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Abstract. Alzheimer’s disease (AD) is a progressive neurodegenerative disorder of the central nervous system. The use
of biological fluids in AD diagnosis remains limited to the analysis of specific protein biomarkers in cerebrospinal fluid.
However, metabolomic analysis has recently revealed several metabolites in plasma, especially phosphatidylcholines (PC),
as putative biomarkers specific for AD. Following on previous reports of platelet abnormalities in AD, we hypothesized
that platelets metabolites released in plasma may offer new biomarkers in AD. The aim of the present study was to apply
targeted metabolomics to compare metabolites in soluble lysates of platelets from healthy controls (CO), patients with
mild cognitive impairment (MCI), and patients with AD in a cohort of 90 subjects. Quantitative data were obtained for 91
metabolites. Among these, the lipid PC aeC40:4 significantly differentiated AD from CO (p = 0.0009), while four other lipids
(PC aaC32:0, PC ae C32:2, PC aeC34:1, and SM(OH)C14:1) differentiated patients with MCI from CO. The combination of
three phosphatidylcholines (PC aeC32:2, PC aeC34:1, PCaaC36:5), two lyso-phosphatidylcholines (lysoPC aC18:1, lysoPC
aC16:0), and one sphingomyelin (SM(OH) C14:1) constructed a valuable prediction model using the C4.5 decision tree.
The diagnosis accuracy for AD versus CO and MCI was 85%. In a blinded follow up conversion study, we could verify the
clinical diagnosis in 19 out of 20 cases. We propose that soluble platelet PCaeC40:4 is a promising marker to diagnose AD
with a cut-off of <0.30 �M and that platelets undergo metabolic processes during AD progression.
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INTRODUCTION27

Alzheimer’s disease (AD) is a progressive neu-28

rodegenerative disease that gradually leads to severe29
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cognitive deterioration and premature death. The 30

