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Abstract

Caffeine has been considered a neuroprotective agent against Parkinson’s disease (PD).

Recent metabolomic analysis showed that levels of caffeine and its metabolites were

decreased in sera from patients with PD compared with those from healthy controls. We

focused on theophylline, which is one of the primary caffeine metabolites, as a candidate

biomarker of PD because: (1) its serum level can be measured in hospital laboratories by

standardized immunoassay kits for therapeutic drug monitoring and (2) because it is less

markedly affected by caffeine intake. This was a pilot study to measure the levels of the-

ophylline in sera of 31 patients with PD and 33 age-matched disease controls using an

immunoassay kit. We confirmed the previous finding of significantly lower levels of serum

theophylline in the PD group compared with control group (PD: 0.07±0.09 μg/mL, control:

0.18±0.24 μg/mL, p<0.05). Using such an approach of applying known medical biomark-

ers for neurodegenerative diseases may allow us to skip the process from the discovery

phase to clinical application, and subsequently shorten the period of time necessary for

biomarker development.

Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder after Alzhei-

mer’s disease (AD). There is no drug or treatment strategy proven to be neuroprotective or

disease-modifying for PD patients. To achieve efficient disease-modification in the early phase

of the disease, biomarkers that aid with the presymptomatic diagnosis of PD are critical.

Nuclear radiological biomarkers with isotopes including 123I-Ioflupane have been widely
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applied for the diagnosis of clinical PD, which clinically manifests as motor symptoms due to

the loss of dopaminergic neurons. Furthermore, these biomarkers are expected to undergo

future development for clinical application to individuals at risk of PD, who are regarded as

having prodromal PD, presenting solely with early signs or non-motor symptoms of the dis-

ease [1, 2]. On the other hand, some chemicals in cerebrospinal fluid (CSF) may also have

diagnostic value for the detection of neurodegenerative process. For example, several case-con-

trol studies generated consistent findings whereby abnormally elevated oligomeric α-synuclein

in CSF can be observed in patients with clinical PD [3, 4]. However, those approaches cannot

be practically utilized due to being expensive, highly invasive, or labor-intensive procedures.

In other words, there remains an urgent need to develop blood-based biomarkers that are

more cost-efficient and less-invasive to screen for preclinical PD patients, who show neurode-

generation in the absence of any specific non-motor or motor symptoms of PD, in a general

population [5].

Caffeine and its metabolites have been considered as candidate blood-based biomarkers of

PD. One of the reasons is based on metabolomic analyses, revealing that serum levels of caf-

feine metabolites in patients with PD are significantly lower compared with those in controls

and that their decreased plasma levels in patients with early PD are correlated with disease pro-

gression [6, 7]. Recently, such findings were validated in a cohort comprising a sufficient num-

ber of subjects from a single institute by the same group [8]. Considering the reports to date,

multi-institutional validation studies should be planned as the next step to facilitate the clinical

application of caffeine metabolites as diagnostic and/or progression biomarkers of PD [8].

However, the quantification method using mass-spectrometry in these studies might not be

suitable for such multi-institutional validation or for general medical practice due to the cost

of running the devices and difficulty of maintaining inter-assay and inter-laboratory variance

low enough for precision performance.

In this study, we focused on the diagnostic value of serum theophylline for PD, one of the

primary caffeine metabolites, for the following reasons. First, measurements of serum theoph-

ylline levels have been commonly employed for therapeutic drug monitoring in patients with

bronchial asthma and have already been adequately standardized to manufacture commer-

cially available immunoassay kits. Second, serum levels of theophylline are less affected by caf-

feine intake compared with other primary caffeine metabolites, such as paraxanthine and

theobromine [9]. Taken together, serum levels of theophylline represent caffeine metabolism

without being affected by food intake; therefore, it can potentially serve as a blood-based bio-

marker of PD with acceptable inter-assay and inter-laboratory reproducibility. Herein, we con-

ducted this pilot study to examine serum levels of theophylline measured by one of the

commercially available immunoassay kits. The aim of this study was to confirm the difference

between patients with PD and controls observed in previous studies using mass-spectrometry.

