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Abstract

Background: Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the
accumulation of amyloid- (AB) peptide in the brain.

Objective: Gain a better insight into alterations in major biochemical pathways underlying AD.

Methods: We compared metabolomic profiles of hippocampal tissue of 20-month-old female
Tg2576 mice expressing the familial AD-associated hAPP695SW transgene with their 20-month-
old wild type female littermates.

Results: The hAPP695SW transgene causes overproduction and accumulation of AB in the
brain. Out of 180 annotated metabolites, 54 metabolites differed (30 higher and 24 lower in
Tg2576 versus wild-type hippocampal tissue) and were linked to the amino acid, nucleic acid,
glycerophospholipid, ceramide, and fatty acid metabolism. Our results point to 1) heightened
metabolic activity as indicated by higher levels of urea, enhanced fatty acid p-oxidation, and
lower fatty acid levels; 2) enhanced redox regulation; and 3) an imbalance of neuro-excitatory and
neuro-inhibitory metabolites in hippocampal tissue of aged hAPP695SW transgenic mice.
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Conclusion: Taken together, our results suggest that dysregulation of multiple metabolic
pathways associated with a concomitant shift to an excitatory-inhibitory imbalance are
contributing mechanisms of AD-related pathology in the Tg2576 mouse.

Keywords

Alzheimer’s disease; excitatory and inhibitory imbalance; fatty acids; hAPP695SW; hippocampus,
metabolomics; Tg2576

INTRODUCTION

Alzheimer’s disease (AD) has become a public health crisis, which will be further
aggravated by the rise in the number of the aging population. It is estimated that

currently, more than 5.5 million Americans, age 65 or older, may have AD and show
dementia symptoms [1]. Rodent models of AD, including the Tg2576 murine model of
amyloid-B (Ap) accumulation, are indispensable for exploring mechanisms of pathology
and progression of AD, as well as serving as pre-clinical models for testing exploratory
treatments and management strategies [2]. The Tg2576 model carries the human 695 splice-
variant of amyloid precursor protein (APP) with the double mutation K670M and N671L
(hAPP6955W) and expresses this transgene under control of the hamster prion protein gene
promoter, which occurs predominantly in neurons [3]. Compared to the endogenous mouse
APP, the brains of Tg2576 mice contain around five times higher levels of transgenic mutant
human APP [4].

The double mutant APP isoform, first discovered in a Swedish family exhibiting early

onset of disease, is frequently referred to as Swedish mutation (APPSW) [5]. The double
mutation is located before the amyloid-p peptide (Ap) region of amyloid-p protein precursor
(APPP), and B-secretase cleavage occurs within the secretory pathway, resulting in increased
production and secretion of neurotoxic AP peptide. The Tg2576 mouse produces a large
amount of AP peptides that aggregate extracellularly, forming AR plaques and A fibrils that
are established in the brain by 11-13 months of age [3]. AP plaques are considered as one of
AD’s hallmarks and have been linked to age-dependent decline in hippocampal learning and
memory. These same impairments are evident in the aged Tg2576 mouse line [6, 7].

The Tg2576 mouse is a well-established and most widely studied preclinical model of AD;
however, our knowledge about how the transgene hAPP695SW and the resulting Ap plaques
in aged mice affect metabolic pathways in the brain is limited to three studies that showed
increased concentrations of glutamate, creatine, and taurine and decreased concentration

of polyunsaturated fatty acid (PUFA)-containing phospholipids and mitochondrial function
with age [8-10].

Oxidative stress (OS) plays a key role in the neurotoxicity of A plaques in AD [11,

12]. We have previously reported increased reactive oxygen species (ROS) production and
mitochondrial dysfunction [13] as well as reduced dendritic complexity in hippocampal
neurons of huAPP695SWE transgene mice compared to wild type (WT) littermates [14].
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The goal of the present study was to examine the impact of the hAPP6955W transgene

on the hippocampal metabolome in female Tg2576 mice approximately 20 months of

age, an age at which cognitive dysfunction can be observed [15]. We hypothesized that

the neuropathology of the hAPP695SW transgene is linked to metabolomic abnormalities

in brain-relevant functional pathways (i.e., redox homeostasis, fatty acid oxidation, and
mitochondrial/peroxisomal function, neurotransmission and signaling, and sphingolipid and
ceramide metabolism) in older, female Tg2576 mice.

We selected hippocampal tissue due to its relevance to learning and memory as well as the
morphological and biochemical changes we had observed in Tg2576 primary hippocampal
neurons described earlier [13, 14]. We focused on female mice because women are affected
disproportionately by AD, having a two times higher risk of developing AD compared to
men [16-18]. The comprehensive nature of the data, encompassing metabolites, lipids,
and various ceramides, the comprehensive analysis of biochemical metabolite classes,
biochemical pathways, and brain-relevant functional pathways, all of which had not been
done previously in metabolomics studies of AD models, allowed for the identification

of biochemical pathways affected by the hAPP695SW transgene. In addition, as a novel
approach, we linked metabolite changes with AB burden and presence of hAPP695SW
transgene to explore how AD related pathology may result in metabolic adaptations in

the hippocampus. The observed metabolic changes suggest heightened levels of excitatory
neurotransmitters and heightened metabolic activity concomitant with decreased levels of
inhibitory neurotransmitters and lowered availability of fatty acids in the female Tg2576
mouse hippocampus.

MATERIALS AND METHODS

Tissue samples

These studies were conducted in accordance with NIH Guidelines for the Care and Use

of Laboratory Animals and approved by the Institutional Animal Care and Use Committee
of the Portland VA Medical Center (IACUC #: 3260-17). Mice used in this study were

on a C57BL/6:SJL background, with alternate breeding to WT SJL or C57BL/6 dams for
each generation. The female Tg2576 and WT littermates used in these studies were the
results of a cross of Tg2576 heterozygous sires with SIL WT dams (Jackson Laboratory,
Bar Harbor, ME). Transgene status was assessed using PCR of transgenic human amyloid-
B (AB) precursor protein (hABPP, possessing the Swedish mutation — KM670/671NL)
from tail sample DNA. Animals were maintained in a climate-controlled environment, on
a 12-h lighting schedule. Right brain hemispheres were fixed in 4% formaldehyde for
immunohistochemical analysis, while the left hippocampi were dissected and snap-frozen
for metabolomic analyses.