main neuropathological hallmarks of AD concur- 31

rently include accumulation of amyloid-� (A�) 32

plaques, neurofibrillary tangles, inflammation and 33

glial responses, synaptic and neuronal loss, and vas- 34

cular alterations. To date, the diagnosis of AD is 35

based on a time-consuming combination of psycho- 36

logical testing, imaging, and the analysis of three 37

ISSN 1387-2877/17/$35.00 © 2017 – IOS Press and the authors. All rights reserved

mailto:christian.humpel@i-med.ac.at


U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

2 H. Oberacher et al. / Targeted Metabolomic Analysis of Soluble

well-established biomarkers (A�42, total tau, and38

phospho-tau-181) in cerebrospinal fluid [1, 2]. The39

increasing number of early dementia patients forces40

the identification of economic and reliable biomark-41

ers in blood, urine, or saliva since cerebrospinal fluid42

collection is an invasive procedure and an expensive43

analysis [2–6].44

Within the search for peripheral biomarkers in AD,45

blood platelets have been of great interest during the46

last decades. Human platelets have been shown to be47

the most important source of more than 90% of the48

circulating amyloid-� protein precursor (A�PP) and49

store and release A� (especially A�40) [7, 8]. Up to50

now, several studies have reported significantly lower51

platelet A�PP ratios (i.e., the ratio between the upper52

130 kDa and the lower 106–110 kDa isoforms) in AD53

patients correlating positively with cognitive decline54

[9, 10]. Recently, tau protein, the major component55

of neurofibrillary tangles, has also been identified56

in platelet proteome [11]. Decreased platelet matrix57

metalloproteinase-2 and epidermal growth factor, as58

well as increased soluble A�PP� levels in patients59

with AD and mild cognitive impairment (MCI) were60

previously reported by our group [12, 13]. Clearly,61

the search for a protein-derived platelet biomarker62

has highlighted some candidates worth investigating63

further, while the breakthrough in identifying a satis-64

fying marker has yet to be achieved, although others65

suggested using a platelet biochip for diagnosis [14].66

Non-protein biomarkers investigated in patients67

with AD included platelet characteristics such as68

structure, activation, membrane fluidity, or enzymatic69

activity as well as serotonin levels and uptake. So far,70

inconsistent results have impeded the establishment71

of a valid platelet-derived biomarker [15–18]. The72

platelet lipidome could be another potential source73

of platelet biomarkers. There is a large body of evi-74

dence to show that the intracellular lipid metabolism75

of neurons is perturbed in AD [19–21]. Neural mem-76

branes contain several classes of lipids that not only77

constitute their backbone, but also provide the mem-78

brane with a suitable environment, fluidity, and ion79

permeability. They are furthermore a reservoir of80

important second messengers, such as arachidonic81

acid, platelet-activating factor, and diacylglycerol.82

Levels of glycerophospholipids and sphingomyelins83

(SMs) are decreased in neuronal membranes from84

different regions of AD patients as compared to age-85

matched controls and are accompanied by increased86

activities of lipolytic enzymes and elevated concen-87

trations of the corresponding degradation products88

[19–21]. In fact, there are clear indications that89

metabolic processes are linked to the development 90

and pathology of AD [22–24], and metabolomics and 91

lipidomics are turning out to be a novel fascinating 92

method for investigating promising biomarker candi- 93

dates in various tissues including blood plasma [25]. 94

Recently, Mapstone et al. [26] demonstrated that a set 95

of ten endogenous lipids from peripheral blood can 96

predict phenoconversion to either amnestic MCI or 97

AD within a two- to three-year time frame with over 98

90% accuracy. Two recent papers clearly demonstrate 99

that a blood-based seven-metabolite signature [27] or 100

a 24-metabolite panel [28] may diagnose early AD. 101

We recently showed that phosphatidylcholines (PCs) 102

and their ratio to lysophosphatidylcholines (lysoPCs) 103

provide potent biomarkers to distinguish AD from 104

healthy controls in plasma [29]. However, to date it 105

is not clear from which cells these metabolites are 106

released into blood, and we thus hypothesize that 107

platelets are the cause of metabolomic disturbances 108

in AD. 109

The aim of the present study was to apply targeted 110

metabolomics to characterize the metabolic pheno- 111

type in soluble lysates taken from platelet samples of 112

healthy controls, MCI and AD patients. We will target 113

163 metabolites, including PCs, lysoPCs, SM, acyl- 114

carnitines, and amino acids, using the AbsoluteIDQ®
115

p150 Kit (BIOCRATES Life Sciences AG). 116

MATERIAL AND METHODS 117

Patients 118

Cognitively healthy subjects and patients suffer- 119

ing from MCI and AD were recruited at Hall/Tirol 120

State Hospital, Austria. In this study, 90 subjects 121

were included in total (Table 1); 54 subjects were 122

used in the training set, 26 subjects in the validation 123

set, and 10 subjects for the blinded follow up con- 124

version study. For the blinded follow up conversion 125

study, the same patients (n = 10) were again analyzed 126

after 9 months (Table 5). All subjects included had 127

to fulfill the inclusion criteria and none of the par- 128

ticipants included in the follow up investigation had 129

a clinically significant worsening of the somatic co- 130

morbidities. Medication was stable at least for four 131

months before the follow up investigation. The pro- 132

cedure for diagnosis has been described by us in 133

detail elsewhere [12]. A panel including a neurol- 134

ogist, psychiatrist, and neuropsychologist examined 135

all clinical and diagnostic features. Following a dis- 136

cussion, participants were assigned a diagnosis of 137

MCI or AD according to published criteria [30, 31]. 138
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Table 1
Demographic data of the included subjects in this study

Diagnostic group CO MCI AD

Training set (n) 18 15 21
Validation set (n) 11 6 9
Follow up study (n) 3 0 7

All subjects (n) 32 21 37
Female (n, %) 25 (78%) 11 (52%) 25 (67%)
Age [years] 75 ± 1.5 78 ± 1.6 79 ± 2
MMSE 29.0 ± 0.6 28.2 ± 0.5 20.1 ± 1.4***
GDS 2.9 ± 0.5 3.0 ± 0. 6 2.8 ± 0.9

Values are given as mean ± SEM. MMSE, Mini-Mental State
Examination (scale 0–30); GDS Geriatric Depression Scale;
CO, healthy controls; MCI, mild cognitive impairment, AD,
Alzheimer’s disease. ***p < 0.001.

