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Divergence in the metabolome
between natural aging
and Alzheimer’s disease
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Alzheimer’s disease (AD) is a progressive and debilitating neurodegenerative disorder and one of

the leading causes of death in the United States. Although amyloid plaques and fibrillary tangles are
hallmarks of AD, research suggests that pathology associated with AD often begins 20 or more years
before symptoms appear. Therefore, it is essential to identify early-stage biomarkers in those at risk
for AD and age-related cognitive decline (ARCD) in order to develop preventative treatments. Here,
we used an untargeted metabolomics analysis to define system-level alterations following cognitive
decline in aged and APP/PS1 (AD) mice. At 6, 12, and 24 months of age, both control (Ctrl) and AD
mice were tested in a 3-shock contextual fear conditioning (CFC) paradigm to assess memory decline.
AD mice exhibited memory deficits across age and these memory deficits were also seen in naturally
aged mice. Prefrontal cortex (PFC), hippocampus (HPC), and spleen were then collected and analyzed
for metabolomic alterations. A number of significant pathways were altered between Ctrl and AD mice
and naturally aged mice. By identifying systems-level alterations following ARCD and AD, these data
could provide insights into disease mechanisms and advance the development of biomarker panels.

Alzheimer’s disease (AD), a progressive and debilitating neurodegenerative disorder, characterized by senile
amyloid plaques and tau fibrillary tangles, is the leading cause of dementia'. Amyloid plaques are aggregates of
various amyloid peptides derived from the amyloid precursor protein (APP). APP accumulates when presenilin
1 and 2 mutant genes (PS1 and PS2) enhance the y-secretase-mediated processing of APP% Therefore, we have
chosen the APP/PS1 AD mouse model to best replicate the human amyloid cascade. This amyloid accumulation
then promotes the spread of tau tangles, consisting of hyperphosphorylated tau protein, inevitably leading to
cognitive decline®. However, research suggests that the pathology associated with AD often begins 20 or more
years before symptoms appear®, which makes this a critical time window for possible preventative treatments.

Because aging is the greatest risk factor for developing AD?, it is also important to examine age-related brain
changes and age-related cognitive decline (ARCD). ARCD is a normal process of aging where conceptual reason-
ing, memory, and processing speed gradually decline over time (fluid intelligence)®-. However, ARCD differs
from AD in that certain abilities, such as vocabulary or other skills that have accumulated throughout life, are
resilient to brain aging (crystallized intelligence)®. It is important to understand how metabolites influence ARCD
and AD, as our current aging population is expected to double in the next 40 years'’.

One of the biggest problems facing AD research is the lack of biomarkers for diagnosis and treatment. Cur-
rently, there are only 3 FDA-approved diagnostic tests for AD, all of which are positron emission tomography
(PET) neuroimaging scans for amyloid''-*. Although several tau PET tracers are used actively in research (i.e.,
F-FDDNP, C-PBB3, FTP)', the FDA has not yet approved these tracers for clinical diagnosis'®>. Moreover, these
scans are invasive, costly, and are not definitive. The FDA also approved use of an at-home genetic test (commonly
known as 23andMe) for the APOE4 gene variant, which is a risk factor for AD'®. However, this risk is inconsist-
ent in minority populations, such as African Americans and Hispanics, and between males and females'”'8.
Interestingly, metabolic decline is one of the earliest symptoms in patients with mild cognitive impairment
(MCI), defined by cognitive decline that does not result in mood changes or a change in independent living, as
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detected by PET". MCI affects 19% of people 65 and older and depending on the sample, 46% of people with
MCI will transition to dementia®. This suggests that metabolism could play a role early in the disease process.

Metabolomics, used to measure levels of small molecule metabolites in biological samples, represents one of
the best omics platforms for the diagnosis and prognosis of sporadic AD, as the metabolome is a reflection of
genetics, protein profiles, and environmental influences* 2. Sporadic AD is a multifaceted disease with multiple
biological pathways affected*!. For example, in MCI patients, lysine metabolism, the tricarboxylic acid cycle
(TCA) cycle, lipid metabolism, and mitochondrial dysfunction are perturbed early in the disease compared to
healthy individuals both in plasma and cerebral spinal fluid (CSF)*.. Many of these results are also observed in
mouse models of AD. Specifically, Gonzalez-Dominguez and colleagues analyzed tissue and serum in the APP/
PS1 mice and found that at 6 months of age, metabolic changes in fatty acids and phospholipids were observed
in the HPC and cortex, while inflammatory and immune pathways were heavily altered in plasma®>?%. However,
although these reports provided a comprehensive metabolomic dataset, these studies only examined metabolites
at one time point.

Here, we sought to examine metabolites across age in the central nervous system (CNS) (i.e., PFC and HPC)
and in the peripheral nervous system (PNS) (i.e., spleen) to gain a better understanding of early alterations in
ARCD and AD. The PEC (short-term memory) and HPC (episodic and spatial memory) are two of the first
regions affected by AD pathology and two major brain regions proposed to mediate learning and memory
processes”” . Recently, the spleen to brain connection has given insight into how splenic inflammation triggers
changes in the brain®'. Thus, making the spleen an important tissue to consider when examining how peripheral
metabolites can influence progression of AD pathology. At 6, 12, and 24 months of age, both AD and aged-match
Ctrl mice were tested for cognitive impairments in a 3-shock CFC paradigm and the PFC, HPC, and spleen
were collected and analyzed for metabolomic alterations. We report that AD mice exhibited memory deficits at
6 months of age and that these memory deficits were also seen in aged mice at 24 months of age. By dissecting
and separating both the left and right hemispheres of the PFC and HPC, we found right-lateralized changes
in metabolites between Ctrl and AD mice across ages. Lastly, there were common pathways altered in AD and
Ctrl mice, but also a divergence in the metabolome between ARCD and AD across ages in different tissues.
Since metabolic pathways are largely conserved between species, these results could improve the translation of
preclinical research.

Materials and methods

Mice. Male ArcCreER"(+) mice were bred with ROSA26-CAG-stop’™*-channelrhodopsin2 (ChR2)(H134R)-
enhanced yellow fluorescent protein (EYFP) (Ai32)* onto a 12956/SvEv background and were used in all exper-
iments. Triple transgenic lines were then generated* in which male ArcCreER™(+) x ChR2-EYFP homozygous
(f/f) mice were bred with a mouse model of AD, female Tg(APPswe; PSEN1dE9) 85Dbo/Mmjax (APP/PS1)
mice (034832-JAX, MMRRC)%*. The Ctrl mice were: APP/PS1(—) x ArcCreER™(+) or (=) x ChR2-EYFP(+/f).
The AD mice were: APP/PS1(+) x ArcCreER™(+) or (=) x ChR2-EYFP(+/f). Male mice were used in all experi-
ments. All mice were housed in a 12-h (06:00-18:00) light-dark colony room at 22 °C. Food and water were pro-
vided ad libitum. All procedures were conducted in accordance with the National Institutes of Health regulations
and approved by the Institutional Animal Care and Use Committees (IACUC) of the New York State Psychiatric
Institute (NYSPI) under protocol # 1439.

Genotyping. The Cre and ChR2 genotyping was performed as previously described®. APP and PSEN geno-
typing were performed as described on the Jackson Laboratory website (https://www.jax.org/strain/005864). All
genotyping was performed separately.

Contextual fear conditioning (CFC). A 3-shock CFC procedure was administered as previously
published*”*%. Briefly, mice were placed into context A and administered 3 2-s shocks (0.75 mA) at 180 s, 240 s,
or 300 s following placement into context A. Mice were removed from the context 15 s following the termina-
tion of shock (at 317 s). For context retrieval, mice were placed back into context A for 300 s. All sessions were
scored for freezing using FreezeView4. The CFC chambers were cleaned with 70% ethanol (EtOH) before and
in between trials. Behavioral testing occurred during the light phase and mice underwent testing at 6, 12, or
24 months of age.

