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as the disease in mouse is NOT the same as the human disease, but a MODEL of it, they cannot say 

emphatically that this model allows pathological mechanisms of Alzheimers disease to be 

investigated without a LOT more proof that it accurately conforms to the human condition. 

  

The 3rd statement (We detected alterations in energy metabolites, amino acids and numerous 

lipids) is probably correctly based on the data produced by the study. 

  

The 4th statement (APP/PS1 mice stand out as a suitable model for studying Alzheimer's disease) is 

not fully supported by the translational data required showing the equivalence of these mice with 

human disease. 

 

Highlights were rewritten. 

  

Keywords - acceptable 

  

Abbreviations -acceptable 

  

Introduction - reasonably comprehensive, and whilst I do not necassarily agree with all of the 

statements made I am aware that this represents differences of opinion, and not necessarily errors 

on the part of the authors! Overall acceptable. 
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APPLICATION OF METABOLOMICS BASED ON DIRECT MASS SPECTROMETRY 
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 Serum metabolic profiles of APP/PS1 mice were characterized by combined ESI/APPI-MS 
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ABSTRACT 22 
Metabolomic analysis of brain tissue from transgenic mouse models of Alzheimer’s disease has 23 
demonstrated a great potential for the study of pathological mechanisms and the development of new 24 
therapies and biomarkers for diagnosis. However, in order to translate these investigations to the clinical 25 
practice it is necessary to corroborate these findings in peripheral samples. To this end, this work 26 
considers the application of a novel metabolomic platform based on the combination of a two-steps 27 
extraction procedure with complementary analysis by direct infusion electrospray mass spectrometry and 28 
flow infusion atmospheric pressure photoionization mass spectrometry for a holistic investigation of 29 
metabolic abnormalities in serum samples from APP/PS1 mice. A number of metabolites were found to 30 
be perturbed in this mouse model, including increased levels of di- and tri-acylglycerols, eicosanoids, 31 
inosine, choline and glycerophosphoethanolamine; reduced content of cholesteryl esters, free fatty acids, 32 
lysophosphocholines, amino acids, energy-related metabolites, phosphoethanolamine and urea, as well as 33 
abnormal distribution of phosphocholines depending on the fatty acid linked to the molecular moiety. 34 
This allowed the elucidation of possible pathways disturbed underlying to disease (abnormal homeostasis 35 
of phospholipids leading to membrane breakdown, energy-related failures, hyperammonemia and 36 
hyperlipidemia, among others), thus demonstrating the utility of peripheral samples to investigate 37 
pathology in the APP/PS1 model. 38 
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1. INTRODUCTION 64 
Animal models are nowadays one of the most important tools in biomedical research for the investigation 65 
of disease pathophysiology, the discovery of potential biomarkers and the in vivo evaluation of novel 66 
therapeutic treatments [1].

 
The ability to create transgenic models has had a profound impact on areas 67 

such as Alzheimer’s disease (AD) research, where genetics plays a prominent role. Thereby, the 68 
discovery of genes associated with pathology of this disorder, such as amyloid precursor protein (APP), 69 
presenilin 1 (PS1) and presenilin 2 (PS2) genes, has allowed the development of numerous mouse models 70 
for studying AD [2]. These models offer an outstanding opportunity to investigate the early pathological 71 
disease mechanisms, for which the application of metabolomic techniques presents a great potential. 72 
Metabolomics, defined as the comprehensive measurement of metabolites from a biological system in a 73 
high-throughput manner, allows monitoring disease perturbations because alterations in specific groups of 74 
metabolites may be sensitive to pathogenically relevant factors, reflecting changes downstream of 75 
genomic, transcriptomic and proteomic fluctuations. Furthermore, since metabolic pathways are 76 
conserved through evolution, and are essentially similar in rodents and humans, the metabolic signatures 77 
identified in AD mouse models could be directly translated into human studies [3]. Metabolomic analysis 78 
can be performed in a variety of easily accessible biofluids such as cerebrospinal fluid, blood or urine, 79 
thus highlighting the clinical utility of this approach. However, although numerous studies have been 80 
performed to assess the pathophysiological status of transgenic animals by postmortem analysis of brain 81 
tissue samples [4-9], the use of peripheral samples has been only scarcely considered. In this sense, 82 
Graham et al. analyzed comparatively brain and plasma samples from APP/PS1 and wild type mice using 83 
1
H-NMR with the aim of discovering new AD biomarkers [10]. The statistical models built using plasma 84 
profiles were more accurate than those obtained with brain tissue, despite the smaller number of 85 
metabolites detected, demonstrating the potential of blood metabolomics for non-invasive investigation of 86 
metabolic abnormalities underlying to AD. Similarly, metabolomic profiling of brain and plasma samples 87 
from the TASTPM mice also revealed a number of metabolites perturbed in both matrices, which could 88 
be related to altered metabolic pathways previously associated with human AD [11]. Jiang et al. found 89 
significant differences in endogenous metabolites from serum of the senescence-accelerated mouse, 90 
suggesting perturbed glucose and lipid metabolism, and attenuated protective function of inosine [12]. 91 
Moreover, metabolomics has been also applied to examine changes in urinary metabolites of transgenic 92 
AD mice, demonstrating the utility of a very simple and easily available sample in clinical laboratory as is 93 
urine for the search of potential biomarkers [13-15]. 94 
 95 
In this work we applied a novel metabolomic multi-platform based on direct mass spectrometry analysis 96 
for the characterization of metabolic abnormalities in serum from the APP/PS1 transgenic mice. These 97 
fingerprinting tools, based on direct introduction of sample extracts containing whole metabolites into the 98 
mass spectrometer, avoid the conventional time-resolved detection of metabolites after chromatographic 99 
or electrophoretic separation, improving analysis rapidity and reproducibility, non-targeted metabolite 100 
coverage and consequently, high-throughput screening capability [16]. Furthermore, the availability of 101 
complementary atmospheric pressure ionization sources may help to delve into the high physico-chemical 102 
complexity of the metabolome. Thus, the metabolomic approach used here comprises a multistage 103 
extraction procedure for releasing a broad range of metabolites from serum samples, combined with MS 104 
analysis in positive and negative ionization modes and the complementary use of electrospray (ESI) and 105 
atmospheric pressure photoionization (APPI). Direct infusion electrospray mass spectrometry (DI-ESI-106 
MS) has proved to be a suitable tool for fast and comprehensive “first pass” screening of metabolic 107 
abnormalities, which has been successfully applied to AD research in previous investigations using 108 
human serum [17-19]