None of the MCI patients had a score higher than139

0.5 in the global score of the Clinical Dementia140

Rating [32]. Cognitive functions were assessed with141

the German version of the CERAD plus neuropsy-142

chological battery [33]. This test battery provides a143

reliable profile of cognitive impairments based on144

demographically adjusted z scores. All study par-145

ticipants were also assessed by magnetic resonance146

imaging using a 1.5 Tesla Siemens Symphony MRI147

scanner with a T1-weighted FLASH 3D sequence148

and a repetition time (TR) of 9.7 ms, an echotime149

(TE) of 4 ms, a matrix size of 256 × 256, and a field150

of view of 230 mm, yielding sagittal slices with a151

thickness of 1.5 mm and an in-plane resolution of152

0.98 × 0.98 mm. Imaging findings were evaluated by153

an investigator who was blinded to diagnosis and154

cognitive performance of the patients. Medial tempo-155

ral atrophy was assessed using a standardized scale156

[34]. The scale rates atrophy on a 5-point measure157

(0 = absent, 1 = minimal, 2 = mild, 3 = moderate, and158

4 = severe) based on the height of the hippocampal159

formation and the width of the choroid fissure and the160

temporal horn. The majority of MCI patients had a161

mild-to-moderate medial temporal lobe atrophy. For162

MCI patients, the mean Schelten’s visual rating scale163

score for right medial temporal atrophy was 2.0 ± 0.8164

(mean ± standard deviation).165

Exclusion criteria for healthy subjects and patients166

suffering from MCI or AD included other psychi-167

atric or neurological diseases or diseases including168

cancer, vascular diseases, or other diseases with clini-169

cally significant hepatic, renal, pulmonary, metabolic,170

or endocrine disturbances and inflammation. Espe-171

cially excluded were participants with significant172

small vessel cerebrovascular disease as well as large173

vessel strokes. Study participants were also con-174

trolled for total cholesterin levels. Seven control175

subjects, five MCI, and six AD patients with con- 176

tinuous statin or ezetimibe treatment were included 177

and were treated for at least three months with a 178

stable dose of cholesterol-lowering drugs. Informa- 179

tion on the duration and kind of cholesterol lowering 180

drugs was provided by the referring physicians. We 181

excluded participants with cholesterol levels higher 182

than 240 mg/dL at study entry. 183

The study was approved by the Ethics Committee 184

of the Medical University of Innsbruck and was per- 185

formed in accordance with the Helsinki Declaration. 186

All subjects gave written informed consent. 187

Isolation of human platelets and processing 188

Human platelets were isolated as previously 189

described [13]. In short, 10 ml blood was collected 190

in ethylenediaminetetraacetate (EDTA) tubes during 191

normal clinical routine, centrifuged at 250 × g for 192

10 min at room temperature (RT) to collect platelet- 193

rich plasma. The plasma was centrifuged for 10 min 194

at RT (2,300 × g) and the pellet was suspended 195

in 1 ml Tyrode’s buffer; prostaglandin PGI2 was 196

then added to inhibit platelet activation. Next, the 197

suspended pellet was centrifuged at 2,300 × g for 198

10 min, the supernatant was removed, and the sed- 199

imented platelets were frozen at –80◦C until use. For 200

lysis, the pellet was resuspended in 150 �l phosphate- 201

buffered saline (PBS) containing a protease inhibitor 202

cocktail (Sigma) and sonicated with a Branson soni- 203

fier (10 strokes each 10 s on ice). After centrifugation 204

at 14,000 × g for 10 min, the total protein was deter- 205

mined by Bradford assay. The samples were then 206

adjusted to a total protein of 1500 �g/ml and 10 �l 207

were used for the targeted metabolomic analysis 208

using the soluble part of the lysate. 209

Targeted metabolomic analysis 210

The endogenous metabolites were analyzed with 211

a targeted quantitative and quality controlled 212

metabolomics approach using the AbsoluteIDQ®
213

p150 Kit (BIOCRATES Life Science AG, Inns- 214

bruck, Austria). This validated assay allows the 215

comprehensive identification and the quantification 216

of 163 endogenous metabolites, including 40 acylcar- 217

nitines (Cx:y), hydroxylacylcarnitines (C(OH)x:y), 218

and dicarboxylacylcarnitines (Cx:y-DC), hexose 219

(H1), 14 amino acids, 15 sphingomyelins (SM x:y) 220

and hydroxysphingomyelins (SM(OH) x:y), 77 phos- 221

phatidylcholines (PC aa = diacyl x:y, PC ae = acyl- 222

alkyl x:y), and 15 lysophosphatidylcholines (lysoPC 223
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a x:y). A targeted analysis for these metabolites is per-224