Immunohistochemistry (IHC) of Ap plaque burden

At sacrifice, the right brain hemispheres were surgically removed and fixed in

4% formaldehyde/PBS overnight. Samples were then subjected to increasingly more
concentrated solutions of sucrose (0-30%) and stored at —80°C until required. Hemispheres
were coronally sectioned in 20 um thick sections via a cryo-histomat and subsequently
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processed in Netwell inserts in 6-well plates. Sections of similar depths were incubated

in a quenching solution of 30% methanol and 0.3% hydrogen peroxide in 1X TBS to
reduce endogenous catalase activity. Sections were then blocked using 10% horse serum, 2%
BSA, and 0.5% triton in 1X TBS. Sections were stained using a pan-Ap antibody (44-136,
Invitrogen, Carlsbad, CA) at a concentration of 1:1000 overnight at room temperature. A
secondary antibody (anti-rabbit; 1:200; Vector Laboratories, Burlingame, CA) was applied
to visualize staining. A DAB counterstain (Sigma Fast 3, 3 Diaminobenzidine Tablet Set,
D-4418; Sigma-Aldrich Corp, St. Louis, MQO) was applied before sections were mounted on
slides and scanned with PrimeHisto XE (Pacific Image Electronics, Torrance, CA). Images
collected were quantified using F1JI software. Images were grayscale converted and the
threshold was set to zero to remove background staining for WT negative control sections.
These settings were applied consistently throughout each staining group by one technician
blinded to treatment conditions. Staining in the hippocampus of each sample was measured
as the total area stained within the defined region using F1JI software.

Metabolite extraction

Methanol and water (LC-MS-grade) were purchased from EMD Millipore (Burlington,
MA, USA). Formic acid (certified ACS reagent) was from Fisher Chemicals (Suwanee,
GA, USA). L-Methionine-(methyl-d3), was used as an internal standard (Sigma Aldrich;
St. Louis, MO, USA). For metabolomic analysis, hippocampal tissue was analyzed from

9 WT and 12 Tg2576 mice. The extraction protocol was previously reported with some
modifications [19]. Briefly, the samples were homogenized using a Precellys™ 24 bead
ruptor homogenizer (Bertin Technologies, USA). The whole frozen hippocampus was
accurately weighed and placed in a 2 mL homogenization tube prefilled with 1.4 mm
ceramic beads. Methanol: ethanol 50:50 v/v containing 1.0 ug/mL of methionine-(methyl-
d3) as internal standard was added at 4°C (10 pL of solvent/mg of tissue). The spiked
samples were homogenized for 20 s at 5000 rpm three times with 30 s of cool-down in
between. Samples were placed at —20°C for 1 h and spun (15,000 g, 10 min, 4°C) to
collect the supernatant. The resultant supernatant from each sample was transferred to HPLC
vials (Microsolv, Leland, NC, USA) for LC-HRMS/MS analysis. For monitoring platform
performance, 20 pl aliquots of each extract were mixed to generate a quality control (QC)
pooled sample.

LC-HRMS/MS analysis

Untargeted LC-HRMS/MS analysis was carried out using data dependent acquisitions
utilizing an AB SCIEX TripleTOF® 5600 mass spectrometer (AB SCIEX, Concord,
Canada) coupled to Shimadzu Nexera UHPLC system as previously described with some
modifications [19-21]. Chromatographic separation was performed on an Inertsil Phenyl-3
column (4.6 x 150 mm, 100 A, 5 um; GL Sciences, Rolling Hills Estates, CA, USA) held
at 50°C. A gradient with two mobile phases was used: Mobile phase A was water (LC-MS
grade) with 0.1% v/v formic acid and B, methanol (LC-MS grade) with 0.1% v/v formic
acid. After 1 min at 5% B, the linear elution gradient was as follows: 1 min, 5% B; 11

min, 30% B; 20 min, 100% B; 25 min, 100% B; 30 min, 5% B; and 35 min, 5% B. The
injection volume was 5 pL with a flow rate of 0.4 mL/min. Samples were randomized before
injections. A QC sample was analyzed every five LC runs. The lonSpray voltage was set at
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4500 V, and the source temperature was 500°C. Period cycle time was 950 ms; accumulation
time 100 ms; m/z scan range 100-1400; and collision energy 35 V with collision energy
spread of 15 V. Mass calibration of the TOF analyzer was performed automatically after
every fifth LC run.

Metabolomic data processing

LC-HRMS/MS data processing was enabled using Progenesis QI™ software V2.0
(NonLinear Dynamics, UK) and used for peak picking, retention time correction, peak
alignment, and metabolite annotations. The metabolite annotation workflow was similar

as described by us previously [20-22]. Progenesis supports our /n-house IROA library
based on the Metabolite Library of Standards consisting of 650 standards (IROA
Technologies, Bolton, MA, USA) that allowed L1 annotations. Additional metabolite
annotation we received by searching online databases such as METLIN MS/MS library
(plugin VV1.0.6499.51447), HMDB, and LipidBlast and these annotations are referred to as
L2 annotations in Supplementary Tables 1 and 2. Annotation confidence was achieved in
accordance with reporting criteria for chemical analysis suggested by the Metabolomics
Standards Initiative [23]. Tentative annotations were made based on accurate mass (error

< 10 ppm), fragment ion spectral pattern (library score > 50), and isotope pattern (library
score > 50). lons generated from QC samples were retained for annotation and included

in the dataset if the coefficient of variation (CV) of their abundance did not exceed 30%.
Relative quantities of metabolites were determined by calculating their corresponding peak
areas. To account for drift during the metabolomics run, the annotated metabolites were
normalized using the support vector regression (SVR) method which is a hon-parametric
machine learning-based algorithm. SVR was performed using the MetNormalizer package
in R (v1.2.5042) software (© 2009-2020 RStudio, PBC) to correct peak intensities across
the samples. This algorithm divides each peak intensity in the samples to the predictive peak
intensity which was calculated using the SVR model to give normalized abundances of each
metabolite [24].

