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Serum metabolites associated with brain
amyloid beta deposition, cognition and
dementia progression
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Metabolomics in the Alzheimer’s Disease Neuroimaging Initiative cohort provides a powerful tool for mapping biochemical
changes in Alzheimer’s disease, and a unique opportunity to learn about the association between circulating blood metabolites and
brain amyloid-f3 deposition in Alzheimer’s disease. We examined 140 serum metabolites and their associations with brain amyloid-
B deposition, cognition and conversion from mild cognitive impairment to Alzheimer’s disease in the Alzheimer’s Disease
Neuroimaging Initiative. Processed [**F] Florbetapir PET images were used to perform a voxel-wise statistical analysis of the effect
of metabolite levels on amyloid-p accumulation across the whole brain. We performed a multivariable regression analysis using
age, sex, body mass index, apolipoprotein E ¢4 status and study phase as covariates. We identified nine metabolites as significantly
associated with amyloid-B deposition after multiple comparison correction. Higher levels of one acylcarnitine (C3; propionylcarni-
tine) and one biogenic amine (kynurenine) were associated with decreased amyloid-p accumulation and higher memory scores.
However, higher levels of seven phosphatidylcholines (lysoPC a C18:2, PC aa C42:0, PC ae C42:3, PC ae C44:3, PC ae C44:4, PC
ae C44:5 and PC ae C44:6) were associated with increased brain amyloid-p deposition. In addition, higher levels of PC ae C44:4
were significantly associated with lower memory and executive function scores and conversion from mild cognitive impairment to
Alzheimer’s disease dementia. Our findings suggest that dysregulation of peripheral phosphatidylcholine metabolism is associated
with earlier pathological changes noted in Alzheimer’s disease as measured by brain amyloid-B deposition as well as later clinical
features including changes in memory and executive functioning. Perturbations in phosphatidylcholine metabolism may point to
issues with membrane restructuring leading to the accumulation of amyloid-f in the brain. Additional studies are needed to explore
whether these metabolites play a causal role in the pathogenesis of Alzheimer’s disease or if they are biomarkers for systemic
changes during preclinical phases of the disease.

1 Department of Radiology and Imaging Sciences, Center for Computational Biology and Bioinformatics, and the Indiana Alzheimer
Disease Center, Indiana University School of Medicine, Indianapolis, IN 46202, USA
2 Department of Psychiatry and Behavioral Sciences, Duke University, Durham, NC 27710, USA

Received March 08, 2021. Accepted June 30, 2021

© The Author(s) (2021). Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http:/creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0001-7132-5003
https://orcid.org/0000-0002-4666-0923
https://orcid.org/0000-0002-3304-7943
https://orcid.org/0000-0003-1858-5732

2 | BRAIN COMMUNICATIONS 2021: Page 2 of | |

|98}

85764, Germany

Rosa & Co LLC, San Carlos, CA 94070, USA

o 0 N L A

Correspondence to: Rima Kaddurah-Daouk, PhD

K. Nho et al.

Institute of Computational Biology, Helmholtz Zentrum Miinchen, German Research Center for Environmental Health, Neuherberg
Duke Molecular Physiology Institute, Duke University, Durham, NC 27710, USA

University of Texas Health Science Center at San Antonio, San Antonio, TX 78249, USA
German Center for Diabetes Research (DZD), Neuherberg 85764, Germany

Duke Institute of Brain Sciences, Duke University, Durham, NC 27710, USA
Department of Medicine, Duke University, Durham, NC 27710, USA

Duke University Medical Center, Box 3903 Department of Psychiatry Room 3552 Blue Zone,

Duke South Clinics, Durham, North Carolina 27710, USA
E-mail: rima.kaddurahdaouk@duke.edu

Correspondence may also be addressed to: Andrew J Saykin, PsyD

Indiana University School of Medicine, 355 W. 16th St, Ste 4100 IU Neuroscience Center Indianapolis, IN 46202, USA

E-mail: asaykin@iupui.edu

Alzheimer’s disease; amyloid-B; metabolomics; cognition; phosphatidylcholine metabolism

