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Abstract

Objective: Parkin is the causative gene for autosomal recessive familial Parkin-

son’s disease (PD), although it remains unclear how parkin dysfunction is

involved with the general condition. Recently, serum and/or plasma metabolo-

mics revealed alterations in metabolic pathways that might reflect pathomecha-

nisms of idiopathic PD (iPD). Thus, we hypothesized that serum metabolomics

of patients with homozygous or compound heterozygous parkin mutations

(namely, PARK2) might reflect metabolic alterations due to parkin dysfunction.

Methods: We enrolled 15 PARK2 patients (52 � 17.6 years) confirmed with

homozygous (seven cases) and compound heterozygous (eight cases) parkin

mutations, along with 19 healthy age-matched controls (51 � 11.5 years). We

analyzed 830 metabolites from participants’ serum using well-established meta-

bolomics technologies, including ultra-high performance liquid chromatogra-

phy/tandem mass spectroscopy. Results: Based on metabolic profiles,

hierarchical matrix analysis can divide samples between control and PARK2

subjects. Profiles from PARK2 patients showed significantly higher levels of fatty

acid (FA) metabolites and oxidized lipids, and significantly lower levels of

antioxidant, caffeine, and benzoate-related metabolites. Interpretation: Metabo-

lomics can identify specific metabolic alterations in PARK2 patients compared

with controls. Alterations in FA metabolites suggest a relationship between par-

kin function and lipid metabolism. The elevation of oxidized lipids in combina-

tion with decreasing antioxidants may reflect general hyperoxidative stress.

Decreasing benzoate-related metabolites might be due to the alteration in gut

microbiota. Consequently, caffeine and its metabolites may be decreased due to

malabsorption. These findings are similar to metabolic alterations in iPD. Thus,

serum/plasma metabolomics may reflect the association between parkin

dysfunction and parkinsonism.

Introduction

Mutations in the gene encoding parkin are the most com-

mon causative gene mutations for autosomal recessive famil-

ial Parkinson’s disease (ARPD).1 Characteristic features of

parkin-linked PD (PARK2) include early onset parkinson-

ism, dramatic response to treatment with levodopa, dysto-

nia, and hyperreflexia. However, there are no specific clinical

signs that distinguish patients with PARK2 from those with

idiopathic PD (iPD).2,3 Moreover, selective dopaminergic
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neuronal degeneration in the substantia nigra pars compacta

without Lewy body (LB) formation is considered a charac-

teristic pathological finding of PARK2, although LB-positive

cases have also been reported.4,5 Parkin functions as an E3

ubiquitin ligase in the ubiquitin–proteasome system (UPS),6

and monoubiquitinates and polyubiquitinates target pro-

teins.7,8 UPS is a protein degradation system, and LBs are

strongly stained for anti-ubiquitin antibodies. Therefore,

dysfunction in this system may be highly associated with

pathomechanisms of iPD. Furthermore, collaboration

between parkin and PTEN-induced kinase 1 (PINK1), which

is the causative protein of the second-most frequent ARPD,

may be associated with mitochondrial quality control sys-

tems.9 Mitochondrial dysfunction and oxidative stress are

also highly linked to the pathological condition of iPD.10 In

this context, although PARK2 and iPD show different phe-

notypes, parkin can be considered a key player in the patho-

genesis of both diseases. Thus, biomarkers in PARK2

patients may provide understanding on the pathomecha-

nisms of both PARK2 and iPD.

Recently, we and other groups revealed that serum and/

or plasma metabolomics are useful for identifying alter-

ations in metabolic pathways associated with the pathologi-

cal condition of iPD.11–18 In iPD, pathological alterations

in the peripheral nervous system, such as peripheral vagus

nerve degeneration with a-synuclein deposition, are

observed from an early stage. Thus, generalized metabolic

changes may play an important role in disease onset and

progression. Nonetheless, it remains unclear how associa-

tion between genetics and environmental factors contribute

to metabolic changes in PD. We hypothesized that serum

metabolomics from PARK2 patients may impact on specific

metabolic pathways associated with the pathomechanisms

of PD due to parkin dysfunction. Hence, in this study, we

aimed to examine metabolic alterations in PARK2 patients

compared with subjects without any neurological disorder.