Statistical analysis

Principle component analysis using MetaboAnalyst (v4.0) [25, 26] was used to evaluate
overall metabolic alterations of Tg2576 compared to WT mice. Mean decrease accuracy
(MDA\) values of the random forest (RF) analysis and variable importance in projection
(VIP) scores based on partial least squares-discriminant (PLS-DA) model were obtained
using the same online platform. To assess individual metabolites changes, fold changes,
p-values using parametric t-test and non-parametric Wilcoxon rank-sum tests were obtained
using R (v1.2.5042) software and MetaboAnalyst (v4.0). Parametric Pearson correlation
coefficients and non-parametric Spearman correlation coefficients were used to correlate
individual metabolites with AB accumulation in Tg25756 mice. All tests were two-sided.
For evaluating the significance of individual metabolites, an FDR-adjusted p < 0.05 was
used. For evaluating the significance of biochemical pathways, we did an enrichment
analysis of metabolites within the pathway; as cut-off, over 50% of metabolites within the
pathway had to differ at p < 0.10. Pathway analysis using MetaboAnalyst (v4.0) was used to
evaluate the impact of metabolites alteration on metabolic pathways. Volcano plot, heatmap,
diverge plot and correlation heatmap were created using R (V1.3.959) software and bar
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plots were created using GraphPad Prism 8.4.2. A correlation network using hierarchical
clustering was generated using Cytoscape version 3.8.2 [27].

Metabolite Identification

Using the metabolomics data generation and processing workflow shown in Supplementary
Figure 1, we annotated 180 metabolites belonging to 23 metabolic classes which

include 6 lipid classes (according to Human Metabolome Database (HMDB) and LIPID
MAPS classification) with high confidence (Level 1 and 2 annotations, according to

the Metabolomics Standards Initiative) (Supplementary Tables 1 and 2) [23, 28, 29].
Metabolites with Level 1 annotations are given in upper case (capitalized) letters. We used
the precursor ion peak areas of the annotated metabolites for semi-quantitative assessments
of metabolites [20, 28, 30]. For exploratory data analysis, principal component analysis
(PCA) was applied to 146 out of the 180 annotated metabolites for which MetaboAnalyst
recognized their HMDB IDs [31-33]. PCA results displayed a clear separation between
Tg2576 and WT hippocampal tissue metabolomes (Fig. 1A). Using Wilcoxon rank-sum
test, 24 (13% at p < 0.01, 13 higher in hAPP695SW hippocampal tissue and 11 lower),

30 (17% at 0.01 < p < 0.05; 17 higher and 13 lower), and 22 (12% at 0.05 < p < 0.10)

out of 180 annotated metabolites differed between genotypes; after FDR-adjustment, 12
metabolites remained significant at FDR p < 0.05 (Supplementary Table 3). Differences

are graphically represented using a volcano plot as a scatter plot that represents log2

fold change and negative log10 p-values (Fig. 1B) [34]. Comparing Tg2576 versus

WT hippocampal tissue, ten metabolites differed at p < 0.05 with a fold change >

1.5. More guanosine monophosphate (GMP), Cer(d18:1/22:1), and cysteineglutathionine
disulfide (CySSG) and less octadecanamide, PC(22:2/20:5), oleamide, oleic acid ethyl ester,
OCTADECYLPHOSPHOCHOLINE (ODPC), ADENINE, and vitamin A had a lower level
in Tg2576 tissue.

A supervised learning algorithm, RF, was applied to rank order metabolites based on MDA
values [35, 36]. The RF consisted of 1000 trees, and the out-of-bag error for classifying
metabolites was 0.00 for Tg2576 hippocampal tissue and 0.22 for WT hippocampal tissue.
The 30 most important metabolites for classification are shown in Fig. 1C. The top five
metabolites based on MDA values and discriminatory power were urea, PC(16:0/20:1),
CYTOSINE, ODPC, and HexCer(d18:1/18:0), all of which differed at p < 0.01 in univariate
analysis, and ODPC also exceeded 1.5-fold change (Supplementary Table 4). VIP scores
based on PLS-DA estimates the importance of each metabolite for discriminating between
genotypes (Supplementary Table 5)[26]. The PLS-DA model, validated by Leave-One-Out
Cross-Validation (LOOCV) procedure, had accuracy = 0.95, R? = 0.84, and Q2 = 0.61.

The 30 most important metabolites based on VIP scores (scores > 1 are considered
important) are shown in Fig. 1D. The five highest VIP-scoring metabolites were GMP, 13-
hydroxyoctadecanoic acid, Cer(d18:1/22:1), octadecanamide, and lysyl-proline and differed
from the five metabolites with the highest MDA values in RF; GMP was the only metabolite
with a > 1.5-fold change, and 13-hydroxyoctadecanoic acid and lysyl-proline did not differ
between genotypes at p < 0.05 in univariate analysis.
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Correlation of immunohistochemistry result with identified metabolites

In the pathological examination of the Tg2576 hippocampal tissue, we analyzed the
presence of AB plaques using IHC. Figure 2A shows pan-Ap IHC analysis of WT and
Tg2576 brain sections. Total plaque area within the Tg2576 hippocampal tissue (HA)

was measured (median: 0.51%; range: 0.21-0.58%). To our knowledge, there has not

been a comprehensive study examining the relation among total plaque area within the
Tg2576 HA and metabolites. Using Spearman’s rank-order correlation test, 13 out of 180
metabolites were correlated at p < 0.05 with HA in Tg2576 hippocampal tissue (Fig.

2B). PIPECOLINIC ACID, uric acid, dUMP, DEOXYCARNITINE, octadecenoylcarnitine,
myristoylcarnitine, acetylcarnitine, PC(18:0/20:4), lysoPE(22:6), lysoPC(14:0), and
HexCer(d18:1/20:0) were positively correlated and 4-AMINOBUTANOIC ACID (GABA)
and lysoPE(20:0) were negatively correlated with HA; however, none of the correlations
were significant at FDR p < 0.05. Metabolic changes in Tg2576 hippocampal tissue suggest
increased fatty acid transport with Ap accumulation in Tg2576 mice (4 of 7 non-acylated
and acylated carnitines increased with HA). Supplementary Table 6 summarizes the results
related to the correlation between metabolites with HA in the hippocampi of Tg2576 mice.
The Pearson correlation coefficients were calculated to investigate the linear relationships
between metabolites and HA in the hippocampi of Tg2576 mice (Supplementary Table

7). A disproportionate higher number of lipids were positively correlated with HA (64%

or 72 of 112 positively correlated; sign test p = 0.003). Figure 3A visualizes a Pearson
correlation network analysis between the 50 most important metabolites selected by RF
and VIP scores with HA in the hippocampi of Tg2576 mice. Figure 3B shows the Pearson
correlation heatmap related to 50 lipids having the same association with HA compared

to association among Tg2576 versus WT mice brain tissue. The network analysis using
hierarchical clustering reveals a grouping of metabolites based on biochemical metabolite
classes and pathways, grouping separately phospholipids, ceramides, fatty acids & modified
fatty acids, amino acids, and nucleic acids. Whereas 7 out of 9 fatty acids showed a negative
association with both HA and presence hAPP695SW transgene, indicating increased fatty
acid oxidation, most phospholipids (21 out of 32) showed a positive association with both
HA and presence of hAPP695SW transgene (Fisher’s exact test p = 0.03), supporting the
importance of membrane lipids for the assembly of AP peptides.