formed by applying flow injection analysis-tandem225

mass spectrometry (FIA-MS/MS) acquisition with226

multiple reaction monitoring (MRM) in positive and227

negative electrospray ionisation mode. Quantifica-228

tion is achieved with internal standards.229

The AbsoluteIDQ® p150 Kit, a 96-well plate230

format assay, was performed as described in the231

manufacturer’s instructions and as reported by us232

previously [29]. In short, 10 �L of sample mixture233

was pipetted onto filter spots suspended in the wells234

of a 96-well filter plate. The filter plate was fixed235

on top of a deep-well plate serving as a receiving236

plate for the extract later on, i.e. a combi-plate struc-237

ture. After drying under a nitrogen stream, 50 �l of238

a 5% phenylisothiocyanate solution was added to239

enable derivatization of amino acids. After 20 min of240

shaking and nitrogen drying, 300 �L of 5 mM ammo-241

nium acetate in methanol was added to the wells.242

After 30 min of incubation, the combi-plate was cen-243

trifuged to move the extracts into the lower receiving244

deep-well plate, which was then detached from the245

upper filter plate. After adding another 300 �L of246

5 mM ammonium acetate in methanol to the extracts247

and briefly shaking, the plate was placed in the248

autosampler of the FIA-MS/MS system for analysis.249

The FIA-MS/MS system consisted of a Knauer250

K-1001 LC pump (Knauer, Berlin, Germany), a251

CTC-PAL HTS9 autosampler (CTC Analytics AG,252

Zwingen, Switzerland), and a QTrap 3200 mass spec-253

trometer (ABSciex, Toronto, Canada). The injection254

volume was 30 �l. The flow rate was set to 30 �l/min.255

Metabolite concentrations (�M) were automatically256

calculated by the MetIDQ software package part of257

the AbsoluteIDQ® p150 Kit. Metabolites that showed258

insufficient measurement stability for the quality con-259

trol samples (relative standard deviation of metabolite260

concentrations > 30%) or metabolites that did not261

exceed a signal intensity of a minimum of 500 counts262

were sorted out. This left 91 metabolites for statistical263

analysis.264

Statistical analysis265

Statistical analyses were performed with the com-266

puter program R, version 3.2.3 (2015-12-10) [35],267

including the external software packages caTools,268

MASS, RWekajars and partykit [36–41].269

Statistical analysis of individual markers270

Demographic data are presented as frequencies271

and means (± SD). The binomial test was used to272

test for the distribution of sex. All metabolite vari- 273

ables were checked for normal distribution using 274

the Shapiro-Wilk test. Variables that differed from 275

normal distribution were either log, log10, log+1, 276

sqrt, or 1/sqrt transformed [40]. On transformed vari- 277

ables, a one-way analysis of variance (ANOVA) was 278

performed to compare the three diagnostic groups 279

(controls, MCI, and AD). Post-hoc Tukey HSD 280

tests were used to determine specific differences 281

between the three groups. For all markers, signifi- 282

cance level was adjusted for multiple testing using the 283

Bonferroni method, dividing the usual significance 284

level (p < 0.05) by the number of tests performed 285

(0.05/91 = 0.0005494505). 286

Classification and decision tree 287

A decision tree analysis was chosen to classify 288

the three diagnosis groups by their differences in 289

metabolite composition. The dataset was classified 290

with the C4.5 decision tree algorithm implemented in 291

the R package RWekajars. This is a non-parametric 292

technique and therefore variables do not have to be 293

normally distributed. All four significant metabolites 294

of the univariate pre-analysis as well as PCaeC40:4 295

were entered into the classifier as potential discrimi- 296

nants. The data were split into a training set (n = 54, 297

18 CO, 15 MCI, and 21 AD) and a validation dataset 298

(n = 28, 11 CO, 6 MCI, and 9 AD). The validation set 299

was used to establish the classification model and to 300

measure the classification performance of the deci- 301

sion tree [41]. The results were compared with the 302

clinical diagnosis, and the sensitivity and specificity 303

were calculated. To avoid over-fitting of the data, 304

the classification tree was pruned, which means the 305

complexity parameter associated with the smallest 306

cross-validated error was used. 307

RESULTS 308

Patients 309

The demographic and clinical characteristics for 310

the healthy subjects, MCI, and AD patients are given 311

in Table 1. In total, 90 subjects were included, 54 for 312

the training set, 26 for the validation set, and 10 for 313

the blinded follow up conversion study. The mean 314

age was around 77 years and did not differ between 315

groups (Table 1). All groups included more females 316

(Table 1). The MMSE score was 29.0 for controls, 317

not different in MCI but significantly lower in AD 318
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patients (Table 1). The GDS values were around 3319