ADMC =Alzheimer’s Disease Metabolomics Consortium; ADNI

=Alzheimer’s Disease Neuroimaging Initiative;

APOE =apolipoprotein E; EMCI =early mild cognitive impairment; FDR =false discovery rate; LMCI =late mild cognitive impair-

ment; MCI =mild cognitive impairment; PC =phosphatidylcholine

/;-,’

g
,ﬁ‘:j H.'; 5 “Nﬁ 3%

COO

: ;}icz,-i
Wi’ | HC
ol Circulating metabolite
Introduction

Late-onset Alzheimer’s disease is an age-related neurodege-
nerative disease with a long preclinical period extending at
least two decades." Understanding the aetiology of
Alzheimer’s disease has proved to be challenging due to the
complexity of the disease including its long pre-symptomatic
period and variability in clinical symptoms. Targeted and
non-targeted metabolomic and lipidomic platforms are
being used to investigate the molecular underpinnings of
pathological hallmarks of Alzheimer’s disease relevant to
the pathophysiology of the disease in greater detail.
Compared to cognitively normal controls, Alzheimer’s dis-
ease patients have impairments in phospholipid homeosta-
sis,”  up-regulated  degradation = of = membrane
phospholipids and sphingolipids,”®™® and impairments in
neurotransmission.®” Furthermore, several metabolomics
studies report overlap between associations of multiple me-
tabolite classes (e.g. phospholipids, sphingomyelins, acyl-
carnitines, branched chain and aromatic amino acids)
with known risk factors of Alzheimer’s disease and cogni-
tive impairment including insulin resistance.”~'>

Although there is extensive literature related to metabolic
perturbations in Alzheimer’s disease and its risk factors
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using metabolomic platforms, it is still unclear how circulat-
ing serum metabolites are associated with brain amyloid-f
deposition. Evidence suggests there are metabolic interac-
tions between peripheral and central compartments that go
beyond substrate transport,>'*~!” however, our understand-
ing of these interactions is limited. Work by the Alzheimer’s
Disease Metabolomics Consortium (ADMC) identified the
role of the gut microbiome and liver in cognitive decline and
changes in the brain that are hallmarks of the disease, high-
lighting the cross-talk between peripheral and central com-
partments.’>™"* Amyloid deposition is one of the central
neuropathological features of Alzheimer’s disease, yet little
is known about its association with the metabolome.
Understanding the associations between circulating metabo-
lites and amyloid-f deposition could shed light on the mech-
anisms underlying the association between metabolic
perturbations and Alzheimer’s disease risk as well as lead to
the identification of novel biomarkers. Here, we performed
association analyses of circulating serum metabolites with
measures of amyloid-f deposition, cognition and conversion
to Alzheimer’s disease dementia from mild cognitive impair-
ment (MCI) in a large national multi-centre cohort, the
Alzheimer’s Disease Neuroimaging Initiative (ADNI).
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Materials and methods

Serum samples and data analyzed in the present report
were obtained from the ADNI cohort. The initial phase
(ADNI-1) was launched in 2003 to test whether serial
MRI, PET, other biological markers, and clinical and
neuropsychological assessment could be combined to
measure the progression of MCI and early Alzheimer’s
disease. ADNI-1 was extended to subsequent phases
(ADNI-GO, ADNI-2 and ADNI-3) for follow-up for
existing participants and additional new enrolments.
Inclusion and exclusion criteria, clinical and neuroimaging
protocols and other information about ADNI can be
found at www.adni-info.org (last accessed 6 july
2021).'%! Demographic information, raw neuroimaging
scan data, apolipoprotein E (APOE) and clinical informa-
tion are available and were downloaded from the ADNI
data repository (www.loni.usc.edu/ADNI/; last accessed 6
july 2021). Written informed consent was obtained
according to the Declaration of Helsinki at the time of
enrolment that included permission for analysis and data
sharing and consent forms were approved by each partic-
ipating sites’ Institutional Review Board (IRB).

