of models.

3. Results
3.1. Demographic, epidemiological data and non-motor symptoms

The cohorts included age- and sex-matched HCs, and MSA and PD patients. As shown in Figs. 1A and 154 clinically diagnosed MSA
patients were initially recruited, and 32 were excluded because of misdiagnosis (n = 9), incomplete information (n = 15) or
complicating with severe metabolic disorders (n = 8) via re-evaluation by neurological experts. We also recruited 175 PD patients, and
24 were excluded because of incomplete information (n = 11) and complicating with severe metabolic disorders (n = 13). A total of
182 HCs were initially recruited and 5 were excluded because of incomplete information (n = 5). For the next analyses, the 122 MSA
cases were age- and sex-matched for PD patients and HCs with the same sample sizes. For diagnosis and differential diagnosis
modeling, 80 individuals were randomly selected for training and the remaining 42 for testing analysis in the MSA and PD patients.

The demographic and clinical characteristics were summarized in Table 1. There was no significant difference in age and sex
between the three groups. The frequency of tea-intake in the MSA (39.3%) and PD (57.4%) cases was significantly lower than the HCs
(71.3%) (MSA vs HCs, P = 9.92 x 10~7; PD vs HCs, P = 0.023). Similarly, the frequency of coffee-intake in the MSA (4.10%) and PD
(10.7%) cases was significantly lower than the HCs (23.8%) (MSA vs HCs, P = 2.12 x 10’5; PD vs HCs, P = 0.007). For non-motor
symptoms, uroclepsia occurred significantly more frequently in the MSA (50.0%) and PD (50.0%) cases than HCs (31.1%) (MSA vs
HCs, P = 0.004; PD vs HCs, P = 0.003). Similarly, constipation occurred significantly more frequently in the MSA and PD cases than
HCs. Moreover, the scales for clinical assessment were all significantly different in the MSA and PD cases from the HCs (P < 0.001).

3.2. Targeted metabolic profiling for MSA and PD patients

Comparing metabolic profiles among these three cohorts, no difference was observed in citrate between the MSA and PD patients,
or controls (Fig. 1B). However, the lactate level was significantly higher in PD patients (310.54 + 168.81 pg/L) than in the controls
(247.91 £+ 126.93 pg/L) (P = 0.002), but absent in MSA patients (250.67 + 125.23 pg/L) (P = 0.40) (Fig. 1C). Moreover, the pyruvate
in MSA patients (10.21 + 4.40 pg/L) was significantly lower than that in controls (15.25 + 7.80 pg/L) (P = 8.43E-08), while it was
significantly higher in PD patients (25.41 + 21.52 pg/L) than that in the controls (P = 4.47E-09) and MSA patients (P = 2.20E-16)
(Fig. 1D). In addition, the levels of the 6 tea/coffee metabolites were all significantly lower in MSA patients than in controls (1,3-
dimethyluric acid, P = 2.65E-07; caffeine, P = 1.30E-16; theophylline, P = 2.76E-15; 1-methylxanthine, P = 7.52E-13; theobromine, P
= 1.52E-11; theanine, P = 0.004), which was consist with PD patients (P < 0.05) (Fig. 1E-J).

3.3. Correlation between pyruvate/lactate, tea/coffee metabolites and lifestyles
Correlation between the concentrations of the tea/coffee metabolites and lifestyles (smoking and alcohol-drinking) was analyzed

and compared between three groups with and without tea/coffee intake. To avoid bias that might be caused by the number of in-
dividuals in different groups, we selected 31 samples, the least number of the “MSA with tea/coffee” group, and matched the same
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number of individuals from the other groups. Interestingly, the tea/coffee metabolites in cluster A (red triangle) were positively
correlated with each other in controls (upper and lower rows in the left panel), whereas the correlations were significantly reduced in
MSA and PD patients (upper and lower rows in the middle and right panel). Moreover, the concentrations of tea/coffee metabolites
(cluster B, blue rectangle) were positively correlated with smoking and alcohol-drinking in controls (especially those with tea/coffee
intake), but not in MSA or PD patients. Furthermore, the pyruvate concentration was negatively correlated with those of the tea/coffee
metabolites and smoking and alcohol-drinking in controls with tea/coffee intake (lower left), but not in the MSA or PD patients (cluster
C, green rectangle) (Fig. 2A). These results suggest that the tea/coffee metabolites can interact with each other in determining the risk
for MSA and PD. In addition, lifestyles may modify the risk-reducing effect of the metabolites for the diseases, especially the pyruvate
level.