Materials and methods

Study design, ethics statement, and subject recruitment

We recruited 31 patients with PD (PD group) and 33 age-matched controls (control group).

All study subjects provided written informed consent before participation and the study proto-

cols were approved by the Kyoto Prefectural University of Medicine Ethics Committee (refer-

ence numbers: RBMR-C-559 for the PD group and ERG-G12-3 for the control group).

Informed consent was obtained from the subjects when possible, or from the nearest relative

when not possible. The study procedures were designed and performed in accordance with the

Declaration of Helsinki. Patients were eligible for inclusion if they had been diagnosed with

PD based on the UK PD Society Brain Bank criteria [10]. Subjects were excluded if they had
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been administered theophylline or other xanthine derivatives. The age-matched control sub-

jects comprised 33 disease controls, comprising those with cranial and peripheral neuropathy

(n = 11), cervical spondylosis (n = 11), myopathy (n = 3), disuse syndrome (n = 2), benign

positional vertigo (n = 1), idiopathic intracranial hypertension (n = 1), hyponatremia (n = 1),

Asperger syndrome (n = 1), head drop syndrome (n = 1), and dysarthria (n = 1). Serum sam-

ples were obtained via venous puncture under resting conditions after three-hour fasting in

the hospital. After collection, serum was separated by centrifugation for 15 min at 2,000 g and

then stored at -80˚C until analysis. The clinical data, including Hoehn & Yahr (H&Y) stages,

Unified Parkinson’s Disease Rating Scale motor section (UPDRS-III) scores, Mini-Mental

State Examination (MMSE) score, and heart/mediastinum (H/M) ratio in the early and

delayed phases of myocardial imaging with 123l-metaiodobenzylguanidine (MIBG) were evalu-

ated within a month of sample collection. MMSE and MIBG data were not available for all

patients (N = 25 in MMSE, N = 28 in MIBG), because those procedures had been performed

for clinical purposes. All data were collected from March 2010 to July 2016.

Immunoassay protocol

Serum levels of theophylline were measured using the ARCHITECT iTheophylline system

assay (Abbott Laboratory, Wiesbaden, Germany), which is an in-vitro chemiluminescent

microparticle immunoassay with high sensitivity. The protocol was conducted in accordance

with the instrument manual. Briefly, samples, anti-theophylline-coated paramagnetic micro-

particles, and theophylline acridinium-labeled conjugate were combined to obtain a reaction

mixture. The anti-theophylline-coated microparticles bind to theophylline present in the sam-

ple and to the theophylline acridinium-labeled conjugate. After washing, the pre-trigger solu-

tion containing 1.32% hydrogen peroxide and trigger solution containing 0.35 N sodium

hydroxide are added to the reaction mixture. The resulting chemiluminescent reaction is mea-

sured in relative light units (RLUs). The theophylline levels were calculated indirectly using a

standard curve generated by calibrators and RLUs.

Statistical analysis

A comparison between the two independent groups was performed using the Mann-Whitney

U test. Fisher’s exact test was used to evaluate the significance of categorical variables. Correla-

tional analysis was conducted using Spearman’s rank correlation test. The level of significance

was set at p< 0.05. All analyses were carried out using GraphPad Prism software (GraphPad

Prism Version 6.0, GraphPad software, SanDiego, USA).

Results

The demographic data are shown in Table 1. There was no significant difference in age or sex

between the PD and control groups. The calibration assay to check quality performance of the

measurement in our laboratory demonstrated excellent goodness of fit (100%) and high sensi-

tivity (lower detection limit of the method: 0.05 μg/mL) corresponding to the data provided

by the manufacturer. The precision assay also yielded a low intra- and inter-assay coefficient

of variation (CV) (� 3.0%) and nearly perfect recovery rate even at a level of 1.2 μg/mL,

being below one eighth of the minimal therapeutic concentration of this drug (S1 Fig). Those

data suggested the accuracy of this measurement for individuals not being administered

theophylline.