Biochemical pathway analysis

Metabolomic Pathway Analysis (MetPA) was applied to 107 metabolites that had both
HMDB IDs and KEGG IDs (Supplementary Table 8). Genotype differences are graphed
(Fig. 4) by p-values based on quantitative enrichment analysis and impact values based on
pathway topology analysis [36—39]. Sphingolipid metabolism (p = 0.03, impact = 0.82),
arginine biosynthesis (p = 0.02, impact = 0.54), metabolism of ALANINE, aspartate, and
glutamate (p = 0.05, impact = 0.51), glycerophospholipid metabolism (p = 0.05, impact =
0.45), and purine metabolism (p = 0.02, impact = 0.15), differed at p < 0.05 between Tg2576
and WT hippocampal tissue. However, none of these pathways were FDR p < 0.05, and
for none of these pathways the majority of metabolites differed at p < 0.10 in univariate
analysis. In the following sections, we describe the different metabolic pathways impacted
by hAPP6955SW transgene in 20-month-old female mice more comprehensively.
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Amino acid/peptide/amine metabolism

We identified 39 amino acids, peptides, amines, and amino acid metabolites, of which

12 (34%; ten higher and two lower in Tg2576 versus WT hippocampal tissue) differed

at p < 0.05 between genotypes (Supplementary Table 9). Metabolite changes in Tg2576
hippocampal tissue suggest 1) increased deamination as indicated by accumulation of urea
(p = 0.00003) and 2) upregulation of biochemical pathways linked to the metabolism of
acidic (6 of 9 metabolites higher at p < 0.05) and sulfur amino acids (5 of 9 metabolites
higher at p < 0.05).

Nucleic acid metabolism

We identified 24 purines and pyrimidines, as well as their precursors and catabolites,

of which 8 (33%; four higher and four lower) differed at p < 0.05 between genotypes
(Supplementary Table 10). The purine and pyrimidine metabolic pathways as well the
relative abundance among metabolites involved in purine and pyrimidine pathways are
shown in Fig. 5A and 5C. Excluding precursors and catabolites, five of ten purines (50%; 3
higher and 2 lower) and three of seven pyrimidines (43%; one higher and 2 lower) differed
between genotypes at p < 0.10. Metabolite changes in Tg2576 hippocampal tissue suggest
a shift in nucleic acid metabolism toward more guanine-derived purines (all three higher),
methylated or succinylated nucleic acids (all four higher; also CDP-choline (Supplementary
Table 11) was higher), and less other nucleic acids and their catabolites (11 of 12 lower).
For the Tg2576 to WT hippocampi ratio level, stronger ratios were observed for nucleotides
versus nucleoside and even more versus their respective nitrogenous bases (Fig. 5B, D),
indicating lower availability of nucleotide precursors.

Metabolites linked to fatty acid oxidation and mitochondrial/peroxisomal function

We have previously reported mitochondrial dysfunction in hippocampal neurons isolated
from Tg2576 embryos [13]. Here we identified 23 fatty acid (FA) and FA derivatives that
are linked to FA oxidation and mitochondrial/peroxisomal function, of which 7 (30%; 1
higher and 6 lower) differed at p < 0.05 between genotypes (Supplementary Table 12).
Metabolite changes in Tg2576 hippocampal tissue suggest increased FA oxidation and less
FA availability (19 of 23 lower; Supplementary Table 12). This trend was more pronounced
when excluding short- and medium-chain FA (16 of 17 lower), which result from incomplete
B-oxidation. Specifically, C18-containing FA and derivatives were lower (six of eight (75%)
C18-containing FA were lower with p < 0.10). The group of FA derivatives that were most
strongly impacted were FA esters, FA amides, and FA aldehydes, of which five of six (83%)
were lower at p < 0.10. Also, all fatty acyl carnitines linked to FA metabolism were lower in
Tg2576 versus WT hippocampal tissue (Fig. 6A, B); in contrast, propionyl carnitine, which
is linked to amino acid catabolism, was higher.

Metabolites associated with maintaining redox homeostasis

We examined pathways linked to redox homeostasis and identified 26 metabolites, of which
15 (58%; 11 higher and 4 lower) differed at p < 0.05 between genotypes (Supplementary
Table 13). Metabolite changes in Tg2576 hippocampal tissue suggest upregulation of
antioxidant pathways, most likely in response to elevated OS. Specifically, all three
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metabolites associated with the glutathione system and four of five plasmalogens were
higher at p < 0.05.

inked to neurotransmission and signaling

We identified 33 metabolites that are linked to neurosignaling, of which 12 (36%; seven
higher and five lower) differed at p < 0.05 between genotypes (Table 1 and Supplementary
Table 11). Metabolite changes in Tg2576 hippocampal tissue point to increased levels of
neuro-excitatory metabolites (acetylcholine; GLUTAMIC ACID; N-ACETYL-L-ASPARTIC
ACID were higher at p < 0.05; no effect on METHACHOLINE, 5-hydroxy indolic acid,
CYSTEINE) and decreased levels neuro-inhibitory metabolites (ADENOSINE; oleamide;
5-AMINOPENTONOATE were lower at p < 0.05; no effect on guanosine, GABA, and
TAURINE). Both FA amides, oleamide and octadecanamide, were lower in Tg2576
hippocampal tissue (only oleamide at p < 0.05).

Glycerophospholipid (GPL) metabolism

In the present study, we identified 56 metabolites that are linked to glycerophospholipid
(GPL) metabolism, of which 18 (32%; 13 higher and 5 lower) differed at p < 0.05 between
genotypes (Supplementary Table 14). The heatmap and metabolic pathways of GPLs and
diacylglycerols are shown in Fig. 7A and 7B, respectively. Metabolite changes in Tg2576
hippocampal tissue suggest three primary effects (over 50% of metabolites differed) on GPL
metabolism: 1) activated peroxisomal plasmalogen synthesis (4 of 5 plasmalogens higher
including all C16-containing plasmalogens; Fig. 7C-E), 2) activated choline metabolism
(11 of 22 choline-containing metabolites differed at p < 0.05 including 9 higher), and

3) decreased very-long-chain FA availability of Tg2576 versus WT hippocampal tissue
(Supplementary Table 14). All seven (lyso)PL that were lower at p < 0.10 contained C20 or
longer FA, including three of six lysoPL and three of seven PL containing two C20 or longer
FAs. In contrast, six of eight (75%) of C16-containing (lyso)PL were higher at p < 0.10, and
seven of 16 (44%) C18-containing (lyso)PL were higher at p < 0.10.

