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Abstract

BACKGROUND: Metabolic dysregulation is a hallmark of neurodegenerative dis-
eases, including Alzheimer’s disease (AD) and progressive supranuclear palsy (PSP).
Although metabolic dysregulation is a common link between these two tauopathies,
a comprehensive brain metabolic comparison of the diseases has not yet been
performed.

METHODS: We analyzed 342 postmortem brain samples from the Mayo Clinic Brain
Bank and examined 658 metabolites in the cerebellar cortex and the temporal cortex
between the two tauopathies.

RESULTS: Our findings indicate that both diseases display oxidative stress associ-
ated with lipid metabolism, mitochondrial dysfunction linked to lysine metabolism,
and an indication of tau-induced polyamine stress response. However, specific to AD,
we detected glutathione-related neuroinflammation, deregulations of enzymes tied to

purines, and cognitive deficits associated with vitamin B.
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1 | BACKGROUND

Tau protein hyperphosphorylation and its abnormal accumulation in
the brainis a hallmark of several neurodegenerative diseases, including
Alzheimer’s disease (AD) and progressive supranuclear palsy (PSP).
The major clinical symptom of AD is dementia, which predominantly
impairs memory,2 whereas PSP is a Parkinsonian movement disorder.>
Despite both representing tauopathies, these diseases have several
key differences: First, AD is a dual proteinopathy, displaying deposition
of both amyloid beta (AB) and tau tangles, whereas PSP is consid-
ered to be a pure tauopathy.! Second, the specific tau proteins in the
two diseases differ in their protein isoforms.* Although AD presents
neuronal tangles composed of tau of both three (3R) and four (4R)
microtubule-binding repeat isoforms, shifting from 3R to 4R with dis-
ease progression,” PSP demonstrates different tau-inclusion patterns
predominantly composed of 4R in neurons, astrocytes, oligodendro-
cytes, and white matter. Furthermore, although both diseases are asso-
ciated with tau-encoding microtubule-associated protein tau (MAPT)
haplotypes,®” distinct genetic risk factors have been discovered for
AD?® and PSP, signifying divergent genetic components contributing to
these two diseases. These differences in the genetic risk, involved pro-
teins, and tau isoforms might be the basis of the divergent molecular
and clinical presentations of these two pathologies.

In a comparison of the two diseases at the molecular level, we pre-
viously reported a high overlap in transcriptomic signatures of these
diseases,” 10 including dysregulation of biological processes such as
myelination. As a particularly affected cellular process, metabolic dys-
regulation involving mitochondrial dysfunction is a common disease
pathway in neurodegenerative diseases.!! Especially in AD pathology,

such metabolic modulation is an established key component, affecting
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* AD and PSP share metabolic alterations despite major pathological differences.

cellular processes both in the brain and in the periphery.12-18 More-
over, our recent study on postmortem human brain tissue suggested
tau as the potential driver of AD-associated metabolic alterations in
the central nervous system.15 In the context of PSP, several small-
scale studies have indicated the presence of metabolic dysregulation
in cerebrospinal fluid (CSF) and in blood.1%-20

Because AD and PSP share the above-mentioned pathological fea-
tures, namely, tauopathy and metabolic alterations, comparing their
metabolomic profiles can help identify shared biological pathways that
could be targeted for therapeutic interventions. Conducting a thor-
ough brain metabolic comparison of the two diseases is crucial to
determine the precise alterations in metabolic homeostasis, which is
a hallmark of neurodegenerative diseases.’>?! To date, there have
been no brain metabolic profiling studies of PSP and no comparative
metabolomic studies for these tauopathies.

To address this need, we present a human brain-based metabolic
comparison derived from a sizable cohort of neuropathologically diag-
nosed AD, PSP, and control donors. We analyzed 342 brain samples,
comprising 181 from the cerebellar cortex (CER) and 161 from the tem-
poral cortex (TCX). These two brain regions exhibit varying degrees
of proteinopathy across the two diseases, with CER being largely
unaffected in both?22% and TCX being affected predominantly in
AD.2324 However, proteinopathy in the CER of patients with AD seems

to emerge at later stages,?”

and this region has been reported to
exhibit disease-driven changes, including atrophy, diffused amyloid
presence, and increased microglial activity.2® From the perspective of
PSP, proteinopathy has traditionally been reported only in the ante-
rior CER?’; however, a recent whole-brain magnetic resonance spec-
troscopy (MRS)-based study has revealed metabolic changes across

various brain regions including both CER and TCX.28 Moreover, our
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previous research has identified transcriptomic alterations common
to both diseases and brain regions,”1° suggesting that despite differ-
ences in gross pathology, widespread regulatory changes occur in both
of these neurodegenerative diseases in both brain regions. Our aim
here was to determine if the metabolome, similar to the transcrip-
tome, is also affected across brain regions with varying degrees of
proteinopathies and across neurodegenerative diseases—AD and PSP.
An overview of the study is depicted in Figure 1.