A repeated measures analysis of variance was run for training day across time using the JMP statistical pack-
age (SAS, Cary, NC, USA) (Table S1). ANOVAs were performed for Time, Genotype, Age, and all interactions.
Alpha was set to 0.05 for all analyses. Student ¢-tests were run for all post-hoc behavioral tests.

Brain extraction. Mice were euthanized via cervical dislocation 2 h following CFC re-exposure. Brains
were extracted and flash frozen on dry ice for 30 s. Brains were then cut using a brain matrix slicer (Cat. #
BSMASO001-1, Zivic Instruments, Pittsburgh, PA, USA). The PFC and HPC tissues were manually dissected and
cut bilaterally. Left and right hemispheres were stored separately. The PFC was cut —2.0 mm from the olfactory
bulbs. After placing the brain into the matrix, we measured — 2.0 mm from the bulbs by counting 2 slice sections
(1.0 mm each). Each sample was weighed and then stored at — 80 °C until metabolomic analyses. All brain tissue
sample weights are included in Table S2.

Spleen collection. Spleens were dissected from the abdominal cavity immediately following decapitation.
Each sample was weighed and transferred to an Eppendorf tube, which was stored at —80 °C until metabolomic
analyses. All spleen sample weights are included in Table S2.
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Preparation of brain tissue. Frozen brain tissue was transferred to a homogenization tube containing
ceramic beads as previously described in McGowen et al.*. Briefly, ice-cold 80% MeOH/20% H,O was added
to obtain a 20 mg/ml solution to each of the tubes. The tubes were snap frozen in liquid nitrogen during pro-
cessing. After a brief thawing period, the tubes were then transferred to a Bead Ruptor Homogenizer (Omni
International, Kennesaw, GA, USA). Tissue was homogenized, sonicated, and then centrifuged (Fig. 1a). All of
the supernatant was removed, transferred to an Eppendorf tube, and evaporated to dryness overnight using a
centrifugal evaporator. Once dry, the dried lysate was stored at —80 °C until analysis.

Preparation of spleen tissue. The spleen tissue was homogenized using the same procedure as the brain
tissue. After the samples were pulverized, sonicated, and centrifuged the supernatant from each sample was
transferred into two Eppendorf tubes, 400 pl into each tube. Both sets of sample aliquots were dried overnight
on a DNA 120 Speedvac (ThermoFisher, Waltham, MA, USA). Once dry, the lysate was stored at —80 °C until
analysis.

Metabolomics analysis of brain tissue. Brain samples were analyzed using an untargeted metabo-
lomics platform as previously described in McGowan et al.*. Briefly, all samples were reconstituted in 2:1:1
acetonitrile:MeOH:H,O, to yield a concentration of 200 mg/ml, followed by centrifugation at 14,000 rpm for
10 min at 4 °C to remove excess debris before analysis. Chromatography was performed using an Agilent 1290
Infinity UPLC (Agilent, Santa Clara, CA, USA). 10 ul of each sample were injected onto a ZIC-pHILIC column
(EMD Millipore, Billerica, MA, USA) with dimensions of 150 X 4.6 mm, 5 um. Metabolites were separated using
an acetonitrile/H,0 with 20 mM ammonium carbonate (pH 9.2) gradient over a 29-min period. A 10-min
re-equilibration time was carried out in between injections. Detection was performed using an Agilent 6550
quadrupole-time-of-flight (QToF) mass spectrometer (Agilent, Santa Clara, CA, USA), operated in both nega-
tive and positive modes. Full scan MS data was collected from 70-1,000 m/z and metabolites were identified in
an untargeted manner by looking within 10 ppm of the expected m/z values. Real-time mass calibration was
performed throughout the duration of sample analysis.

Metabolomics analysis of spleen tissue. In order to expand metabolite coverage, the spleen tissue sam-
ples were reconstituted and analyzed using 3 instrumental methods: targeted MRM HILIC-LC-MS/MS analy-
sis, untargeted HILIC-LC-QTOF analysis, and untargeted GC-MS analysis. One of the two sets of dried spleen
samples was reconstituted with a calculated volume of cold 3:3:2 IPA:ACN:H,O to bring the final concentration
of each sample to 0.075 mg tissue/pl. After reconstitution, 100 pl of supernatant was aliquoted into vials for
targeted MRM HILIC-LC-MS/MS analysis on a Shimadzu NEXERA UPLC (Shimadzu, Columbia, MD, USA)
connected to a SciEx 5500 Triple-Quadropole mass spectrometer (SciEx, Framingham, MA, USA). A further
70 pl was aliquoted into Eppendorf tubes and again dried overnight on a DNA 120 Speedvac (ThermoFisher,
Waltham, MA, USA). The 70 ul dried aliquots were then derivatized and diluted with n-hexanes for untargeted
GC-MS analysis. GC-MS analysis was done using an Agilent 7890B gas chromatograph (Agilent, Santa Clara,
CA, USA) interfaced to a time-of-flight (TOF) Pegasus HT mass spectrometer (LECO, St. Joseph, MI, USA) with
automated injections using an MPS2 programmable robotic multipurpose sampler (Gerstel, Muhlheim an der
Ruhr, Germany). All derivatization, HILIC-LC-MS/MS, and GC-MS analyses were performed as previously
outlined in Drolet et al.*’. The second set of dried spleen sample aliquots were reconstituted into a calculated
volume of 100% Optima Water to bring the final concentration of each sample to 0.2 mg tissue/pl. After recon-
stitution the samples were subjected to analysis of metabolites involved with neurotransmission on an Agilent
6550 quadrupole-time-of-flight (QToF) mass spectrometer (Agilent, Santa Clara, CA, USA) as outlined in the
analysis performed in McGowen et al.¥.

MetaboAnalyst analysis. Data normalization. Raw peak intensity values for each metabolite were up-
loaded to MetaboAnalyst for each tissue sample (i.e., PFC, HPC, and spleen). Data was normalized by the me-
dian with a log transformation. Auto scaling was also performed. The normalized data for each tissue was then
used for statistical analysis (reported as, normalized peak area).

Principal component analysis (PCA). Normalized data at each age was entered into MetaboAnalyst and run
through PCA. The data from the 2D scores plot of Ctrl vs. AD mice were then exported and transferred to
Prism8 (Graphpad, San Diego, CA, USA) to create the graphical representation. An across age PCA was run by
entering the data from the normalized Ctrl group separately from the normalized AD group into MetaboAnalyst.

ANOVA. Normalized data at each age were entered into MetaboAnalyst and an ANOVA was performed to
determine which metabolites were changed in both the left and right hemispheres for PFC and HPC in Ctrl
vs. AD mice. Fisher’s LSD were performed for all post hoc tests. A t-test between Ctrl and AD was performed
for each metabolite in the spleen. Only the changed metabolites between Ctrl and AD from each age were then
graphed across age and ANOVAs were run to determine differences across ages. Metabolite values from each
hemisphere were combined. A Tukey HSD was performed for all post hoc tests. Alpha was set to 0.05 for all
analyses. Data are expressed as means+ SEM. All statistical tests are included in Tables S3, $4, S5, S6, S7, and S8.

Pathway analysis.  For each across age pathway analysis, the top 50 metabolites that were changed across age
were entered into MetaboAnalyst 3.0 using their HMDB IDs (https://www.metaboanalyst.ca/MetaboAnalyst/
faces/upload/PathUploadView.xhtml). For age-specific pathway analysis, all metabolites changed between Ctrl
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Figure 1. Metabolite profiles between Ctrl and AD mice begin to overlap at 24 months of age. (a) Experimental design. (b)
Following 3-shock CFC training, AD mice exhibited significantly less freezing behavior when compared to Ctrl mice at 6, 12,
and 24 months of age. Twenty-four-month-old Ctrl mice exhibited significantly less freezing than 6-month-old Ctrl mice.
Metabolites of both Ctrl and AD mice were assessed in the prefrontal cortex, hippocampus, and spleen of (c-e) 6-month-old,
(f-h) 12-month-old, and (i-k) 24-month-old mice. (I-m) The Venn diagrams show the overlap between metabolites changed
in both the left and right hemispheres. (n) The bar graph displays the number of changed metabolites in each hemisphere, per
region, across age. (n=3-6 mice per group). Error bars represent + SEM. *p <0.05; **p <0.01; **p <0.001. Ctrl control, AD
Alzheimer’s disease, PFC prefrontal cortex, HPC hippocampus, LC-MS liquid chromatography-mass spectrometry.