and did not differ between groups (Table 1). The320

total cholesterol levels did not differ between groups321

(202 ± 28 mg/dL; mean ± standard deviation). None322

of the MCI patients had a score higher than 0.5 in the323

global CDR.324

Differences in total PCs, lysoPCs, and SMs levels325

There were significant differences in total lev-326

els of PCs, lysoPCs, and SMs between the groups327

(Table 2). The ratio of total PCs versus lysoPCs dif-328

ferentiated MCI from AD (p = 0.011). Total lysoPC329

levels were two-fold higher in MCI patients than in330

AD (p = 0.003), but were not statistically different331

between AD patients and controls (Table 2). Regard-332

ing fatty acids, the levels of saturated fatty acids333

significantly differentiated MCI (p < 0.001) and AD334

(p < 0.001) patients from healthy controls (Table 2).335

Putative platelet-derived biomarkers336

Of 91 metabolites included in the statistical anal-337

ysis, three phosphatidylcholines (PC aaC32:0, PC338

aeC32:2, and PC aeC34:1) and one sphingomyelin339

(SM(OH) C14:1) differentiated controls from MCI340

patients with high significance (p < 0.0005; Table 3).341

Only one phosphatidylcholine (PC ae C40:4) dif-342

ferentiated controls from AD patients (p = 0.0009;343

Table 3). Many lysoPCs showed a very high344

variability in their tissue content: lysoPC aC16:0345

(0.4–6.6 �M), lysoPC aC16:1 (0–1.1 �M), lysoPC346

aC18:0 (0.2–2.2 �M), lysoPC aC18:1 (0–19.6 �M;),347

lysoPC aC18:2 (0–15.5 �M), and lysoPC aC20:4348

(0–20.7 �M). Some lysoPCs distinguished MCI from349

AD (Table 3).350

Classification and decision tree351

Application of the C4.5 decision tree algorithm352

to the training set showed a good result with an353

accuracy of 85.2%. Adding significant metabolite354

ratios as additional variables (Total LysoPCs and355

saturated FA) showed no model improvement. The356

most discriminative variables identified were three357

phosphatidylcholines (PC aeC32:2, PC aeC34:1,358

PC aaC36:5), two lysophosphatidylcholines (lysoPC359

aC18:1, lysoPC aC16:0), and one sphingomyelin360

(SM(OH) C14:1) (Fig. 1). Applying the model to the361

test dataset for validation gave an accuracy of only362

58%. The group prediction of the model was best for363

MCI: of six patients five were correctly classified.364

Of AD patients 66% were correctly classified: six out 365

of nine classifications were correct, one AD patient 366

was incorrectly classified as a control and two were 367

incorrectly classified as MCI. This model showed the 368

poorest performance for prediction of healthy con- 369

trol patients: 36% were correctly classified: four out 370

of seven classifications were correct, five were incor- 371

rectly classified as AD patients, and two incorrectly 372

classified as MCI patients. The accuracy as well as 373

sensitivity and specificity for the validation subset are 374

given in Table 4. 375

Follow up study 376

In a follow up study, 10 patients were included, 3 377

were clinically diagnosed as healthy controls, and 7 378

as AD cases. The diagnosis did not change after 9 379

months (Table 5). For the clinical diagnosis, MMSE, 380

GDS, and CERAD as well as Scheltens score are 381

given in Table 5. Based on the data presented in 382

Table 3 and C4.5 decision tree (Fig. 1), five major 383

lipid metabolites are given (PC aa C36.5, PC aeC34:1, 384

PC aaC32:0, PC aeC40:4, and SM(OH)C14:1). Our 385

data provide evidence that PC aeC40:4 was useful to 386

verify the clinical diagnosis in 19 out of 20 cases with 387

a cut-off of <0.30 �M (Table 5). 388

DISCUSSION 389

In the present study, we aimed to perform a targeted 390

metabolomic analysis of soluble lysates prepared 391

from platelets of controls, AD, and MCI patients. 392

Our data show that soluble platelet lipids are altered 393

during AD progression and may serve as potent 394

biomarkers. 395

Targeted metabolomics 396

Metabolomics seeks to characterize the whole set 397

of small molecules within a biological sample, as well 398

as changes associated with a particular pathophysio- 399

logical situation. Targeted metabolomics/lipidomics 400

are being used as a research tool to understand mecha- 401

nisms of pathology and as an approach for biomarker 402

discovery [42]. As demonstrated herein, metabolites 403

are usually analyzed with mass spectrometric tech- 404

niques, e.g., in serum [43, 44]. One important class of 405

metabolites is lipids. Lipids play three primary roles 406

in biological systems: structural, energy storage, and 407

signaling. There is increasing evidence to show that 408

the intracellular lipid metabolism of neurons is dis- 409

turbed in AD [19–21]. Thus, for AD diagnostics and 410
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Table 2
Total metabolites altered in soluble lysates from platelets of patients with mild cognitive impairment (MCI) and Alzheimer’s disease (AD)

patients as compared to healthy controls (CO)

soluble platelet lysates p values
CO MCI AD CO versus CO versus MCI versus

MCI AD AD

total PC 60 ± 18 47 ± 17 46 ± 13 0.020 0.006 ns
(58.6) (44.4) (45.9)

total lysoPC 6.0 ± 6.5 8.5 ± 7.4 3.2 ± 2.3 ns ns 0.003∗∗
(2.7) (5.8) (2.2)

total PC/lysoPC 0.13 ± 0.17 0.19 ± 0.13 0.08 ± 0.07 0.023 ns 0.011
(0.04) (0.16) (0.04)

total sphingomyelins 7.0 ± 2.7 5.2 ± 2.7 5.1 ± 2.0 0.042 0.030 ns
(7.8) (4.1) (4.7)

saturated FA 5.0 ± 1.8 3.2 ± 0.9 3.6 ± 1.2 0.0001∗∗∗ 0.002∗∗ ns
(4.9) (3.2) (3.5)

unsaturated FA 44 ± 13 36 ± 14 33 ± 9 0.041 0.007 ns
(43.9) (34.5) (33.5)

mono-unsaturated FA 11 ± 3.6 8.0 ± 3.7 8.7 ± 3.1 0.009 0.061 ns
(11.1) (7.0) (7.7)

Values are given as mean ± SD (in �M for metabolites) and median (in parenthesis) for non-normally distributed variables. The number
of patients was 26 controls, 20 MCI, and 26 AD. Samples were statistically analyzed using ANOVA and Tukey’s HSD post-hoc test (ns,
not significant). ∗For these markers significance was retained after adjusting for multiple testing by means of the Bonferroni method:
P < 0.05/10 = 0.005. PC, phosphatidylcholines; FA, fatty acids.