2 | METHODS

2.1 | Cohorts, clinical data, and neuropathological
data

The Mayo Clinic cohort consisted of 162 TCX and 182 CER samples.
Among those samples, 138 TCX and CER samples were from the same
brain donor. AD, PSP, and control donors were neuropathologically
diagnosed at autopsy. AD donors met the neuropathologic criteria for
definite AD according to the national institute of neurological and
communicative disorders and stroke and the Alzheimer’s disease and
related disorders association (NINCDS-ADRDA) criteria?’? and had a
Braak score of >4.0. All PSP donors are from the Mayo Clinic Brain
Bank and were diagnosed according to national institute of neurolog-
ical disorders and stroke (NINDS) neuropathologic criteria criteria.3°
All PSP brains also met the new Rainwater criteria.?2 Control donors
each had Braak neurofibrillary tangle (NFT) stage of 3.0 or less, consor-
tium to establish a registry for Alzheimer’s disease (CERAD)3! neuritic
and cortical plaque densities of O (none) or 1 (sparse), and lacked any
of the following pathologic diagnoses: AD, Parkinson’s disease (PD),
dementia with Lewy bodies (DLB), vascular dementia (VaD), PSP, motor
neuron disease (MND), corticobasal degeneration (CBD), Pick’s disease
(PiD), Huntington’s disease (HD), frontotemporal lobar degeneration
(FTLD), hippocampal sclerosis (HipScl), or dementia lacking distinctive
histology (DLDH). These are archival brain bank samples. Information
on diet, weight, and body mass index (BMI) is not available. All the
donors in this study were non-Hispanic Whites of North American or
European descent. Details on this cohort have also been provided in

previous studies.”10:32

2.2 | Metabolomics profiling

The untargeted DiscoveryHD4 metabolomics platform from
Metabolon Inc. was used to measure brain metabolic profiles. Fractions
of the tissue samples were used for two ultra-high performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS; positive
ionization), a UPLC-MS/MS (negative ionization), and a UPLC-MS/MS
polar platform (negative ionization). Based on the spectra, area under
the curve (AUC) was used to quantify the peak intensities. An internal
spectral database was used for compound identification. Further

details can be found in File S1 and a previous publication.'®
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RESEARCH IN CONTEXT

1. Systematic review: Although Alzheimer’s disease (AD)
and progressive supranuclear palsy (PSP) differ in genetic
factors, symptoms, and proteinopathy, they share alter-
ations in myelination and mitochondrial metabolism.
Metabolic dysregulation is a hallmark of neurodegener-
ative diseases and a common feature of AD and PSP;
however, a comprehensive brain metabolic comparison of
these diseases has been missing so far.

2. Interpretation: We examined 658 metabolites in cere-
bellar cortex (CER) and temporal cortex (TCX) brain
regions using 342 AD, PSP, or control brain samples from
the Mayo Clinic Brain Bank. Our study shows that AD
metabolically affects both CER and TCX regions, whereas
PSP’s impact is mostly in CER. Our study is a first step
toward cataloging the common and divergent metabolic
changes observed in AD and PSP.

3. Future directions: Future research using spatial
metabolomics or induced pluripotent stem cell (iPSC)-
derived cells will allow detailed comparisons of the
metabolic changes in these diseases at a specific cell type

level.

2.3 | Data preprocessing

A total of 827 metabolites were identified by the metabolomics plat-
form. Of these, 658 metabolites with <25% missing values were
used for the analysis; the remaining 169 were excluded. To correct
for sample-wise variation, probabilistic quotient normalization was
performed,3 followed by log, transformation. To impute the remain-
ing missing values, a k-nearest-neighbor-based algorithm was applied
as described previously.>* The local outlier factor method was used for
outlier detection,? identifying no samples to be excluded. Two hun-
dred seventy-eight irregularly high or low single concentrations with
absolute z-score above q = abs(qnorm[0.0125/n]), with n representing
the number of samples, were set to missing. This formula finds the
cutoff for values with less than 2.5% two-tailed probability to origi-
nate from the same normal distribution as the rest of the measurement
values, after applying a Bonferroni-inspired correction factor (division
by sample size). These values were then imputed using a k-nearest-
neighbor-based algorithm.'®> All preprocessing was performed using
the maplet R package.3¢