 
and brain tissue from transgenic mice [5,6,9]. On the other hand, González-109 

Domínguez et al. described in a recent work that flow injection atmospheric pressure photoionization 110 
mass spectrometry (FI-APPI-MS) may complement ESI-MS for the analysis of little polar or non-polar 111 
metabolites, and it is able to differentiate serum samples from AD patients and healthy control subjects 112 
[20]. Therefore, we hypothesized that the application of this high-throughput approach combining 113 
complementary ionization techniques to the APP/PS1 mice could provide a profound understanding about 114 
metabolic alterations detectable in a peripheral sample as is blood serum, which is of great interest to 115 
allow the study of disease pathology in a non-invasive manner and for the discovery of reliable 116 
biomarkers. 117 
 118 

2. MATERIALS AND METHODS 119 
2.1. ANIMAL HANDLING 120 
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Transgenic APP/PS1 mice (C57BL/6 background) were generated as previously described by Jankowsky 121 
et al., expressing the Swedish mutation of APP together with PS1 deleted in exon 9 [21]. On the other 122 
hand, age-matched wild-type mice of the same genetic background (C57BL/6) were purchased from 123 
Charles River Laboratory for their use as controls. In this study, male and female animals at 6 months of 124 
age were used for experiments (TG: N=30, male/female 13/17; WT: N=30, male/female 15/15). Animals 125 
were acclimated for 3 days after reception in rooms with a 12-h light/dark cycle at 20-25 °C, with water 126 
and food available ad libitum. Then, mice were anesthetized by isoflurane inhalation and blood was 127 
extracted by cardiac puncture. Blood samples were immediately cooled in fridge and protected from light 128 
for 30 minutes to allow clot retraction, and then centrifuged at 1500×g for 10 minutes at 4ºC. Serum was 129 
aliquoted in Eppendorf tubes and frozen at -80°C until analysis.  Animals were handled according to the 130 
directive 2010/63/EU stipulated by the European Community, and the study was approved by the Ethical 131 
Committee of University of Huelva. 132 
 133 

2.2. SERUM PREPARATION 134 
Serum samples were extracted following a two-stage sequential procedure described elsewhere [18]. For 135 
this, 100 µL of serum were mixed with 400 µL of methanol/ethanol (1:1, v/v) and stirred for 5 min, 136 
followed by centrifugation at 2000×g for 10 min at 4°C. The supernatant was transferred to another tube, 137 
and the precipitate was kept for further treatment. Then, supernatant was dried under nitrogen stream and 138 
the resulting residue reconstituted with methanol/water (80:20, v/v) containing 0.1% formic acid (aqueous 139 
extract). On the other hand, the precipitate isolated in the first step was extracted with 400 µL of 140 
chloroform:methanol (1:1, v/v) by stirring during 5 min, followed by centrifugation at 13000×g for 10 141 
minutes at 4 °C. Finally, the resulting supernatant was taken to dryness under nitrogen stream and 142 
reconstituted with 100 microliters of dichloromethane:methanol (60:40, v/v) containing 10 mM 143 
ammonium formate (organic extract). Furthermore, quality control (QC) samples were prepared by 144 
pooling equal volumes of each sample and analyzed throughout the sequence run, which allows 145 
monitoring instrumental drifts along the analysis period [22]. Samples were randomized before analysis, 146 
and QC samples were injected every 10 individual serum samples. 147 
 148 