Ceramide metabolism

Our method allowed us to measure ceramides and their metabolites, but not sphingomyelins.
We identified 25 metabolites that are linked to ceramide metabolism, of which 7 (28%; three
higher and four lower) differed at p < 0.05 between genotypes (Supplementary Table 15).
The metabolic pathway, heatmap of ceramides are shown in Fig. 8A and 8B, respectively.
Most affected were ceramides and their catabolites; 9 out of 16 metabolites (56%) differed
at p < 0.10 between genotypes (Supplementary Table 15). Metabolite changes in Tg2576
hippocampal tissue suggest a shift of ceramide metabolism towards more glycosylated
ceramides with a C16 or C18 FA in the acyl position (all 5 higher).

DISCUSSION

The present study sought to explore differences between the hippocampal metabolome of
Tg2576 mice, a well-established model of AD, and their WT littermates to increase our
understanding of the downstream metabolic changes induced by hAPP695SW transgene
expression.
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The observed metabolite differences in Tg2576 versus WT hippocampal tissue of 20-month-
old female mice encompassed several metabolite groups and pathways. The results of this
study point to heightened FA metabolism associated with reduced TCA cycle activity,

OS, and an excitatory/inhibitory neurosignaling imbalance in Tg2576 hippocampal tissue.
The current study supports our earlier work that identified elevated ROS production and
neurodegeneration in Tg2576 hippocampal neurons [13, 14].

Metabolite differences, observed in the current study, suggest a heightened metabolic
activity, as indicated by depletion of FA and nucleotide precursors. The increase in urea
points further toward increased utilization of amino acids as energy precursors. In the
brain, ammonia is primarily removed by the glutamate-glutamine cycle; a partial urea cycle
primarily removes ammonia via citrulline and arginine. Elevated arginine and polyamine
metabolism have been reported for the AD brain [40, 41]. In addition, hypoxia can increase
energy needs in the AD brain [41].

We observed in Tg2576 hippocampal tissue less FA and fatty acyl carnitines, the latter
transport FA into the mitochondria for FA oxidation. Four of seven carnitines and fatty

acyl carnitines increased with AP plaque area, indicating increased FA transport and
oxidation with Ap accumulation in Tg2576 mice. Based on our previous research, deficit in
mitochondrial bioenergetics is prominent in Tg2576 hippocampal neurons [13], which will
further increase energy precursor needs. A study of Tg2576 mouse whole brain metabolome
using gas chromatography-mass spectrometry (GC-MS) analysis also observed evidence of
altered energy metabolism and mitochondrial dysfunction [9].

Increased FA oxidation increases ROS production, which in turn, activates redox regulatory
pathways. Multiple studies show patients diagnosed with AD have higher levels of oxidized
biomolecules in frontal and temporal brain sections, including the hippocampus, than
normally aging individuals [42]. We observed less methionine and more methionine
sulfoxide, the product of methionine oxidation and a potential indicator of OS [43] in
Tg2576 versus WT hippocampal tissue, suggestive of a high OS environment within the
Tg2576 hippocampus [44, 45]. The increase in ROS production and Ap activates antioxidant
pathways [46—48]. Our previous work reported induction of antioxidant transcription factor
Nrf2 expression and target antioxidant response element genes as potential mechanisms for
removing ROS [13, 49-52] and improved cognitive function [53-57]. Several metabolites
linked to Nirf2 expression differed between Tg2576 versus WT hippocampal tissue. Both
FA amides, octadecanamide and oleamide, known to induce Nrf2expression [58], were
lower in Tg2576 versus WT hippocampal tissue, as was vitamin A, known to induce Nrf2
expression and decrease AD risk and outcomes [59]. Four of five annotated plasmalogens,
known to be increased by Arf2and being less abundant in AD [60-62], were higher in
Tg2576 versus WT hippocampal tissue, suggesting a regulated mechanism for removing
ROS in Tg2576 hippocampal tissue. Working in conjunction with NRF2-signaling, another
mechanism for counteracting ROS is the glutathione system. All three annotated metabolites
of the glutathione biosynthesis and degradation pathway (GLUTATHIONE, CySSG, -
glutamylglutamate) were higher in Tg2576 versus WT hippocampal tissue. In addition, the
dipeptide ergothioneine and the non-proteinogenic amino acid homoanserine, both have
antioxidant properties [63], were elevated in Tg2576 hippocampi. In addition, Tg2576
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hippocampi, cortex and cerebellum and possessed lower levels of common targets of OS
including polyunsaturated, very-long chain phospholipids (PC 22:2/20:5 and PC 24:1/18:4)
and fatty acids (C20:3 and C22:5) [10, 64].

Glutathione biosynthesis is also linked to excitatory neurosignaling [65]. We observed
higher levels of neuro-excitatory metabolites (glutamate, acetylcholine, N-acetyl

aspartate) and fewer neuro-inhibitory metabolites (ADENOSINE, oleamide, GABA, 5-
AMINOPENTANOATE) in Tg2576 versus WT hippocampal tissue. Similarly, others
proposed neuronal hyperexcitability as an early indicator of AD in Tg2576 mice [66].
Glutamate is the primary excitatory neurotransmitter in the brain, binding at metabotropic
and ionotropic glutamate receptors including N-methyl D-aspartate (NMDA) receptors
[67]. Increased Ap formation results in NMDA-dependent synaptic depression and spine
elimination [67]. We have previously reported reduced spine density in Tg2576 compared to
WT mouse hippocampal neurons [13]. The age-related decrease in NMDA receptor binding
sites (i.e., NMDA hypofunction) is accelerated with Ap formation [68]. Suppressed NMDA
activity has been linked to excessive release of glutamate in the brain [68], which, in turn,
has been linked to excitotoxicity in AD [69].

Suppressed NMDA activity has been linked to excessive release of acetylcholine in the brain
[68] and could explain the higher levels of acetylcholine and N-acetyl-aspartate as well

as choline- and aspartate-containing metabolites in Tg2576 hippocampal tissue. Similarly,
Lalande et al. reported higher levels of taurine in hippocampal tissue of 6- and 11-month-old
Tg2576 mice [8]. Suppressed NMDA receptor activity could also explain the higher levels
of o-phosphoethanolamine (2-AMINOETHYL DIHYDROGEN PHOSPHATE) in Tg2576
hippocampal tissue [70]. This ties NMDA hypofunction to phospholipid biosynthesis and
provides a hypothetical link to the higher levels of choline-containing metabolites that we
observed in Tg2576 hippocampal tissue [71].

