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Cover Letter

Dear Editor,

Please find enclosed the manuscript “METABOLOMIC SCREENING OF REGIONAL
BRAIN ALTERATIONS IN THE APP/PS1 TRANSGENIC MOUSE MODEL OF
ALZHEIMER’S DISEASE BY DIRECT INFUSION MASS SPECTROMETRY" by R.
Gonzélez-Dominguez, T. Garcia-Barrera, J. Vitorica and J.L. GOmez-Ariza, to be
published in Journal of Proteomics.

This work considers the application for the first time of direct infusion electrospray
mass spectrometry for the study of metabolic abnormalities in different brain regions of
the APP/PSL1 transgenic mice, including cortex, hippocampus, cerebellum and olfactory
bulbs. Multivariate statistics demonstrated the potential of high-throughput
fingerprinting for the discrimination between transgenic animals and wild-type controls,
and indicated that pathological processes are widespread and not only affect to
hippocampus and cortex, primary targets in Alzheimer’s disease. Furthermore,
numerous metabolites were identified as potential markers of AD-type disorders in
these mice, which may contribute to deepen into underlying pathological mechanisms
related to neurodegenerative processes.

Therefore, these results highlight the importance of transgenic models for the study of
underlying pathological mechanisms in AD brain, a sample not readily accessible in
human investigations.

Sincerely yours,

José Luis Gomez Ariza



Response to Reviewers

Combined Reviewers' comments:

Compound ldentification:

1. Direct infusion mass spectrometry lacks of the information provided by retention time and the
resolution of different signals for different compounds. In this scenario the authors say: (line 138)
""For this, the peak search was done with a mass tolerance of 0.1Da, and a minimum response of 10
counts was considered for filtering™.

The above error in mass means working with nominal mass more than exact mass and the level of
signal means accepting even noise as a signal. Any information obtained under those conditions is
doubtful. It is true that they can confirm some lipids through positive and negative ionization
modes and with the fragments, but any other compound is in my opinion just an educated guess.

The “mass tolerance of 0.1Da” mentioned in line 138 refers to the m/z width used for data filtering (not
mass accuracy). Data filtering in metabolomics based on direct infusion with TOF-MS is usually
performed following the procedure employed in our manuscript.

Hansen et al. described that the optimal m/z width for data binning during this filtering step must be
“determined by the mass resolution in such a way that two close, but separate mass peaks will not be
mixed together”, by applying a weighted polynomial filtering method (Metabolomics 2007 3:41). If this
m/z value is increased “the smoothing will fit to the underlying spectrum resulting in over-fitting”, while
decreasing this width the “smaller peaks are gradually removed”. Thereby, mass spectra from DIMS are
usually binned in intervals of 0.01-0.5 Da (see Analyst 2010 135:2970; Int J Mass Spectrometry 2012
309:200; Metabolomics 2010 6:156; Int J Genomics 2014 894296). For this reason, we selected m/z
width = 0.1 Da.

Furthermore, peak selection must be accompanied by a “noise elimination” step. In this work the noise
level was set to 10 counts because several compounds presented very small signal intensities (principally
at low m/z values, determined empirically from experimental spectra), although the use of this non-
restrictive cutoff obviously leads to the inclusion of numerous spurious signals in the final data matrix.
However, given that spurious signals are randomly distributed across all the samples, these peaks do not
influence significantly subsequent statistical analyses.

Taking all this into account, the abovementioned sentence (line 138) has been re-written to clarify the
data filtering step.

Latter on the authors use all types of mass errors:

2. Line 156: "Potential biomarkers were identified matching the experimental accurate mass".
Which experimental accurate mass with 0.1 Da error?

And then: Line 160 ..."characteristic ions in positive ionization mode at m/z 184.07, 104.10 and
86.09, and two typical fragments..."; they used two decimal figures, while in Tables they used
three.

As stated in the response to the first question, 0.1Da is the m/z width employed for data binning (not mass
error). All m/z values from the entire manuscript have been revised to display three decimals.

Chemometric models:

3. Line 147: Quality of the models was assessed by the R2 and Q2 values, supplied by the software,
which provided information about the class separation and predictive power of the model,
respectively. Looking at the poor clustering of groups in PCA and being an animal model, the
separation of groups was very weak, which means that PLS-DA could be overfitted; the
chemometric model should be validated in any of the different ways: permutation test, leaving 1/3
out, validating OPLS-DA....

Previous metabolomic works in different transgenic models of AD also reported that PCA is not able to
separate study groups, being necessary the application of supervised methods such as PLS-DA (J Clin
Biochem Nutr 2013 52:133, J Proteome Res 2008 7:3678). Anyway, PLS-DA models were validated
using permutation tests. Permuted models showed lower R2 and Q2 values than original models,
indicating that models are not overfitted. This has been mentioned in the revised manuscript

Statistics:
4. Line 151: potential biomarkers were selected according to the Variable Importance in the
Projection, or VIP (a weighted sum of squares of the PLS weight, which indicates the importance of



the variable in the model), considering only variables with VIP values higher than 1.5, indicative of
significant differences among groups.

VIP values should be given in the Tables, in addition Jack Knife intervals should be calculated to
prove the statistical significance of variables.

Have the authors calculated p values?

Potential biomarkers were selected according to the VIP-plots with confidence intervals derived from
jack-knifing, and then were statistically validated using t-test (this has been corrected in the manuscript).
VIP and p-values have been appended to tables 2-4.

Other comments
5. Are there differences between male and female according to the disease?

When p-values of potential markers listed in Tables 2-4 are compared with p-values according to gender
for these metabolites, we can observe that the effect of gender is much less important that the disease state
(see attached figure, for data from hippocampus).

‘gt & " gay e ' g =8
N g [ |
L L O g ingl®™ %
1 h = g H Ny = |
u | B, n
m m

2 u |
= ]
—
2
F
= -
=
D'-S

_6 A — 4 A A

-7

metabolites

M gender

Only a few metabolites presented a statistically different trend between male and female mice (e.g.
inosine, valine), in line with findings reported by van Duijn et al. (J Alzheimers Dis 2013 34:1051).
However, the evaluation of gender-specific metabolic changes in the APP/PS1 model was out of the
scope of this manuscript.

6. Considering that this is an analytical journal the tables should include the ions (adducts...) that
lead to the identification.

lons detected in MS/MS experiments have been appended to Tables 2-4.

Some minor mistakes in the language
7. Line 298: "transgenic mice exhibitS altered..."