Metabolites were measured using a targeted metabolomics
approach using the AbsoluteIDQ-p180 kit (BIOCRATES
Life Science AG, Innsbruck, Austria), with an ultra-per-
formance liquid chromatography (UPLC)/MS/MS system
[Acquity UPLC (Waters), TQ-S triple quadrupole MS/MS
(Waters)], which provides measurements of up to 186 en-
dogenous metabolites quantitatively (amino acids and bio-
genic amines) and semi-quantitatively [acylcarnitines,
sphingomyelins, phosphatidylcholines (PCs) and lyso-glyc-
ero-phosphatidylcholines (a = acyl) [lysoPCs] across mul-
tiple classes]. The AbsoluteIDQ-p180 kit has been fully
validated according to European Medicine Agency
Guidelines on bioanalytical method validation. In add-
ition, plates include an automated technical validation to
approve the validity of the run and provide verification
of the actual performance of the applied quantitative pro-
cedure including instrumental analysis. The technical val-
idation of each analyzed kit plate was performed using
MetIDQ software based on results obtained and defined
acceptance criteria for blank, zero samples, calibration
standards and curves, low/medium/high-level QC samples,
and measured signal intensity of internal standards over
the plate.*’

Metabolomics data and pre-processed data are access-
ible through the AMP-AD Knowledge Portal (https://
ampadportal.org; last accessed 6 july 2021). The AMP-
AD Knowledge Portal is the distribution site for data,
analysis results, analytical methodology and research
tools generated by the AMP-AD Target Discovery and
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Preclinical Validation Consortium and multiple Consortia
and research programs supported by the National
Institute on Aging. Information on data availability and
accessibility is available in the Data availability section.

Metabolites with >40% of measurements below the
lower limit of detection (LOD) were excluded from the
analysis. Metabolite values were scaled across the differ-
ent plates using the quality control (QC) pool duplicates.
Metabolite measurements below LOD were imputed using
each metabolite’s LOD/2 value. Using the blinded dupli-
cates, we selected metabolites with a coefficient of vari-
ation <20% and an intraclass correlation coefficient
>0.65.2° We checked for the presence of multivariate
outlier participants by evaluating the first and second
principal components in each platform. For the partici-
pants with duplicated measurements, we used the average
values of the two measured values in further analyses.
The QC process resulted in 140 metabolites for further
analysis. The QC-passed preprocessed metabolite meas-
urements were adjusted for the effect of medication use
at baseline on metabolite levels (see Toledo et al.?° for
adjustment description details). All metabolites were log2
transformed and scaled to mean zero and variance 1.

Composite scores were used to measure memory and ex-
ecutive functioning in ADNI. A composite score for mem-
ory (ADNI-MEM) was created from memory-related
tasks and included the following: memory tasks from the
Alzheimer’s Disease Assessment Scale-cognitive subscale
(ADAS-Cog), the Rey Auditory Verbal Learning Test,
memory components of the Mini-Mental State
Examination and the Logical Memory task.”' A compos-
ite score for executive functioning (ADNI-EF) included
the following tests: the WAIS-R Digit Symbol
Substitution task and Digit Span backwards task, Trail
Making Test Parts A and B, category fluency (animals
and vegetables), and five clock drawing items. ADNI
composite scores have a mean of 0 and a standard devi-
ation of 1.%

Pre-processed ['®F] Florbetapir PET scans (co-registered,
averaged, standardized image and voxel size, uniform
resolution) were downloaded from the ADNI LONI site
(http://adni.loni.usc.edu; last accessed 6 july 2021) as
described in previously reported methods for acquisition
and processing of PET scans from the ADNI sample.”*>*
For ['®F] Florbetapir PET, scans were intensity-normal-
ized using a whole cerebellum reference region to create
SUVR images.
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For ['®F] Florbetapir PET, a mean SUVR value was
extracted using MarsBaR from a global cortical region
generated from an independent comparison of ADNI-1
[''C] Pittsburgh Compound B SUVR scans [regions
where Alzheimer’s disease > cognitively normal older
adults (CN)]. In this study, we used R version 3.5.1 (R-
project.org) for analyses unless otherwise specified.