Serum levels of theophylline were detected in 45% of the PD group (14 of 31) and 67% of

the control group (22 of 33). The serum levels of theophylline in the PD group were signifi-

cantly lower than in the control group (PD: 0.07±0.09 μg/mL, control: 0.18±0.24 μg/mL,
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p = 0.0383, Fig 1A). There was no significant difference in serum levels of theophylline

between males and females in our cohort, even though serum caffeine and estrogen share a

common metabolic pathway of cytochrome P450 [11]. The median value of the serum theoph-

ylline levels was lower in the PD group than in the control group, even when males and females

were separately analyzed, although the trend did not reach significance in the males (S2 Fig).

The area under the receiver operating characteristic curve was 0.65 (Fig 1B). Levels of serum

theophylline in patients with motor complications were lower than in those without them (PD

with motor complications: 0.04±0.05 μg/mL, PD without motor complications: 0.08±0.10 μg/

mL), although the difference was not significant (p = 0.42) (Fig 2). Serum levels of theophylline

in the PD group were not correlated with the H&Y stages, UPDRS-III scores, or H/M ratio of

the MIBG uptake (S3 Fig). Serum levels of theophylline in the PD group were not correlated

with the duration from onset or MMSE score. There was no significant correlation between

the serum theophylline levels and age in any group (S4 Fig).

Discussion

The present study demonstrated that serum levels of theophylline measured by a commercially

available chemiluminescent microparticle immunoassay were significantly lower in the PD

group than control group. Serum theophylline levels in the PD group were not correlated with

the age, duration from onset, severity of the disease, or H/M ratio of the MIBG uptake. Those

results were consistent with the previous reports of Hatano et al. [6] and Fujimaki et al. [8].

Caffeine and its metabolites classified as methylxanthines are non-selective adenosine

receptor antagonists, antagonizing A1, A2, and A3 receptors [12]. The following epidemiologi-

cal, animal experimental, and clinicopharmacological observations have provided supporting

evidence that they play important roles in PD pathogenesis and consequently, their levels

could serve as diagnostic biomarkers of early as well as preclinical PD. First, caffeine consump-

tion was an epidemiologically established protective factor against not only the development

but also progression of PD [13–16]. Second, caffeine and its metabolites attenuated dopami-

nergic neuronal degeneration in animal models of PD treated with 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine, owing to the blockade of adenosine A2A receptors [17–19]. Third,

Table 1. Characteristics of patients with PD and disease controls.

PD group (n = 31) Control group (n = 33)

Age (years) 67 (41–81) 64 (16–84)

Sex (numbers of females) 8 [26%] 9 [27%]

H&Y stage

Grade 1 4 [13%] -

Grade 2 10 [32%] -

Grade 3 14 [45%] -

Grade 4 3 [10%] -

UPDRS part III (points) 19 (5–55) -

Duration from onset (months) 35 (8–224) -

H/M ratio of MIBG

Early phase 1.81 (1.26–2.98) -

Delayed phase 1.46 (1.14–3.24) -

MMSE (points) 29 (19–30) -

Data for continuous variables are expressed as median values (maximum-minimum). The rows of the H&Y stage

indicate numbers of patients in each grade. Percentages of the subjects in each group are presented in brackets.

https://doi.org/10.1371/journal.pone.0201260.t001
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a selective adenosine A2A receptor antagonist of istradefylline improved the motor symptoms

of patients with PD [20]. A similar beneficial effect was also noted with caffeine [21].

Fig 1. Theophylline levels in sera of the PD and control groups. Fig 1(A) Scatter plot showing the levels of serum

theophylline in the control (n = 33) and PD (n = 31) groups. Bars indicate median values. The levels of theophylline in

the PD group were significantly lower than those in the control group (P = 0.0383). Fig 1(B) ROC curve showing

serum levels of theophylline to discriminate PD patients from controls. The AUC value was 0.65.

https://doi.org/10.1371/journal.pone.0201260.g001
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The ARCHITECT iTheophylline used in the study is designed to have an assay precision

of� 10% intra- and inter-assay coefficient variance concordance, according to the instruction

manual provided by the manufacturer [22]. Our data corresponded with theirs even at levels

lower than the minimal therapeutic concentration of theophylline. Although serum theophyl-

line could not be measured in all samples due to the detection limit of the system, such an ana-

lytical limitation would be overcome in the future by the introduction of automated

ultrasensitive immunoassay techniques, e.g., single molecular array technology and a super-

conducting quantum interference device-based immuno-magnetic analyzer [23]. Besides its

cost-effectiveness, this system has the marked advantage that it is already globally available in

clinical laboratories and has been proven to show excellent inter-laboratory concordance (%