It was corrected.
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METABOLOMIC SCREENING OF REGIONAL BRAIN ALTERATIONS IN THE APP/PS1
TRANSGENIC MODEL OF ALZHEIMER’S DISEASE BY DIRECT INFUSION MASS
SPECTROMETRY

Raul Gonzalez-Dominguez, Tamara Garcia-Barrera, Javier Vitorica, José Luis Gdmez-Ariza

Direct infusion mass spectrometry allows a comprehensive brain metabolomic analysis
The APP/PS1 mice exhibited an abnormal neurochemical profile compared to controls
These failures affected hippocampus, cortex, cerebellum and olfactory bulbs

Pathway analysis revealed multiple significant impairments in brain metabolism
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ABSTRACT

The identification of pathological mechanisms underlying to Alzheimer’s disease is of great importance
for the discovery of potential markers for diagnosis and disease monitoring. In this study, we investigated
regional metabolic alterations in brain from the APP/PS1 mice, a transgenic model that reproduces well
some of the neuropathological and cognitive deficits observed in human Alzheimer’s disease. For this
purpose, hippocampus, cortex, cerebellum and olfactory bulbs were analyzed using a high-throughput

metabolomic approach based on direct infusion mass spectrometry. Metabolic fingerprints showed
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significant differences between transgenic and wild-type mice in all brain tissues, being hippocampus and
cortex the most affected regions. Alterations in numerous metabolites were detected including
phospholipids, fatty acids, purine and pyrimidine metabolites, acylcarnitines, sterols and amino acids,
among others. Furthermore, metabolic pathway analysis revealed important alterations in homeostasis of
lipids, energy management, and metabolism of amino acids and nucleotides. Therefore, these findings
demonstrate the potential of metabolomic screening and the use of transgenic models for understanding

pathogenesis of Alzheimer’s disease.
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1. INTRODUCTION
Numerous transgenic mouse models of Alzheimer’s disease (AD) have been developed for understanding
disease pathology and testing potential therapies. The ideal model should show the full range of clinical
and pathological features associated with AD, including cognitive and behavioral deficits, amyloid
plaques, neurofibrillary tangles and neurodegeneration [1]. However, no existing model exhibits all these
features, but each one has unique pathologies that provide insights into disease mechanisms. One of the
models most extensively used is the double transgenic line APP/PS1, expressing the Swedish mutation of
B-amyloid precursor protein together with deleted presenilin 1 in exon 9, which reproduces well some of
the neuropathological and cognitive deficits observed in AD, with a phenotype characterized by early
amyloid deposits and behavioral impairment [2]. Behavioral assessments have been traditionally used to
confirm cognitive deficits in these transgenic animals [3], but they are tedious and may suffer from high
individual variability. Thus, the pathophysiological status of these models is better evaluated by analysis
of brain tissue samples to detect possible biomarkers. In this context, metabolomics may present a high
potential for identifying neurochemical changes involved in pathological mechanisms occurring in AD,
since provides a comprehensive overview of the status of organism reflecting the interactions between
genes, proteins and the environment [4]. Non-invasive metabolic profiling by means of in vivo magnetic
resonance spectroscopy (MRS) has been widely applied to AD studies in different transgenic models [5-
7]. The most consistent findings observed using this approach are the decrease of N-acetyl aspartate
(NAA) levels, a biomarker for neuronal integrity, and the increase of myo-inositol (mins), which is
thought to be a marker for osmotic stress or astrogliosis. Additionally, changes in other metabolites such
as glutamate, creatine and choline-containing compounds were also found. On the other hand, in vitro
nuclear magnetic resonance (NMR)-based metabolomic investigations of postmortem brain have been
also proposed, providing a wider range of measurable metabolites compared to in vivo MRS [8-10].
However, the characterization of regional metabolomic perturbations instead of overall brain changes
may be of greater interest in order to investigate the impact of disease on different brain regions and
determine the most affected ones in AD-mice. In this sense, only a few authors have previously
performed a comparative metabolomic study in different brain regions using NMR, demonstrating that

the hippocampus and temporal cortex are the most sensitive regions to disease, but other tissues are also



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

affected such as cerebellum and midbrain [11-13]. Nevertheless, only medium to high abundance
metabolites are detected with this approach and the identification of individual metabolites is challenging
in complex mixtures, so very limited metabolic information can be obtained [14]. By contrast, mass
spectrometry offers higher sensitivity and selectivity, and the potential to identify and quantify
compounds. The combination of mass spectrometry with separation techniques is frequently reported in
order to obtain simpler spectra and facilitate the interpretation of metabolic fingerprints. In this sense,
different approaches based on liquid or gas chromatography coupled to mass spectrometry have been
previously described for the characterization of metabolomic signatures associated with AD in brain from
transgenic mice [15-18]. Alternatively, metabolomics based on direct infusion mass spectrometry (DIMS)
has proved to be a useful screening tool due to its wide metabolome coverage and fast analysis, despite
having several drawbacks such as the lack of resolution for isobars differentiation and difficulty of
quantification without stable-isotope internal standards [19]. However, this high-throughput approach is
not as widespread as hyphenated techniques in routine metabolomic studies, and it was only previously
applied twice to address metabolic changes in hippocampus [20] and cerebellum [21] of the CRND8

transgenic mice.

This work considers the application for the first time of direct infusion electrospray mass spectrometry for
the study of metabolic abnormalities in different brain regions of the APP/PSL1 transgenic mice, including
cortex, hippocampus, cerebellum and olfactory bulbs. Multivariate statistics demonstrated the potential of
this high-throughput fingerprinting tool for the discrimination between transgenic animals and wild-type
controls, and indicated that pathological processes are widespread and not only affect to hippocampus and
cortex, primary targets in Alzheimer’s disease. Numerous metabolites were identified as potential
markers of AD-type disorders in these mice, which may contribute to deepen into underlying pathological

mechanisms related to neurodegenerative processes.

2. MATERIAL AND METHODS

2.1. ANIMAL HANDLING
Transgenic APP/PS1 mice (C57BL/6 background) were generated as previously described by Jankowsky
et al., expressing the Swedish mutation of APP together with PS1 deleted in exon 9 [22]. On the other

hand, age-matched wild-type mice of the same genetic background (C57BL/6) were purchased from
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Charles River Laboratory for their use as controls. In this study, male and female animals at 6 months of
age were used for experiments (TG: N=30, male/female 13/17; WT: N=30, male/female 15/15). Animals
were acclimated for 3 days after reception in rooms with a 12-h light/dark cycle at 20-25 °C, with water
and food available ad libitum. Then, mice were anesthetized by isoflurane inhalation and sacrificed by
exsanguination via cardiac puncture. Brains were rapidly removed, rinsed with saline solution (0.9%
NaCl w/v) and dissected into hippocampus, cortex, cerebellum and olfactory bulbs. Finally, tissues were
transferred to individual Eppendorf tubes, snap-frozen in liquid nitrogen and stored at —80 °C until
analysis. Animals were handled according to the directive 2010/63/EU stipulated by the European

Community, and the study was approved by the Ethical Committee of University of Huelva.