2.3. METABOLOMIC ANALYSIS 149 
Mass spectrometry experiments were performed in a quadrupole-time-of-flight mass spectrometer, model 150 
QSTAR XL Hybrid system (Applied Biosystems, Foster City, CA, USA), using the electrospray (ESI) 151 
and atmospheric pressure photoionization (APPI) sources according to the methods previously optimized 152 
by González-Domíguez et al. [18,20]. For accurate mass measurement, the TOF analyzer was calibrated 153 
before analyzing each batch of samples using renin and taurocholic acid as standards (in positive and 154 
negative modes, respectively). 155 
 156 

2.3.1. METABOLOMIC ANALYSIS BY DI-ESI-MS 157 
Samples were introduced into the mass spectrometer at 5 µL min

-1
 flow rate using an integrated apparatus 158 

pump and a 1000 µL volume Hamilton syringe. Data were obtained in both positive and negative 159 
ionization modes, acquiring full scan spectra for 0.2 minutes in the m/z range 50-1100 with 1.005 seconds 160 
scan time. In positive mode, the ion spray voltage (IS) was set at 3300 V, and high-purity nitrogen was 161 
used as curtain and nebulizer gas at flow rates about 1.13 L min

-1
 and 1.56 L min

-1
, respectively. The 162 

source temperature was fixed at 60ºC, with a declustering potential (DP) of 60 V and a focusing potential 163 
(FP) of 250 V. For ESI(-) only few parameters were modified respect ESI(+) method, with an ion spray 164 
voltage at -4000 V, a declustering potential (DP) of -100 V and a focusing potential (FP) of -250 V. To 165 
acquire MS/MS spectra, nitrogen was used as collision gas.  166 
 167 

2.3.2. METABOLOMIC ANALYSIS BY FI-APPI-MS 168 
For FI-APPI analysis, serum samples were introduced by flow injection using an Accela LC system 169 
(Thermo Fisher Scientific) equipped with autosampler and quaternary pump. In addition, a model KDS 170 
100 syringe pump from KD scientific (New Hope, PA, USA) was employed to deliver the dopant for 171 
photospray ionization. Methanol was used as flow injection solvent at 50/100 µl min

-1
, in positive and 172 

negative ion mode respectively, while toluene (dopant) was delivered at 20/40 µl min
-1

, in both ionization 173 
modes. Data were obtained both in positive and negative ion modes, injecting 10 µl of sample, and 174 
acquiring full scan spectra in the m/z range 50-1100 with 1.005 seconds of scan time. The ion spray 175 
voltage (IS) was set at 1500 V and -2300 V in positive and negative modes respectively, with declustering 176 
potential (DP) of ±50 V and focusing potential (FP) of ±250 V. The source temperature was maintained at 177 
400ºC, and the gas flows (high-purity nitrogen) were fixed at 1.13 L min

-1
 for curtain gas, 1.50 L min

-1
 178 

for nebulizer gas, 3.0 L min
-1

 for heater gas, and 1 L min
-1

 for lamp gas. To acquire MS/MS spectra, 179 
nitrogen was used as collision gas.  180 
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 181 
2.4. DATA ANALYSIS 182 

Metabolomic data were submitted to peak detection by Markerview™ software (Applied Biosystems) in 183 
order to filter the mass spectrometry results, and to carry out the reduction into a two-dimensional data 184 
matrix of spectral peaks and their intensities. For this, all peaks above the noise level (10 counts, 185 
determined empirically from experimental spectra) were selected and binned in intervals of 0.1Da. 186 
Finally, data were normalized according to the total area sum. Then, data were subjected to multivariate 187 
analysis by partial least squares discriminant analysis (PLS-DA) in order to compare metabolomic 188 
profiles obtained, using the SIMCA-P™ software (version 11.5, UMetrics AB, Umeå, Sweden). Before 189 
performing statistical analysis, data are usually scaled and transformed in order to minimize the technical 190 
variability between individual samples to extract the relevant biological information from these data sets 191 
[23]. For this, data was submitted to Pareto scaling, for reducing the relative importance of larger values, 192 
and logarithmic transformation, in order to approximate a normal distribution. Quality of the models was 193 
assessed by the R

2
 and Q

2
 values, supplied by the software, which provide information about the class 194 

separation and predictive power of the model, respectively. These parameters are ranged between 0 and 1, 195 
and they indicate the variance explained by the model for all the data analyzed (R