We performed a linear regression association analysis
of P180 metabolites with brain amyloid-f deposition and
with composite scores for memory and executive func-
tioning using a linear regression model (glm in R) with
age, sex, years of education, body mass index, study
phase (ADNI-1 or ADNI GO/2) and APOE €4 as covari-
ates. In addition, we explored the group differences be-
tween MCI-Converter and MCI-Stable groups stratified
by baseline diagnosis and 2-year conversion from MCI to
Alzheimer’s disease. Of the 615 MCI patients with both
P180 metabolites and a follow-up clinical diagnosis, 182
MCI patients progressed to Alzheimer’s disease dementia
over the 2-year period from the baseline visit (MCI-
Converter) and 433 MCI patients remained stable over
2-year period from the baseline visit (MCI-Stable). We
performed association analyses of levels of nine identified
metabolites at baseline with MCI to Alzheimer’s disease
dementia conversion over 2 years (MCl-stable and MCI-
Converter) using a logistic regression model (glm in R).
Age, sex, years of education, body mass index, study
phase (ADNI-1 or ADNI-GO/2) and APOE ¢4 status
were used as covariates. False discovery rate (FDR)-based
multiple comparison adjustment with the Benjamini-
Hochberg procedure was used because the metabolites
and Alzheimer’s disease biomarker phenotypes were
strongly correlated with each other.”® Not accounting for
this high collinearity of dependent variables would lead
to an overly stringent correction for multiple testing.

The processed ['®F] Florbetapir PET images were used to
perform a voxel-wise statistical analysis of the effect of
P180 metabolite levels on amyloid-f accumulation across
the whole brain using SPM8 (www.fil.ion.ucl.ac.uk/spm/;
last accessed 6 july 2021). We performed a multivariable
regression analysis using age, sex, body mass index,
APOE &4 status and study phase (ADNI-1 or ADNI-GO/
2) as covariates. In the voxel-wise whole brain analysis,
the significant statistical parameters were selected to cor-
respond to a threshold of P <0.05 (FDR-corrected).

Metabolomics datasets from the AbsoluteIDQ-p180
metabolomics kit used in the current analyses for the
ADNI-1 and ADNI-GO/-2 cohorts are available via the
Accelerating Medicines Partnership-Alzheimer’s Disease

(AMP-AD) Knowledge Portal and can be accessed at
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http://dx.doi.org/10.7303/syn5592519  (ADNI-1;  last
accessed 6 july 2021) and http://dx.doi.org/10.7303/
syn9705278 (ADNI-GO/-2; last accessed 6 July 2021).
The full complement of clinical and demographic data
for the ADNI cohorts are hosted on the LONI data shar-
ing platform and can be requested at http://adni.loni.usc.
edu/data-samples/access-data/ (last accessed 6 july 2021).

Results

Demographic information for all diagnosis groups is pre-
sented in Table 1. This included 1531 ADNI participants
[370 cognitively normal older adult controls (CN), 95
with significant memory concern (SMC), 271 with early
mild cognitive impairment (EMCI), 491 with late MCI
(LMCI) and 304 with Alzheimer’s disease].

Using 783 ADNI participants (167 CN, 7§ SMC, 267
EMCI, 146 LMCI and 128 Alzheimer’s disease) with
both P180 metabolites and ['®F] Florbetapir PET scans,
we evaluated whether metabolites were associated with
region of interest-based brain amyloid-f load by perform-
ing an association analysis with each metabolite. We used
global cortical amyloid deposition measured by amyloid
PET scans. We identified nine metabolites significantly
associated with global cortical amyloid deposition after
applying FDR-based multiple comparison correction
(Table 2). Increased levels of one acylcarnitine (C3; pro-
pionylcarnitine) and one biogenic amine (kynurenine)
were associated with decreased brain amyloid-f accumu-
lation; whereas increased levels of seven PCs (lysoPC a
C18:2, PC aa C42:0, PC ae C42:3, PC ae C44:3, PC ae
C44:4, PC ae C44:5 and PC ae C44:6) were associated
with increased brain amyloid-f accumulation.