CV�5%) on external quality assessments [24]. Such international quality control studies of

biomarkers have often faced difficulties in the presence of neurodegenerative diseases due to

marked variability in the observed levels of candidate biomarkers. In fact, the international

standardization projects on CSF biomarkers for AD and PD fields both failed to reach a con-

sensus on universal cutoff values due to inter-laboratory variability [25, 26]. Our approach of

applying known medical biomarkers (i.e., a therapeutic drug monitoring system for theophyl-

line) to other purposes (i.e., biomarker of PD) might be similar to the so-called “drug repur-

posing” in pharmaceutical science from the perspective that this approach allows us to skip the

process from the biomarker discovery phase to clinical application (Fig 3). Subsequently, it

would contribute to shortening the period of time needed for biomarker development.

Fig 2. Serum levels of theophylline in PD patients with and without motor complications. Scatter plot showing

levels of serum theophylline in patients with PD with (n = 6) and without (n = 25) motor complications. The levels of

serum theophylline in patients with motor complications were lower than in those without them, although the

difference was not significant (p = 0.42).

https://doi.org/10.1371/journal.pone.0201260.g002
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We acknowledge that the small sample size was a major limitation of the study. This may

have weakened the statistical power, possibly leading to the result that the difference in theoph-

ylline levels between PD groups with and without motor complications failed to reach signifi-

cance [8]. The lack of data on caffeine intake was another limitation. We collected the samples

after three-hour fasting, while there was no restriction of tea or coffee intake before sampling.

Despite the weak influence of the caffeine load on serum theophylline levels [9], we cannot

rule out the possibility that our data may have been affected by caffeine consumption directly

prior to sampling. In the future, case-control studies involving sufficient numbers of partici-

pants with information on caffeine consumption as well as international quality control pro-

grams are needed to confirm our findings and promote the clinical application of this method.

Fig 3. Concept of biomarker repurposing. The process of biomarker development is shown. Biomarker repurposing, the novel

application of existing biomarkers for other purposes, enables the skipping of the development of quantification and standardization

processes [27, 28].

https://doi.org/10.1371/journal.pone.0201260.g003
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Conclusions

Theophylline levels were measurable in serum using a conventional drug monitoring system

and were significantly lower in the PD compared with control group. This immunoassay

method has the potential to offer a reliable biomarker of this disease with the advantages of a

markedly standardized and cost-effective protocol.

Supporting information

S1 Fig. The calibration assay for quality control of the measurement by the ARCHITECT

iTheophylline system assay. The standard curve is shown in the figure. The inter-assay CV

was 0.3% at a low concentration (5 μg/mL), 2.93% at an intermediate concentration (12 ug/

mL), and 0.32% at a high concentration (24 ng/mL) (n = 2). The intra-assay CV was 2.01% at a

low concentration (5 μg/mL), 0.39% at an intermediate concentration (2 μg/mL), and 1.6% at

a high concentration (24 μg/mL) (n = 3). Furthermore, we diluted the intermediate calibrator

10-fold and 100-fold in saline and measured each solution using the kit. The inter-assay CV

was 0.8% at the concentration diluted 10-fold (1.2 μg/mL) and 33.3% at that diluted 100-fold

(0.12 μg/mL) (n = 2). The intra-assay CV was 2.0% at a concentration of 1.2 μg/mL and 5.1%

μg/mL at a concentration of 0.12 μg/mL (n = 2). The percent recovery of the intermediate cali-

brator was 100% at 1.2 μg/mL and 91% at 0.12 μg/mL.

(TIF)

S2 Fig. Theophylline levels in sera of PD (A) and control (B) groups were compared

between males and females. Theophylline levels in sera of males (C) and females (D) were

compared between PD and control groups. There was no significant difference between the

sexes. The median serum theophylline levels were higher in the PD group in both sexes,

although the trend did not reach significance. Bars indicate median values.