2.4 | Differential analysis of metabolites
Of 344 samples, 342 were used for the analysis; 2 with missing

apolipoprotein E (APOE) ¢4 status were excluded. To identify metabo-
lites associated with diagnosis, two subsequent logistic regressions
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Mayo brain bank: 342 samples

142 Alzheimer’s disease (AD) samples
156 Progressive supranuclear palsy (PSP) samples
44 controls
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FIGURE 1 Study overview: 342 Mayo Clinic Brain Bank samples were included in this analysis. For each sample, diagnosis and demographic
information were available. Metabolomic profiling was performed on samples from the cerebellar cortex (CER) and temporal cortex (TCX) regions.
Metabolic signatures of each diagnosis, namely, Alzheimer’s disease (AD) and progressive supranuclear palsy (PSP) in comparison to metabolic
profiles of controls without neurodegenerative disease. A comparison of the metabolic signatures of the two tauopathies was performed,
highlighting the overlap in altered metabolites and metabolic pathways commonly dysregulated in the two diseases.

were used as described previously.!%37 The first model included
diagnosis as the outcome, metabolites as the predictors, but no con-
founding factors. p-Values of this model were corrected using the
Benjamini-Hochberg (BH) method3® for multiple hypothesis testing.
The second logistic regression model included diagnosis as the out-
come, metabolites with adjusted p-values < 0.25 from the first model
as predictors, and sex, number of APOE ¢4 alleles, and age at death
as confounders. Metabolites with p-value < 0.05 in the second model
were used to define the metabolic signatures of the diseases. To
estimate the statistical power of the associations for each compar-

ison, we utilized the “pwrss.z.logistic” function from the R package
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“pwrss.” This function was employed to conduct power calculations
for logistic regression at an alpha level of 0.05. We based these cal-
culations on a range of effect sizes derived from the first model
(as described above), using the maximum and minimum effect sizes
observed in our results to define the upper and lower limits of this
range.

To determine the effect of postmortem interval (PMI) on the asso-
ciations, the association analysis was repeated including PMI as a
covariate in the second model. For this analysis, 153 samples with miss-
ing PMI information were excluded. The results from the analysis are
available in Tables S1-S9.
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TABLE 1 Cohortoverview.
Cerebellar cortex (CER,n = 181) Temporal cortex (TCX,n = 161)
AD PSP Control AD PSP Control
(n=79) (n=78) (n=24) (n=63) (n=78) (n=20)
Sex
Male 32 47 11 27 46 8
Female 47 31 13 36 32 12
Age at death® 84 (78,89) 74(69,79) 90 (87, 90) 86(81,90) 74(69,79) 90 (88, 90)
APOE ¢4 allele
0 38 66 21 28 67 17
1 36 11 3 31 10
2 5 1 0 4 1 0

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; IQR, interquartile range, that is, middle 50% of the value range; PSP, progressive supranuclear

palsy.
2Median (IQR).

For a selected set of metabolites, that is, from polyamine
metabolism, pairwise ratios were computed (Tables S10 and S11). The
rationale is explained in Section 3.3.2 under the heading “Polyamine
metabolism and tau-mediated stress.” To this end, exponentials of
the log, transformed metabolic profiles were computed, ratios were
generated, and then log, transformed. The differential analysis of

these ratios was performed in the same way as individual metabolites.

2.5 | Pathway analysis

For functional annotation of the significantly altered metabolites,
Metabolon’s sub-pathway annotations were used. For functional anno-
tation of metabolic signatures in the CER region described in the
Section 3.2, the total number of metabolites per pathway and, for each
disease (AD and PSP) number of metabolites that were lower or higher
compared to controls were reported. Supplementary Tables contain
the complete list of annotations.

3 | RESULTS

3.1 | Metabolic signatures of the two diseases

We analyzed 342 brain samples from the Mayo Clinic Brain Bank, from
AD and PSP patients as well as controls without neurodegenerative
pathologic diagnoses, across two brain regions: CER and TCX. Demo-
graphic characteristics of the samples across the diagnoses and brain
regions are shown in Table 1.