Table 3
Most important metabolites altered in soluble lysates from platelets of patients with mild cognitive impairment (MCI) and Alzheimer’s

disease (AD) patients as compared to healthy controls (CO)

Soluble platelet lysates p values
CO MCI AD CO versus CO versus MCI versus

MCI AD AD

PC aaC32:0 4.2 ± 2.1 2.2 ± 1.5 3.0 ± 1.2 0.000425*** ns ns
(3.81) (1.99) (3.10)

PC aaC34:1 20 ± 8.2 13 ± 5.9 15.34 ± 5.33 0.003 0.026 ns
(20.42) (11.79) (14.46)

PC aaC36:5 0.7 ± 0.3 0.7 ± 0.3 0.45 ± 0.17 ns 0.002 0.009
(0.65) (0.62) (0.43)

PC aaC36:6 0.1 ± 0.06 0.05 ± 0.04 0.09 ± 0.05 0.009 ns 0.039
(0.09) (0.05) (0.08)

PC aaC38:0 0.2 ± 0.08 0.1 ± 0.07 0.1 ± 0.08 0.006 0.040 ns
(0.18) (0.12) (0.14)

PC aaC38:3 8.9 ± 3.5 5.7 ± 2.9 6.3 ± 2.8 0.001 0.010 ns
(9.18) (4.68) (5.64)

PC aeC32.1 0.2 ± 0.09 0.1 ± 0.06 0.1 ± 0.08 0.003 ns ns
(0.17) (0.07) (0.13)

PC aeC32:2 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.000244*** ns ns
(0.24) (0.13) (0.18)

PC aeC34:1 1.0 ± 0.4 0.6 ± 0.4 0.8 ± 0.3 0.000517*** ns ns
(0.95) (0. 56) (0.76)

PC aeC40:4 0.4 ± 0.2 0.4 ± 0.2 0.3 ± 0.1 ns 0.0009*** ns
(0.47) (0.32) (0.28)

lysoPC aC16:0 1.6 ± 1.2 2.2 ± 1.7 1.0 ± 0.4 ns 0.030 0.001
(0.98) (1.70) (0.93)

lysoPC aC18:1 4.0 ± 6.3 6.4 ± 6.0 1.7 ± 2.5 ns ns 0.008
(0.40) (5.28) (0.33)

lysoPC aC18:2 2.7 ± 4.3 4.21 ± 4.31 1.0 ± 1.5 0.040 ns 0.033
(0.14) (3.19) (0.18)

SM(OH)C14:1 0.3 ± 0.2 0.1 ± 0.1 0.2 ± 0.1 0.000546*** ns ns
(0.31) (0.10) (0.18)

Values are given as mean ± SD (in �M for metabolites) and median (in parenthesis) for non-normally distributed variables. The number
of patients was 26 controls, 20 MCI, and 26 AD. Samples were statistically analyzed using ANOVA and Tukey’s HSD post-hoc test (ns,
not significant. ∗For these markers significance was retained after adjustment for multiple testing by means of the Bonferroni method:
p < 0.05/91 = 0.000549451.
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Fig. 1. The 9-node pruned C4.5 classification tree from the training set. Each box at the end of each classification path indicates the number of
correctly classified patients satisfying the conditions of each tree path and the number of misclassified patients. The decision values for each
path are the untransformed and unscaled vales of each metabolite. CO, healthy controls; MCI, mild cognitive impairment; AD, Alzheimer’s
disease.

Table 4
Metabolite classification relative to the clinical diagnosis

Accuracy of test set (95% CI) 0.5 (0.37–0.77)
AD versus MCI/CO MCI versus AD/CO CO versus AD/MCI

Sensitivity (95% CI); no. of correctly classified cases 67% (29–92); 6/11 83% (36–99); 5/9 36% (11–69); 4/6
Specificity (95% CI); no. of correctly classified cases 71% (41–89); 11/14 80% (56–94); 16/17 87% (60–98); 13/20

All values were calculated from the confusion matrix derived from the classification algorithm generated by the C4.5 decision tree model.
AD, Alzheimer’s disease; CI, confidence interval; CO, healthy controls; MCI, mild cognitive impairment.

prognostics, lipids constitute promising biomarker411

candidates that can be targeted in various tissues412

including blood plasma [25]. We here demonstrate413

that the AD-related alterations of lipid levels also414

occur in platelets.415

Phosphatidylcholines416

In mammalian cells, phospholipids are the major417

structural lipids. In platelets, PC account for418

≈40% of total phospholipids [45]. The different419

classes of phospholipids are distributed asymmet-420

rically between the plasma membrane bilayers.421

Phosphatidylethanolamines and phosphatidylserines 422

face the cytosol, and PC face the outside. Activation 423

of platelets involves externalization of aminophos- 424

pholipids and increased phospholipase-catalyzed 425

turnover of PCs to lysoPCs. Cleavage of PCs by 426

phospholipase A2 (PLA2) releases arachidonic acid, 427

which is transformed to several eicosanoids via 428

lipoxygenase and cyclooxygenase enzymes. LysoPC 429

C16:0 is the precursor of the platelet-activating fac- 430

tor. We here provide evidence that PC homeostasis is 431

also disturbed in platelets of MCI and AD patients. 432

Total PC levels were significantly reduced in MCI 433

and AD patients as compared to the control group. 434
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Table 5
Follow up of 10 patients for 9 months

Laboratory DIAGNOSIS AD (AD) AD AD AD AD or CO AD AD Co (Co) AD AD Co Co AD AD Co Co AD AD