(TIF)

S3 Fig. The association between serum levels of theophylline and UPDRS-III scores (A),

H&Y stages (B), and the H/M ratio in the early (C) and delayed (D) phases in the MIBG

myocardial images of the PD group. There was no significant correlation between them.

(TIF)

S4 Fig. The association between serum levels of theophylline and the duration from onset

(A) MMSE scores (B), and ages (C) in the PD group. The association between serum levels

of theophylline and age in the control group (D). There was no significant correlation

between them.

(TIF)

Acknowledgments

This work was supported in part by a grant from the Japan Agency for Medical Research and

Development (AMED-CREST, program for Brain Mapping by Integrated Neurotechnologies

for Disease Studies (Brain/ MINDS)) (to T.T.), by a Grant-in-Aid (Nos. 15K09319 and

18K07506) from the Ministry of Education, Culture, Sports, Science and Technology of Japan

to T.K, and research grants from Dainippon Sumitomo Pharma in 2018 (to T.O.) and 2017 (to

T.K.).

Author Contributions

Conceptualization: Takuma Ohmichi, Takashi Kasai, Takahiko Tokuda.

Serum theophylline offers a potential diagnostic biomarker of Parkinson’s disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0201260 July 25, 2018 8 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201260.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201260.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201260.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201260.s004
https://doi.org/10.1371/journal.pone.0201260


Data curation: Takuma Ohmichi, Tadashi Kosaka, Keisuke Shikata, Harutsugu Tatebe, Ryo-

taro Ishii, Takahiko Tokuda.

Formal analysis: Takuma Ohmichi.

Funding acquisition: Takashi Kasai, Takahiko Tokuda.

Investigation: Takuma Ohmichi, Tadashi Kosaka, Keisuke Shikata, Harutsugu Tatebe, Ryo-

taro Ishii, Takahiko Tokuda.

Methodology: Takuma Ohmichi, Tadashi Kosaka, Keisuke Shikata, Harutsugu Tatebe, Ryo-

taro Ishii, Takahiko Tokuda.

Resources: Takuma Ohmichi, Makiko Shinomoto, Takahiko Tokuda.

Supervision: Makiko Shinomoto, Toshiki Mizuno, Takahiko Tokuda.

Writing – original draft: Takuma Ohmichi, Takashi Kasai.

Writing – review & editing: Takuma Ohmichi, Takashi Kasai, Makiko Shinomoto, Toshiki

Mizuno, Takahiko Tokuda.

References
1. Postuma RB, Berg D, Stern M, Poewe W, Olanow CW, Oertel W, et al. MDS clinical diagnostic criteria

for Parkinson’s disease. Mov Disord. 2015; 30(12):1591–601. Epub 2015/10/17. https://doi.org/10.

1002/mds.26424 PMID: 26474316.

2. Berg D, Postuma RB, Adler CH, Bloem BR, Chan P, Dubois B, et al. MDS research criteria for prodro-

mal Parkinson’s disease. Mov Disord. 2015; 30(12):1600–11. Epub 2015/10/17. https://doi.org/10.

1002/mds.26431 PMID: 26474317.

3. Tokuda T, Qureshi MM, Ardah MT, Varghese S, Shehab SA, Kasai T, et al. Detection of elevated levels

of alpha-synuclein oligomers in CSF from patients with Parkinson disease. Neurology. 2010; 75:1766–

72. https://doi.org/10.1212/WNL.0b013e3181fd613b PMID: 20962290

4. Zhou B, Wen M, Yu WF, Zhang CL, Jiao L. The Diagnostic and Differential Diagnosis Utility of Cerebro-

spinal Fluid alpha -Synuclein Levels in Parkinson’s Disease: A Meta-Analysis. Parkinsons Dis. 2015;

2015:567386. Epub 2015/09/04. https://doi.org/10.1155/2015/567386 PMID: 26336612; PubMed Cen-

tral PMCID: PMCPmc4532865.