We observed less neuro-inhibitory metabolites (i.e., ADENOSINE and ADENINE,
oleamide, octadecanamide, 5-aminopentonoate, and PHENACYLAMINE) in Tg2576
hippocampal tissues. ADENOSINE deficiency via upregulation of ADENOSINE kinase
likely contributes to neuronal death in AD [72]. Adenosine inhibits the release of excitatory
acetylcholine and glutamate in the hippocampus via A; and A, receptors [73] and can
explain the elevated glutamate and acetylcholine in Tg2576 hippocampal tissue. Blockage
of those receptors improved cognitive function [73]. The endocannabinoid oleamide may
protect against cognitive impairments linked to AD by protecting against excitotoxic insults
[74], promoting phagocytosis of AR particles [75], and/or inducing choline acetyltransferase
activity [76]. Reduced levels of FA amides points to enhanced FA amide hydrolase (FAAH)
activity. FAAH plays a critical role in brain function and FAAH inhibitors are promising
therapeutics in treatment strategies of AD [77, 78].

We also detected 5-AMINOPENTANOATE, also called 5-aminovaleric acid, which is a
lysine degradation product, and which acts as a weak GABA agonist on the receptor level
[79]. AD has been linked to dysregulation of GABA (or 4-aminobutanoate), the primary
inhibitory neurotransmitter [80]. Whereas GABA levels did not differ (p = 0.87, FDR
=0.91), we did observe in Tg2576 hippocampal tissues elevated levels of the GABA
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metabolite homoanserine [81]. Moreover, there was a negative correlation between GABA
and A plaque area, indicating altered excitation/inhibition balance with Ap accumulation in
Tg2576 mice [82]. Neurotransmitters, such as adenosine, glutamate, GABA, acetylcholine,
are expressed by microglia, and microglia-mediated neuroinflammation plays an important
role in AD [83, 84]. Phenacylamine is a diet-derived cathinone, which stimulates the release
of dopamine and inhibits epinephrine, norepinephrine, and serotonin reuptake, which can
result in poor memory [83, 84].

Previous studies reported a link between AD and nucleic acid metabolism, showing the
potential of several nucleic acids to serve as early indicators of AD [41]. In the present
study, we observed changes in purine and pyrimidine metabolism that are commensurate
with previous studies [85, 86]. We observed elevated levels of GMP and other guanosine
metabolites (guanosine and GUANINE), whereas ADENOSINE and ADENINE tended to
be lower in Tg2576 hippocampal tissue. It is noteworthy that GMP is degraded to guanine
by cytosolic 5’nuceotidase Il; the inhibition of which induces neuronal death [87]. All
pyrimidine metabolism related metabolites tended to be lower in the Tg2576 hippocampal
tissue, with CYTOSINE reduction reaching statistical significance.

We also noticed more modified (i.e., methylated, succinylated, CDP-choline) and guanine-
derived nucleic acid metabolites in Tg2576 hippocampal tissue. Others reported higher
concentrations of methylated nucleic acids in patients with mild-to-moderate AD [88].
Given that DNA methylation alterations are known to play an important role in AD [89], the
elevated levels of methylated nucleic acid metabolites in Tg2576 hippocampi indicate a role
of OS and oxidative DNA damage in AD.

Disturbances in lipid metabolism in AD have gained more widespread attention in recent
years [90-92]. The current study allowed an evaluation of the impact of hAPP6955W
expression and Ap accumulation on glycerophospholipids and sphingolipids. The current
study covers mainly phosphatidylcholines (PC), phosphatidylethanolamines (PE), and
phosphatidylserine, but did not allow evaluating neutral lipids. The most striking differences,
that we observed, were in the levels of LysoPCs and plasmalogens (Fig. 7). LysoPC levels
were elevated in Tg2576 hippocampal tissue. Specifically, we observed reduced PUFA
content in multiple lysoPLs (specifically those containing choline) in Tg2576 hippocampi.
This is in accordance with data showing that Ap accumulation is associated with OS

and neuroinflammation, conditions that trigger enhanced phospholipase A2 activity and
as a result, temporal membrane biphasic changes in astrocytes. Previously, increased
phospholipase A2 expression was observed in Tg2576 mice, mediating increased neuronal
activity and excitotoxic injury [93, 94].

We observed a small number of alkenyl plasmalogens, three choline plasmalogens, and one
ethanolamine plasmalogen. The functional characteristics of plasmalogen species are linked
to the sn-1 vinyl ether bond and the presence of PUFASs at the sn-2 position. Uniquely
compared to other PLs, the biosynthesis of plasmalogens starts in the peroxisomes and

is completed in the endoplasmic reticulum. Interestingly, all plasmalogen species were
found at higher levels in the Tg2576 than WT hippocampal tissue. We postulate that the
observed upregulation of plasmalogens is a mean to counteract an increasingly oxidative

J Alzheimers Dis. Author manuscript; available in PMC 2022 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Khorani et al.

Page 13

environment due to AB accumulation [95, 96]. However, others have reported reduced levels
of plasmalogens in the AD brain implying enhanced degradation due to susceptibility of the
vinyl ether bond to oxidative degradation [97, 98]. Abnormal sphingolipid metabolism has
been reported to be associated with brain aging and AD [99]. We observed higher levels

of glycosylated ceramides with a C16 or C18 in the acyl position in Tg2576 hippocampal
tissue, whereas other ceramides and precursors were lower. Multiple possible mechanisms
can be discussed here including enhanced degradation of complex glycosphingolipids and
myelin (salvage pathway) and/or defects in the biosynthesis that may lead to elevated levels
of glycosylated ceramides. There are two caveats associated with the current study that need
to be considered. The current study reflects on the steady-state levels of metabolites, thus
no directional information can be drawn. And, secondly, the applied annotation workflow
did not allow to delineate different hexose structures. Others have reported that inhibition

of glucosylceramide synthesis can decrease aggregation of tau in the hippocampus [100].
Apoptosis is mainly induced by saturated long-chain ceramides (Cer C16:0 and C18:0),
whereas very long-chain ceramides (=C20) may interfere with the pro-apoptotic and ROS-
generating effect of saturated long-chain FA [101-103]. Several studies reported a link
between accumulation of pro-apoptotic C18:0 ceramides and sphingomyelins in human AD
patients, senile plagues, and in normal aging mice [99, 104-107]. Studies in AD model mice
that overexpress AB but do not show neuronal loss (ABPPSL, ABPPSW, and ABPPV717F)
reported no effect of AB accumulation on hippocampal ceramide levels [108, 109], which
has been explained by the fact that a small rate of hippocampal neuron loss has been
observed in these models [110].