2
) and this variance in a 196 

test set by cross-validation (Q
2
). Finally, potential biomarkers were selected according to the Variable 197 

Importance in the Projection (VIP: a weighted sum of squares of the PLS weight, which indicates the 198 
importance of the variable in the model) with confidence intervals derived from jack-knifing. Only 199 
variables with VIP values higher than 1.5 were considered, indicative of significant differences among 200 
groups. These metabolites were validated by t-test with Bonferroni correction for multiple testing (p-201 
values below 0.05), using the STATISTICA 8.0 software (StatSoft, Tulsa, USA). Furthermore, the 202 
potential biomarkers were subjected to receiver operating characteristic (ROC) analysis to assess their 203 
diagnostic ability. The ROC curve analysis was performed using the GraphPad Prism software (version 204 
6.04, Intuitive Software for Science, San Diego, CA), and the area under the curve (AUC) was used as a 205 
metric of sensitivity and specificity of these biomarkers. Thereby, a marker is excellent when AUC ranges 206 
from 0.9 to 1, good if AUC is 0.8 to 0.9, moderate if AUC is 0.8 to 0.7 and poor below 0.7 [24]. 207 
 208 

2.5. METABOLITES IDENTIFICATION  209 
Potential biomarkers were identified matching the experimental accurate mass and tandem mass spectra 210 
(MS/MS) with those shown in metabolomic databases (HMDB, METLIN and LIPIDMAPS), and then 211 
confirmed with commercial standards when available. On the other hand, the identity of individual lipids 212 
was confirmed based on characteristic fragmentation patterns previously described. Phosphatidylcholines 213 
presented characteristic ions in positive ionization mode at m/z 184.073, 104.107 and 86.096, and two 214 
typical fragments due to the loss of trimethylamine (m/z 59) and phosphocholine (m/z 183, 205 or 221, if 215 
the counterion is proton, sodium or potassium). In contrast, a distinctive signal was found at 168.041 in 216 
negative mode [25]. Furthermore, the fragmentation in the glycerol backbone and release of the fatty acyl 217 
substituents enabled the identification of individual species of phospholipids, as previously described 218 
[26]. Fragmentation of glycerolipids (di- and tri-acylglycerols) occurs through the release of fatty acids 219 
generating different types of ions (named A, B, C and D), which show characteristic m/z values according 220 
to the fatty acid attached to the glycerol backbone [27]. On the other hand, cholesteryl esters can be easily 221 
identified by means of an abundant fragment ion at m/z 369.351 produced upon collision induced 222 
dissociation [28]. Finally, acylcarnitines [29] and eicosanoids [30] were also confirmed with 223 
characteristic fragments described in the literature 224 
 225 

3. RESULTS AND DISCUSSION 226 
3.1. COMPARISON OF METABOLOMIC FINGERPRINTS 227 

A high-throughput metabolomic approach based on the combination of a two-steps extraction procedure 228 
with complementary analysis by DI-ESI-MS and FI-APPI-MS was used in this work to perform a rapid 229 
screening of serum metabolites in the APP/PS1 transgenic model. In a previous study we reported that 230 
protein precipitation with organic solvents allows the extraction of hydrophilic metabolites from serum 231 
samples, but fails to extract the lipophilic components that may remain adsorbed to protein precipitate, so 232 
that a second extraction step is necessary to recover lipid compounds [18]. Furthermore, it was 233 
demonstrated that direct analysis of these extracts by ESI/APPI-MS provides a comprehensive snapshot 234 
of serum metabolites with high sensitivity and reproducibility, and without significant matrix-based ion 235 
suppression effects [18,20]. In the present study, this procedure was applied to serum samples from 236 
transgenic APP/PS1 and wild-type mice, and metabolomic fingerprints obtained were subsequently 237 
subjected to multivariate statistics in order to evaluate the classification power of the approach. As a first 238 
exploratory step, principal component analysis (PCA) was applied for a preliminary evaluation of data 239 
quality. A good clustering of quality control samples was observed in the scores plot (Fig 1a-b, for ESI 240 
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and APPI data, respectively), indicative of stability during the analyses, without significant outliers 241 
according to the Hotelling T

2
-range plot (not shown). Then, partial least squares discriminant analysis 242 

(PLS-DA) demonstrated a clear classification of APP/PS1 and control mice along the first latent variable 243 
(Fig 1c-d, for ESI and APPI data, respectively), which yielded satisfactory values for the quality 244 
parameters R

2
 and Q

2
, with regards to both DI-ESI-MS (R

2
 = 0.991, Q

2
 = 0.761) and FI-APPI-MS data 245 

(R
2
 = 0.997, Q

2
 = 0.834). In addition, QC samples were correctly predicted in the center of the scores 246 

plots for PLS-DA models, demonstrating the robustness of the analytical procedure [22]. 247 
 248 