3.4. Diagnostic and differential diagnostic models for MSA and PD

To assess the utility of metabolites as potential biomarkers for the disease diagnosis, we selected the variables showing significant
difference for the internal model validation. Comparing the area under curve (AUC) of the ROCs, the models with metabolites alone did
not show a good effect for diagnosing MSA (Supplementary Table 2), while the model combing all the significant variables showed a
good performance (AUC = 0.908 for the SVM model, 0.907 for DT and 0.878 for LG) (Fig. 2B and Supplementary Fig. 1A).
Furthermore, the 10-fold cross-validation was carried out to validate the representativeness and robustness of models, we found the
AUC was 0.862 for LG, 0.813 for DT, and 0.627 for SVM, indicating that good performance was LG model with chosen variables
(Table 2). We also tested the model for diagnosing PD using these combined variables. All the models showed good prediction
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Fig. 2. Inter-correlations between the pyruvate/lactate and tea/coffee metabolites and the lifestyles. A The columns indicated healthy controls,
MSA and PD patients. The upper rows included individuals without tea/coffee intake and the lower rows indicate those with tea/coffee intake. The
correlation was assessed by Spearman rank correlation coefficients. Blue dots indicate the negative, while the red dots indicate positive correlations.
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(DT, LG, SVM) for MSA and PD using pyruvate and the tea/coffee metabolites. D The differential diagnostic model for MSA and PD by
using pyruvate.
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performance (AUC = 0.892 for the LG model, 0.908 for SVM and 0.833 for DT) (Fig. 2C and Supplementary Fig. 1B). Also, by 10-fold
cross-validation analysis, we found the AUC was 0.911 for LG, 0.987 for DT, and 0.726 for SV, indicating that good performance was
DT model with chosen variables (Table 2).

Additionally, a ternary diagram of the eight factors in HCs, PD and MSA was used to investigate the overall variation proximity and
skewing trends. As shown in Supplementary Fig. 2A, caffeine, theophylline, 1-methylxanthine and theobromine were close and skewed
to HCs, suggesting that individuals with high levels of these metabolites tend to be healthy. In contrast, the other three markers,
theanine, 1,3-dimethyluric acid and pyruvate, were skewed to the PD or MSA dimension, indicating the potential for discriminating
the two diseases. Using the three markers as independent variables for differentiating MSA and PD, we found that pyruvate had the best
performance (ROC = 0.860), with validation with 10-fold cross-validation data analysis (AUC was 0.872) (Fig. 2D-Table 2 and
Supplementary Figs. 2B-C). Furthermore, combining all the three markers, the AUCs for the ROC was significantly increased, which
reached 0.922 by DT algorithm (Supplementary Fig. 2D).

4. Discussion

To date, the diagnosis and differential diagnosis model for MSA and PD using metabolites has not been well established in the
clinical practice. Our results suggest that pyruvate and tea/coffee metabolites have good performance in disease diagnosing, and
pyruvate can differentiate MSA from PD. Moreover, tea/coffee metabolites and lifestyles, including smoking and alcohol-drinking,
may negatively modify the effect of pyruvate to reduce the risk for disease. One of the crucial findings of the study was the identi-
fication of pyruvate for differentiating PD from MSA with a good performance. Pyruvate is the end-product of glycolysis and ultimately
destined for transport into mitochondria as a master fuel for TCA cycle. As is well known, glucose from the blood is taken up by
neurons, astrocytes and oligodendrocytes, and can be metabolized via glycolysis, giving rise to pyruvate. In this model, the plasma
pyruvate was significantly elevated in PD patients, while dramatically decreased in MSA patients. Our findings of increased plasma
pyruvate level in PD patients are consistent with many previous studies [6]. Since pyruvate is an endogenous scavenger of reactive
oxidants hydrogen peroxide, superoxide, and peroxynitrite, many genes regulating pyruvate metabolism are expressed in dopami-
nergic neurons [7]. Moreover, pyruvate prevents dopaminergic neurodegeneration and motor deficits in the 1-Methyl-4-Phenyl-1,2,3,
6-Tetrahydropyridine model of PD [8]. All these observations suggested that pyruvate may play a protective role in PD pathology.