Samples were profiled using an untargeted LC-MS/MS-based
metabolomics platform. This resulted in measurements of 658 metabo-
lites from various metabolic “super-pathways” (Figure 2A, Table S1),
covering lipids (44.4%), amino acids (23.3%), nucleotides (7.0%), car-
bohydrates (5.3%), cofactors and vitamins (3.8%), peptides (2.7%),
xenobiotics (2.7%), energy-related metabolites (1.5%), and a series of

uncharacterized metabolites (9.3%).
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To determine the metabolic imprint of the two diseases in the brain,
we performed a brain region-wise statistical comparison between
disease and control samples. All models were corrected for disease-
associated confounding variables, including the number of APOE ¢4
alleles, age at death, and sex. All donors were non-Hispanic White. Of
note, potentially confounding variables BMI and years of education
were unavailable in this archival brain bank cohort. PMI was available
only in a subset and was, therefore, not included in the main analy-
sis. In the CER region, a total of 153 metabolites were associated with
AD; 35 were associated with PSP (Figure 2B), of which 27 were com-
monly associated with both diseases (Figure 2C). In the TCX region,
63 metabolites were associated with AD, only two were associated
with PSP (Figure 2B), and none were shared between the two diseases
(Figure 2D). Detailed statistical results from the two brain regions can
be found in Tables S2-S5. A comparison of the effect sizes across dis-
eases within the same brain region and across the brain regions in
the same disease is shown in Figure S1. A visual representation of the
power analysis of these associations are available in Figure S2. Statis-
tical results in the subset of samples with PMI can be found in Table
S6-S9.

Overall, AD-related metabolic alterations were observed in both
brain regions, whereas PSP-related alterations had a regional pref-
erence for CER and were less pronounced compared to AD-related
alterations. Of note, the sample sizes were comparable for both brain
regions as well as diseases (Table 1), suggesting that statistical power
was unlikely to cause this discrepancy. In the following, we focused on
the CER region for a detailed comparison of AD and PSP, as this region
had commonly perturbed metabolites between these two diseases,

whereas TCX had none.
3.2 | Comparison of AD and PSP metabolic
signatures in CER

To compare the metabolic signatures of the two diseases in CER, each

metabolite was categorized using a “sub-pathway” annotation. One
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(A) Distribution of measured metabolites
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Vitamins 3.8%
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Lipid 44.4%

(B) Significant associations per region across pathologies

Peptide 2.7%
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(C) Overlapping associations in CER

(D) Overlapping associations in TCX

FIGURE 2 Overview of metabolites and their associations with Alzheimer’s disease (AD) and progressive supranuclear palsy (PSP). (A)
Distribution of metabolites detected by metabolomics platform across metabolic classes. (B) Number of metabolic associations for each brain
region and each disease. (C) Overlap of metabolic associations between the two diseases in cerebellar cortex samples. (D) Overlap of metabolic

associations between the two diseases in temporal cortex samples.

hundred fifty-three metabolites were significantly associated with AD,
136 of these 153 were annotated with 53 pathways, and the remaining
17 metabolites were MS peaks without any identifiable characteristics
and thus were excluded from further analysis. Similarly, 35 metabolites
were significantly associated with PSP, 30 of which were annotated
with 19 pathways, and the remaining 5 metabolites were unchar-
acterized and thus were excluded from further analysis. Overall, 35
pathways were exclusively dysregulated in AD, 1 pathway was exclu-
sive to PSP, and 18 pathways were shared across the two diseases.
These pathways were distributed across all eight super-pathways, with
amino acids and lipids representing the groups with the most changes
(Figure 3).

Pathways exclusively dysregulated in AD

A total of 35 pathways were dysregulated in AD but not in PSP.
Among these, various amino acid pathways were negatively associ-
ated with AD including the urea cycle, alanine and aspartate, tyro-
sine, and branched-chain amino acid (BCAA) metabolism, whereas
glutathione metabolism was positively associated. In addition, the

metabolism of vitamins B1, B2, and B6 was negatively associated with
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AD, whereas vitamin C metabolism was positively associated. More-
over, several pathways belonging to the metabolic groups of peptides,
carbohydrates, energy metabolites, and nucleotide metabolism were

dysregulated only in AD.

Pathways exclusively dysregulated in PSP

Dicarboxylate metabolism was the only pathway uniquely dysreg-
ulated in PSP. However, within this pathway, only one of the
seven metabolites, the fatty acid 3-hydroxyadipate, was signifi-
cantly lower in PSP as compared to controls, whereas changes
in the remaining six metabolites were insignificant. Thus, there is
limited evidence to support the dysregulation of this pathway in
PSP.