2.2. TISSUE EXTRACTION
Large brain regions (cortex and cerebellum) were cryo-homogenized using a cryogenic homogenizer
SPEX SamplePrep (Freezer/Mills 6770), during 30 seconds at rate of 10 strokes per second. Then, tissues
were extracted with pre-cooled 0.1% formic acid in methanol (-20°C) using a pellet mixer for cell
disruption (VWR International, UK). For this, tissue samples were exactly weighed in Eppendorf tubes
(30 mg for homogenized tissues, and the entire organ for hippocampus and olfactory bulbs) and mixed
with the extraction solvent (10 ul/mg). The mixture was homogenized during 2 min in an ice bath, and
then centrifuged at 10000 rpm for 10 min at 4°C. Finally, supernatant was taken for direct analysis.
Furthermore, quality control (QC) samples were prepared by pooling equal volumes of each sample,

which allows monitoring the stability and performance of the system along the analysis period [23].

2.3. METABOLOMIC ANALYSIS
Mass spectrometry experiments were performed in a quadrupole-time-of-flight mass spectrometry system
(QTOF-MS), model QSTAR XL Hybrid system (Applied Biosystems, Foster City, CA, USA), using the
electrospray (ESI) source. Samples were directly introduced into the mass spectrometer using an
integrated apparatus pump and a 1000uL volume Hamilton syringe at 5 uL min™ flow rate. Data were
obtained in both positive and negative ionization modes, acquiring full scan spectra for 0.2 minutes in the
m/z range 50-1100 with 1.005 seconds scan time. In positive mode, the ion spray voltage (1S) was set at
3300V, and high-purity nitrogen was used as curtain and nebulizer gas at flow rates about 1.13 L min™

and 1.56 L min™, respectively. The source temperature was fixed at 60°C, with a declustering potential
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(DP) of 60V and a focusing potential (FP) of 250V. For ESI(-) only few parameters were modified
respect ESI(+) method, with an ion spray voltage at -4000V, a declustering potential (DP) of -100V and a

focusing potential (FP) of -250V. To acquire MS/MS spectra, nitrogen was used as collision gas.

2.4. DATA ANALYSIS
Metabolomic data were submitted to peak detection by Markerview™ software (Applied Biosystems) in
order to filter the mass spectrometry results, and to carry out the reduction into a two-dimensional data
matrix of spectral peaks and their intensities. For this, all peaks above the noise level (10 counts,
determined empirically from experimental spectra) were selected and binned in intervals of 0.1Da.
Finally, data were normalized according to the total area sum. Then, data were subjected to multivariate
analysis by principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA)
in order to compare metabolomic profiles obtained, using the SIMCA-P™ goftware (version 11.5,
UMetrics AB, Umed, Sweden). Before performing statistical analysis, data are usually scaled and
transformed in order to minimize the technical variability between individual samples to extract the
relevant biological information from these data sets [24]. For this, data was submitted to Pareto scaling,
for reducing the relative importance of larger values, and logarithmic transformation, in order to
approximate a normal distribution. Quality of the models was assessed by the R? and Q? values, supplied
by the software, which provide information about the class separation and predictive power of the model,
respectively. These parameters are ranged between 0 and 1, and they indicate the variance explained by
the model for all the data analyzed (R?) and this variance in a test set by cross-validation (Q?). In addition,
these models were validated using permutation tests (Y-scrambling) of the Y-predicted values. In Y-
scrambling, class labels are randomly permuted for refitting a new model with the same number of
components as the original one, and then these new models are compared with the original models to test
the possibility that the original model arose by chance. Thus, an overfitted model will have similar R? and
Q?to that of the randomly permuted data, while well fitted and meaningful models will have R? and Q?
values higher than that of the permuted data. Finally, potential biomarkers were selected according to the
Variable Importance in the Projection (VIP: a weighted sum of squares of the PLS weight, which
indicates the importance of the variable in the model) with confidence intervals derived from jack-

knifing. Only variables with VIP values higher than 1.5 were considered, indicative of significant
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differences among groups. These metabolites were validated by t-test with Bonferroni correction for

multiple testing (p-values below 0.05), using the STATISTICA 8.0 software (StatSoft, Tulsa, USA).

2.5. METABOLITES IDENTIFICATION
Potential biomarkers were identified matching the experimental accurate mass and tandem mass spectra
(MS/MS) with those available in metabolomic databases (HMDB, METLIN and LIPIDMAPS).
Furthermore, different classes of lipids were confirmed based on characteristic fragmentation patterns
previously described. Phosphatidylcholines (PCs) and lysophosphatidylcholines (LPCs) presented
characteristic ions in positive ionization mode at m/z 184.073, 104.107 and 86.096, and two typical
fragments due to the loss of trimethylamine (m/z 59) and phosphocholine (m/z 183, 205 or 221, if the
counterion is proton, sodium or potassium). In contrast, the product-ion spectra of ethanolamines and
serines were dominated by [M+H-141]" (or [M+Na-163]" if the counterion is sodium) and [M+H-185]"
respectively, arising from the elimination of the phosphoethanolamine or phosphoserine moiety. Finally,
in negative mode these distinctive signals were found at 168.041, 196.038, 241.021 and [M-H-877’, for
choline, ethanolamine, inositol and serine derived lipids, respectively [25]. Furthermore, the
fragmentation in the glycerol backbone and release of the fatty acyl substituents enabled the identification
of individual species of phospholipids, as previously described [26]. Moreover, acylcarnitines were
confirmed based on characteristic fragments of 60.082 m/z identified as [CsHyN+H]" and 85.031 m/z

identified as [C,Hs0,]" [27].

2.6. METABOLIC PATHWAY ANALYSIS
Metabolic pathway analysis was performed to identify and visualize the affected pathways in the
APP/PS1 mice on the basis of potential biomarkers detected. For this purpose, the MetPA web tool was
employed (http://metpa.metabolomics.ca), which conducts pathway analysis through pathway enrichment
analysis and pathway topological analysis [28]. In this work, we select the Mus musculus library and use
the default ‘Hypergeometric Test’ and ‘Relative-Betweenness Centrality” algorithms for pathway
enrichment analysis and pathway topological analysis, respectively. In order to identify the most relevant

pathways, the impact-value threshold calculated from pathway topology analysis was set to 0.1.