Methods

Participants

The target population was PARK2 patients. The partici-

pants consisted of 15 subjects with PARK2 (six men, age

52 � 17.6 years) and 19 healthy age-matched controls

(nine men, age 51 � 11.5 years; Table 1). No participant

had a history of cancer, asthma, aspiration pneumonia, or

collagen vascular diseases. Participants suffering from

acute infectious diseases or acute/chronic renal failure at

sample collection were also excluded. PARK2 and control

participants’ characteristics are shown in Table 1. The

information collected included age, consumption of caf-

feine status, body mass index (BMI), disease duration,

motor function, levodopa equivalent dose, and parkin

mutations. Levodopa equivalent dose was calculated based

on a previously reported systematic review.19 All PARK2

patients had been treated as outpatients at Juntendo

University, Tokyo, Japan. Control participants were the

patients’ spouses and volunteers who were free of neuro-

logical and psychiatric illnesses. Three movement disorder

specialists (A.O., T.H., and N.H.) performed clinical

assessments, and all PARK2 patients met the Movement

Disorder Society Clinical Diagnostic criteria for PD.20

Genetic analysis revealed that all PARK2 patients carried

homozygous (seven cases) and compound heterozygous

(eight cases) mutations in parkin. Screening was also per-

formed for polymorphisms of cytochrome P450 family 1,

subfamily A (CYP1A) and cytochrome P450 family 2, sub-

family E member 1 (CYP2E1), which are involved in

metabolism of xenobiotics including caffeine and its

metabolites. The genetic analysis methods have been pre-

viously described.1,21,22 Data were collected between

March 2014 and April 2016.

Ethics statement

Written informed consent was obtained from all subjects

participating in this study, according to the declaration of

Helsinki. The study was approved by the Ethics Commit-

tee of the Juntendo University School of Medicine (No.

2018095).

Collection procedure

Venous blood samples for laboratory analysis were col-

lected between 9:00 and 11:00 AM, following overnight

fasting. Serum samples were collected and stored at

�80°C until processing at Metabolon, Inc., (Durham,

NC, USA).

Metabolomics analysis

Metabolomics analysis was performed in a manner similar

to our previous study.15 Briefly, individual serum samples

were subjected to methanol extraction, then split into ali-

quots for analysis by ultra-high-performance liquid chro-

matography/mass spectrometry (UHPLC/MS). Global

biochemical profiling analysis consisted of four unique

arms composed of reverse phase chromatography with

positive ionization methods optimized for hydrophilic

compounds (liquid chromatography/mass spectrometry

[LC/MS] Pos. Polar) and hydrophobic compounds (LC/

MS Pos. Lipid), reverse phase chromatography with nega-

tive ionization conditions (LC/MS Neg.), as well as a

HILIC chromatography method coupled to negative (LC/

MS Polar).23 All methods alternated between full scan MS

and data-dependent MSn scans. The scan range varied
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slightly between methods but generally covered 70–
1000 m/z. All the serum samples were extracted at the

same time using a 48 well format and run on the HPLC

instruments at the same time, which should minimize the

intra and inter-assay variability associated with sample

extraction and HPLC analysis (instrument drift) at differ-

ent time points.

Metabolites were identified by automated comparison

of ion features in experimental samples to a reference

library of chemical standard entries that included reten-

tion time, molecular weight (m/z), preferred adducts, in-

source fragments, and associated MS spectra. Metabolites

were curated by visual inspection for quality control using

software developed at Metabolon. The identification of

known chemical entities was based on comparison to

metabolomic library entries of purified standards.24

Statistical analysis

Statistical analyses of clinical characteristics of participants

and correlation between caffeine consumption and scaled

intensity were performed using JMP11 for Mac OS (SAS

Institute Inc., NC, USA) and Prism 6 for Mac OS

(GraphPad Software, Inc., San Diego, CA, USA). All

demographic and clinical variables were normally dis-

tributed, as determined using the Kolmogorov–Smirnov

test. Demographic and clinical data were analyzed by Stu-

dent’s t-test for continuous variables, chi-squared test for

categorical variables, and Spearman correlation analysis

and analysis of covariance (ANCOVA) for correlation

between caffeine serum concentration and consumption.

Statistical significance was set at P < 0.05.

For comparison between metabolomics profiling results

in PARK2 and control subjects, two types of statistical

analyses were performed: (1) significance tests and (2)

classification analysis. Standard statistical analyses were

performed using ArrayStudio (OmicSoft/QIAGEN Bioin-

formatics, https://omicsoftdocs.github.io/ArraySuiteDoc/)

on log-transformed data. For nonstandard ArrayStudio

analyses, R program (http://cran.r-project.org/) was used.