3.2. IDENTIFICATION OF POTENIAL BIOMARKERS 249 
Metabolites responsible for discrimination between APP/PS1 and control animals in PLS-DA models 250 
were identified by inspecting the corresponding loadings plots, and then were validated by t-test (p value 251 
below 0.05). These potential biomarkers are listed in Table 1 along with the experimental mass, the 252 
ionization mode used for detection (ESI or APPI, in positive or negative modes), the extract where they 253 
were found (aqueous or organic extract), the fold change (FC, calculated by dividing the mean area for 254 
peaks in the APP/PS1 group by the mean area in the control group), p-value, the area under the curve 255 
(AUC) determined by ROC analysis, and the coefficient of signal variation (CV) observed in quality 256 
control samples. From these findings it is noteworthy the utility of using complementary ionization 257 
techniques to obtain a more comprehensive characterization of serum metabolome, because while ESI-258 
MS showed the implication of numerous polar metabolites in pathology of the APP/PS1 mice, APPI-MS 259 
mainly focuses in less polar compounds. The most notable perturbation was the increase of different 260 
eicosanoids in serum from the APP/PS1 mice, including leukotriene B4 (LTB4), hydroxy-261 
eicosapentaenoic acid (HEPE) and prostaglandins (PG), with fold changes in the range 1.6-3.8. Other 262 
lipid compounds significantly altered were increased diacylglycerols (FC ≈ 1.4) and triacylglycerols (FC 263 
= 1.3-1.6), decreased levels of free fatty acids (FC = 0.6-0.7), lysophosphocholines (FC = 0.5-0.7) and 264 
cholesteryl esters (FC ≈ 0.8), and abnormal distribution of phosphocholines depending on the fatty acid 265 
linked to the molecular moiety. Furthermore, numerous low molecular weight metabolites were also 266 
altered in serum samples from the APP/PS1 mice, such as amino acids, catabolites of phospholipids or 267 
energy-related metabolites, among others. Then, these metabolites were subjected to receiver operating 268 
characteristic analysis in order to evaluate their potential as biomarkers for diagnosis. Most of lipids 269 
identified showed only a modest diagnostic power, with AUC values in the range 0.7-0.8, including fatty 270 
acids, di- and tri-acylglycerols, phosphocholines and cholesteryl esters. However, other metabolites stand 271 
out as strong biomarkers for AD-type disorders in the APP/PS1 model, such as lysophosphocholines, 272 
eicosanoids, urea, serine, phosphoethanolamine or tyrosine, with AUC>0.9. Finally, it is also remarkable 273 
the excellent analytical reproducibility measured in QC samples, with coefficients of variation below 10% 274 
for all metabolites identified. Therefore, it could be concluded that the metabolomic platform presented in 275 
this study shows a high potential for the comprehensive assessment of metabolic alterations in serum 276 
samples from APP/PS1 mice, which is of great utility for the search of new biomarkers and the study of 277 
pathological mechanisms underlying to these metabolic disorders, as described in the next section.   278 
 279 

3.3. BIOLOGICAL HYPOTHESIS 280 
Metabolic alterations detected in this study (Table 1) offer the opportunity to elucidate possible 281 
biochemical pathways affected in the APP/PS1 mice, thus allowing a better understanding about disease 282 
pathology. Furthermore, these findings demonstrate the potential of using peripheral samples such as 283 
blood serum in order to characterize AD-mechanisms, providing complementary results to those observed 284 
in brain tissue, the matrix commonly employed in previous metabolomics investigations with AD models 285 
[4-9]. It is noteworthy that serum from APP/PS1 mice showed reduced levels of different amino acids 286 
(serine, valine, threonine, pyroglutamate, histidine, tyrosine, tryptophan), which may suggest that 287 
perturbations of amino acid metabolism play a critical role in the pathogenesis of AD in this mouse 288 
model. Metabolisms of serine, valine and threonine are interrelated through the amino acid threonine, an 289 
indirect precursor of valine that connects the glycine, serine and threonine metabolism pathway to 290 
biosynthesis of branched-chain amino acids. Interestingly, Hu et al. found that levels of these three amino 291 
acids are increased in the brain of TASTPM mice [11], in agreement with other metabolomic studies 292 
performed in AD brains [4,7,9], so the reduction observed in serum samples (Table 1) could indicate an 293 
important deregulation of their transport across the blood brain barrier. In this sense we also observed a 294 
significant decrease of pyroglutamic acid levels, an essential compound for the regulation of the entry of 295 
amino acids into the brain via the γ-glutamyl cycle, whose dyshomeostasis is indicative of aberrant 296 
functioning of this metabolic process. Thereby, previous studies already reported lower levels of 297 
pyroglutamate in brain [7], CSF [31] and blood [32,33]

 
from AD patients, corroborating results presented 298 

here. On the other hand, reduced serum histidine could point to impaired synthesis of carnosine and/or 299 
histamine, important biomolecules associated with oxidative stress [34] and failures in neurotransmission 300 