3. RESULTS
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Metabolomic fingerprints obtained by direct infusion mass spectrometry analysis of the different brain
regions from APP/PS1 and control mice were submitted to multivariate data analysis for samples
classification. As a first exploratory step, principal component analysis (PCA) was applied for a
preliminary evaluation of data quality. A good clustering of quality control samples was observed in the
scores plot (Fig 1A, for cortex), indicative of stability during the analyses, without significant outliers
according to the Hotelling T*-range plot. Then, partial least squares discriminant analysis (PLS-DA) was
used in the same data set to sharpen the separation between groups. Scores plot displayed a clear
separation between samples of transgenic (TG) and control (WT) mice, as shown in Fig 1B (for cortex).
In addition, QC samples were predicted in the model and appeared clustered in the center of the scores
plot, as expected since they were prepared by pooling equal volumes of individual samples. Moreover,
statistical parameters confirmed the quality of these models in terms of class separation and predictive
power, considering all brain regions analyzed (Table 1). In addition, the validation plots from the
permutation tests (not shown) demonstrated the validity of this discrimination given that Q? regression
showed a negative intercept and R? values of permuted models were lower than the R? value of the

original one, indicating that the models were not overfitted.

Metabolites that contributed significantly to the separation of groups (VIP values higher than 1.5) were
identified by MS/MS experiments. In Tables 2-4 are listed these potential markers arranged in different
biochemical categories, with the ions detected in MS/MS experiments, the fold change (TG/WT ratio), p-
value and VIP for each brain region. As can be observed, major changes were found in different classes
of lipids including phospholipids and lysophospholipids (Table 2), acylcarnitines (Table 3), fatty acids
and sterols (Table 4), but other low molecular weight metabolites were also perturbed (Table 4). Most of
these metabolomic alterations were observed in hippocampus and cortex, indicating that these are the
most affected brain regions in APP/PS1 mice, but several impairments were also present in cerebellum
and olfactory bulbs. Moreover, pathway analysis allowed the identification of altered biochemical
pathways associated with these metabolic abnormalities, revealing important impairments in metabolism

of lipids, amino acids and nucleotides (Fig. 2).

4. DISCUSSION
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The potential of direct infusion mass spectrometry (DIMS) for metabolomic screening has been recently
demonstrated in several studies using serum and plasma samples [29-34], due to its wide metabolome
coverage and fast analysis. In the present work, this approach was employed for the characterization of
regional metabolic abnormalities in brain of the APP/PS1 mice, a transgenic model of Alzheimer’s
disease. Major differences were observed in cortex and hippocampus, but these impairments also affected
other regions such as cerebellum and olfactory bulbs. Furthermore, it is also noteworthy the great number
of discriminant metabolites detected with this high-throughput tool compared with previous studies based

on NMR [11-13], facilitating the elucidation of potential mechanisms underlying to pathology.

The most important findings could be related to an abnormal metabolism of fatty acids, leading to the
accumulation of free species principally in hippocampus and cortex (Table 4). This increase might be
associated with an accelerated degradation of neural membrane lipids as well as impaired utilization of
free fatty acids by B-oxidation, as revealed alterations observed in different classes of phospholipids,
acylcarnitines and related compounds (Tables 2-4). Abnormal metabolism of membrane phospholipids
caused by over-activated phospholipases activity, principally phospholipase A, (PLA,), has been
traditionally described as a key hallmark in the development of Alzheimer’s disease [35]. Hydrolysis of
the ester bonds from phospholipids by the action of PLA, produces the liberation of free fatty acids and
lysophospholipids that may ultimately accumulate in brain, in agreement with results presented in Tables
2 and 4. Furthermore, different byproducts resulting from degradation of phospholipids were also
elevated, including glycerophosphocholine, phosphocholine, choline, as well as the final product of this
degradation process, glycerol-3-phosphate, indicating an enhanced hydrolysis of brain
phosphatidylcholines in accordance with previous studies [36]. The same trend was observed for
glycerophosphoinositol, which denotes that catabolic stimulation of phospholipids metabolism is not only
produced in choline-containing compounds, but also occurs in other families of compounds such as
phosphatidylinositols. Moreover, the release of polyunsaturated fatty acids (PUFA) from the hydrolysis of
these phospholipids by PLA, and subsequent oxidation can explain the elevation of different eicosanoids
in brain samples, such as hydroxy-eicosapentaenoic (HEPE) and hydroxy-eicosatetraenoic (HETE) acids
(Table 4), which are important lipid mediators closely associated with neuronal pathways involved in AD
neurobiology [37]. On the other hand, more confusing results were observed when specific changes in

individual phospholipids are considered (Table 2). Alterations in phospholipids levels depended on the
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type of fatty acid linked to the molecular moiety, as recently described for human AD where membrane
destabilization processes were associated with imbalances in the levels of saturated/unsaturated fatty
acids contained in the structure of phospholipids [33]. Thereby, major changes observed in this study
corresponded to reduced levels of PUFA-containing phospholipids, principally phospatidylcholines (PC)
and inositols (PI) containing docosahexaenoic acid (DHA), and most phosphatidylethanolamines (PE)
and plasmenylethanolamines (PPE), which is in accordance with previous studies in brain from transgenic
mice of AD [38-40]. However, a parallel accumulation of specific compounds was also observed in
phospholipids derived from docosapentaenoic and docosatetraenoic acids, as well as different stearoyl-
arachidonoyl-phospholipids, not previously described to our knowledge. In first place, elevated content of
docosapentaenoic and docosatetraenoic acids in the brain phospholipid pool may be correlated to
peroxisomal dysfunction, given that they are intermediates for the biosynthesis of long chain
polyunsaturated fatty acids such as DHA in peroxisomes. In this sense, substantial peroxisome-related
alterations have been previously described in AD brains, inducing the accumulation of very long chain
fatty acids and deficits of plasmalogens and DHA [41]. Moreover, the increase of stearoyl-arachidonoyl-
phospholipids (PC, PE, PI) denotes a profound membrane remodeling in the APP/PS1 mice as it is one of
the most abundant species on the brain [42], being cortex the most affected region. Therefore, alterations
in phospholipids metabolism appears to have a multifactorial origin involving over-activation of

phospholipases, peroxisomal dysfunction and abnormal fatty acid composition of phospholipids.