Following log transformation and imputation of any

missing values with the minimum observed value for each

compound, Welch’s two sample t-test was used to deter-

mine significance (P < 0.05) and identify biochemicals

that differed significantly between experimental groups.

Estimated false discovery rate (q-value) was calculated to

Table 1. Demographic and clinical characteristics of study participants.

Control PARK2 P-values

Numbers (M:F) 19 (9:10) 15 (6:9) 0.741

Age, Mean (SD) 51 (11.5) 52 (17.6) 0.832

Total Caffeine Consumption (mg/day), Mean (SD) 153.7 (110.6) 130.6 (107.6) 0.542

Coffee Consumption, (cups/day; number) 6+; 1

4–5; 4

1–3; 12

0; 2

6+; 0

4–5; 8

1–3; 2

0; 5

Body Mass Index, Mean (SD) 23.8 (4.4) 22.7 (4.1) 0.752

Disease Duration (years), Mean (SD) 23.5 (12)

UPDRS part III, Mean (SD) 20.3 (21.6)

Hoehn & Yahr, Mean (SD) 2.37 (0.69)

LED (mg), Mean (SD) 762 (398)

Parkin Mutations exon 2-4 deletion (homo) (2 patients)

exon 3 deletion (homo)

exon 4 deletion (homo)

exon 5 deletion (homo)

exon 6 duplication (homo)

exon 6-7 deletion (homo)

exon 2 deletion (hetero)/exon 4 deletion (hetero)

exon 2-3 deletion (hetero)/c.1358G>A (p.W453X) (hetero)

exon 2-4 deletion (hetero) /c.535-3A>G (p.G179RfsX10) (hetero)

exon 2-4 deletion (hetero)/exon 5-6 deletion (hetero)

exon 3 deletion (hetero)/exon 4 deletion (hetero)

exon 3 deletion (hetero)/c.535-3A>G (p.G179RfsX10) (hetero)

exon 3-5 deletion (hetero)/exon 3-7 duplication (hetero)

exon 6-7 deletion (hetero)/c.97C>T (p.R33X) (hetero)

LED, levodopa equivalent dose; PARK2, parkin-linked Parkinson’s disease; UPDRS, unified Parkinson’s Disease rating scale.

P-values obtained by 1Chi-squared and 2Student’s t-test.
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account for multiple comparisons that normally occur in

metabolomic-based studies. For classification analysis,

hierarchical matrix analysis (HMA) was used. For scaled

intensity graphics, each biochemical in original scale (raw

area count) was rescaled to set the median across all cases

and time points to 1.

Results

Table 1 shows characteristics of the participants in our

cohort. There were no differences in age, sex, BMI, or caf-

feine consumption between PARK2 and control subjects.

We analyzed a total of 830 metabolites using methods

that have already been well-established in PARK2 and in

control subjects. Each compound was identified by refer-

ence to entries in the Metabolon chemical spectra library.

HMA can divide samples between control and PARK2

subjects based on their metabolic profiles. Indeed, partici-

pants were mainly divided into two clusters using HMA.

The main difference between the two clusters was driven

by the subject’s age. Especially, in the older age cluster,

PARK2 segregated to individual branches of the dendro-

gram, suggesting modest segregation of metabolic profiles

between control and PARK2 groups (Fig. 1). In this

study, PARK2 patients were distributed in young, middle,

elder age (Figure S1).

Welch’s two sample t-test (PARK2 vs. control subjects)

identified 162 statistically significant (P < 0.05) metabo-

lites (75 increasing), and 58 approaching statistically sig-

nificant (0.05 ≤ P < 0.1) metabolites (33 increasing) in

PARK2 patients compared with normal controls

(Table S1). We also examined q-values, which describe

FDR, with a low q-value (q < 0.10) an indication of high

confidence in a result when examining a list of metabo-

lites obtained simultaneously. Within the list of these

compounds, we highlighted molecules involved in a com-

mon metabolic pathway and/or residing in a similar bio-

chemical family with other significant compounds.