5. Berg D, Postuma RB, Bloem B, Chan P, Dubois B, Gasser T, et al. Time to redefine PD? Introductory

statement of the MDS Task Force on the definition of Parkinson’s disease. Mov Disord. 2014; 29

(4):454–62. Epub 2014/03/13. https://doi.org/10.1002/mds.25844 PMID: 24619848; PubMed Central

PMCID: PMCPmc4204150.

6. Hatano T, Saiki S, Okuzumi A, Mohney RP, Hattori N. Identification of novel biomarkers for Parkinson’s

disease by metabolomic technologies. J Neurol Neurosurg Psychiatry. 2016; 87(3):295–301. Epub

2015/03/22. https://doi.org/10.1136/jnnp-2014-309676 PMID: 25795009.

7. LeWitt PA, Li J, Lu M, Guo L, Auinger P. Metabolomic biomarkers as strong correlates of Parkinson dis-

ease progression. Neurology. 2017; 88(9):862–9. Epub 2017/02/10. https://doi.org/10.1212/WNL.

0000000000003663 PMID: 28179471; PubMed Central PMCID: PMCPmc5331866.

8. Fujimaki M, Saiki S, Li Y, Kaga N, Taka H, Hatano T, et al. Serum caffeine and metabolites are reliable

biomarkers of early Parkinson disease. Neurology. 2018; 90(5):e404–e11. Epub 2018/01/05. https://

doi.org/10.1212/WNL.0000000000004888 PMID: 29298852; PubMed Central PMCID:

PMCPmc5791797.

9. Chen F, Hu ZY, Parker RB, Laizure SC. Measurement of caffeine and its three primary metabolites in

human plasma by HPLC-ESI-MS/MS and clinical application. Biomed Chromatogr. 2017; 31(6). Epub

2016/11/20. https://doi.org/10.1002/bmc.3900 PMID: 27864843; PubMed Central PMCID:

PMCPmc5415443.

10. Gibb WR, Lees AJ. The relevance of the Lewy body to the pathogenesis of idiopathic Parkinson’s dis-

ease. J Neurol Neurosurg Psychiatry. 1988; 51(6):745–52. Epub 1988/06/01. PMID: 2841426; PubMed

Central PMCID: PMCPmc1033142.

11. Yamazaki H, Shaw PM, Guengerich FP, Shimada T. Roles of cytochromes P450 1A2 and 3A4 in the

oxidation of estradiol and estrone in human liver microsomes. Chem Res Toxicol. 1998; 11(6):659–65.

Epub 1998/06/24. https://doi.org/10.1021/tx970217f PMID: 9625734.

Serum theophylline offers a potential diagnostic biomarker of Parkinson’s disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0201260 July 25, 2018 9 / 10

https://doi.org/10.1002/mds.26424
https://doi.org/10.1002/mds.26424
http://www.ncbi.nlm.nih.gov/pubmed/26474316
https://doi.org/10.1002/mds.26431
https://doi.org/10.1002/mds.26431
http://www.ncbi.nlm.nih.gov/pubmed/26474317
https://doi.org/10.1212/WNL.0b013e3181fd613b
http://www.ncbi.nlm.nih.gov/pubmed/20962290
https://doi.org/10.1155/2015/567386
http://www.ncbi.nlm.nih.gov/pubmed/26336612
https://doi.org/10.1002/mds.25844
http://www.ncbi.nlm.nih.gov/pubmed/24619848
https://doi.org/10.1136/jnnp-2014-309676
http://www.ncbi.nlm.nih.gov/pubmed/25795009
https://doi.org/10.1212/WNL.0000000000003663
https://doi.org/10.1212/WNL.0000000000003663
http://www.ncbi.nlm.nih.gov/pubmed/28179471
https://doi.org/10.1212/WNL.0000000000004888
https://doi.org/10.1212/WNL.0000000000004888
http://www.ncbi.nlm.nih.gov/pubmed/29298852
https://doi.org/10.1002/bmc.3900
http://www.ncbi.nlm.nih.gov/pubmed/27864843
http://www.ncbi.nlm.nih.gov/pubmed/2841426
https://doi.org/10.1021/tx970217f
http://www.ncbi.nlm.nih.gov/pubmed/9625734
https://doi.org/10.1371/journal.pone.0201260


12. Daly JW, Jacobson KA, Ukena D. Adenosine receptors: development of selective agonists and antago-

nists. Prog Clin Biol Res. 1987; 230:41–63. Epub 1987/01/01. PMID: 3588607.