Patient number 1 2 3 4 5 6 7 8 9 10
t = 0 +9 m t = 0 +9 m t = 0 +9 m t = 0 +9 m t = 0 +9 m t = 0 +9 m t = 0 +9 m t = 0 +9 m t = 0 +9 m t = 0 +9 m

Age (years) 72 74 83 69 69 77 66 82 61 54
FMMFFFFFMMxes

MMSE 3 7 24 20 15 15 12 9 26 26 23 19 30 30 16 16 29 28 25 18
44431124611015623333302SDG

Cerad (total sum score. na na 10 10 13 10 10 10 28 29 13 10 57 57 10 10 32 39 10 10
T values)

Galantamine (mg) 16 16 – – 16 16 – – – – – – – – – – – – 10 10
Rivastigmine (mg/d) – – 9.5 9.5 – – 13.3 13.3 – – 9.5 9.5 – – 9.5 9.5 – – – –
Donepezil (mg) – – – – – – – – – – – – – – – – – – 10 10
MR-Neuroimaging 3 3 2 3 3 4 4 4 0 1 3 4 0 – 3 4 0 – 2 4

(Scheltens score)
Clinical DIAGNOSIS AD AD AD AD AD AD AD AD Co Co AD AD Co Co AD AD Co Co AD AD
PC aa C32:0 3.9 2.3 3.1 2.7 4.2 3.5 3.1 3.7 3.2 3.6 4.2 3.7 3.0 2.9 2.3 2.3 2.8 2.9 3.1 2.8

<2.2 µM = MCI
PC aa C36:5 0.85 0.38 0.89 0.77 0.68 0.62 0.78 0.67 0.70 0.55 0.71 0.90 0.93 0.94 1.34 0.60 1.22 0.91 1.73 1.29

>0.90 µM = Co
PC ae C34:1 0.81 0.35 0.65 0.84 1.22 0.77 0.65 0.88 0.57 0.74 0.76 0.93 0.90 1.01 0.73 0.71 0.46 0.49 0.95 0.80

>0.62 = AD
PC ae C40:4 0.13 0.16 0.21 0.19 0.23 0.44 0.26 0.27 0.57 0.42 0.25 0.24 0.34 0.32 0.11 0.19 0.32 0.31 0.12 0.12

<0.30 µM = AD
SM(OH)C14:1 0.92 0.40 0.79 0.93 1.36 1.56 0.44 0.33 0.98 1.21 0.92 0.99 0.85 0.65 1.31 0.82 1.41 1.12 1.05 1.22

<0.14 µM = MCI

VERIFIED with PC Y Y Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y
aeC40:4

Patients were clinically diagnosed in January-February 2016 (t = 0) and 9 months later (September-October 2016; +9 m) as controls (Co) or Alzheimer’s disease (AD) or mild cognitive impairment
(MCI). Blood was collected, platelets isolated and extracts prepared (1500 µg/ml) and analyzed using the p150 kit (the most promising metabolites are given only). Diagnosis was supported by
Mini-Mental State Examination (MMSE score 0–30), Geriatric Depression Scale (GDS score 0–15), and MR neuroimaging (Scheltens score 0–4). Rivastigmine = transdermal batch. Verified Yes
(Y, green) or No (N, red).
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Increased levels of lysoPC may be linked with MCI.435