SCIENTIFICREPORTS|  (2020)10:12171 | https://doi.org/10.1038/s41598-020-68739-z



www.nature.com/scientificreports/

and AD in both hemispheres were entered into MetaboAnalyst 3.0 using their HMDB IDs. Pathway results for
PFC and HPC are included in Table S6 and S7.

Correlation analysis. Normalized data across age were entered into MetaboAnalyst for Ctrl and AD separately
and a correlation analysis was performed against a feature of interest (freezing behavior). The top 50 (25 positive,
25 negative) correlated metabolites were exported and graphed using Prism GraphPad. Using the MetaboAna-
lyst enrichment analysis, we entered in the correlated metabolites and compared these metabolites to a human
library of urine sample metabolites (https://www.metaboanalyst.ca/MetaboAnalyst/faces/upload/EnrichUplo
adView.xhtml). The stars on the graph indicate metabolites found also in AD human urine samples*!.

Results

ARCD and AD mice exhibit contextual fear learning deficits. We and others have previously
reported that AD (APP/PS1) mice exhibit memory deficits starting at 6 months of age****. However, it remained
to be determined if any metabolomic changes correlated with these cognitive deficits. Here, we tested Ctrl and
AD mice at 3 separate ages in a 3-shock CFC paradigm to assay memory retrieval (Fig. 1b). Mice were admin-
istered a 3-shock CFC paradigm and 5 days later, were administered a context re-exposure. Freezing behavior,
time when the mouse is still, was used as measure of memory impairment. As previously reported, AD mice
exhibited less freezing behavior at 6 months of age when compared to Ctrl mice. This difference persisted when
separate groups of mice were tested at 12 and 24 months of age. In addition, we showed ARCD from 6 to
24 months of age in Ctrl mice (Fig. 1b). These data indicate that there are robust memory retrieval deficits in fear
memory retrieval in ARCD and AD mice.

Metabolite profiles between Ctrl and AD mice begin to overlap at 24 months of age.  Following
CFC, mice were euthanized, brain tissue and spleen were collected, and metabolomic analyses were performed
(Fig. 1a). AD mice exhibited cognitive decline at 6, 12, and 24 months of age compared to Ctrls. ARCD was
also observed in naturally aged mice at 24 months of age (Fig. 1b). Through the use of a combined untargeted/
targeted metabolomic analysis approach, 323 metabolites were altered across ages in the PFC, 216 in the HPC,
and 254 in the spleen. These changes occurred in both the left and right hemispheres in the PFC and HPC.
Using PCA, the metabolite profiles separated Ctrl from AD mice at 6 and 12 months of age in the PFC, HPC,
and spleen (Fig. 1c-h). Metabolite profiles in the PFC continued to show separation between the groups at
24 months of age (Fig. 1i). However, in the HPC and spleen at 24 months of age, metabolite profiles were indis-
tinguishable between Ctrl and AD mice (Fig. 1j,k). This suggests that natural aging results in similar metabolic
pathway changes as AD by 24 months of age. This is also observed behaviorally at 24 months of age, as Ctrl and
AD mice exhibit similar levels of cognitive decline. The total number of metabolites that showed a statistically
significant change between Ctrl and AD were 79 in the PFC, 31 in the HPC, and 18 in the spleen (Fig. 11-n).

Right-lateralized changes in metabolites in the PFC and HPC. Lateralized changes in the brain
have become a recent area of interest in the AD field*’. For example, when examining functional lateraliza-
tion in humans, abnormal rightward dominance is observed in patients with MCI and AD*. Metabolite differ-
ences between Ctrl and AD mice were then analyzed separately in each hemisphere of the PFC and HPC. The
number of significantly changed metabolites between Ctrl and AD mice are shown in the Venn diagrams, with
the overlap representing the number of changed metabolites in both hemispheres (Fig. 11,m). Most notably, in
the PFC and HPC at 6 months of age there were more metabolomic changes in the right hemispheres when
compared to the left hemispheres (Fig. 1n). At 12 months of age, this difference persisted only in the HPC and
by 24 months of age, there was little difference between the number of metabolites changed in left versus right
hemispheres. These data indicate that the right hemisphere is attempting to compensate for the degeneration
occurring throughout the brain, but with age, both hemispheres become impaired.

Metabolites negatively correlated with freezing behavior are also observed in human AD sam-
ples. To determine if there was a correlation between metabolites and memory impairment, we next ran
correlation analyses between metabolites and freezing behavior (%) across ages within groups for each tissue
type. The top 25 negative (red) and positive (green) correlations were graphed for each tissue sample across age
(Fig. 2a-f). Pathway analysis revealed purine and pyrimidine metabolic pathways were positively correlated with
freezing behavior in the PFC, HPC, and spleen of Ctrl and AD mice. However, there were no common pathways
between tissues when examining the negatively correlated metabolites. Therefore, an enrichment pathway analy-
sis was run using MetaboAnalyst. This module performs metabolite set enrichment analysis (MSEA) for human
and mammalian species based on several libraries containing ~ 6,300 groups of metabolite sets****. The MSEA
has libraries from blood, urine, and CSF metabolite sets.

After comparing the three libraries, human urine samples were most related to our dataset. Ultimately, this
would provide the least invasive test for detecting biomarkers. In both Ctrl and AD mice, metabolites with
negative correlations to freezing behavior were also found in human AD urine samples (red asterisks). These
metabolites were found in all three tissue samples except for the spleen of AD mice. Correlation analyses were
run between the metabolites that aligned with the human AD sample database. Significant negative correla-
tions for each metabolite in the PFC and HPC were observed (Supplemental Fig. S1). In Ctrl mice, 1-methyl-
histidine, L-cystathionine, L-tyrosine, and 3-methylhistidine levels in the PFC were negatively correlated with
freezing behavior across age (Supplemental Fig. Sla-d). 3-methylhistidine and tyrosine were also significant
in the HPC (Supplemental Fig. Sle,f). Interestingly, Citrulline was common in the HPC and spleen, represent-
ing a connection between the PNS and CNS as negative correlations between metabolite and behavior were
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Figure 2. Metabolites negatively correlated with freezing behavior are also observed in human AD urine
samples. (a—c) Graphs representing the top metabolites positively and negatively correlated with freezing
behavior across ages in the PFC, HPC, and spleen of Ctrl mice. (d-f) Graphs representing the top metabolites
positively and negatively correlated with freezing behavior across ages in the PFC, HPC, and spleen of AD mice.
The red bars denote negative correlations and the green bars denote positive correlations to freezing behavior.
The red stars indicate metabolites that are changed in AD human urine samples when compared to a library
using MetaboAnalyst. Ctrl control, AD Alzheimer’s disease, PFC prefrontal cortex, HPC hippocampus.
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observed (Supplemental Fig. S1g,h). However, the correlation to freezing behavior was not significant in the
spleen suggesting that the PNS may not directly influence cognitive decline. In AD mice, carnosine, anserine,
and isoleucine were negatively correlated with freezing behavior in both the PFC and HPC (Supplemental
Fig. S1i-k). Anserine and carnosine were also observed in the HPC (Supplemental Fig. S1I,m). All of the nega-
tively correlated metabolites are also known as free amino acids which are involved in histidine and dopamine
metabolism*!. These data suggest that specific metabolites across ages can impact cognitive decline and that our
data is translatable to humans.

AD impacts histidine metabolism in the PFC, HPC, and spleen. Because metabolite changes across
ages within groups were observed, a PCA was run to determine the effect of natural aging on metabolite profiles.
The PCA revealed a separation within groups across ages in each tissue sample in Ctrl mice using the metabolite
concentrations (Fig. 3a-c). A pathway analysis of changed metabolites across age revealed Ctrl mice did not
display a common pathway in every tissue (Fig. 3d-f), but did show changes in histidine in the PFC and Spleen
(Fig. 3d,f). Ctrl mice also exhibited changes in the glutathione pathway in the HPC and spleen (Fig. 3e,f).