6 
 

[35] respectively, whose reduction has been previously related to AD pathogenesis [18,19,33,36]. 301 
Moreover the reduction of tryptophan and tyrosine levels, precursors of serotonin and catecholamines 302 
respectively, might denote a severe disturbance in monoaminergic neurotransmission systems, which 303 
confirm previous studies in AD subjects [37-38]. Decreased urea content (Table 1) supports a disturbed 304 
homeostasis of ammonia via the urea cycle, which may elicit deleterious effects on the central nervous 305 
system and has been closely related to AD pathology [39]. Thereby, an abnormal content of urea and 306 
related amino acids has been previously found in serum [19-20,33] and brain [8-9] of AD, accompanied 307 
by altered levels of expression in different enzymes and the corresponding genes [40]. Other studies 308 
reported an increased concentration of inosine in response to an accelerated degradation of nucleotides in 309 
brain from human patients [41] and APP/PS1 mice [9], which is finally reflected in peripheral blood as 310 
revealed our metabolomic fingerprinting platform. However, Jiang et al. surprisingly described the lack of 311 
inosine in serum from the SAMP8 mice [12], demonstrating the disparity between different existing 312 
models of AD and the need to select the correct one to mimic metabolic features detected in human AD. 313 
Finally, we also observed a significant decrease of three energy-related metabolites in serum from the 314 
APP/PS1 mice: glucose, creatine and carnitine. Lower blood levels of glucose have been reported in 315 
different transgenic models of Alzheimer’s disease [10-12], denoting a profound disturbance in 316 
carbohydrate and energy metabolism. On the other hand, reduced levels of creatine could be behind 317 
impaired phosphocreatine system due to mitochondrial dysfunction, as González-Domínguez et al. 318 
described in serum from human AD patients [18,20,36].

 
Furthermore, the decrease of free carnitine could 319 

have important consequences in the transport of fatty acids into mitochondria for -oxidation, which is in 320 
accordance with previous studies in brain [42], CSF [43] and serum [18,36] from AD patients. 321 
 322 
Numerous lipid compounds were also significantly perturbed in serum from APP/PS1 mice, as can be 323 
observed in Table 1. The most notable finding was an abnormal metabolism of phospholipids, regarding 324 
altered levels of phosphocholines and lysophosphocholines, as well as other related compounds such as 325 
eicosanoids, diacylglycerols and other catabolites. Enhanced degradation of phospholipids from neural 326 
membranes has been described as a key pathological hallmark in Alzheimer’s disease, whose origin 327 
seems to take place in the over-activation of phospholipases, principally phospholipase A2 [44]. However, 328 
recent studies performed in serum samples from human AD patients also point to the implication of an 329 
altered fatty acid composition of phospholipids in this membrane destabilization process, decreasing 330 
phospholipids containing polyunsaturated fatty acids (PUFA) and increasing saturated species [18,45]. In 331 
this sense we detected a substantial decrease of different phosphocholines (PC) in serum of the APP/PS1 332 
model, in accordance with previous studies in brain from transgenic mice of AD [46-48], demonstrating 333 
the potential of serum to reflect metabolic changes occurring in brain. Nevertheless, some individual 334 
phosphocholine-species containing stearic acid (PC-18:0/18:2 and PC-18:0/22:6) were surprisingly over-335 
expressed in these serum samples, which has been previously described only once in brain tissue from 336 
this APP/PS1 mouse model and might suggest a profound membrane remodeling [9]. Furthermore, this 337 
abnormal serum composition of phosphocholines was accompanied by an overall decrease of 338 
lysophosphocholine (LPC) levels, which could be attributed to anabolic stimulation of lysophospholipids 339 
metabolism, in agreement with previous studies in human AD [45,49]. The production of 340 
lysophospholipids by the action of phospholipase A2 over membrane phospholipids also leads to the 341 
liberation of free fatty acids, principally arachidonic acid, which may be easily oxidized producing 342 
eicosanoids. Thereby, the accumulation of these lipid oxidation compounds (Table 1) can be considered 343 
as a suitable marker of oxidative stress and membrane breakdown. Alternatively, there is also evidence 344 
for a role of phospholipases C and D in processes associated with degradation of phospholipids in AD, 345 
although they have been much less studied [50-51]. These enzymes hydrolyze phosphodiester bonds in 346 
the hydrophilic group of phospholipids, thus releasing diacylglycerols as final products. In this context, 347 
González-Domínguez et al. recently described the elevation of total levels of diacylglycerols in serum 348 
from AD patients as potential marker of over-activated phospholipase C/D [19-20], but this is the first 349 
time that is observed in serum from transgenic mice. To conclude, this altered metabolism of 350 
phospholipids in the APP/PS1 mice was also supported by other metabolomic changes in several low 351 
molecular weight metabolites. Choline and glycerophosphoethanolamine, catabolites resulting from 352 
degradation of phospholipids, were elevated in serum samples in accordance with numerous previous 353 
studies [18,52,53]. By contrast, phosphoethanolamine levels were decreased, as previously observed in 354 
postmortem AD brains [54], corroborating the evidence for a membrane defect in Alzheimer disease.  355 
 356 
Besides the abovementioned changes, abnormalities in lipid metabolism were also reflected in other 357 
compounds not directly related to membrane destabilization processes, including free fatty acids, 358 
cholesteryl esters and triacylglycerols. Lower levels of myristic and palmitoleic acid were found in serum 359 
from the APP/PS1 mice, in agreement with previous investigations in blood from AD patients [32,55]. 360 
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However, although it is well known that polyunsaturated fatty acids are closely involved in pathogenesis 361 
of AD since they are highly concentrated in neural membranes, the role of fatty acids detected in the 362 
present work has not been elucidated. On the other hand, decreased serum content of cholesteryl esters 363 
could denote impaired cholesterol metabolism, corroborating findings described by Fabelo et al. in cortex 364 
from APP/PS1 mice [56]. Finally, the accumulation of triacylglycerols suggests a severe hyperlipidemia, 365 
one of the most important vascular risk factors that have been associated with the development of AD. 366 
Thus, several studies have reported relationships between Alzheimer’s disease and high levels of lipids, 367 
principally triglycerides, in both human [18]