13. Qi H, Li S. Dose-response meta-analysis on coffee, tea and caffeine consumption with risk of Parkin-

son’s disease. Geriatrics & gerontology international. 2014; 14(2):430–9. Epub 2013/07/25. https://doi.

org/10.1111/ggi.12123 PMID: 23879665.

14. Noyce AJ, Bestwick JP, Silveira-Moriyama L, Hawkes CH, Giovannoni G, Lees AJ, et al. Meta-analysis

of early nonmotor features and risk factors for Parkinson disease. Ann Neurol. 2012; 72(6):893–901.

Epub 2012/10/17. https://doi.org/10.1002/ana.23687 PMID: 23071076; PubMed Central PMCID:

PMCPmc3556649.

15. Ascherio A, Chen H. Caffeinated clues from epidemiology of Parkinson’s disease. Neurology. 2003; 61

(11 Suppl 6):S51–4. Epub 2003/12/10. PMID: 14663011.

16. Moccia M, Erro R, Picillo M, Vitale C, Longo K, Amboni M, et al. Caffeine consumption and the 4-year

progression of de novo Parkinson’s disease. Parkinsonism Relat Disord. 2016; 32:116–9. Epub 2016/

11/05. https://doi.org/10.1016/j.parkreldis.2016.08.005 PMID: 27622969.

17. Chen JF, Xu K, Petzer JP, Staal R, Xu YH, Beilstein M, et al. Neuroprotection by caffeine and A(2A)

adenosine receptor inactivation in a model of Parkinson’s disease. J Neurosci. 2001; 21(10):Rc143.

Epub 2001/05/23. PMID: 11319241.

18. Schwarzschild MA, Xu K, Oztas E, Petzer JP, Castagnoli K, Castagnoli N Jr., et al. Neuroprotection by

caffeine and more specific A2A receptor antagonists in animal models of Parkinson’s disease. Neurol-

ogy. 2003; 61(11 Suppl 6):S55–61. Epub 2003/12/10. PMID: 14663012.

19. Xu K, Xu Y, Brown-Jermyn D, Chen JF, Ascherio A, Dluzen DE, et al. Estrogen prevents neuroprotec-

tion by caffeine in the mouse 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of Parkinson’s dis-

ease. J Neurosci. 2006; 26(2):535–41. Epub 2006/01/13. https://doi.org/10.1523/JNEUROSCI.3008-

05.2006 PMID: 16407551.

20. Mizuno Y, Kondo T. Adenosine A2A receptor antagonist istradefylline reduces daily OFF time in Parkin-

son’s disease. Mov Disord. 2013; 28(8):1138–41. Epub 2013/03/14. https://doi.org/10.1002/mds.25418

PMID: 23483627; PubMed Central PMCID: PMCPMC3842830.

21. Postuma RB, Lang AE, Munhoz RP, Charland K, Pelletier A, Moscovich M, et al. Caffeine for treatment

of Parkinson disease: a randomized controlled trial. Neurology. 2012; 79(7):651–8. Epub 2012/08/03.

https://doi.org/10.1212/WNL.0b013e318263570d PMID: 22855866; PubMed Central PMCID:

PMCPmc3414662.

22. http://www.ilexmedical.com/files/PDF/Theophyline_ARC.pdf. iAf.

23. Lue LF, Guerra A, Walker DG. Amyloid Beta and Tau as Alzheimer’s Disease Blood Biomarkers: Prom-

ise From New Technologies. Neurology and therapy. 2017; 6(Suppl 1):25–36. Epub 2017/07/25.

https://doi.org/10.1007/s40120-017-0074-8 PMID: 28733956; PubMed Central PMCID:

PMCPmc5520820.

24. Ko D-H, Gu G-G, Cho E-J, Shin ES, Chun S, Kim J-H. Annal report on the external quality assesment of

therapeutic drug monitoring and testing for drugs of abuse in Korea (2015) J Lab Med Qual Assur.