In AD mice, the PCA also revealed a separation within groups across ages in each tissue sample (Fig. 3g-i).
The pathway analysis of changed metabolites across age revealed that histidine metabolism was affected in all
tissue samples (Fig. 3j-1). All metabolites related to the histidine pathway are graphed in Supplemental Fig. S2.
AD mice also exhibited changes in the pyrimidine pathway in the PFC and HPC (Fig. 3j,k). The glycine, serine,
and threonine pathway was altered in the HPC and spleen of AD mice (Fig. 3k,]).

Although Ctrl and AD mice show divergence in the metabolome across age, there are also similar pathways
affected. For example, in the PFC, Ctrl and AD mice show alterations in histidine metabolism (Fig. 3d,j), in the
HPC changes are observed in glycine, serine, and threonine pathways (Fig. 3e,k), and in the spleen similari-
ties are seen in the alanine, aspartate, and glutamate pathways (Fig. 3f]). In summary, metabolic profiles were
separated by age in both Ctrl and AD mice. Histidine was a common pathway impacted by aging in AD mice.

AD significantly alters amino acid catabolism and energy metabolism pathways in the
PFC. Metabolites significantly changed in both hemispheres between Ctrl and AD mice at each age were used
in a pathway analysis to determine the most significant metabolic pathways. Four pathways were chosen in the
PFC as significant in terms of p value and impact score (Table S6).

In the PFC, 10 metabolites were changed in phenylalanine, tyrosine, and tryptophan biosynthesis, histidine
metabolism, and arginine, proline, alanine, aspartate, and glutamate metabolism pathways (Fig. 4). The heat map
displays the top 10 metabolite normalized concentrations across age for Ctrl and AD mice (Fig. 4a). At 6 months
of age, AD mice exhibited significantly lower concentrations in 6 out of the 10 metabolites when compared to
Ctrl mice (Fig. 4b-g). With age, many of these metabolites decreased in Ctrl mice. Specifically, at 12 months
of age, Ctrl and AD mice exhibited similar concentrations of all 10 metabolites. However, by 24 months of age,
AD mice displayed lower concentrations of phenylpyruvic acid (Fig. 4f), L-tyrosine (Fig. 4g), methylhistamine
(Fig. 4h), methylhistidine (Fig. 4i), and formiminoglutamic acid (Fig. 4j) when compared to Ctrl mice. Interest-
ingly, phosphocreatine, was the only metabolite significantly increased in AD mice at six and 24 months of age
(Fig. 4k). These results suggest that multiple metabolites relating to amino acid catabolism and energy metabolism
may be informative biomarkers at different ages. The first 6 metabolites that were decreased at 6 months of age
in AD mice are more relevant for early biomarker detection.

AD significantly alters protein synthesis and oxidative stress in the HPC. Metabolites signifi-
cantly changed in both hemispheres between Ctrl and AD mice at each age were used in a pathway analysis to
determine the most significant metabolic pathways in the HPC. The heat map displays the top 9 HPC metabolite
normalized concentrations across age for Ctrl and AD mice (Fig. 5a). Three pathways were chosen as signifi-
cant in terms of p value and impact score (Table S7). Data from the HPC revealed changes in aminoacyl-tRNA
biosynthesis, glutathione, and glyoxylate and dicarboxylate metabolic pathways. Of the 9 metabolites changed
within these pathways, 2 were significantly decreased in AD mice when compared to Ctrl mice at 6 months of
age (Fig. 5b,c). By 12 and 24 months of age, AD mice began to show a decrease in glyceric acid levels compared
to Ctrl mice (Fig. 5d). L-isoleucine levels were similar across ages between Ctrl and AD mice; however, this
metabolite was specific to ARCD as Ctrl mice showed a decrease in levels from 6 to 24 months of age (Fig. 5e).
Three metabolites were significantly increased in the HPC of AD mice when compared with Ctr]l mice
(Fig. 5f-h). Hydroxypyruvic acid (Fig. 5f), pyroglutamic acid (Fig. 5g), and glycolic acid (Fig. 5h) were increased
at 6 months of age, while arginine was increased at 12 months (Fig. 5i) in AD mice. However, by 24 months of
age all 4 metabolites were similar between Ctrl and AD mice. Interestingly, hydroxypyruvic and pyroglutamic
acid increased across ages in both Ctrl and AD mice, while glycolic acid and arginine increased only in Ctrl
mice across age. Glutathione was the only metabolite that was increased in AD mice at 24 months of age relative
to Ctrl mice (Fig. 5j). This metabolite decreased across ages in Ctrl mice, but did not change across age in AD
mice, suggesting that glutathione is specifically related to ARCD. In addition, all of the changed metabolites

are implicated in protein synthesis and oxidative stress, both of which have been implicated in AD pathology*”*.

Age-related metabolite changes occur earlier in the spleen compared to the CNS.  Because the
spleen is connected to the CNS through the splenic and vagus nerve and communicates with the brain®*°,
we next ran metabolomic analysis on spleen tissue to determine if metabolite alterations in the periphery con-
tributed to the cognitive decline we observed following ARCD and AD. First, we observed that the spleens were
significantly enlarged in AD mice when compared to Ctr]l mice at 6 months of age (Fig. 6a,b). At 12 months
of age, Ctrl and AD mice exhibited a comparable spleen weight. However, at 24 months of age, AD mice had
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Figure 3. AD mice exhibit altered histidine metabolism in the prefrontal cortex, hippocampus, and spleen. (a-
¢) PCA revealed a separation across age in Ctrl metabolite profiles in the PFC, HPC, and spleen. (d-f) Pathway
analysis of the metabolic pathways most affected throughout aging in the PFC, HPC, and spleen. Histidine
metabolism was altered in the PFC and spleen while glutathione was altered in the HPC and spleen. (g-i) PCA
revealed a separation across age in AD metabolite profiles in the PFC, HPC, and spleen. (j-1) Pathway analysis
of the metabolic pathways most affected in AD in the PFC, HPC, and spleen. Histidine metabolism was altered
in AD mice across tissue samples.

significantly smaller spleens when compared with Ctrl mice. The spleen became significantly enlarged with age
in Ctrl mice.

At 6 months of age, 18 metabolites were significantly different between Ctrl and AD mice (Fig. 6¢). N-acetyl-
neuraminic acid was the only metabolite significantly different between Ctrl and AD mice at 12 months of age
(Fig. 6d). Ctrl and AD mice exhibited similar metabolite levels at 24 months of age in all 18 metabolites. Pathway
analysis revealed that the changed metabolites are part of the glycine, serine, threonine, and pyrimidine metabolic
pathways. At 6 months of age, AD mice exhibited a significant increase in 11 out of the 18 metabolites (Fig. 6d-n).
Significant interactions (Group x Age) were observed for N6-acetyl-lysine, dimethylglycine, and hydroxyproline,
but post hoc tests did not reveal any significant differences (Fig. 60-q). However, 4 metabolites were decreased
in AD mice when compared with Ctrl mice at 6 months of age (Fig. 6r-u). These data suggest that the periphery
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Figure 4. AD mice exhibit altered amino acid catabolism and energy metabolism pathways in the prefrontal cortex. (a) A heat

map expressing the normalized peak area concentrations of the top 10 metabolites that are changed between Ctrl and AD mice
across age in the PFC. Green indicates greater concentration and red indicates weaker concentration. (b-k) Top 10 metabolites
significantly upregulated or downregulated between Ctrl and AD mice in the PFC at the three ages tested. These metabolites are in
the phenylalanine, tyrosine and tryptophan (phenylpyruvic acid, L-tyrosine, 1-methylhistamine, 1-methylhistidine); arginine and
proline (argininosuccinic acid, s-adenosylmethionine, phosphocreatine, 4-guanidinobutanoic acid); alanine, aspartate, and glutamate
(n-acetyl-L-aspartic acid, argininosuccinic acid), and histidine (1-methylhistamine, formiminoglutamic acid, 1-methylhistidine)
metabolic pathways. (n=3-6 male mice per group). Error bars represent + SEM. *p <0.05; **p <0.01; ***p < 0.001. Ctrl control, AD

Alzheimer’s disease.
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exhibited changes at an earlier age and that by 12 and 24 months of age it is difficult to distinguish between Ctrl
and AD mice. It may be beneficial to examine the periphery at an earlier age to discover potential biomarkers.