Alternatively, deficits for most acylcarnitines in brain of the APP/PS1 mice (Table 3) might indicate a
perturbed lipid metabolism, also contributing to the accumulation of free fatty acids. Lower levels of L-
carnitine in brain (Table 3) have been previously reported in AD patients [43], together with altered
expression of several related enzymes such as decreased carnitine acetyltransferase activity [44], or over-
expressed hydroxyacyl-coenzyme A dehydrogenase (HADHA) [45] and short chain 3-hydroxyacyl-CoA
dehydrogenase (SCHAD) [46]. These results suggest a perturbed transport of fatty acids into the
mitochondria for $-oxidation, which together with the increased rate of phospholipids degradation finally
induces the accumulation of free fatty acids. Conversely, levels of propionyl-carnitine and propionic acid
were increased in brain samples, indicating a specific disturbance in propionate metabolism. In this sense,
Cuadrado-Tejedor et al. recently found a differential expression of propionyl-CoA carboxylase in

hippocampus of the Tg2576 mouse [47], which could cause the propionic acidemia observed in this
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study. This abnormal catabolism of lipids was accompanied by other impairments in energy metabolism,
regarding increased brain levels of pyruvate and alanine (Table 4). Elevation of pyruvate level in AD
brain has been previously associated with a decreased rate of carbohydrate utilization by the neuron in
response to drastic reductions in the activities of enzymes involved in pyruvate oxidation [48]. In the
same way, increased concentration of alanine, produced in the body from the conversion of pyruvate, may
also indicate a change in the carbohydrate metabolism of the brain [10-11,17]. Taking all this into
account, we can conclude that several cellular impairments occur in brain of the APP/PS1 mice in direct
relation to the accumulation of free fatty acids, involving multiple alterations in phospholipids

metabolism and different energetic pathways, as schematized in Fig. 3A.

There is also growing evidence for the involvement of nucleotide metabolism in different
neurodegenerative mechanisms in Alzheimer’s disease, in accordance with alterations found for
numerous purine and pyrimidine metabolites in all brain regions of the APP/PS1 mice (Table 4). Elevated
adenosine monophosphate deaminase activity has been identified in AD brains, provoking accelerated
degradation of AMP and over-production of ammonia leading to hyperammonemia [49]. In addition, the
decrease of AMP levels may have important consequences in cellular energy homeostasis, given that it
plays a central role in glucose and lipid metabolism through the AMP-activated protein kinase (AMPK),
which is known to be decreased in AD brain [50]. Moreover, purinergic signaling also appears to play a
role in the development of AD, with an up-regulation of adenosine receptors in the frontal cortex of
affected brains [51], as well as a redistribution of these receptors, with a higher activity in neurons
affected by p amyloid deposition or hyperphosphorilation of t protein [52]. Dysregulation of pyrimidine
metabolism, with decreased uridine monophosphate and increased uracil (Table 4), could reflect reduced
synaptic plasticity and neuronal deficits due to decreased synthesis of phosphatidylcholines via the
Kennedy cycle [53]. Finally, several studies have also implicated oxidative stress in abnormal metabolism
of purines and pyrimidines in AD, demonstrating an increase of oxidized DNA bases in brain [54-55],
such as 8-hydroxyadenine, 8-hydroxyguanine or FAPy-adenine, as in our metabolomic screening test.
Therefore, metabolism of purines and pyrimidines highlights as a candidate pathway for the search of

potential markers of pathological processes occurring in the APP/PS1 transgenic mice (Fig. 3B).
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Decreased levels of cholesterol, cholesterol sulfate, deoxycholic (DCA) and taurodeoxycholic (TCA)
acids were also found in hippocampus and cortex (Table 4). It has been previously demonstrated that the
APP/PS1 transgenic mice exhibit altered cholesterol metabolism, resulting in reduced content of
cholesterol in brain [38,56] and generating serious alterations of the physicochemical structure of lipid
rafts. The same trend was observed for cholesterol sulfate, a component of cell membranes where it plays
a stabilizing role [57], not previously described to our knowledge in AD research. Finally, reductions of
brain deoxycholic and taurocholic acids (or isomers) could be behind different neuropathological
conditions, given that ursodeoxycholic acid (UDCA) and tauroursodeoxycholic acid (TUDCA) have been
demonstrated to be potent inhibitors of apoptosis [58], and they present neuroprotective action against

amyloid deposition [59].

Other potential markers found by metabolomic fingerprinting of brain tissues could be related to failures
in neurotransmitter systems, including deficits in tyrosine, dopamine and aspartate, as well as increased
N1-acetylspermidine (Table 4). Dopamine is a neurotransmitter derived from the amino acid tyrosine,
commonly linked to Parkinson’s disease. However, disturbances in the biosynthesis of monoaminergic
neurotransmitters and their precursors have been also reported in AD subjects [60-61]. On the other hand,
aspartate is an excitatory neurotransmitter that, similarly to glutamate, usually presents lower
concentrations in AD brain [18] and cerebrospinal fluid [62]. Finally, amyloid beta deposition is known to
up-regulate polyamine metabolism in Alzheimer’s disease by increasing ornithine decarboxylase activity
and polyamine uptake [63], leading to altered levels of polyamines in brain. In this context, Inoue et al.
found an abnormal increase of N1-acetylspermidine and other polyamines in AD brains, which was
associated with N-methyl-D-aspartate (NMDA) receptor excitotoxicity [64], confirming our metabolomic
findings. The significant reduction in urea levels (Table 4) pointed to a perturbation of the urea cycle,
responsible for controlling ammonia concentrations in the organism. In Alzheimer’s disease, the
alteration of this pathway has been previously demonstrated on the basis of altered levels of expression in
different enzymes and the corresponding genes [65]. To conclude changes observed in homocarnosine
and glutathione, important antioxidants involved in the defense of the central nervous system, could be
related to oxidative damage in brain. Reduced levels of homocarnosine (Table 4) have been previously
described in brains of patients with Alzheimer's disease [66], as well as other related dipeptides such as

carnosine [61]. On the other hand, levels of glutathione were surprisingly increased in different brain
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regions of the APP/PS1 mice (Table 4), although most previous studies reported reduced content of this
antioxidant during AD development in both humans and transgenic models [8,67]. However, Adams et al.
also described an analogous increase in AD brain, proposing that a compensatory elevation of glutathione

must occur against cellular damage produced by oxidative stress [68].

5. CONCLUSIONS
The potential of direct infusion mass spectrometry for metabolomic analysis of brain samples has been
demonstrated in this study, in terms of non-targeted metabolite coverage, rapidity of analysis and,
consequently, high-throughput screening capability. This approach was employed for the investigation of
regional metabolic abnormalities in brain of transgenic APP/PS1 mice of Alzheimer’s disease compared
with wild-type control mice. Major differences were observed in hippocampus and cortex, primary brain
targets in Alzheimer’s disease, but cerebellum and olfactory bulbs were also affected to a lesser extent.
Furthermore, these metabolic alterations could be linked to different pathways associated with
pathological mechanisms occurring in the APP/PS1 mice, such as impaired metabolism of fatty acids and
phospholipids, bioenergetic failures, altered metabolism of purines and pyrimidines, changes in
neurotransmission or oxidative stress. Therefore, these results highlight the importance of transgenic
models for the study of underlying pathological mechanisms in AD brain, a sample not readily accessible

in human investigations.
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Figure captions

Fig. 1. Scores plots of PCA (A) and PLS-DA (B) models for cortex.