 
and mice blood [57]. 368 

 369 
4. CONCLUSIONS 370 

This work describes for the first time the application of a metabolomic multi-platform based on direct 371 
mass spectrometry analysis with the aim to investigate metabolic alterations in serum from the APP/PS1 372 
transgenic mice of Alzheimer’s disease. The combination of DI-ESI-MS and FI-APPI-MS provided a 373 
comprehensive characterization of serum metabolome, thus allowing a better understanding about AD-374 
related mechanisms in this transgenic model. Multivariate statistics revealed disturbances in numerous 375 
metabolites, which could be associated with perturbed amino acids metabolism, energy-related failures, 376 
abnormal homeostasis of membrane phospholipids leading to membrane breakdown, hyperammonemia 377 
and hyperlipidemia, or abnormal metabolism of cholesterol, among others. The most notable finding is 378 
that many of these alterations have been previously described only in brain tissue, thus demonstrating the 379 
potential of peripheral blood serum for the investigation of disease pathology in a non-invasive manner 380 
and, subsequently, the discovery of reliable biomarkers. Finally, it is also noteworthy that perturbations 381 
detected in this work showed close similarities with previous metabolomic studies in AD patients, as 382 
described in the Discussion section, reinforcing the role of APP/PS1 mice in AD research. 383 
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Figure captions 548 
Fig 1 Scores plots of statistical models for metabolomic data from serum samples; a: PCA for DI-ESI-MS 549 

data, b: PCA for FI-APPI-MS data, c: PLS-DA for DI-ESI-MS data, d: PLS-DA for FI-APPI-MS data. 550 
APP/PS1 mice: red dots, wild-type mice: blue diamonds, quality control samples: black squares 551 