Discussion

Here, we sought to identify metabolomic changes following ARCD and AD that could begin to elucidate cognitive
decline resulting from both processes. We report that while AD mice exhibit a memory retrieval impairment at
6 months of age, aged mice do not exhibit a memory retrieval impairment until 24 months of age. This decline
in memory was associated with a robust change in metabolite profiles between AD and ARCD. Interestingly, this
change was most prominent in the right hemisphere in both the PFC and the HPC, suggesting that the brain is
compensating for damage in the left hemisphere as seen in human MCI and AD patients®. In addition to the
CNS, we also examined changes in the spleen. Notably, changes in the spleen were only observed at 6 months
of age and may represent an area for early biomarker detection. To our knowledge, this is the first study that
identifies metabolite alterations across ages in both aged and AD cohorts in order to identify novel biomarkers
for early disease diagnosis.

Potential biomarkers include those that are also correlated with cognitive decline. The correlation analysis
across age revealed that negatively correlated metabolites to freezing behavior in mice were also found in the
urine of human AD patients*'. These metabolites are part of the histidine and dopamine pathways, both of which
are altered in AD*'"%, In AD patient cerebral spinal fluid (CSF), histidine was identified as a possible disease
progression biomarker®’. One potential therapeutic strategy for AD patients is to supplement low protein diets
with high levels of branched-chain amino acids, such as histidine, glutamine, and threonine.

Dopamine, a neurotransmitter involved in regulating emotional responses, which also plays a role in synaptic
plasticity, is reduced in AD patients®>® as well as AD mouse models®'. Dopamine can be derived from tyrosine,
which is negatively correlated to memory in our dataset. Tyrosine increases with age, potentially leading to an
increase in 3,4-dihydroxyphenylalanine (L-DOPA) and a decrease in dopamine. Concurrent with our research,
tyrosine and L-DOPA concentration is significantly increased in plasma from AD patients while dopamine
is reduced*!. The mechanism for this decrease in dopamine is unclear, but researchers suspect this is due to a
decrease in decarboxylase activity or decreased conversion from L-DOPA to dopamine, in AD patients.

When looking across ages, metabolite profiles were able to separate ages in each tissue within each group. The
glutathione pathway was altered specifically in Ctrl mice across ages in both the spleen and HPC. Glutathione, an
antioxidant present in almost every cell in the body, is decreased during aging and could represent a therapeutic
target to slow the aging process®*%. Pyrimidine metabolic pathways, typically known as precursors for nucleic
acid synthesis, were specific to the CNS in AD mice. Pyrimidine also plays a role in phospholipid biosynthesis,
detoxification processes, and protein lipid glycosylation®**. The decrease in pyrimidine synthesis of nucleotides
may contribute to the dysfunction of oxidative phosphorylation (OXPHOS) which then leads to the pathogenesis
of late onset AD through impaired cellular respiration®.

When examining each tissue separately, multiple changes in metabolic pathways related to energy metabolism
were seen in the PFC. In addition to energy metabolism, there was also an impact in the tryptophan, phenyla-
lanine, and tyrosine pathways. All of these amino acids are part of the central synthesis of neurotransmitters,
serotonin, dopamine, and norepinephrine®. Overall, AD mice exhibited a decrease in the phenylpyruvic acid,
L-tyrosine, methylhistamine, and methylhistidine metabolites. This decrease is also seen in previous metabolic
reports examining serum from AD patients®*. However, others have reported an increase in both phenylalanine
and tryptophan in the brains of AD patients®. The mechanisms for these changes remain unclear, but as a class,
aromatic amino acid metabolism is essential for neuronal functioning. In fact, argininosuccinic acid, a precur-
sor of arginine upregulated across age in our AD mice, can lead to increased synthesis of guanidinobutanoic
acid, which is capable of impairing the nervous system®. This is because arginine acts on the nitric oxide (NO)
pathway®’, which can lead to neurotoxicity and neurodegeneration®-"". Interestingly, phosphocreatine was the
only metabolite increased in AD mice at 6 months of age. Phosphocreatine is essential for energy production
and balance however, an increase in levels could indicate a reduction in the utilization of ATP”% These results
corroborate with human studies showing that phosphocreatine is also increased in post-mortem hippocampal
human AD patient samples”®. This increase specifically occurred in regions that show early degeneration in AD
indicating an altered energy metabolism in mild AD. Phosphocreatine levels were similar between Ctrls and
AD mice at 12 months, suggesting that phosphocreatine increases with normal aging as seen in non-demented
older adults”?. Formiminoglutamic acid, which was decreased in AD mice, is an intermediate in the catabolism
of 1-histidine to L-glutamic acid and is a marker of folate levels. Many studies have reported that folate levels
are lower in AD patients compared to normal Ctrls’*. In addition, folic acid supplements have been proposed as
possible treatments for AD or to reduce AD risk”.

We also observed deficits in energy production in AD mice at an early age in the HPC, but alterations in
aminoacyl-tRNA (AAR) biosynthesis were specific to the HPC. AAR synthetases are enzymes that join amino
acids to tRNAs’®. They are essential for protein synthesis, transcription, translation, angiogenesis, and apoptosis.
AAR biosynthesis is also a common pathway affected in the plasma of AD and MCI patients*.. Out of the four
metabolites belonging to the AAR pathway, 3 were decreased in AD mice. Arginine, however, was increased
at 6 and 12 months of age in AD mice compared to Ctrl mice. This increase in arginine could be explained by
the increase in argininosuccinic acid observed in the PFC, which leads to neurotoxicity. However, the exact
mechanisms associated with AAR and AD are unknown and warrant further investigation. Glutathione and
glyoxylate pathways were also altered in the HPC. As mentioned previously, glutathione is decreased with age.
However, pyroglutamic acid is also part of the glutathione pathway and is increased in AD mice. This natural
amino acid derivative can be converted to glutamate, but surprisingly also plays a role in amyloid production.
In 1992, Mori et al. discovered that 15-20% of total AP contained a pyroglutamate residue at the N terminus
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Figure 5. AD mice exhibit altered protein synthesis and oxidative stress metabolic pathways in the
hippocampus. (a) A heat map expressing the normalized peak area concentrations of the top 9 metabolites that
are changed between Ctrl and AD mice across age in the HPC. Green indicates greater concentration and red
indicates weaker concentration. (b—j) Top 9 metabolites significantly upregulated or downregulated between
Ctrl and AD mice in the HPC at different ages. These metabolites are in the aminoacyl-tRNA biosynthesis
(L-methionine, isoleucine, tyrosine, arginine); glutathione (glutathione, pyroglutamic acid); and glyoxylate and
dicarboxylate (hydroxypyruvic acid, glycolic acid, glyceric acid) metabolic pathways. (n =3-6 male mice per
group). Error bars represent + SEM. *p < 0.05; **p <0.01; ***p <0.001. Ctrl control, AD Alzheimer’s disease.
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Figure 6. Splenomegaly contributes to early metabolite changes in AD mice at 6 months of age. (a) Representative images of spleens
from 6- and 24-month-old Ctrl and AD mice. (b) AD mice exhibited significantly enlarged spleens at 6 months of age when compared
to Ctrl mice. However, at 24 months of age, AD mice had significantly smaller spleens when compared with Ctrl mice. (c) Heat map
of the 18 changed metabolites between Ctrl and AD mice at 6 months of age. Green indicates greater concentration and red indicates
weaker concentration. (d-n) AD mice exhibited an increase in 11 out of the 18 metabolites altered in the spleen at 6 months of

age. Ctrl and AD mice had similar metabolite levels at 12 and 24 months of age. (0—-q) In 3 out of 18 metabolites, Ctrl and AD mice
displayed similar levels of metabolites at each age. (r-u) AD mice showed decreased metabolite levels in 4 out of 18 metabolites
(n=3-6 male mice per group). Error bars represent + SEM. *p <0.05; **p <0.01; **p <0.001. Ctrl control, AD Alzheimer’s disease, mg
milligram, SAICAR phosphoribosylaminoimidazolesuccinocarboxamide.
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(AB,e3)”". Since its discovery many researchers have identified AP, as a more aggregated form of Ap with
enhanced p-sheet formation’.