We revealed alterations in metabolic compounds

including tyrosine metabolites, fatty acids (FAs) with

increasing ketone bodies, polyunsaturated fatty acids

(PUFAs), oxidative stress-related markers, caffeine meta-

bolism, and benzoate metabolism. In the tyrosine meta-

bolic pathway, levodopa metabolites, including 3-

methoxytyrosine (fold of control: 115.98, P < 0.00001), 3-

methoxytyramine sulfate (76.90, P < 0.00001), dopamine

4-sulfate (42.28, P < 0.00001), and homovanillate (11.28,

P < 0.00001) were significantly higher in PARK2 patients

than controls (Table S1). Whereas tyrosine metabolites

were not associated with the levodopa metabolic pathway,

including tyrosine (0.97, P = 0.54), phenol sulfate (1.27,

P = 0.99), 3-(4-hydroxyphenyl), lactate (0.95, P = 0.64),

and tyramine O-sulfate (0.67, P = 0.32), and consequently

not statistically significant different between groups

(Table S1).

Fatty acid metabolites

PARK2 patients showed significantly different levels of

serum FAs and PUFAs compared with control subjects.

The uptake of FAs and PUFAs is facilitated by CD36,

which is a known FA translocase (Fig . 2A),25–27 while

the major FA degradation pathway is mitochondrial fatty

acid b-oxidation (FAO)28 (Fig. 2A). Serum levels of long-

chain FAs were significantly higher in PARK2 patients

than control subjects (Fig. 2B). Additionally, medium-

chain FAs, including caprylate (8:0) (1.74, P < 0.05), cap-

rate (10:0) (1.56, P < 0.05), laurate (12:0) (1.98,

P < 0.0005), and 5-dodecenoate (12:1n7) (2.14, P < 0.05)

were significantly higher in serum from PARK2 than in

control subjects. Increased serum FA might ultimately

facilitate FAO, as suggested by elevated levels of carnitine-

conjugated lipids, including stearoylcarnitine (C18) (1.3,

P < 0.01) and nervonoylcarnitine (C24:1) (1.48,

P < 0.05), accompanied by accumulation of ketone bod-

ies, such as acetoacetate (1.83, P = 0.07) and 3-hydroxy-

butyrate (2.57, P < 0.05) (Table S1). Compared with

control subjects, PARK2 patients also exhibited higher

levels of several PUFAs, including stearidonate (18:4n3)

(1.84, P < 0.005), docosapentaenoate (22:5n6) (1.24,

P < 0.05), docosadienoate (n6 DPA; 22:2n6) (1.37,

P < 0.05), and dihomo-linoleate (20:2n6) (1.39, P < 0.05)

(Fig. 2B). Additionally, endocannabinoids, including

palmitoyl ethanolamide (1.30, P < 0.01), N-oleoyltaurine

(1.67, P < 0.05), N-stearoyltaurine (1.43, P < 0.01), and

linoleoyl ethanolamide (1.37, P < 0.05) were significantly

elevated in serum from PARK2 patients (Fig. 2B).

Oxidative stress markers

We previously identified alterations in oxidative stress

markers, such as bilirubin and biliverdin, in iPD.15 Con-

sidering the association between mitophagy and parkin

function, we hypothesized that oxidative stress markers

might also be altered in PARK2 patients. Accordingly, we

found increasing levels of oxidized lipids, such as 2-

hydroxypalmitate (1.18, P < 0.05), 9-hydroxystearate

(1.42, P < 0.05), 2-hydroxydecanoate (1.24, P = 0.06),

and 2-hydroxystearate (1.14, P = 0.087), along with 13-

hydroxyoctadecadienoic acid (HODE) + 9-HODE (1.31,

P = 0.085) in PARK2 patients. This suggests an increas-

ingly oxidizing environment associated with parkin dys-

function. Consistently, c-carboxyethyl hydroxychroman

(CEHC) (0.61, P < 0.005), which is a metabolite of c-
tocopherol, and a-tocopherol (0.84, P < 0.05) was

reduced in serum samples of PARK2 patients. Indeed, this
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indicates reduced antioxidative capacity or exposure to

more oxidative stress (Fig. 3).

Hypoxanthine metabolites

Caffeine (0.25, P < 0.0005) and caffeine metabolites were

significantly lower in PARK2 patients than in controls.

Caffeine is metabolized into three primary metabolites:

theophylline, theobromine, and paraxanthine (Fig. 4A).