2016; 38:11–21.

25. Mattsson N, Andreasson U, Persson S, Carrillo MC, Collins S, Chalbot S, et al. CSF biomarker variabil-

ity in the Alzheimer’s Association quality control program. Alzheimer’s & dementia : the journal of the

Alzheimer’s Association. 2013; 9(3):251–61. Epub 2013/04/30. https://doi.org/10.1016/j.jalz.2013.01.

010 PMID: 23622690; PubMed Central PMCID: PMCPMC3707386.

26. Kruse N, Persson S, Alcolea D, Bahl JM, Baldeiras I, Capello E, et al. Validation of a quantitative cere-

brospinal fluid alpha-synuclein assay in a European-wide interlaboratory study. Neurobiol Aging. 2015;

36(9):2587–96. Epub 2015/06/22. https://doi.org/10.1016/j.neurobiolaging.2015.05.003 PMID:

26093515.

27. Del Campo M, Jongbloed W, Twaalfhoven HA, Veerhuis R, Blankenstein MA, Teunissen CE. Facilitat-

ing the Validation of Novel Protein Biomarkers for Dementia: An Optimal Workflow for the Development

of Sandwich Immunoassays. Front Neurol. 2015; 6:202. Epub 2015/10/21. https://doi.org/10.3389/

fneur.2015.00202 PMID: 26483753; PubMed Central PMCID: PMCPMC4586418.

28. Molinuevo JL, Blennow K, Dubois B, Engelborghs S, Lewczuk P, Perret-Liaudet A, et al. The clinical

use of cerebrospinal fluid biomarker testing for Alzheimer’s disease diagnosis: a consensus paper from

the Alzheimer’s Biomarkers Standardization Initiative. Alzheimer’s & dementia : the journal of the Alz-

heimer’s Association. 2014; 10(6):808–17. Epub 2014/08/26. https://doi.org/10.1016/j.jalz.2014.03.003

PMID: 25150736.

Serum theophylline offers a potential diagnostic biomarker of Parkinson’s disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0201260 July 25, 2018 10 / 10

http://www.ncbi.nlm.nih.gov/pubmed/3588607
https://doi.org/10.1111/ggi.12123
https://doi.org/10.1111/ggi.12123
http://www.ncbi.nlm.nih.gov/pubmed/23879665
https://doi.org/10.1002/ana.23687
http://www.ncbi.nlm.nih.gov/pubmed/23071076
http://www.ncbi.nlm.nih.gov/pubmed/14663011
https://doi.org/10.1016/j.parkreldis.2016.08.005
http://www.ncbi.nlm.nih.gov/pubmed/27622969
http://www.ncbi.nlm.nih.gov/pubmed/11319241
http://www.ncbi.nlm.nih.gov/pubmed/14663012
https://doi.org/10.1523/JNEUROSCI.3008-05.2006
https://doi.org/10.1523/JNEUROSCI.3008-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16407551
https://doi.org/10.1002/mds.25418
http://www.ncbi.nlm.nih.gov/pubmed/23483627
https://doi.org/10.1212/WNL.0b013e318263570d
http://www.ncbi.nlm.nih.gov/pubmed/22855866
http://www.ilexmedical.com/files/PDF/Theophyline_ARC.pdf
https://doi.org/10.1007/s40120-017-0074-8
http://www.ncbi.nlm.nih.gov/pubmed/28733956
https://doi.org/10.1016/j.jalz.2013.01.010
https://doi.org/10.1016/j.jalz.2013.01.010
http://www.ncbi.nlm.nih.gov/pubmed/23622690
https://doi.org/10.1016/j.neurobiolaging.2015.05.003
http://www.ncbi.nlm.nih.gov/pubmed/26093515
https://doi.org/10.3389/fneur.2015.00202
https://doi.org/10.3389/fneur.2015.00202
http://www.ncbi.nlm.nih.gov/pubmed/26483753
https://doi.org/10.1016/j.jalz.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25150736
https://doi.org/10.1371/journal.pone.0201260