Recently, scientists became aware of the spleen to brain connections, which are important for immune
responses. Specifically, the splenic nerve connects to the vagus nerve which is connected to brain stem” %, For
example, if acetylcholine receptors on the spleen are stimulated, proinflammatory cytokines are inhibited, which
has been shown to improve outcomes in animal models of stroke and traumatic brain injury®"* Splenomegaly,
enlargement of the spleen, was observed in the AD mice at 6 months of age, but with age, the spleen size increased
in Ctrl mice and was larger than the spleen size in AD mice at 24 months of age. Splenomegaly has also been seen
in the 3xTg-AD mouse model. In this model, larger spleens were seen at 24 months of age and were associated
with altered cytokine levels in plasm®. An enlarged spleen can be caused by infections and other diseases®,
which may explain the increase in size of the AD spleens at 6 months of age and later the increase in Ctrl spleen
size at 24 months of age. However, more information is needed to understand why and how this occurs. In the
spleen, glycine, serine, and threonine, and pyrimidine pathways were most affected. These same pathways were
altered in the HPC of Ctrl and AD mice suggesting a brain-to-spleen connection. In addition, human studies
report that glycine, serine, and threonine metabolism are one of the six metabolic pathways that distinguish
cognitively normal Ctrls from AD patients®. Because changes in the spleen were only observed at 6 months, it
may be beneficial to examine the periphery at an earlier age to discover potential biomarkers.

In summary, taking a metabolomic approach across age has allowed for the identification of pathways that
impact Ctrl and AD mice at each age as well as pathways that alter ARCD. We've identified that histidine
and dopamine metabolism negatively correlate with cognitive decline in all three tissue samples. Furthermore,
energy metabolism and protein synthesis pathways were altered in the PFC and HPC. There is also evidence
that metabolic changes in the periphery occur earlier in AD mice as changes in the spleen were only observed
at 6 months and levels became similar between Ctrl and AD at 12 and 24 months. Future studies will examine
metabolic changes at younger ages to determine whether these metabolites can be used to predict disease onset.
We can then inhibit or disrupt these metabolite processes to determine how they directly affect disease progres-
sion. Additionally, future research will need to address sex differences in the metabolome as females are more
susceptible to AD, but the underlying mechanisms for this are not well understood.

Received: 18 December 2019; Accepted: 18 June 2020
Published online: 22 July 2020

References

1. Alzheimer’s Association. 2018 Alzheimer’s disease facts and figures. Alzheimer’s Dement. 14, 367-429 (2018).

2. Scheuner, D. et al. Secreted amyloid beta-protein similar to that in the senile plaques of Alzheimer’s disease is increased in vivo
by the presenilin 1 and 2 and APP mutations linked to familial Alzheimer’s disease. Nat. Med. 2, 864-870 (1996).

3. van der Kant, R., Goldstein, L. S. B. & Ossenkoppele, R. Amyloid-beta-independent regulators of tau pathology in Alzheimer
disease. Nat. Rev. Neurosci. 21, 21-35 (2020).

4. Reiman, E. M. ef al. Brain imaging and fluid biomarker analysis in young adults at genetic risk for autosomal dominant Alzheimer’s
disease in the presenilin 1 E280A kindred: a case-control study. Lancet. Neurol. 11, 1048-1056 (2012).

5. Riedel, B. C., Thompson, P. M. & Brinton, R. D. Age, APOE and sex: triad of risk of Alzheimer’s disease. J. Steroid Biochem. Mol.
Biol. 160, 134-147 (2016).

6. Harada, C. N., Natelson Love, M. C. & Triebel, K. L. Normal cognitive aging. Clin. Geriatr. Med. 29, 737-752 (2013).

7. Eckert, M. A., Keren, N. I, Roberts, D. R., Calhoun, V. D. & Harris, K. C. Age-related changes in processing speed: unique con-
tributions of cerebellar and prefrontal cortex. Front. Hum. Neurosci. 4, 10 (2010).

8. Manard, M., Carabin, D., Jaspar, M. & Collette, F. Age-related decline in cognitive control: the role of fluid intelligence and process-
ing speed. BMC Neurosci. 15,7 (2014).

9. Salthouse, T. Consequences of age-related cognitive declines. Annu. Rev. Psychol. 63, 201-226 (2012).

10. Hebert, L. E., Weuve, J., Scherr, P. A. & Evans, D. A. Alzheimer disease in the United States (2010-2050) estimated using the 2010
census. Neurology 80, 1778-1783 (2013).

11. Syed, Y. Y. & Deeks, E. [(18)F]Florbetaben: a review in beta-amyloid PET imaging in cognitive impairment. CNS Drugs 29, 605-613
(2015).

12. GE beta-amyloid agent approved. J. Nucl. Med. 54, 10N (2013).

13. Yang, L., Rieves, D. & Ganley, C. Brain amyloid imaging-FDA approval of florbetapir F18 injection. N. Engl. ]. Med. 367, 885-887
(2012).

14. Lois, C., Gonzalez, L, Johnson, K. A. & Price, J. C. PET imaging of tau protein targets: a methodology perspective. Brain Imaging
Behav. 13, 333-344 (2019).

15. LaJoie, R. et al. Prospective longitudinal atrophy in Alzheimer’s disease correlates with the intensity and topography of baseline
tau-PET. Sci. Transl. Med. https://doi.org/10.1126/scitranslmed.aau5732 (2020).

16. Corder, E. H. et al. Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset families. Science
261, 921-923 (1993).

17. Tang, M. X. et al. The APOE-epsilon4 allele and the risk of Alzheimer disease among African Americans, whites, and Hispanics.
JAMA 279, 751-755 (1998).

18. Sundermann, E. E., Tran, M., Maki, P. M. & Bondi, M. W. Sex differences in the association between apolipoprotein E epsilon4
allele and Alzheimer’s disease markers. Alzheimer’s Dement. (Amsterdam, Netherlands) 10, 438-447 (2018).

19. Cohen, A. D. et al. Basal cerebral metabolism may modulate the cognitive effects of Abeta in mild cognitive impairment: an example
of brain reserve. J. Neurosci. 29, 14770-14778 (2009).

20. Cooper, C., Sommerlad, A., Lyketsos, C. G. & Livingston, G. Modifiable predictors of dementia in mild cognitive impairment: a
systematic review and meta-analysis. Am. J. Psychiatry 172, 323-334 (2015).

21. Trushina, E., Dutta, T., Persson, X.-M.T., Mielke, M. M. & Petersen, R. C. Identification of altered metabolic pathways in plasma
and CSF in mild cognitive impairment and Alzheimer’s disease using metabolomics. PLoS ONE 8, e63644 (2013).

22. Gonzalez-Dominguez, R., Sayago, A. & Fernandez-Recamales, A. Metabolomics in Alzheimer’s disease: the need of complemen-
tary analytical platforms for the identification of biomarkers to unravel the underlying pathology. J. Chromatogr. B Anal. Technol.
Biomed. Life Sci. 1071, 75-92 (2017).

23. Wilkins, J. M. & Trushina, E. Application of metabolomics in Alzheimer’s disease. Front. Neurol. 8,719 (2017).

24. Ibrahim, M. M. & Gabr, M. T. Multitarget therapeutic strategies for Alzheimer’s disease. Neural Regen. Res. 14, 437-440 (2019).