However, what triggers the reduction of pyruvate level in MSA remain unclear. MSA is a disorder characterized by the emergence of
glial cytoplasmic inclusions (GCIs) within oligodendrocytes [1]. Oligodendroglia are glial cells to provide support for neurons [9]. As
reported, oligodendrocytes transfer energy metabolites, like pyruvate and lactate, to neurons through the “myelinic” channels and
monocarboxylate transporters. Transport occurs through monocarboxylate transporter 1 (MCT1) expressed at the axonal oligoden-
drocyte process and moves substrates into the periaxonal space, where metabolites can be taken up by neurons through mono-
carboxylate transporter 2 (MCT2) and processed for ATP synthesis [9]. Therefore, we hypothesize that the pyruvate shortage may
compromise the metabolic support of oligodendrocyte for neurons under the pathological conditions and promote the disease process,
which deserve in depth investigation.

Similar to previous studies, we suggested that coffee/tea metabolites are protective factors for neurodegenerative disorders [5,10].
In this study, we also observed that the level of pyruvate can be negatively modified by the tea/coffee intake and metabolites in HCs,
but not in MSA or PD patients. Previous studies demonstrated that caffeine could diminished the expression of pyruvate kinase [11], an
enzyme that catalyzed the conversion of phosphoenolpyruvate to pyruvate. In addition, pyruvate dehydrogenase kinase complex
(PDK1-4) that promotes pyruvate conversion into acetyl-coenzyme A were significantly lower in the liver of coffee polyphenols-fed
than in high-fat mice [12]. Moreover, we showed that lifestyles like smoking and alcohol-drinking may modify the
disease-reducing effect of these metabolites. These observations suggested that the modification effect has been counteracted or be
deleted by the unknown mechanisms in PD and MSA patients. The results also implied that the compromized pyruvate modification
might be one of the mechanisms of these diseases. All these observations suggest that lifestyles, including coffee/tea, smoking or
alcohol drinking may reduce the risk for PD and MSA by modifying the pyruvate level.

There were also several limitations in this study. First, the data of other lifestyles (including exercise, milk-uptake et al.) that may be

Table 2
The results of 10-fold cross-validation.
Accuracy Sensitivity Specificity AUC

HCs vs. MSA
Result_ multinom_avg (LG) 79.116 0.714 0.871 0.862
Result_rpart_avg (DT) 77.818 0.762 0.796 0.813
Result_svm_avg (SVM) 79.116 0.698 0.887 0.627
HCs vs. PD
Result_multinom_avg (LG) 86.866 0.861 0.878 0.911
Result_rpart_avg (DT) 98.349 0.984 0.984 0.987
Result_svm_avg (SVM) 88.083 0.871 0.893 0.726
MSA vs. PD
Result_multinom_avg (LG) 79.866 0.738 0.859 0.872

Abbreviations: HCs = healthy controls; MSA = multiple system atrophy; PD = Parkinson’s disease; LG = Logistic regression; DT = Decision tree; SVM
= Supporting vector machine; AUC = Area under curve.
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potentially related with synucleinopathies were incomplete. Second, we lacked validation of the findings in another cohort. Further,
well-designed experiments are needed to address the molecular pathways concerning the metabolites and their associations with
environment exposures and lifestyles.

In summary, the results provide evidence supporting the central roles of pyruvate in differentiating PD from MSA, and the opposite
changes of pyruvate within the two diseases suggested a distinct role in the pathogenesis of disease. Moreover, pyruvate may be
modified by lifestyles and the related tea/coffee metabolites. The data provide important insights into the mechanisms, diagnosis, and
interventions of the two neurodegenerative diseases.
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