There are several strengths and limitations to the current study. The current study covers

a wide range of metabolites and lipids, and as such allows evaluating the impact of
hAPP695SW transgene and AB accumulation on multiple biochemical pathways and thus
goes beyond describing disparate individual metabolites in Tg2576 hippocampi. The chosen
pathway-centered focus potentially can aid in linking AD-type brain pathologies to broader
aspects of AD. The number of animals in the study is small; however, the use of WT
littermates as control, the age and sex of animals (i.e., females are at greater risk of

AD), and the use of a humanized transgene model (i.e., Tg2576 mouse), which is the

most widely studied transgenic AD model [111], make this study an appropriate model

for AD. There is limited generalizability with this AD model, as limited neuronal death

is observed in the mice and the transgene is indicative of a specific mutation found in
AB-mediated early-onset AD [5, 107]. Furthermore, there are concerns that the 5-fold

APP overexpression in Tg2576 mice results in artificial metabolic phenotypes that are
unrelated to human AD pathogenesis; however, the Ap-afflicted area in the hippocampus
was below 1% in all tested Tg2576 mice, making it unlikely to create artificial metabolic
phenotypes. Future larger and longitudinal studies in both sexes are warranted to reevaluate
our findings in an AD model that overexpresses AP species but not APP, such as an APP
knock-in model, examine the sequential metabolite changes during different stages of AD,
and examine the interplay between different cell types in the hippocampus (e.g., microglia-
mediated neuro-inflammation; astrocyte activation). Despite that multiple metabolite groups
were covered in our study, all pre-analytical flows have shortcoming and limitations. The
applied sample preparation method limits coverage of some metabolite and lipid groups,
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including cholesterols and triglycerides, which require different extraction methods. Also,
during electrospray ionization of complex mixtures ion suppression may occur that hinders
detection of some metabolite species, which in this study likely prevented the detection

of sphingolipids. Moreover, our metabolomics approach is not suited to examine the

impact of the huAPP6955W transgene on neuro-inflammatory pathways, which require
proinflammatory biomarkers. However, our method allowed coverage of major metabolite
classes and polar lipids, including ceramides of which observations were hitherto absent for
the Tg2576 model.

To conclude, in the present study, metabolite differences in Tg2576 versus WT hippocampal
tissue of 20-month-old female mice point to heightened metabolic activity, an elevated

OS response, and an excitatory and inhibitory imbalance in Tg2576 hippocampal tissue.

We observed higher levels of urea, neuro-excitatory, and glutathione metabolites and less
FAs, nucleotides, and neuro-inhibitory metabolites (Supplementary Figure 2). We report on
disturbances in lipid metabolism that are in accordance with an enhanced OS environment
and mitochondrial dysfunction caused by Ap accumulation. We also discuss several
potential pharmacological targets for the observed genotype differences (i.e., phospholipase
A2 and FAAH). The current study provides a comprehensive assessment of disturbances in
biochemical pathways for a widely used AD rodent model, the Tg2576 mouse.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Integration of metabolomics information of Tg2576 and WT mice hippocampi to evaluate
the impact of hAPP695SW transgene on metabolites level. A) PCA 2D score plot

shows a clear separation between the hippocampal metabolome of Tg2576 and WT

mice. B) Volcano plot summarizes the results of the univariate analysis showing 54
metabolites with a statistically significant difference between genotypes. The x-axis
shows cut off values of — 0.6 < log2 (fold change) < 0.6; red, blue, and black dots
indicate the metabolites with p-value < 0.01, 0.01 < p-value < 0.05 and p-value >

0.05, respectively. Numbers mark metabolites with p-value < 0.01 (comparing Tg2576

to WT hippocampi): 1: 4-O-Galactopyranosylxylose, 2:5-AMINOPENTANOATE, 3:5’-
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METHYLTHIOADENOSINE, 4:9-Octadecenal, 5:Eicosatrienoic acid, 6:Acetylcholine,
7:ADENINE, 8:D-Aspartic acid, 9:DESMOSTEROL, 10:Dodecanoic acid, 11:g-
Glutamylglutamic acid, 12:GLUTAMIC ACID, 13:GLUTATHIONE, 14:Homoanserine,
15:LEUCINE, 16:LysoPC(18:2), 17:LysoPE(0:0/20:0), 18:N-ACETYL-L-ASPARTIC
ACID, 19:Cer(d18:1/16:0), 20:Oleic Acid ethyl ester, 21:PC(16:0/18:2), 22:PC(22:2/20:5),
23:PC(22:6/18:2), 24:PC(P-16:0/22:1), 25: LysoPE(P-16:0/0:0), 26:PS(18:3/20:0),
27:PS(20:4/22:0), 28:TG(18:4/18:3/18:4), 29:Dihydroceramide, 30:HexHexCer(d18:1/18:0).
C) Hierarchical clustering heatmap of the 30 most important metabolites responsible for
classification based on MDA values found by random forest analysis. The heatmap was
colored based on row Z-scores. Positive Z-score values are shown in red while negative
Z-score values are shown in blue. D) Variable importance in projection (VIP) scores results
using PLS-DA analysis showing the 30 most important discriminatory metabolites. Ten
metabolites are in common in both D and E plots.