In neural cells, loss of PCs is known to occur in acute436

neural trauma and neurodegenerative diseases [19,437

20]. Furthermore, AD-specific alterations in total PC438

levels were detected in blood plasma, and individual439

PC levels were used as diagnostic markers. Mapstone440

et al. [26] discovered a set of ten PCs in plasma that441

predicted conversion to AD. In our most recent publi-442

cation we showed for the first time that PCs are altered443

in plasma from MCI and AD patients and that the444

ratio between PCs and lysoPCs markedly improved445

significance when differentiating both diseases from446

controls [29]. Our present data provide evidence447

that platelets from MCI and AD patients undergo448

metabolomic disturbances, which are reflected in the449

plasma. Most importantly, our training and valida-450

tion sets suggested that PC aeC40:4 is a promising451

biomarker for AD, which could be verified in the452

blinded follow up conversion study. Further our453

data show that the three phosphatidylcholines PC454

aaC32:0, PC aeC32:2, and PC aeC34:1 can signif-455

icantly differentiate controls from MCI. It is worth456

highlighting that total lysoPC levels were two-fold457

higher in MCI patients, which is important because458

the most clinically relevant biomarkers will have to459

be capable of diagnosing AD at its prodromal stage460

when a therapeutic intervention is most likely suc-461

cessful. Unfortunately, due to methodological limits462

we could not include additional MCI subjects in our463

follow up study to verify these data on MCI, but a464

detailed study on conversion from controls to MCI or465

MCI to AD are very important in future.466

Sphingomyelins467

Sphingomyelins are integral parts of lipid rafts.468

Lipid rafts are specialized areas of membranes that469

seem to be involved in many cellular processes, such470

as membrane sorting and trafficking, signal transduc-471

tion, and cell polarization. In AD, lipid rafts appear472

to be critical sites where the proteolytic processing of473

A�PP is regulated [21]. There is now clear evidence474

that the sphingolipid catabolism is directly linked to475

neurodegenerative disorders in the brain, and find-476

ings have identified pathways of the sphingolipid477

and sphinogomyelin metabolism that contribute to478

AD pathology [21, 46–49]. SM levels were found479

to be decreased and ceramide levels to be increased480

in AD brain tissue, which may be the result of481

increased catabolism of SM via sphingomyelinases482

[21]. In our own group, we observed that SM 18:0483

was significantly enhanced in cerebrospinal fluid of484

AD patients [50]. Only a few reports are available 485

on SM concentrations that have been examined in 486

plasma of AD patients. A recent paper [41] found 487

that sphingomyelins were altered in plasma of AD 488

patients, particularly those with long aliphatic chains 489

(such as, e.g., with C:22 and C:24). We here pro- 490

vide evidence that total SM levels are decreased in 491

platelets of MCI and AD patients as compared to 492

platelets of healthy controls. Furthermore, our data 493

show that the sphingolipid SM(OH)C14:1 is signifi- 494

cantly decreased in platelets of MCI patients, which 495

indicates that this lipid metabolite might be useful as 496

an additional diagnostic and prognostic biomarkers 497

in AD. 498

Platelet metabolites as biomarkers and limits of 499

the study 500

The overall goal of this study was to find poten- 501

tial novel biomarkers through metabolism studies 502

of platelets collected from healthy controls as well 503

as individuals at high risk for developing AD or 504

those having AD. The criteria for biomarkers of age- 505

related diseases are well defined and reviewed [51]: 506

such biomarkers should reflect some basic biological 507

processes of aging, predict any changes to patholog- 508

ical aging or diseases, provide measures to assess 509

the effects of therapeutic treatments, and finally be 510

reproducible, minimally invasive, easy to determine, 511

and inexpensive and accessible to many individu- 512

als. Already a large number of potential biomarkers 513

have been derived from transcriptomics, proteomics, 514

metabolomics, RNomics, and imaging, which are 515

currently moving toward the common goal of dif- 516

ferentiating early and late forms of AD. This study 517

can be seen as a pilot investigation adding addi- 518

tional biomarkers. Indeed, the combination of many 519

biomarkers from different sources (plasma, saliva, 520

urine, blood cells) allows an index of conversion from 521

normal aging towards prodromal as well as preclini- 522

cal stages of AD. 523

However, there is no doubt that this study also has 524

some limits. First of all, the number of patients was 525

small and should be increased in additional stud- 526

ies. Thus, this study is a pilot study and must be 527

repeated with a clearly larger number of individu- 528

als. Although the accuracy of the analysis is <85%, 529

we could verify in our conversion follow up study 530

the clinical diagnosis in 19 out of 20 cases with only 531

one marker (PC aeC40:4). Anyhow, the limitation 532

of the study design are the small sample size and 533

imbalance in gender and in sample size of the three 534
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groups. Furthermore, it should also be reproduced by535

other independent centers. The correlation with other536

clinical data may enhance specificity and sensitivity.537

Second, the analysis was performed with the soluble538

parts of the cell lysates. Thus, we definitely analyzed539

only part of the complex metabolome of the platelets.540

The analysis of insoluble parts extracted with organic541

solvents may provide other novel insights into the542

platelet metabolome turnover, especially regarding543

cell membrane processes. Standard procedures for544

isolating, processing, and storing platelets [52] need545

to be defined to achieve a high degree of reproducibil-546

ity between different centers worldwide. Third, this547

study focused on three groups of individuals, con-548

trols, MCI, and AD. Further studies should also549

include other forms of dementia, such as, e.g., fron-550

totemporal lobe dementia or Lewy body dementia.551

Although we verified in our follow up study that552

indeed we can verify the clinical diagnosis (especially553

AD with PC aeC40:4), a larger prospective and longi-554

tudinal study is needed to reveal whether conversion555

of MCI to AD has an influence on these markers. And556

finally, therapeutic interventions on the metabolomic557

changes in platelets need to be explored. It would558

be highly interesting to study especially the effects559

of anti-platelet drugs [53] or aspirin on the platelet560

metabolites/lipids.561

Conclusion562

In conclusion, our data show for the first time the563

occurrence of metabolomics/lipidomic alterations in564

soluble lysates taken from platelets of MCI and AD565

patients, which have so far been reported only in566

brain tissue, cerebrospinal fluid, or blood plasma.567

This outlines the possibility to use platelets as a568

model for studying AD-related alterations of the569

metabolome/lipidome. Our data provide evidence570

that platelet levels of three phosphatidylcholines (PC571

aeC32:2, PC aeC34:1, PC aaC36:5), two lysophos-572

phatidylcholines (lysoPC aC18:1, lysoPC aC16:0),573

and one sphingomyelin (SM(OH) C14:1) can be used574

to construct a valuable prediction model. However,575

more importantly, we propose that soluble platelet576

PC aeC40:4 is a stable marker to diagnose AD with577

a cut-off of <0.30 �M.578
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