Pathways commonly dysregulated in both diseases

Eighteen pathways were commonly perturbed in AD and PSP. These
pathways were mainly from the amino acid and lipid groups. Within
the amino acid group, creatine, glutamate, and lysine metabolism
were positively associated with both diseases, whereas polyamine,

glycine, and histidine metabolism were negatively associated. Within
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FIGURE 3 Functional annotation of metabolic signatures in the cerebellar cortex (CER) region. Within the CER region, for each disease and
pathway, the number of positively or negatively associated metabolites is shown in orange and green boxes, respectively. These pathways are
further annotated by super-pathways. The significance of these pathways in one or both diseases is shown per pathway. Venn diagram depicts the
overlap of the number of significant pathways in the two diseases. FA, fatty acid; LC, long chain.

the lipid group, ceramides, diacylglycerol, and phospholipids were 3.3 | Functional insights into unique and shared
positively associated with both diseases, whereas sphingomyelin, metabolic dysregulation in AD and PSP in CER
lysophospholipid, phosphatidylcholine, phosphoethanolamine,

and Fatty Acid (acylcarnitine, monounsaturated) were negatively As outlined earlier, in the CER region, 35 metabolic pathways were
associated. exclusively dysregulated in AD, only 1 pathway was exclusively dys-

Overall, in the two diseases, common metabolic perturbations were regulated in PSP, and 18 pathways were shared across the diseases
better captured at the functional level of pathways (18/54 changed, (Figure 4). In the following, we discuss functional insights into the
33.34%) than at the individual metabolite level (27/161 changed, commonalities and differences of metabolic dysregulation in the two
16.77%). diseases based on selected pathways.
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Neuroinflammation
(Glutathione metabolism)

Cognitive deficit
(Vitamin B metabolism)

Enzymatic reactions
(Purine metabolism)

Oxidative stress
(Lipid metabolism)

Mitochondrial dysfunction
(Lysine metabolism)

Tau-mediated stress
(Polyamine metabolism)

Dicarboxylate metabolism

FIGURE 4 Comparison of deregulated pathways in the two diseases. Within the cerebellar cortex region, 35 pathways were exclusively
dysregulated in Alzheimer’s disease (AD), 18 pathways were shared between the two diseases, and 1 pathway was dysregulated exclusively in
progressive supranuclear palsy (PSP). The labeled processes indicate selected pathways discussed in the text. Included for illustrative purposes are
stylistic representations of the tau isoform associated with each tauopathy. Within these protein structures, residues in R1-R4 and in the
C-terminal domain are colored purple, blue, green, gold, and orange, respectively.2*

3.3.1 | Metabolic pathways altered exclusively in
AD in CER

Within the CER region, 35 metabolic pathways were dysregulated
exclusively in AD. Based on the number of metabolites altered, we
highlight the three most perturbed pathways from three different
metabolic groups in the following.

Glutathione metabolism and neuroinflammation

Neuroinflammation is central to AD pathogenesis and is marked by
the release of pro-inflammatory molecules as well as reactive oxygen
species.3? Antioxidants such as glutathione play a key role in combating
oxidative stress resulting from neuroinflammation.*® Neuroinflamma-
tion and oxidative stress in the brain are believed to mediate neuronal
dysfunction and death.3? In our data, 7 of 13 metabolites from glu-
tathione metabolism were higher in AD as compared to controls. Of
these seven, glutathione disulphide bond glutathione molecule (GSSG),
ophthalmate, and 4-hydroxy-nonenal-glutathione are known biomark-
ers of oxidative stress.*1-43 Of note, based on genomic and transcrip-
tomic data, we have demonstrated previously that this pathway is
disrupted in AD.**
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Purine metabolism and enzymatic reactions

Purine bases serve as cofactors for various biochemical reactions and
are thus crucial for many metabolic processes.2® Moreover, adeno-
sine has been implicated in the modulation of cognition and memory,
as well as the permeability of the blood-brain barrier.*> In our
data, five metabolites from adenine metabolism and one from gua-
nine metabolism were higher in AD as compared to controls. Purine
metabolism has been shown to be perturbed in AD; however, effect
directions were inconsistent between CSF and brain regions.134°4¢
Overall, our findings indicate a dysregulation of purines in AD brains,
which has the potential to alter various brain functions.

Vitamin B metabolism and cognitive deficit

Multiple B vitamins are considered protective against cognitive
decline.*’ In our data, thiamine (vitamin B1), riboflavin (vitamin B2),
and pyridoxine (vitamin B6) were found to be lower in AD compared
to controls. Thiamine-dependent enzymes play central roles in glu-
cose metabolism.#® In AD brains, a reduction in thiamine levels has
been associated with the diminished activity of thiamine-dependent
enzymes, including transketolase from the pentose phosphate pathway

and 2-ketoglutarate dehydrogenase complex from the tricarboxylic
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acid (TCA) cycle.*84? Riboflavin and pyridoxine in their co-enzymatic
forms are involved in one-carbon metabolism.>® Riboflavin acts as
a cofactor in the folate cycle, whereas pyridoxine is involved in the
transsulphuration pathway.”® Overall, these vitamins are essential for
a well-functioning metabolism, and reduction in their levels has been
associated with a decline in cognitive functions.*’>1

Of note, all the above-mentioned AD-related metabolic dysregula-
tions identified in the CER region were also detected in our previous
findings in the dorsolateral prefrontal cortex region of the religious

order study and memory aging project (ROS/MAP) cohort.!>

3.3.2 | Metabolic pathways altered in both diseases

Within the CER region, 18 metabolic pathways were dysregulated in
both diseases. In the following, we highlight pathways from the two

biggest metabolic classes, lipids and amino acids.