In addition to the priori region-based amyloid-f PET
analysis, we performed a detailed whole-brain analysis of
brain amyloid-f accumulation on a voxel-wise level meas-
ured from amyloid-f PET scans for nine metabolites (C3,
kynurenine, lysoPC a C18:2, PC aa C42:0, PC ae C42:3,
PC ae C44:3, PC ae C44:4, PC ae C44:5 and PC ae
C44:6) that were significantly associated with a global
cortical amyloid deposition. We used a general linear
model approach to identify brain regions where amyloid-
B accumulation was associated with levels of each metab-
olite. The results of the voxel-wise association between
brain amyloid-f load and metabolites are shown in Figs.
1 and 2. Higher levels of C3 were associated with


http://www.fil.ion.ucl.ac.uk/spm/
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http://dx.doi.org/10.7303/syn9705278
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Table | Demographics of ADNI participants stratified by baseline diagnosis
CN (N=370) SMC (N =95) EMCI (N =271) LMCI (N =491) AD (N =304) P-value
Age 74.6 (5.8) 723 (5.7) 713 (7.6) 74.0 (7.6) 74.8 (7.8) 2.6 x 107°
Sex: (Male/Female) 181/189 40/55 149/122 299/192 166/138 92x 107*
Education, years 16.3 (2.8) 16.7 (2.6) 16.0 2.7) 15.8 (2.9) 15.2 (3.0) 13 %107
BMI (Kg/M?) 27.0 (4.5) 28.4 (6.2) 28.0 (5.4) 26.4 (4.3) 25.9 (4.7) 29 x 1078
APOE ¢4 (0/1/2) 266/95/9 66/28/1 156/96/19 224/201/66 106/139/59 <l x10°'
Amyloid positivity (—/+) 114/53 4926 137/130 49/97 15/113 <l x107'
Amyloid PET SUVR 111 (0.17) 1.12 (0.18) 118 (0.21) .28 (0.24) 139 (0.22) <Ix107'
Memory composite 1.03 (0.57) 1.08 (0.54) 0.58 (0.60) —0.08 (0.62) —0.85 (0.54) <l x10°'
Executive function composite 0.78 (0.79) 0.79 (0.85) 0.50 (0.85) 0.01 (0.86) —0.90 (0.93) <l x107"
MMSE 29.1 (1.1) 29.0 (1.2) 28.3 (1.60) 27.1 (1.83) 233 (2.0) <Ix10°'
C3 —0.02 (1.01) —0.06 (0.73) —0.15 (0.91) —0.04 (0.90) —0.23 (0.93) 9% 1073
Kynurenine —0.08 (0.98) —0.31 (0.87) —0.32 (0.88) —0.12 (0.96) —0.24 (1.04) 50 x 1073
LysoPC a C18:2 0.17 (0.96) —0.11 (0.89) 0.04 (0.92) 0.37 (0.97) 0.27 (0.92) 34x 1077
PC aa C42:0 0.11(0.98) 0.01 (1.01) 0.01 (0.90) 0.26 (0.95) 0.24 (0.91) 4% 1073
PC ae C42:3 0.44 (0.91) 0.17 (1.00) 0.27 (0.95) 0.49 (0.91) 0.40 (0.92) 25 x 1073
PC ae C44:3 0.34(0.92) 0.28 (0.97) 0.07 (0.91) 0.45 (0.93) 0.41 (0.94) 3.0 x10°¢
PC ae C44:4 0.28 (0.95) 0.12 (0.96) 0.17 (0.99) 0.46 (0.93) 0.45 (0.91) 13x10°
PC ae C44:5 0.15 (1.01) 0.02 (0.94) 0.09 (1.01) 0.30 (0.94) 0.32 (0.90) 12x 1073
PC ae C44:6 0.13 (1.00) —0.03 (0.96) 0.06 (0.94) 0.34 (0.94) 031 (0.92) 1.7 x10°°

Data are reported as mean (SD) unless otherwise indicated.