 552 
Table 1. Discriminant metabolites identified in serum from APP/PS1 mice 553 

compound mass ionization 

mode 

extract fold 

change 

p value AUC CV % 

Low molecular weight metabolites 

urea 60.033 ESI+ A 0.34 1.0·10
-6

 0.96 7.9 

choline 103.097 ESI+ A/O 1.34 1.5·10
-3

 0.74 5.9 

serine 105.046 APPI+ A 0.43 1.8·10
-5

 0.92 7.5 

valine 117.081 APPI- A 0.81 2.8·10
-3

 0.72 7.8 

threonine 119.062 ESI+/ESI-

/APPI- 

A 0.66 3.5·10
-5

 0.86 8.0 

pyroglutamate 129.045 APPI+ O 0.74 3.0·10
-5

 0.82 7.9 

creatine 131.071 APPI+ O 0.60 3.5·10
-2

 0.67 9.2 

PE 141.022 ESI+ A/O 0.58 1.8·10
-5

 0.93 8.2 

histidine 155.073 APPI+ O 0.69 1.2·10
-2

 0.76 7.0 

carnitine 161.105 ESI+ O 0.77 2.5·10
-3

 0.72 5.2 

glucose 180.067 ESI-/APPI+ A/O 0.64 5.3·10
-5

 0.83 5.7 

tyrosine 181.076 ESI+/ESI- A 0.56 1.4·10
-5

 0.90 6.8 

tryptophan 204.087 ESI+ O 0.80 8.3·10
-4

 0.75 5.1 

GPE 215.059 ESI+ A 1.79 1.0·10
-6

 0.85 6.7 

inosine 268.085 ESI- A/O 1.91 1.7·10
-3

 0.71 6.2 

Free fatty acids 

myristic acid 228.214 APPI- O 0.73 3.7·10
-3

 0.72 7.9 

palmitoleic acid 254.230 ESI-/APPI- O 0.61 2.1·10
-3

 0.74 8.4 

Eicosanoids 

HEPE 318.222 ESI- A/O 1.64 1.0·10
-6

 0.99 8.1 

PG (series 2) 334.210 ESI- A/O 2.54 1.0·10
-6

 0.95 9.5 

LTB4 336.235 ESI- A/O 3.44 1.0·10
-6

 0.99 7.9 

PG (series 3) 350.211 ESI- A/O 3.79 2.0·10
-5

 0.92 8.9 

Lysophosphocholines 

LPC(16:1) 493.319 ESI+ A/O 0.73 1.0·10
-6

 0.85 12.1 

LPC(16:0) 495.343 ESI+ A/O 0.55 1.0·10
-6

 0.91 5.1 

LPC(18:2) 519.330 ESI+ A 0.73 1.0·10
-6

 0.95 5.0 

LPC(18:1) 521.358 ESI+ A 0.56 1.0·10
-6

 0.90 9.3 

LPC(20:4) 543.345 ESI+ A 0.61 1.0·10
-6

 0.92 4.9 

LPC(22:6) 567.341 ESI+ A 0.59 1.0·10
-6

 0.91 5.4 

Phosphocholines 

PC(16:0/16:0) 733.571 ESI+ O 0.76 4.7·10
-4

 0.79 3.6 

PC(16:0/18:1) 759.585 ESI+/ESI- A/O 0.71 3.2·10
-4

 0.81 3.7 

PC(16:0/18:0) 761.598 ESI+/ESI- A/O 0.75 3.0·10
-4

 0.78 8.4 

PC(16:0/20:4) 781.562 ESI+/ESI- A/O 0.76 7.9·10
-4

 0.74 6.7 

PC(18:2/18:0) 785.599 ESI+ A 1.59 2.0·10
-6

 0.85 5.4 

PC(18:1/20:4) 807.579 ESI+/ESI- A/O 0.75 2.2·10
-4

 0.77 6.5 

PC(18:0/22:6) 833.606 ESI+ A 1.78 1.0·10
-6

 0.85 7.4 
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Diacylglycerols 

DAG(18:3/18:2) 614.481 APPI+ O 1.41 1.4·10
-2

 0.68 8.1 

DAG(18:3/18:1) 616.516 APPI+ O 1.44 6.0·10
-3

 0.71 5.6 

Cholesteryl esters  

CE(16:1) 622.581 ESI+ O 0.77 1.2·10
-3

 0.76 4.7 

CE(16:0) 624.595 ESI+ O 0.85 1.6·10
-3

 0.75 4.4 

Triacylglycerols 

TAG(16:1/16:0/20:4) 852.742 ESI+/APPI+ O 1.29 3.8·10
-2

 0.68 5.5 

TAG(16:0/16:0/20:4) 854.747 ESI+/APPI+ O 1.36 1.5·10
-2

 0.69 6.1 

TAG(16:1/16:1/22:6) 874.712 APPI+ O 1.27 4.2·10
-2

 0.67 3.3 

TAG(16:1/16:0/22:6) 876.739 ESI+/APPI+ O 1.44 3.3·10
-3

 0.70 3.8 

TAG(16:0/16:0/22:6) 878.754 ESI+ O 1.64 2.3·10
-4

 0.77 4.3 

TAG(16:0/16:0/22:5) 880.768 ESI+ O 1.40 2.3·10
-4

 0.78 5.4 

TAG(16:1/18:2/22:6) 900.709 APPI+ O 1.58 2.1·10
-3

 0.71 3.8 

TAG(16:0/18:2/22:6) 902.720 APPI+ O 1.43 2.1·10
-3

 0.72 5.7 

TAG(18:1/22:6/22:6) 976.773 APPI+ O 1.39 2.9·10
-3

 0.71 4.2 

Abbreviations: PE, phosphoethanolamine; GPE, glycerophosphoethanolamine; HEPE, hydroxy-554 
eicosapentaenoic acid; PG, prostaglandin; LTB4, leukotriene B4; LPC, lyso-phosphocholine; PC, 555 
phosphocholine; DAG, diacylglycerol; CE, cholesteryl ester; TAG, triacylglycerol; A, aqueous extract; 556 
O, organic extract. 557 
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