Lipid metabolism and oxidative stress

In neurodegenerative diseases, lipid metabolism has been impli-
cated widely in disease pathogenesis, including in amyloid beta (Ag)-
associated lipid rafts, increased lipid peroxidation,®? altered choles-

3 as well as phospholipase-2-mediated

terol and lipid homeostasis,>
lipid cleavage.® In our data, lipids from various lipid classes were dys-
regulated, with 15 lipids dysregulated in AD and 8 of those 15 also
dysregulated in PSP.

Oxidative stress, a hallmark of neurodegenerative diseases, induces
lipid peroxidation, which leads to increased phospholipase activity.?>>¢
The breakdown of phospholipids by phospholipases leads to compro-
mised membrane integrity,>” which affects neuronal excitability.>> In
our data, several phosphatidylcholines (PCs), the major membrane
phospholipids, were lower in both diseases compared to controls.
Phospholipases degrade PCs into lyso-PCs, which get further broken
down into glycerophoshorylcholine (GPC) and fatty acids.”® GPC was
high in both diseases as compared to controls in our study.

Moreover, oxidative stress is also known to increase ceramide pro-
duction, which in turn may trigger synaptic dysfunction and neuronal
death.>? Ceramides play an important role in many cellular processes,
including lipid signaling, metabolic homeostasis, and mitochondria-
linked apoptosis.?® In our data, ceramide levels were positively
associated with both diseases with varying degrees. N-stearoyl-
sphingadienine (d18:2/18:0)* was high in both diseases compared
to controls, whereas lactosyl-N-stearoyl-sphingosine (d18:1/18:0)* a
lactosylceramide, and N-stearoyl-sphinganine (d18:0/18:0)* adihydro-
ceramide, were high only in AD compared to controls. Moreover, the
myelin sheath that assists in signal transduction across neurons is com-
posed of ceramides.?? Notably, in our previous transcriptome-based

studies, we observed myelination dysregulation in both AD and PSP.7¢1

Lysine metabolism and mitochondrial dysfunction
Lysine is an essential amino acid that can be catabolized by two
pathways: the saccharopine pathway in mitochondria and the pipeco-

late pathway in cytosol.°2 In our data, 10 metabolites from lysine
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metabolism were dysregulated. Of these, all 10 were perturbed in
AD, whereas only 3 metabolites were altered in PSP. One of the 10
metabolites was saccharopine, which was high in both AD and PSP as
compared to controls. Previous studies in Caenorhabditis elegans and
mice have argued that saccharopine accumulation leads to mitochon-
drial dysfunction.?® Our results are thus another potential piece of
evidence in support of mitochondrial dysregulation in the pathogenesis
of tauopathies.®*

Polyamine metabolism and tau-mediated stress

In our study, two of the eight metabolites from polyamine metabolism,
spermidine and spermine, were significantly lower in both tauopathies
compared to controls. Polyamines are known for their neuro-
protective effects, such as the clearance of apoptotic cells via
efferocytosis®® and autophagy®®; both mechanisms are affected in
AD and other neurodegenerative diseases.®” Moreover, mouse-based
studies have speculated a complex interaction between polyamines
and tau neuropathology.®8¢? Specifically, it has been hypothesized that
spermidine and spermine reduce tau fibrillization, oligomerization, and
tau seeding/propagation, whereas tau can lead to polyamine stress
response.®® The polyamine stress response is defined as an alteration
in the brain polyamine metabolism that is stimulated by a stressor
leading to an increase in putrescine level, while levels of spermine
and spermidine decrease or remain unchanged.”®”! Notably, in our
data, putrescine levels were unchanged. Previous metabolomic studies
have reported that metabolite ratios may serve as proxies for enzy-
matic activity, in particular when two metabolites correspond to the
immediate substrates and products of an enzymatic transformation.”2
Therefore, we performed a ratio analysis for the metabolites in the
polyamine metabolite pathway because putrescine is the substrate to
produce spermidine, which in turnis the substrate to produce spermine
in a reversible reaction. (Tables S10 and S11). In our analysis, ratios
of putrescine/spermidine and putrescine/spermine were higher in both
tauopathies as compared to controls, indicating relatively higher levels
of putrescine compared to the other polyamines.