SCIENTIFIC REPORTS |

(2020) 10:12171 | https://doi.org/10.1038/s41598-020-68739-z


https://doi.org/10.1126/scitranslmed.aau5732

www.nature.com/scientificreports/

25.

26.

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

40.
41.

42.
43.
44,
45.
46.
47.

48.
49.

50.
51.
52.
53.
54.
55.
56.
57.
. Rebrin, I. & Sohal, R. S. Pro-oxidant shift in glutathione redox state during aging. Adv. Drug Deliv. Rev. 60, 1545-1552 (2008).
59.
60.
61.
62.

63.
. Gonzalez-Dominguez, R., Garcia-Barrera, T. & Gomez-Ariza, J. L. Metabolite profiling for the identification of altered metabolic

65.

66.

Gonzalez-Dominguez, R., Garcia-Barrera, T., Vitorica, J. & Gomez-Ariza, J. L. Metabolomic screening of regional brain altera-
tions in the APP/PS1 transgenic model of Alzheimer’s disease by direct infusion mass spectrometry. J. Pharm. Biomed. Anal. 102,
425-435 (2015).

Gonzalez-Dominguez, R., Garcia-Barrera, T., Vitorica, ]. & Gomez-Ariza, J. L. Application of metabolomics based on direct mass
spectrometry analysis for the elucidation of altered metabolic pathways in serum from the APP/PS1 transgenic model of Alzhei-
mer’s disease. J. Pharm. Biomed. Anal. 107, 378-385 (2015).

Jones, S., Livner, A. & Backman, L. Patterns of prospective and retrospective memory impairment in preclinical Alzheimer’s disease.
Neuropsychology 20, 144-152 (2006).

Kyd, R. J. & Bilkey, D. K. Prefrontal cortex lesions modify the spatial properties of hippocampal place cells. Cereb. Cortex 13,
444-451 (2003).

Shimamura, A. P, Jurica, P. ., Mangels, J. A., Gershberg, . B. & Knight, R. T. Susceptibility to memory interference effects follow-
ing frontal lobe damage: findings from tests of paired-associate learning. J. Cogn. Neurosci. 7, 144-152 (1995).

Komorowski, R. W, Manns, J. R. & Eichenbaum, H. Robust conjunctive item-place coding by hippocampal neurons parallels
learning what happens where. J. Neurosci. 29, 9918-9929 (2009).

Rosas-Ballina, M. et al. Splenic nerve is required for cholinergic antiinflammatory pathway control of TNF in endotoxemia. Proc.
Natl. Acad. Sci. U. S. A. 105, 11008-11013 (2008).

Salek, R. M. et al. A metabolomic comparison of urinary changes in type 2 diabetes in mouse, rat, and human. Physiol. Genomics
29, 99-108 (2007).

Madisen, L. et al. A toolbox of Cre-dependent optogenetic transgenic mice for light-induced activation and silencing. Nat. Neurosci.
15, 793-802 (2012).

Perusini, J. N. et al. Optogenetic stimulation of dentate gyrus engrams restores memory in Alzheimer’s disease mice. Hippocampus
27,1110-1122 (2017).

Jankowsky, J. L. et al. APP processing and amyloid deposition in mice haplo-insufficient for presenilin 1. Neurobiol. Aging 25,
885-892 (2004).

Denny, C. A. et al. Hippocampal memory traces are differentially modulated by experience, time, and adult neurogenesis. Neuron
83,189-201 (2014).

Denny, C. A., Burghardt, N. S., Schachter, D. M., Hen, R. & Drew, M. R. 4- to 6-week-old adult-born hippocampal neurons influ-
ence novelty-evoked exploration and contextual fear conditioning. Hippocampus 22, 1188-1201 (2012).

Drew, M. R., Denny, C. A. & Hen, R. Arrest of adult hippocampal neurogenesis in mice impairs single- but not multiple-trial
contextual fear conditioning. Behav. Neurosci. 124, 446-454 (2010).

McGowan, J. C. et al. Prophylactic ketamine alters nucleotide and neurotransmitter metabolism in brain and plasma following
stress. Neuropsychopharmacology 43, 1813-1821 (2018).

Drolet, J. et al. Integrated metabolomics assessment of human dried blood spots and urine strips. Metabolites 7, 35 (2017).
Fonteh, A. N., Harrington, R. J., Tsai, A., Liao, P. & Harrington, M. G. Free amino acid and dipeptide changes in the body fluids
from Alzheimer’s disease subjects. Amino Acids 32, 213-224 (2007).

Janus, C., Flores, A. Y., Xu, G. & Borchelt, D. R. Behavioral abnormalities in APPSwe/PS1dE9 mouse model of AD-like pathology:
comparative analysis across multiple behavioral domains. Neurobiol. Aging 36, 2519-2532 (2015).

Liu, H. et al. Changes in brain lateralization in patients with mild cognitive impairment and Alzheimer’s disease: a resting-state
functional magnetic resonance study from Alzheimer’s Disease Neuroimaging Initiative. Front. Neurol. 9, 3 (2018).

Xia, J. & Wishart, D. S. MSEA: a web-based tool to identify biologically meaningful patterns in quantitative metabolomic data.
Nucleic Acids Res. 38, W71-W77 (2010).

Chong, J., Wishart, D. S. & Xia, J. Using MetaboAnalyst 4.0 for comprehensive and integrative metabolomics data analysis. Curr.
Protoc. Bioinform. 68, €86 (2019).

Thomas, N. O,, Shay, K. P, Kelley, A. R, Butler, J. A. & Hagen, T. M. Glutathione maintenance mitigates age-related susceptibility
to redox cycling agents. Redox Biol. 10, 45-52 (2016).

Hernandez-Ortega, K., Garcia-Esparcia, P, Gil, L., Lucas, J. J. & Ferrer, I. Altered machinery of protein synthesis in Alzheimer’s:
from the nucleolus to the ribosome. Brain Pathol. 26, 593-605 (2016).

Huang, W.-]., Zhang, X. & Chen, W.-W. Role of oxidative stress in Alzheimer’s disease. Biomed. Rep. 4, 519-522 (2016).

Strack, A. M., Sawyer, W. B., Hughes, ]. H., Platt, K. B. & Loewy, A. D. A general pattern of CNS innervation of the sympathetic
outflow demonstrated by transneuronal pseudorabies viral infections. Brain Res. 491, 156-162 (1989).

Mayer, E. A., Savidge, T. & Shulman, R. J. Brain-gut microbiome interactions and functional bowel disorders. Gastroenterology
146, 1500-1512 (2014).

Nobili, A. et al. Dopamine neuronal loss contributes to memory and reward dysfunction in a model of Alzheimer’s disease. Nat.
Commun. 8, 14727 (2017).

Istrate, A. N. et al. Interplay of histidine residues of the Alzheimer’s disease Abeta peptide governs its Zn-induced oligomerization.
Sci. Rep. 6, 21734 (2016).

Ibanez, C. et al. Toward a predictive model of Alzheimer’s disease progression using capillary electrophoresis-mass spectrometry
metabolomics. Anal. Chem. 84, 8532-8540 (2012).

Tournissac, M. et al. Dietary intake of branched-chain amino acids in a mouse model of Alzheimer’s disease: effects on survival,
behavior, and neuropathology. Alzheimer’s Dement. (New York, N.Y.) 4, 677-687 (2018).

Gibb, W. R., Mountjoy, C. Q., Mann, D. M. & Lees, A. J. The substantia nigra and ventral tegmental area in Alzheimer’s disease
and Down’s syndrome. J. Neurol. Neurosurg. Psychiatry 52, 193-200 (1989).

Burns, J. M., Galvin, J. E., Roe, C. M., Morris, J. C. & McKeel, D. W. The pathology of the substantia nigra in Alzheimer disease
with extrapyramidal signs. Neurology 64, 1397-1403 (2005).

Homma, T. & Fujii, J. Application of glutathione as anti-oxidative and anti-aging drugs. Curr. Drug Metab. 16, 560-571 (2015).