Although theobromine (0.94, P = 0.5), 3-methylxanthine

(0.8, P = 0.18), and 3,7-dimethylurate (1.11, P = 0.98)

were not significantly different between groups, theo-

phylline and paraxanthine metabolites, including 1,3-

dimethylurate (0.43, P < 0.005), 1,7-dimethylurate (0.4,

P < 0.005), 1,3,7-trimethylurate (0.26, P < 0.0005), 1-

methylxanthine (0.5, P < 0.0005), 5-acetylamino-6-

amino-3-methyluracil (0.45 P < 0.01), and 5-acetyla-

mino-6-formylamino-3-methyluracil (0.56, P < 0.05)

were significantly lower in PARK2 patients (Fig. 4A and

B). Meanwhile purine metabolites were not statistically

different between groups (Table S1). Spearman correla-

tion analysis and ANCOVA revealed a positive correla-

tion between daily consumption and serum

concentration of caffeine and its metabolites, including

paraxanthine and theophylline, in control subjects

(caffeine; q = 0.5462, P < 0.05, 95% confidence interval;

0.11–0.81, paraxanthine; q = �0.4622, P < 0.05, 95%

confidence interval; 0–0.76, theophylline; q = 0.5206,

P < 0.05, 95% confidence interval; 0.07–0.79), whereas

no correlation was observed in PARK2 patients (caffeine;

q = �0.302, P = 0.23, 95% confidence interval; �0.71–
0.26, paraxanthine; q = �0.079, P = 0.71, 95% confi-

dence interval; �0.58–0.46, theophylline; q = �0.201,

P = 0.41, 95% confidence interval; �0.66–0.36)
(Fig. 4C).

Although PARK2 was associated with lower levels of

caffeine and its metabolites, the prevalence of single-

nucleotide polymorphisms (SNPs) of CYP1A2 (rs2470890)

and CYP2E1 (rs2515641) was not different between

PARK2 and control subjects.

Benzoate metabolism

The gut microbiome is suspected to play important roles

in the pathomechanisms of several neurological disor-

ders, including iPD.29 In our previous study, we identi-

fied altered serum levels of catechol sulfate in iPD,

which were associated with gut microbial metabolism.15

Benzoate is a simple carboxylic acid and produced from

microbial degradation of dietary aromatic compounds

Figure 1. Hierarchical matrix dendrogram of metabolites in patients with parkin-linked Parkinson’s disease and normal subjects. Shades of red

and green represent increased and decreased metabolite concentration, respectively, relative to median. Lower tables indicate participants group

and age. Blue: normal control; and red: patients with homozygous or compound heterozygous parkin mutations and parameter of age. Shades of

red and green (PARAM_AGE) indicate older and younger ages, respectively. Rows: metabolites; columns: patients.
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in the intestine (Fig. 5). Several benzoate metabolites,

including hippurate (0.52, P < 0.05), 3-hydroxyhippu-

rate (0.39, P < 0.005), catechol sulfate (0.62, P < 0.05),

guaiacol sulfate (0.45, P < 0.0005), 3-methyl catechol

sulfate (0.34, P < 0.005), 3-(3-hydroxyphenyl)propionate

sulfate (0.5, P < 0.01), and 3-(3-hydroxyphenyl)propio-

nate (0.49, P < 0.005), were reduced in serum samples

from PARK2 patients (Fig. 5), consistent with our previ-

ous reports on iPD.15,17

Discussion

In this serum metabolomics study, we identified alterations

in several metabolic pathways between PARK2 and control

subjects. HMA analysis showed that the metabolic profiles of

elderly PARK2 patients can be segregated into individual

dendrogram branches. Aging and environmental factors may

affect metabolic alterations associated with parkin

dysfunction. In PARK2, FA metabolites, endocannabinoids,

oxidative stress markers, caffeine metabolites, and derivatives

of dietary aromatic compounds were significantly altered

compared with normal subjects. Interestingly, metabolic

alterations associated with PARK2 are similar to those of

iPD.15,17,18 Considering the alterations in common metabolic

pathways between PARK2 and iPD, it is still controversial

whether the pathomechanisms of PARK2 are the same as

those of iPD. Nonetheless, parkin dysfunction may play

important roles in the pathomechanisms of not only PARK2

but also iPD.

We identified increasing levels of FA in serum from

PARK2 patients compared with normal subjects. Recently,

we and other groups have found that alterations in FA

might be specifically associated with iPD progression.14,16–

18 Mitochondrial FAO is the major degradation pathway

of free FA and an essential energy source under condi-

tions of prolonged fasting, exercise, or metabolic stress.