4 | DISCUSSION

The two tauopathies AD and PSP exhibit several shared and unique
characteristics. They differ in the genetic risk factors involved, tau-
isoforms, main symptoms, and type of proteinopathy, with PSP
being a pure tauopathy and AD exhibiting deposition of AS along
with tau.l At the molecular level, the two diseases display similar-
ities, particularly in the alterations of biological processes including
myelination? and mitochondrial metabolism.1% However, prior to this
study, the comparative analysis of metabolic alterations, a key feature
of neurodegeneration,?! between AD and PSP had not been explored.
To address this gap, we conducted a comprehensive assessment using
a sizable cohort of 342 samples of AD, PSP, and control donors from
the Mayo Clinic Brain Bank. We profiled 658 metabolites across CER
and TCX brain regions and provided a detailed comparative account
of metabolic alterations in AD and PSP. Of the 658 metabolites, 200

35UBD| 7 SUOWILLIOD 9AIa1D) 3|ceal [dde ay) Aq pausenob afe sajoie VO ‘3sn Jo sani 10} AriqiT]auluQ /8|1 UO (SUORPUOD-PUR-SWBIWOD AS [IM A Re.d 1 BU I [UO//:SANY) SUOIIPUOD pue WS | U1 89S *[7202/TT/S0] Uo Ariqi auluo 8|1 ‘WinuezsBunyos.I04 Sayosineq UsYouan | WNJUSZ Z}joyw RH Aq 6v2iT Z[e/200T OT/I0p/Wo0 A8 | im ARelg1pUl|UO'S feunof-Z fe//:sdny woiy papeojumoq ‘0 ‘6/2525ST


https://alz-journals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Falz.14249&mode=

w0 | Alzheimer’s &Dementiar

BATRAET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

(30.4%) were significantly associated with at least one of the diseases in
at least one of the regions. In the following, we discuss the key findings
of our study.

Our results show that AD-related metabolic alterations encompass
both regions, namely, CER and TCX. We identified 153 AD-associated
metabolic alterations within the CER region and 63 alterations within
the TCX region. Remarkably, we found a larger number of metabolic
alterations in CER compared to TCX. This was unexpected, as CER is
relatively devoid of significant gross neuropathology in AD.2® We spec-
ulate that the metabolic alterations observed in CER may be due to the
presence of either neuropathology in late-phase AD2° or toxic AB/tau
oligomer species’? transported from other brain regions due to the
functional and structural connectivity between CER and other brain
regions including the hippocampus, which is affected early in AD.”*
Alternatively, the metabolic changes seenin CER could reflect the mod-
ulation of CER because of the pathological changes in other regions of
the brain, for example, due to altered neural network connectivity.”>
The greater number of metabolic alterations in the CER compared to
the TCX could indicate the varying metabolic needs of these regions
and how these needs shift with age or during neurodegeneration.”®
Furthermore, our results indicate that PSP-related metabolic alter-
ations were scarce in TCX (two metabolites), whereas some metabolic
alterations were observed in CER (35 metabolites). Because TCX has
limited neuropathology in PSP,2* our results were in line with what may
be expected from this relatively unaffected region. Although the CER

P22 it may

generally shows minimal significant neuropathology in PS
still be susceptible to metabolic alterations for the above-mentioned
reasons.

Within the CER region, AD and PSP differed significantly in the
number of metabolic alterations (153 in AD and 35 in PSP). As
opposed to our previous speculation that tau is the potential driver
of AD-associated metabolic alterations in the dorsolateral prefrontal
cortex,'® the current results stipulate that tau may not be the sole
driver of metabolic alterations in the CER. Based on these results, it can
be inferred that various factors differentiating these diseases may have
contributed to the differences in their metabolic imprint. Furthermore,
although our analysis adjusted for age as a covariate, the observed
differences in age could potentially contribute to the variance in the
number of metabolic alterations identified within AD and PSP brains.
The median age at death of PSP donors was lower than that of AD
donors, and controls were older than both AD and PSP cases.