Fig 2. Pathway analysis overview, where each node represents an altered metabolic pathway in brain
from APP/PS1 mice and its size indicates the impact of this pathway. (a) linoleic acid metabolism; (b)
glycerophospholipid metabolism; (c) phenylalanine, tyrosine and tryptophan metabolism; (d) glutathione
metabolism; (e) valine, leucine and isoleucine biosynthesis; (f) tyrosine metabolism; (g) pyruvate
metabolism; (h) pyrimidine metabolism; (i) glycolysis or gluconeogenesis; (j) ether lipid metabolism; (k)
purine metabolism.

Fig. 3. Overview of the most important metabolomic changes observed in brain from APP/PS1 mice. (A)

Metabolism of phospholipids and fatty acids. (B) Metabolism of purines and pyrimidines. Abbreviations:
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580

581
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PL, phospholipid; PC, phosphatidylcholine; P, phosphatidylethanolamine; PPE, plasmenylethanolamine;

LPL, lysophospholipid; GPC, glycerophosphocholine; GPI, glycerophosphoinositol; PC, phosphocholine;

G3P. glycerol-3-phosphate; FFA, free fatty acid; acyl-Car, acylcarnitine; Ala, alanine; AMP, adenosine

monophosphate; UMP, uridine monophosphate.

Table 1. Statistical parameters of PLS-DA models for hippocampus (HIP), cortex (CTX), cerebellum

(CB), and olfactory bulbs (OB). A: number of latent components; R? variance explained; Q% variance

predicted.
HIP |[CTX [CB | OB
A |3 2 2 3
ESI(+)/MS | R? | 0.999 | 0.998 | 0.984 | 0.997
210.544 | 0571 | 0.835 | 0.723
A |3 2 2 3
ESI(-)/MS | R? | 0.998 | 0.988 | 0.992 | 0.999
Q° | 0.777 | 0.345 | 0.451 | 0.684
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585

586
587
588
589
590  Table 2. Lysophospholipids and phospholipids identified as potential markers for discrimination between
591  APP/PS1 and control mice. HIP, hippocampus; CTX, cortex; CB, cerebellum; OB, olfactory bulbs. FC:
592 fold change; NS: non significant change.
HIP CTX CB OB
Metabolite diagnostic ions FC FC FC FC
VIP VIP VIP VIP
(p-value) (p-value) (p-value) (p-value)
lysophospholipids
N: 478.300 [M-H]’, 281.251, 1.28 1.20
LPE(18:1) 2.58 NS 1.94 NS
196.038 (1.010) (9.410%)
N: 480.315 [M-H]’, 283.268, 1.29 1.42
LPE(18:0) 1.73 2.48 NS NS
196.038 (4.1:10% (4.7:10%)
P: 496.332 [M+H]", 313.271, 1.19 1.22
LPC(16:0) 1.58 1.83 NS NS
184.073, 104.107, 86.096 (2.7:10%) (6.0-10)
N: 500.287 [M-H]’, 303.230, 1.50 1.55
LPE(20:4) 3.45 3.89 NS NS
196.038 (1.0-10) (1.0-10)
P: 558.309 [M+K]", 337.271, 1.22
LPC(18:2) 1.60 NS NS NS
184.073, 104.107, 86.096 (4.0-10'3)
P: 560.304 [M+K]", 544.330
1.19 1.20 1.24
LPC(18:1) [M+Na]*, 522.364 [M+H]", 1.89 1.75 NS 2.03
(9.6:107%) (2.1-10%) (1.6:103)
339.286, 184.073, 104.107, 86.096
P: 562.318 [M+K]", 546.343
1.15 1.24
LPC(18:0) [M+Na]’, 341.312, 184.073, 1.51 2.06 NS NS
(1.6-10°®%) (1.0-10°%)
104.107, 86.096
N: 524.288 [M-H]’, 327.241, 1.46 1.40 1.64
LPE(22:6) 3.29 3.32 4.41 NS
196.038 (1.0-10) (3.010) (1.0-10)

21




N: 526.294 [M-H]", 329.252, 1.29 1.37 1.39
LPE(22:5) 1.98 2.15 2.37 NS
196.038 (8.9-10°) (6.7-10) (4.7-10)
N: 528.312 [M-HJ, 331.276, 1.23
LPE(22:4) 1.83 NS NS NS
196.038 (1.6-10°%)
P: 564.315 [M+Na]", 359.263, 1.41 1.46 1.51 1.34
LPC(20:5) 2.99 2.89 2.98 2.65
184.073, 104.107, 86.096 (1.0-10) (1.0-10) (1.2:10%) (2.4-10%
P: 582.305 [M+K]", 566.326
1.26 1.39 1.29
LPC(20:4) [M+Na]*, 361.273, 184.073, 2.35 2.42 NS 1.72
(5.0-10°°) (1.0-10®) (7.6:107)
104.107, 86.096
P: 606.308 [M+K]", 590.327
1.33 1.36 1.33 1.22
LPC(22:6) [M+Na]*, 568.348 [M+H]", 2.23 2.04 2.34 1.91
(2.710°) (2.0-10°) (1510 (6.6:107)
385.278, 184.073, 104.107, 86.096
N: 619.299 [M-H]", 303.230, 1.29 1.39
LP1(20:4) 2.60 3.28 NS NS
241.021 (1.0-10) (1.0-10)
phospholipids
P: 740.499 [M+Na]", 577.501,
339.286, 313.271 0.89 0.89 0.85
PE(16:0/18:1) 1.58 2.52 2.09 NS
N: 716.532 [M-H], 281.251, (2.1-10) (8.7:10) (1.2:10)
255.237, 196.038
P: 728.549 [M+H]", 587.516,
339.286 0.83 0.78 0.85
PPE(18:1/18:1) 2.00 2.77 NS 1.79
N: 726.554 [M-H]’, 281.251, (1.6:10 (4.010°) (4.1:10%)
196.038
P: 766.511 [M+Na]", 603.532,
339.286 0.81 0.82 0.84
PE(18:1/18:1) 1.82 2.23 2.21 NS
N: 742.548 [M-H], 281.251, (3.410°) (2.2:10°) (2.1-10°)
196.038
P: 750.529 [M+H]", 609.518,
0.81 0.84 0.89 0.87
PPE(18:1/20:4) 361.273 2.11 1.68 1.53 1.52
(2.7:10%) (2.410% (3.3:1073) (2.8:1073)

N: 748.536 [M-H]’, 303.230,
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196.038