BA

Figure 2. Alterations in fatty acids and related metabolites in patients with parkin-linked Parkinson’s disease. (A) CD36 is a long-chain fatty acid

(FA) transporter that is regulated by monoubiquitylation via parkin. The major degradation pathway of long- and medium-chain FAs is

mitochondrial fatty acid b-oxidation. In the cytosol, FAs are activated to acyl-coenzyme A (CoA) esters by acyl-CoA synthetase. Acyl-CoAs are

imported to mitochondria via the carnitine shuttle, and degraded by b-oxidation in mitochondria. Long-chain FAs include polyunsaturated fatty

acids (PUFAs), which can be classified into two families known as n3- and n6-PUFAs, based on position of the double bond on the methyl

terminal (n-) end. n3- and n-6 PUFAs are precursors for different classes of anti-inflammatory or pro-inflammatory eicosanoids, respectively. In

addition, endocannabinoids are biosynthesized from PUFAs. (B) Several long- and medium-chain FA, PUFAs, and their metabolites were

significantly higher in Parkinson’s disease due to parkin mutation. Red (P < 0.05) and pink (0.05 ≤ P < 0.10) columns indicate a significantly

higher metabolite ratio and trending higher level of metabolites than controls, respectively. Black columns indicate no significant differences

between patients and control subjects. AA, arachidonic acid; CTRL, control; DHA, docosahexaenoic acid; DHGLA, dihomo-c-linolenic acid; DPA,

docosapentaenoic acid; EPA, eicosapentaenoic acid; GLA, c-linolenic acid; IM, inner membrane; LCFA, long-chain fatty acid; OM, outer

membrane; Parkin, parkin-linked Parkinson’s disease; PUFA, polyunsaturated fatty acid; TCA cycle, tricarboxylic acid cycle.
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Impairment of FAO may reflect mitochondrial dysfunc-

tion in not only iPD,18 but also in PARK2. Additionally,

we hypothesized that increasing FAs and PUFAs in

PARK2 might be due to perturbation of membrane

uptake of FA. CD36 is a candidate facilitator of very

long-chain FAs, including PUFAs. CD36 localizes on the

plasma membrane of adipocytes, muscle cells, enterocytes,

and hepatocytes, and delivers biologically active lipids to

cells.30 Interestingly, Kim et al., reported that parkin

ubiquitinates CD36 following the modulation of systemic

fat uptake (Fig. 2A).31 CD36 is ubiquitinated by parkin

and stabilized to promote FA uptake in the normal state.

In contrast, parkin knockout mice and cultured cell mod-

els show a disabling of FA uptake and resistance to high-

fat diet-induced fat accumulation in adipose and hepatic

cells, which is attributable to decreasing levels of CD36.

Moreover, parkin expression is not limited to the brain,

but also expressed in diverse tissues in adult humans,

including adipose tissue, skeletal muscle, and heart muscle

(Expression Atlas EMBL-EBI, Cambridge, UK; https://

www.ebi.ac.uk/gxa/genes/ensg00000185345?bs=%7B%

22homo%20sapiens%22%3A%5B%22ORGANISM_PART

%22%5D%7D&ds=%7B%22kingdom%22%3A%5B%22an

imals%22%5D%7D#baseline). Therefore, the elevation of

long-chain FAs might be associated with lipid metabolic

alternations due to parkin dysfunction in the adipose tis-

sue, heart, and skeletal muscle. In our cohort, BMI was

not significantly different between PARK2 and normal

subjects. Despite the relatively small number of partici-

pants in our cohort, high serum FA levels might be

related to difficulties in the uptake of FAs from serum

into cells and tissues in PARK2.

Furthermore, elevated serum PUFAs in PARK2

belong to the n-6 (omega-6) series, which are linked to

precursors for generation of inflammatory lipid media-

tors such as eicosanoids and leukotrienes. PUFAs are

Figure 3. Alterations in redox-related metabolites in patients with parkin-linked Parkinson’s disease. In patients, serum levels of oxidized lipids

were higher, whereas antioxidant-related metabolites, such as a-tochopherol and c-CEHC, were lower than control subjects. Red (P < 0.05) and

pink (0.05 ≤ P < 0.10) columns indicate a significantly higher metabolite ratio and trending higher level of metabolites than controls, respectively.