Level 1 annotations (metabolites with capitalized letter) were obtained from an in-house
compound library consisting of >650 authentic standards (MSMLS, IROA Technology,
Bolton, USA). Additional annotations (L2) were obtained by querying and comparison with
spectral data from METLIN, LipidBlast and HMDB (online versions, August 2019) using
Progenesis QI™.
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The hAPP695SW transgene results in Ap plagues, the area of which showed a positive
correlation with fatty acyl carnitines. A) Immunohistochemistry staining for pan-Ap of
representative coronal sliced brain sections of WT (left) and Tg2576 (right) mice (one brain
hemisphere). B) The horizontal bar graph visualizes the association between total Ap plaque
area (HA) (%) and 13 significantly correlated metabolites (at p < 0.05 using Spearman rank
correlation coefficients) in hippocampal tissue of Tg2576 mice.
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Fig. 3.
A) Pearson correlation network analysis shows correlation of 50 metabolites chosen

by RF and PLSDA analysis methods with each other and with total Ap plaque area

(HA) (%). Metabolites are grouped based on HMDB classification. 66 edges show a
significant correlation between metabolites and also between metabolites and HA. 26 out
of 50 metabolites revealed a negative correlation with HA which CYTOSINE and PC
(24:1/18:4) showed a significant negative correlation with HA. Yellow nodes represent
glycerophospholipids, vivid cyan represent sphingolipids, purple represent fatty acyls,
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orange represents carboxylic acids and derivatives, light green represent organonitrogen
compounds, light blue represent glycerolipids, grayish cyan represents purine nucleotide
and purine nucleoside. The positive and negative correlations are indicated by red

and blue edges, respectively. Edge thickness indicates the magnitude of correlation.
Metabolites with weak correlations (0.6 < r < +0.6) are removed. B) Pearson’s correlation
coefficient heatmap of 50 metabolites showed the same direction of correlation with HA

in the hippocampus of Tg2576 mice and hAPP695SW transgene effect. 30 out of 50
metabolites revealed a positive correlation with HA in the hippocampus of Tg2576 mice
and hAPP695SW transgene effect. Positive correlations are shown in red and negative
correlations are shown in blue. Darker color indicates a stronger correlation. Metabolites are
ordered through hierarchical clustering. The values in the squares are the absolute value of
the correlation r.
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Fig. 4.
Metabolomic pathway analysis (MetPA) for 107 metabolites with annotated HMDB 1Ds

and KEGG IDs. X and Y axes represent pathway impact values and — log10 (p values),
respectively. The node color (white to red) is based on the node’s p-value with red indicating
significance, and the pathway impact values define the node size.
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Fig. 5.
The hAPP695SW transgene affects purine and pyrimidine metabolism. A, C) Purine and

pyrimidine metabolic pathways with metabolites annotated that showed level changes
comparing hippocampal extracts of Tg2576 versus WT mice. The metabolites are color-
coded from negative log 2 (fold change) to positive log 2 (fold change) on a gradient from
blue to red, respectively (T, \ the direction of change comparing Tg2576 versus WT mice).
B, D) Bar graphs showing changes in relative abundance values (obtained from the mass
spectrum) for metabolites linked to the (B) purine pathway and (D) pyrimidine pathway.
Data are expressed as mean values + standard error of the mean. p-values are calculated
using Wilcoxon rank-sum test as a non-parametric test (*p < 0.05, **p < 0.01, ***p <
0.001). Double arrows indicate the involvement of other intermediates in the pathway.
GMP, Guanosine monophosphate; Guo, Guanosine; Gua, GUANINE; Ino, INOSINE;
Hyp, HYPOXANTHINE; Xan, Xanthine; S-Ado, Succinyladenosine; Ado, ADENOSINE;
Ade, ADENINE; L-GIn, L-Glutamine; Urd, Uridine; Ura, Uracil; Cyd, CYTIDINE; Cyt,
CYTOSINE; CMP, Cytidine monophosphate; dUPM, Deoxyuridine monophosphate
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Carnitines Changes with hAPP6955W Transgene
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Metabolites are linked to fatty acid oxidation and mitochondrial/peroxisomal function. A)
The figure represents the pathway in which Fatty acid oxidation, mitochondrial function,
and urea cycle are involved (T, - the direction of change comparing Tg2576 versus WT
mice). Double arrows indicate the involvement of other intermediates in the pathway. B)
The hAPP695SW transgene is linked to increased FA oxidation, as indicated by consistently
less medium-chain and long-chain fatty acyl carnitines (obtained from the mass spectrum) in

Tg2576 mice.
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Fig. 7.
Hippocampal glycerophospholipid metabolism is affected in Tg2576 mice. A) Hierarchical

clustering analysis of glycosphingolipids is shown as a heatmap which is row Z-score
normalized and showing the impact of hAPP695SW transgene. Color bars on the side of
the heatmap represent six main classes of metabolites (diacylglycerols (DGs), phosphatidic
acids (PAs), inositols, serines, ethanolamines, and cholines). The color-coded gradient is
depicted at the bottom. The heatmap is colored based on row Z-scores. Positive Z-score
values are shown with red, while negative Z-score values are shown with blue color.

B) Glycerophospholipids biosynthesis through the (CDP)-choline pathway. C) Levels of
plasmalogens are elevated in the hAPP695SW transgene hippocampi. D) Abbreviated
biosynthetic pathway of plasmalogens. E) Structural representation of plasmalogens as
ether lipids; representative structures are given: PC(P-16:0/20:1) (upper structure) and
PE(P-16:0/22:4). The red color-coded substructure shows the main difference between
PC and PE plasmalogens. Metabolites with significant p-value are shown with asterisks
which p-values less than 0.001, 0.01, and 0.05 are shown with three (***), two (**), and
one asterisks (*), respectively. p-values are calculated using Wilcoxon rank-sum test as a
non-parametric test. Double arrows indicate the involvement of other intermediates in the
pathway.
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Fig. 8.

Ceramide metabolic pathways and aberrations in Tg2576 hippocampi. A) Fatty acyl
ceramides levels were found to be lower in Tg2576 hippocampi whereas glycosylated
ceramides were found to be elevated in the Tg2576 hippocampi (T, {1 the direction of change
comparing Tg2576 versus WT mice). B) Hierarchical clustering analysis of ceramides is
shown as a heatmap that reveals the impact of hAPP695SW transgene. Values are depicted

as Z-scores, with the values color-coded from negative Z-scores to positive Z-scores on a
gradient from blue to red, respectively. Double arrows indicate the involvement of other
intermediates in the pathway.
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The hAPP695SW transgene results in imbalanced neuro-excitatory and neuro-inhibitory metabolites in Tg2576
versus WT hippocampal tissue

Neuro-excitatory metabolites Log 2 (fold change) p

Neuro-inhibitory metabolites Log 2 (fold change)

p

Acetylcholine 0.22 0.023
GLUTAMIC ACID 0.048 0.018
N-ACETYL-L-ASPARTIC ACID 0.29 0.034
METHACHOLINE -0.64 0.35
5-hydroxyindolic acid -0.0004 0.92
CYSTEINE 0.18 0.42

ADENOSINE

Oleamide
5-AMINOPENTANOATE
Guanosine

GABA

TAURINE

-0.5
-0.84
-0.26
0.088

0.06

0.08

0.0073
0.0056
0.018
0.42
0.86
0.19
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