Lecca, D. & Ceruti, S. Uracil nucleotides: from metabolic intermediates to neuroprotection and neuroinflammation. Biochem.
Pharmacol. 75, 1869-1881 (2008).

Loffler, M., Carrey, E. A. & Zameitat, E. Orotic acid, more than just an intermediate of pyrimidine de novo synthesis. J. Genet.
Genomics 42,207-219 (2015).

Pesini, A. et al. OXPHOS, pyrimidine nucleotides, and Alzheimer’s disease: a pharmacogenomics approach. J. Alzheimers Dis. 42,
87-96 (2014).

Rhein, V. et al. Amyloid-beta leads to impaired cellular respiration, energy production and mitochondrial electron chain complex
activities in human neuroblastoma cells. Cell. Mol. Neurobiol. 29, 1063-1071 (2009).

Fernstrom, J. D. Dietary amino acids and brain function. J. Am. Diet. Assoc. 94, 71-77 (1994).

pathways in Alzheimer’s disease. J. Pharm. Biomed. Anal. 107, 75-81 (2015).

Xu, J. et al. Graded perturbations of metabolism in multiple regions of human brain in Alzheimer’s disease: snapshot of a pervasive
metabolic disorder. Biochim. Biophys. Acta 1862, 1084-1092 (2016).

Yu, J. et al. High-throughput metabolomics for discovering potential metabolite biomarkers and metabolic mechanism from the
APPswe/PS1dE9 transgenic model of Alzheimer’s disease. J. Proteome Res. 16, 3219-3228 (2017).

SCIENTIFIC REPORTS |

(2020) 10:12171 | https://doi.org/10.1038/s41598-020-68739-z



www.nature.com/scientificreports/

67. Wu, G. & Morris, S. M. J. Arginine metabolism: nitric oxide and beyond. Biochem. J. 336(Pt 1), 1-17 (1998).

68. Balez, R. & Ooi, L. Getting to NO Alzheimer’s disease: neuroprotection versus neurotoxicity mediated by nitric oxide. Oxid. Med.
Cell. Longev. 2016, 3806157 (2016).

69. Malinski, T. Nitric oxide and nitroxidative stress in Alzheimer’s disease. J. Alzheimers Dis. 11, 207-218 (2007).

70. Law, A., Gauthier, S. & Quirion, R. Say NO to Alzheimer’s disease: the putative links between nitric oxide and dementia of the
Alzheimer’s type. Brain Res. Brain Res. Rev. 35, 73-96 (2001).

71. Bergin, D. H. et al. Altered plasma arginine metabolome precedes behavioural and brain arginine metabolomic profile changes in
the APPswe/PS1DeltaE9 mouse model of Alzheimer’s disease. Transl. Psychiatry 8, 108 (2018).

72. Forester, B. P. et al. Age-related changes in brain energetics and phospholipid metabolism. NMR Biomed. 23, 242-250 (2010).

73. Rijpma, A., van der Graaf, M., Meulenbroek, O., Olde Rikkert, M. G. M. & Heerschap, A. Altered brain high-energy phosphate
metabolism in mild Alzheimer’s disease: a 3-dimensional (31)P MR spectroscopic imaging study. NeuroImage Clin. 18, 254-261
(2018).

74. Chen, H. et al. Associations between Alzheimer’s disease and blood homocysteine, vitamin B12, and folate: a case-control study.
Curr. Alzheimer Res. 12, 88-94 (2015).

75. Chen, H. et al. Folic acid supplementation mitigates Alzheimer’s disease by reducing inflammation: a randomized controlled trial.
Mediat. Inflamm. 2016, 5912146 (2016).

76. Brown, M. V., Reader, J. S. & Tzima, E. Mammalian aminoacyl-tRNA synthetases: cell signaling functions of the protein translation
machinery. Vascul. Pharmacol. 52, 21-26 (2010).

77. Mori, H., Takio, K., Ogawara, M. & Selkoe, D. ]. Mass spectrometry of purified amyloid beta protein in Alzheimer’s disease. J. Biol.
Chem. 267, 17082-17086 (1992).

78. He, W. & Barrow, C. J. The A beta 3-pyroglutamyl and 11-pyroglutamyl peptides found in senile plaque have greater beta-sheet
forming and aggregation propensities in vitro than full-length A beta. Biochemistry 38, 10871-10877 (1999).

79. Carnevale, D. et al. A cholinergic-sympathetic pathway primes immunity in hypertension and mediates brain-to-spleen com-
munication. Nat. Commun. 7, 13035 (2016).

80. Dubeykovskaya, Z. et al. Neural innervation stimulates splenic TFF2 to arrest myeloid cell expansion and cancer. Nat. Commun.
7,10517 (2016).

81. Borovikova, L. V. et al. Vagus nerve stimulation attenuates the systemic inflammatory response to endotoxin. Nature 405, 458-462
(2000).

82. Hoover, D. B. Cholinergic modulation of the immune system presents new approaches for treating inflammation. Pharmacol. Ther.
179, 1-16 (2017).

83. Yang, S.-H., Kim, J., Lee, M. J. & Kim, Y. Abnormalities of plasma cytokines and spleen in senile APP/PS1/Tau transgenic mouse
model. Sci. Rep. 5, 15703 (2015).

84. Pozo, A. L., Godfrey, E. M. & Bowles, K. M. Splenomegaly: investigation, diagnosis and management. Blood Rev. 23, 105-111
(2009).

85. Paglia, G. et al. Unbiased metabolomic investigation of Alzheimer’s disease brain points to dysregulation of mitochondrial aspartate
metabolism. J. Proteome Res. 15, 608-618 (2016).

Acknowledgements

HCH was supported by an NIH 2T32MH015174-40 and an NIH K99AG059953-01A1. CAD was supported by
a NIH DP5 OD017908-01 and a retention package from RFMH. We thank members of the Denny laboratory
and BERG for insightful comments on this project and manuscript.

Author contributions

H.H.—running behavioral experiments/dissecting tissue, statistics, designing figures, and writing the manuscript
B.PG., V.T., N.R.N., M.A K.—running metabolomics analysis on all tissue samples, proofing the manuscript and
editing the methods section, and discussing statistical measures. C.A.D.—designing the experiment, mentoring,
supplying the mice and behavioral equipment, proofing and writing the manuscript, and editing figures and
statistical analysis.

Competing interests

BPG, MAK, VT, AND NRN are employees of BERG LLC and own stock. NRN is a founder of BERG LLC. MAK
and CAD are named on provisional patent applications for the prophylactic use of (R,S)-ketamine and other
compounds against stress-related psychiatric disorders. HCH has no conflicts of interest to disclose.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-68739-z.

Correspondence and requests for materials should be addressed to C.A.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:12171 | https://doi.org/10.1038/s41598-020-68739-z


https://doi.org/10.1038/s41598-020-68739-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Divergence in the metabolome between natural aging and Alzheimer’s disease
	Anchor 2
	Anchor 3
	Materials and methods
	Mice. 
	Genotyping. 
	Contextual fear conditioning (CFC). 
	Brain extraction. 
	Spleen collection. 
	Preparation of brain tissue. 
	Preparation of spleen tissue. 
	Metabolomics analysis of brain tissue. 
	Metabolomics analysis of spleen tissue. 
	MetaboAnalyst analysis. 
	Data normalization. 
	Principal component analysis (PCA). 
	ANOVA. 
	Pathway analysis. 
	Correlation analysis. 


	Results
	ARCD and AD mice exhibit contextual fear learning deficits. 
	Metabolite profiles between Ctrl and AD mice begin to overlap at 24 months of age. 
	Right-lateralized changes in metabolites in the PFC and HPC. 
	Metabolites negatively correlated with freezing behavior are also observed in human AD samples. 
	AD impacts histidine metabolism in the PFC, HPC, and spleen. 
	AD significantly alters amino acid catabolism and energy metabolism pathways in the PFC. 
	AD significantly alters protein synthesis and oxidative stress in the HPC. 
	Age-related metabolite changes occur earlier in the spleen compared to the CNS. 

	Discussion
	References
	Acknowledgements