Green (P < 0.05) columns indicate significantly lower metabolite ratio and a trending lower level of metabolites than controls, respectively. Black

columns indicate no significant differences between patients and control subjects. c-CEHC, 2,7,8-trimethyl-2-(20-carboxyethyl)-6-hydroxychroman;

HDOHE, hydroxydocosahexaenoic acid; HODE, hydroxyoctadecadienoic acid; Parkin, parkin-linked Parkinson’s disease.
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essential for neuronal function, including neuronal sur-

vival, neurogenesis, synaptic function, and the regula-

tion of brain inflammation.26 Brain PUFAs are mostly

derived from serum, therefore serum PUFAs directly

affect brain lipid composition.26 Further, n6-PUFAs are

precursors to endocannabinoids, which are also

increased in PARK2 patients compared with controls.32

As agonists of nuclear receptors such as peroxisome

proliferator-activated receptor alpha (PPARa), endo-

cannabinoids may play important roles in antioxidant

pathways.32 Notably, palmitoyl ethanolamide was

reported to exhibit anti-inflammatory properties, and

potentially contribute to recovery from neurological

damage.32 Therefore, elevating levels of metabolites in

the endocannabinoid pathway might be due to general-

ized inflammation.

Consistent with hyperinflammation in PARK2 patients,

metabolomics revealed an increase in oxidative stress and

decreased levels of antioxidative stress markers in PARK2.

Correlation between inflammation and oxidative stress

owing to mitochondrial dysfunction is well-known in

dopaminergic neurodegeneration in iPD.33,34 Energy pro-

duction via mitochondrial oxidative phosphorylation is

associated with induction of reactive oxygen species

(ROS). ROS can react with membrane lipids, resulting in

oxidized lipids.35 In contrast, a- and c-tocopherol are

lipophilic antioxidant compounds that scavenge lipid per-

oxyl radicals and quench other free radicals, such as sin-

glet O2, superoxide, and hydroxyl radicals.36 The state of

hyperoxidative stress might induce mitochondrial damage.

Parkin is recruited from the cytosol to depolarized mito-

chondria to mediate selective autophagic removal of dam-

aged organelles associated with PINK1, known as

mitophagy.9 Both parkin and PINK1 are distributed in

diverse tissues in adult humans. Therefore, in PARK2,

disruption of the mitochondrial quality control system

might induce generalized oxidative stress. We previously

reported alteration of oxidative markers in iPD, such as

decreased serum biliverdin and c-CEHC, and increased

bilirubin.15 These findings suggest that alteration in

oxidative stress markers might be a common etiology of

dopaminergic neuronal degeneration in both PARK2 and

iPD.

Meta-analysis of epidemiological studies revealed that

coffee drinkers have a significantly lower risk of iPD.37

Therefore, Berg et al., suggested that decreasing caffeine

A B

C

Figure 4. Alterations in xanthine metabolites in patients with parkin-linked Parkinson’s disease. (A) Caffeine is metabolized into three primary

metabolites: theophylline, theobromine, and paraxanthine. (B) Significantly lower levels of caffeine and its metabolites were detected in serum

from patients compared with controls. Green (P < 0.05) columns indicate a significantly lower metabolite ratio and trending lower level of

metabolites than controls, respectively. Black columns indicate no significant differences between patients and control subjects. (C) Spearman

correlation analysis revealed positive correlation between daily consumption and serum concentration of caffeine and its metabolites such as

paraxanthine and theophylline in control subjects, whereas no correlation was observed in patients with parkin mutations. AFMU, 5-acetylamino-

6-formylamino-3-methyluracil; Parkin, parkin-linked Parkinson’s disease.
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consumption was one of the risks of prodromal iPD.38

Furthermore, we revealed that serum levels of caffeine

and its metabolites are significantly decreased in iPD,

despite no difference in caffeine consumption between

patients and controls.15,22 Interestingly, similar to iPD,

our results here also indicate decreased serum levels of

caffeine and its metabolites in PARK2. Caffeine is a

known antagonist of adenosine A2A receptors, and might

function against dopaminergic nigrostriatal toxicity in 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced

PD models.39 In addition, istradefylline is an adenosine

A2A receptor antagonist, and available for treatment of

wearing-off in PD.40 Therefore, decreasing serum levels of

caffeine might be associated with disease modification in

PD. The CYP1A2 and CYP2E1 enzymes are involved in

the caffeine metabolic pathway (Fig. 4A). It is well-known

that SNPs of these enzymes affect the efficiency of caf-

feine metabolism.22 However, the prevalence of CYP1A2

Figure 5. Alterations in benzoate and related metabolites in patients with parkin-linked Parkinson’s disease. Benzoate is produced from microbial

degradation of dietary aromatic compounds in the intestine. The benzoate degradation pathway includes products of aromatic amino acids