N: 766.549 [M-H]’, 303.230, 1.14
PE(18:0/20:4) NS 1.79 NS NS
283.269, 196.038 (6.6:10
P: 828.569 [M+Na]", 623.497,
385.278, 313.271, 184.073,
0.91 0.86 0.89
PC(16:0/22:6) 104.107, 86.096 NS 1.75 2.07 1.66
(6.0-10) (9.0-10%) (9.0-10)
N: 840.539 [M+CI]", 790.521,
327.241, 255.237, 168.041
P: 848.542 [M+K]*, 627.511,
1.13
PC(18:0/20:4) 361.273, 341.312, 184.073, NS 1.58 NS NS
(7.0-10°)
104.107, 86.096
P: 854.589 [M+Na]", 649.492,
0.88 0.86
PC(18:1/22:6) 385.278, 339.286, 184.073, NS 1.62 NS 1.95
(3.8:103) (5.0-10%)
104.107, 86.096
P: 856.597 [M+Na]*, 651.530,
385.278, 341.312, 184.073,
0.86 0.88 0.83
PC(18:0/22:6) 104.107, 86.096 NS 1.82 1.77 2.03
(2.0103) (2.8:107%) (1.1-10%
N: 868.565 [M+CI]", 818.591,
327.241, 283.269, 168.041
P: 876.561 [M+K]", 655.538,
1.12 1.14
PC(18:0/22:4) 389.312, 341.312, 184.073, 1.64 1.61 NS NS
(1.6:10%) (2.0-10)
104.107, 86.096
N: 836.544 [M-H], 749.472, 1.15 1.18
PS(18:0/22:5) NS 1.68 NS 1.64
329.248, 283.269 (6.7:107%) (3.9-1073)
N: 838.556 [M-H], 751.503, 1.16
PS(18:0/22:4) 1.86 NS NS NS
331.261, 283.269 (4.1-10°)
N: 883.574 [M-H]’, 303.230, 0.89 0.87
P1(18:1/20:4) NS 1.92 1.82 NS
281.251, 241.021 (2.710) (5.1-10)
N: 885.563 [M-H]", 303.230, 1.14 1.22 1.26
P1(18:0/20:4) 1.52 2.03 NS 2.27
283.269, 241.021 (8.2:10%) (2.6:10%) (1.2:10%
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Abbreviations: LPE: lysophosphoethanolamine; LPC: lysophosphocholine; LPI: lysophosphoinositol;

PE: phosphoethanolamine; PPE: plasmenylethanolamine; PC: phosphocholine; PS: phosphoserine; PI:

phosphoinositol, P: positive mode; N: negative mode.
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622 Table 3. Acylcarnitines identified as potential markers for discrimination between APP/PS1 and control

623 mice. HIP, hippocampus; CTX, cortex; CB, cerebellum; OB, olfactory bulbs. FC: fold change; NS: non

624  significant change.

HIP CTX CB OB
metabolite diagnostic ions FC FC FC FC
VIP VIP VIP VIP
(p-value) (p-value) (p-value) (p-value)
P: 162.117 [M+H]", 103.042, 0.89
carnitine 1.52 NS NS NS
85.031, 60.082, 43.019 (3.910%
P: 204.124 [M+H]", 145.051, 0.84 0.86
acetyl-carnitine 2.19 1.58 NS NS
85.031, 60.082, 43.019 (1.0-10®) (1.2:10°)
P: 218.135 [M+H]", 85.031, 1.19 1.16 1.34
propionyl-carnitine 1.62 1.85 2.43 NS
60.082 (1.6:10%) (7.410%) (4.2:10%
P: 232.153 [M+H]", 173.083, 0.79 0.80 0.78
butyryl-carnitine 2.01 1.72 1.80 NS
85.031, 60.082 (2.910%) (1.1.10%) (1.1.10%)
hydroxybutyryl- P: 248.145 [M+H]", 85.031, 0.76 0.81 0.71
2.60 1.79 2.43 NS
carnitine 60.082 (9.0-10°®) (3.7:10%) (1.1-10°)
P: 316.248 [M+H]", 85.031, 0.88 0.78
decanoyl-carnitine 1.53 2.42 NS NS
60.082 (3.0-10) (3.0-10)
P: 372.313 [M+H]", 313.237, 0.88 0.83
myristoyl-carnitine 1.52 1.82 NS NS
85.031, 60.082 (2.2:10) (7.6:10°)
P: 398.322 [M+H]", 85.031, 0.73 0.69 0.78
palmitoleyl-carnitine 3.03 3.13 NS 243
60.082 (1.0-10°) (1.0-10°) (1.6:10°)
P: 400.344 [M+H]", 85.031, 0.71 0.67 0.77 0.86
palmitoyl-carnitine 3.31 3.43 2.07 1.71
60.082 (1.0-10) (1.0-10) (2.7:10% (4.2:103)
P: 426.354 [M+H]", 85.031, 0.74 0.77
oleyl-carnitine 2.80 244 NS NS
60.082 (1.0-10) (1.0-10)
P: 428.367 [M+H]", 85.031, 0.78 0.74 0.68
stearoyl-carnitine 1.65 2.45 1.87 NS
60.082 (3.1:10) (1.1-10) (4.9-10%)
P: 456.399 [M+H]", 85.031, 0.53 0.39 0.49 0.69
arachidyl-carnitine 4.53 4.23 3.38 1.67
60.082 (1.0-10°®) (2.3-10) (2.810°%) (2.410%)
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653 Table 4. Other potential markers for discrimination between APP/PS1 and control mice. HIP,

654 hippocampus; CTX, cortex; CB, cerebellum; OB, olfactory bulbs. FC: fold change; NS: non significant