Despite the differences in the two tauopathies, common metabolic
processes were altered across the two diseases. Pathway analysis of
the altered metabolites in the CER region indicated a higher overlap in
affected biological processes (33.34%) across the pathologies as com-
pared to individual metabolites (16.77%). We found metabolic alter-
ations shared between the two tauopathies in various pathways and
highlighted the specifics of several selected pathways. We speculate
that these similarities in the two diseases can result from either com-
mon metabolic rewiring to combat the neurodegenerative processes
or common perturbation of the metabolism due to the neurodegenera-
tive process. AD showed more unique alterations, whereas PSP shared

most of its altered processes with AD. We found that lipid metabolism-
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mediated oxidative stress, lysine metabolism-associated mitochondrial
dysfunction, and tau-mediated polyamine stress were shared pro-
cesses between the two diseases. Meanwhile, glutathione metabolism-
mediated oxidative stress and neuroinflammation, purine-linked enzy-
matic deregulations, and vitamin B-associated cognitive deficits were
unique to AD.

Our study had several limitations. First, confounding variables
including BMI, years of education, and PMI were unavailable either
in all or a subset of donors in this cohort. Thus, we could not adjust
for potential differences in certain metabolites that may be due
to these factors. Second, the measured metabolites could be fur-

ther influenced by factors such as medication and supplement use,*>

diet, the gut microbiome,’”"78

and comorbidities, potentially affecting
some of our results. Third, although both our transcriptomics-based
and metabolomics-based studies identified substantial PSP-associated
molecular alterations in the brain regions currently examined, our
study design lacks a brain region substantially affected by neuropathol-
ogy in PSP. Fourth, in our hypothesis-generating analysis, we have used
aless-conservative false discovery rate threshold of 25%, as compared
to the traditional threshold of 5% accepting, the possibility that up
to one in four metabolites might be a false positive in our results.
Fifth, bulk tissue profiling as used in this study lacks resolution at the
single-cell level that might be necessary to distinguish the contribu-
tion of various cell fractions. Differential proportions of cell types or
differences in microenvironment could affect bulk levels of metabo-
lites in various ways. (1) Significant differences in cell proportion
could alter the levels of metabolites in the bulk sample.”? (2) Neu-
ropathology could reprogram certain cell types to produce different
levels of metabolites. For instance, tau accumulation within neurons
could reprogram their metabolism, leading to aberrations at both the
metabolome and transcriptome levels.” (3) The cellular microenvi-
ronment could influence the metabolic profiles of certain cell types.
For example, pathology leads to the activation of microglial cells,®°
which could have a different metabolic profile than a microglial cell
in a steady state. In summary, one or more of these mechanisms may
drive the changes in metabolic profiles at the cell type-specific level.
Future studies need to focus on single-cell or spatial metabolic profiling
approaches to delineate these mechanisms. To our knowledge, this is
the first study to conduct a comparative metabolome analysis between
AD and PSP, and also in two brain regions. Consequently, our findings
are based on statistical associations from a single cohort. Neverthe-
less, the discovery of metabolic pathways commonly perturbed in both
AD and PSP in this study - along with prior metabolomic and transcrip-
tomic studies that support associations of some of these pathways with
AD and/or PSP, including lipid metabolism®2->4; oxidative stress,>>5¢
ceramides”¢%¢1 and mitochondrial metabolism®* - highlight the robust
and replicable nature of our findings.

In summary, we presented the first large-scale metabolic com-
parison of two tauopathies—AD and PSP—focusing on two different
brain regions. Our study is a step toward cataloging the common
and divergent metabolic changes observed in these two diseases.
Our findings support the hypothesis that many metabolic changes

are common to neurodegeneration (both AD and PSP) and reflect
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molecular disruptions that are not driven by gross pathology, since
most perturbations occur in CER, which has limited neuropathol-
ogy in both diseases. Future studies on experimental model systems,
such as induced pluripotent stem cell (iPSC) cell lines or mouse mod-
els of tauopathy, B-amyloidosis, or both could further support our
findings and enable longitudinal assessment of metabolomic changes.
One specific example would be targeting enzymes from polyamine
metabolism (spermidine synthase (SRM) or spermine synthase (SMS))
as a therapeutic strategy. Through genetic (e.g., CRISPR) or pharma-
cological means, altering these enzymes in advanced cell lines like
human iPSC 4R tauopathy models®! could shed light on their role in tau
pathology and cell health, offering insights into novel ways to combat
tauopathies. Likewise, blood and CSF metabolome studies of longitudi-
nally followed human cohorts can reveal the temporal progression of
these changes and align them to brain tau, AR, and neurodegeneration
when combined with neuroimaging.82 Follow-up studies in additional
postmortem cohorts are needed to investigate the specific metabolic
pathways commonly implicated in these and other neurodegenerative
diseases. Moreover, the contribution of specific cell types toward the
observed metabolic changes remains to be determined. Future stud-
ies with specific cell populations, using either spatial metabolomics or
iPSC-derived cell type populations, will enable a precise comparison
of the metabolic changes in the two diseases at the cell type-specific

level.
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