(phenylalanine, tyrosine, and tryptophan), as well as secondary bile acids, and is associated with microbial action in the gut. Significantly lower

levels of benzoate and its metabolites were detected in patients than controls. Green (P < 0.05) columns indicate a significantly lower metabolite

ratio and trending lower level of metabolites than controls, respectively. Black columns indicate no significant differences between patients and

control subjects. Parkin, parkin-linked Parkinson’s disease.
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and CYP2E1 SNPs was not different between PARK2 and

control subjects (Table 2). Considering the low levels of

caffeine and its metabolites, our results may reflect lower

intake and/or lower absorption of substances with caf-

feine. In this cohort, there were no statistical differences

in caffeine consumption based on the questionnaire

between control and PARK2 subjects. In control subjects,

there was a positive correlation between caffeine con-

sumption and measured serum levels, whereas in PARK2,

there was no correlation between the two, indicating that

absorption or catabolism of caffeine might be per-

turbed.22 Although it remains unclear whether parkin

directly participates in absorption and/or metabolism of

caffeine, decreasing levels of caffeine and its metabolites

in PARK2 might reflect dietary and gut microbial influ-

ences, as seen in iPD.22,41 Interestingly, PARK2 patients

exhibited alterations in the benzoate degradation path-

way, which includes products of the aromatic amino

acids, phenylalanine, tyrosine, and tryptophan, as well as

secondary bile acids, and is associated with microbial

action in the gut. In this study, catechol sulfate, o-methyl

catechol sulfate, and 3-methyl catechol sulfate (which are

end products of aromatic compound metabolism gener-

ated by the combined activity of gut microbial metabo-

lism and the liver and kidney function) were lower in

PARK2. Furthermore, our previous study revealed that

iPD also showed alterations in the benzoate degradation

pathway, similar to PARK2.15 In this context, association

between specific changes in the gut microbiota and com-

mon pathomechanisms of both PARK2 and iPD might

induce decreased caffeine absorption efficiency due to

malabsorption.

We need to consider several limitations in this study.

First, patients with PARK2 were administered antiparkin-

sonian drugs, and samples from nonmedicated patients

were not available for nontargeted metabolomics analysis.

Therefore, we must consider the influence of drugs on

metabolites and drug-induced changes in metabolism.

However, previous studies suggested medication effects

for parkinsonism may not significantly impact the profil-

ing of metabolism, with the exception of the tyrosine

metabolic pathway.11,15,18 Further studies are needed to

determine if dopaminergic treatments are potentially

confounding factors. To minimize the effect of medica-

tions, the next step for investigating metabolic biomarkers

of PARK2 would be to investigate differences between

drug-na€ıve PARK2 patients and nonmedicated control

participants. A second limitation of our study was the

small sample size for a case–control study, which was

because of low prevalence of PARK2. Furthermore, meta-

bolomics should be confirmed for intra and inter-assay

variability by investigation of two different cohorts. In

our study, we could not compare variability between the

different groups or different serum samples collected from

same individuals. However, significantly altered metabo-

lites in PARK2 often cluster within the same metabolic

pathway. Additionally, our results are consistent with pre-

vious findings on metabolomic analyses or epidemiologi-

cal investigations of iPD. Therefore, dopaminergic

neuronal dysfunction might be associated with alterations

in common metabolic pathways. Hence, despite these

limitations, we believe that our results reflect alterations

in metabolic pathways related to the pathomechanisms of

PARK2.

Conclusions

This study provides an important insight and has identi-

fied several metabolic pathways altered in patients with

PARK2 compared with controls. Although the results

should be confirmed by other procedures such as cellular

and animal models, these alterations in metabolic path-

ways are quite similar to those of iPD subjects, which

were revealed by previous investigations. Therefore, these

findings suggest that parkin dysfunction may perturb sev-

eral metabolic pathways, signifying common pathomecha-

nisms in PARK2 and iPD subjects. Our results will be a

useful resource for the research field and further studies

are required to determine specific mechanisms that link

metabolic pathways to dopaminergic neurodegeneration

in PD.
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