655 change.
HIP CTX CB OB
Metabolite diagnostic ions FC FC FC FC
VIP VIP VIP VIP
(p-value) (p-value) (p-value) (p-value)
fatty acids and related compounds
1.21
palmitoleic acid N: 253.215 [M-H] NS 1.77 NS NS
(2.4-10)
1.18 1.17
palmitic acid N: 255.238 [M-H] 1.89 1.85 NS NS
(2.1-10) (6.8:10°%)
1.25 1.22
linoleic acid N: 279.237 [M-H] NS 2.56 NS 1.65
(5.8-10%) (2.3.10%)
1.18 1.22
oleic acid N: 281.255 [M-H] 1.82 2.31 NS NS
(6.910%) (1.410%
1.20 1.17 1.16
stearic acid N: 283.268 [M-H] 1.96 1.94 NS 1.70
(4.0-10) (2.6:10%) (8.2:10)
docosahexaenoic 1.22 1.18 1.26
N: 327.240 [M-H] 2.08 1.78 2.32 NS
acid (1.4-10) (2.1-10%) (1.6:10%)
docosapentaenoic 1.23 1.21
N: 329.256 [M-H] 2.25 2.19 NS NS
acid (6.0-10) (3.8:10
docosatetraenoic 1.41 1.37 1.35 1.23
N: 331.271 [M-H] 3.21 3.26 2.85 1.97
acid (1.0-10°) (1.0-10°) (9.410°) (2.8:107%)
N: 317.222 [M-H]’, 299.201, 1.25 141 1.56
HEPE 2.28 3.19 NS 3.60
255.212, 59.014 (9.010% (1.2:10%) (1.0-10)
N: 319.228 [M-H]’, 301.209, 1.30 1.33 1.21
HETE 2.67 2.60 2.18 NS
257.221,59.014 (1.0-10®) (4510 (1.1-10%)
nucleotide metabolism
1.16 1.16
Uracil N: 111.019 [M-H], 42.001 1.68 NS NS 151
(3.4-10) (6.2:10°%)
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P: 136.063 [M+H]", 119.039,
92.028, 65.020 0.93 0.93 0.83 0.87
Adenine 2.45 1.78 2.60 1.60
N: 134.048 [M-H]’, 107.032, (1.2:10) (2.7:10) (1.0-10®%) (1.610%)
92.030
P: 137.045 [M+H]", 119.035,
1.15
hypoxanthine 110.037, 94.041 NS NS 3.74 NS
(1.010%)
N: 135.030 [M-H], 92.030, 65.012
N: 151.023 [M-HJ, 108.020, 1.39 1.41 1.46 1.17
Xanthine 3.26 3.58 3.79 1.61
80.028, 42.001 (1.0-10®) (1.0-10®) (2.5:107%) (1.410)
P: 154.068 [M+H]", 136.061, 1.31 1.29
FAPy-adenine 1.61 1.89 NS NS
126.081, 119.041, 109.051 (1.8:10%) (1.1:10%
N: 266.095 [M-H]", 134.045, 1.18
Adenosine NS NS 3.68 NS
107.041 (1.010)
N: 267.082 [M-H]’, 135.030, 1.51 1.53 1.40
Inosine 3.77 3.80 2.32 NS
108.020 (1.0-10) (1.0-10) (1.0-10)
N: 323.033 [M-HJ, 211.001, 0.78 0.73 0.89
UMP 2.74 2.99 1.81 NS
96.970, 78.958 (1.0-10®) (8.6:10™) (5.0-10%)
N: 346.063 [M-H], 211.010, 0.85 0.84
AMP 1.83 2.27 NS NS
134.045, 96.970, 78.958 (5.810°) (2.010°)
steroids
P: 369.351 [M+H-H,0]", 287.273,
257.231, 189.162, 175.145, 0.82 0.74
Cholesterol 1.72 2.01 NS NS
161.131, 135.118, 95.082, 81.071, | (1.8:103) (1.5:10%)
57.075
0.66 0.66 0.83
deoxycholic acid P: 415.276 [M+Na]", 357.261 2.28 1.69 NS 1.52
(3.1:10%) (1.0-10) (19103
P: 516.312 [M+H]", 498.288, 0.81 0.74
taurocholic acid 2.66 2.02 NS NS
480.281, 462.264, 337.251 (7.4-10) (2.9-10%)
0.74 0.77
cholesterol sulfate N: 465.304 [M-H]’, 96.061 2.80 2.26 NS NS
(1.6:10% (35103
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others

1.19
acetic acid N: 59.014 [M-H]’, 41.012 1.92 NS NS NS
(3.2:10)
0.88 0.69 0.81
Urea P: 61.040 [M+H]", 44.012 1.60 2.35 NS 1.79
(2.8:10) (2.710%) (3.6:10%)
1.23
propionic acid N: 73.026 [M-HT’, 55.017 2.08 NS NS NS
(3.410%)
1.13
pyruvic acid N: 87.011 [M-HT, 43.015 1.70 NS NS NS
(2.2:10)
1.19
Alanine P: 90.055 [M+H]", 44.050 1.91 NS NS NS
(3.7:10)
1.29 1.21 1.44
Choline P: 104.105 [M+H]", 60.082 1.98 2.02 2.76 NS
(1.9-10% (1.010%) (1.1-10%
1.15 1.13 1.18
Valine P: 118.084 [M+H]", 72.082, 55.055 1.66 1.76 NS 1.63
(1.810% (1.1.10%) (4.310%)
N: 132.032 [M-H], 115.001, 0.89 0.87
aspartic acid 1.81 1.91 NS NS
88.041, 71.016 (1.9-10%) (6.0-10°°)
0.92 0.90 0.77 0.84
Dopamine N: 154.072 [M-HJ, 122.037 2.77 2.93 2.03 2.07
(1.8-10%) (1.8:10) (2.9-10%) (5.5:10)
glycerol-3- 1.19 1.15 1.16
N: 171.008 [M-H], 96.970, 78.958 1.56 1.52 1.78 NS
phosphate (4.1.10%) (2.910%) (2.6:10%)
P: 182.085 [M+H]", 165.058, 0.82 0.72 0.74
Tyrosine 1.78 1.57 151 NS
147.046, 136.076, 123.048, 119.052 | (3.4-10?) (2.410°) (7.510®%)
P: 184.073 [M+H]", 104.107, 1.15 1.16 1.15
phosphocholine 1.59 1.78 1.66 NS
86.096 (1.7:10%) (2.5:10%) (6.9-10)
N1- P: 188.176 [M+H]", 171.152, 1.54 1.26
NS 3.07 NS 1.95
acetylspermidine 100.076, 72.081 (1.0-10) (1.9-10%)
P: 241.131 [M+H]", 156.078, 0.87
homocarnosine 1.70 NS NS NS
110.072 (7.2:10°)
GPC P: 280.091 [M+Na]", 104.107, 121 [197] 124 ]189 NS 122 |21
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86.096 (6.2:107) (9.010°) (4.2:10°)
P: 308.086 [M+H]", 233.065, 1.14 1.28 1.24
Glutathione 1.54 2.33 NS 1.94
179.050, 162.025, 76.021 (1.1-10%) (1.0-10®) (2.710%)
1.21 1.21 1.19 1.16
GPI N: 333.061 [M-H], 241.021 2.11 2.00 2.16 1.63
(1.0-10°) (4.8:10) (3.8:10°) (6.2:10°%)

656  Abbreviations: HEPE: hydroxyeicosapentaenoic acid; HETE: hydroxyeicosatetraenoic acid; UMP:

657

658

glycerophosphoinositol; P: positive mode; N: negative mode.

uridine monophosphate; AMP: adenosine monophosphate; GPC: glycerophosphocholine; GPI:
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