AD, Alzheimer’s disease; ADAS-Cog |3, modified |3-item Alzheimer’s Disease Assessment Scale, cognitive subscale; BMI, Body mass index; CDR-SB, Clinical Dementia Rating-Sum
of Boxes; CN, cognitively normal older adults; EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; SMC, subjective memory complaint; MMSE, Mini-

Mental State Examination.

Table 2 Results of association of P180 metabolites with
a global cortical amyloid deposition measured from
amyloid PET scans (FDR-corrected P-value < 0.05)

Metabolite B (SE) Corrected
P-value
c3 —0.009 (0.003) 0.042
Kynurenine —0.010 (0.003) 0.036
LysoPCa C18:2 0.009 (0.003) 0.042
PC aa C42:0 0.009 (0.003) 0.042
PC ae C42:3 0.009 (0.003) 0.042
PC ae C44:3 0.010 (0.003) 0.036
PC ae C44:4 0.008 (0.003) 0.042
PC ae C44:5 0.008 (0.003) 0.042
PC ae C44:6 0.009 (0.003) 0.036

decreased amyloid-f accumulation in the bilateral frontal
and temporal lobes, with a global maximum association
in the left temporal cortex [Brodmann area (BA) 38] (Fig.
1A). Higher levels of kynurenine were associated with
decreased amyloid-f accumulation in a widespread pat-
tern, especially the bilateral temporal, parietal and frontal
lobes, with a global maximum association in the left
dorsolateral prefrontal cortex (BA 9) (Fig. 1B). In con-
trast, higher levels of lysoPC a C18:2. PC aa C 42:0, PC
ae C42:3, PC ae C44:3, PC ae C44:4, PC ae C44:5 and
PC ae C44:6 were associated with increased amyloid-f
accumulation in a widespread pattern of significant vox-
els, especially in the bilateral frontal, temporal and par-
ietal lobes. Global maximum associations were noted in
the right parietal cortex (BA 7) (Fig. 1C) for lysoPC a
C18:2, the right dorsolateral prefrontal cortex (BA 9)
(Fig. 1D) for PC aa C42:0, the right parietal cortex (BA
39) (Fig. 1E) for PC ae C42:3, the right primary auditory

Figure | Detailed whole-brain voxel-based imaging analysis
for amyloid-p accumulation using ['BF]FIorbetapir PET
scans. Higher levels of (A) C3 and (B) kynurenine were associated
with decreased amyloid-3 accumulation. Higher levels of (C)
lysoPC a C18:2, (D) PC aa C42:0 and (E) PC ae C42:3 were
associated with increased amyloid-f accumulation (corrected
P-value < 0.05).
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A PCae C44:3

Figure 2 Detailed whole-brain voxel-based imaging analysis
for amyloid-p accumulation using [18F]Florbetapir PET
scans. Higher levels of (A) PC ae C44:3, (B) PC ae C44:4, (C) PC
ae C44:5 and (D) PC ae C44:6 were associated with increased
amyloid-f accumulation (corrected P-value < 0.05).

cortex (BA 41) (Fig. 2A, C and D) for PC ae C44:3, PC
ae C44:5, and PC ae C44:6, and the left parietal cortex
(BA 40) (Fig. 2B) for PC ae C44:4.

Using composite scores for memory (ADNI-MEM) and
executive functioning (ADNI-EF), we performed a further
analysis of nine metabolites (C3, kynurenine, lysoPC a
C18:2, PC aa C42:0, PC ae C42:3, PC ae C44:3, PC ae
C44:4, PC ae C44:5 and PC ae C44:6) that were signifi-
cantly associated with a global cortical amyloid depos-
ition. We identified significant associations of the selected
metabolites with cognition after adjusting for multiple
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Figure 3 Association of PC ae C44:4 with conversion to
Alzheimer’s disease dementia in MCI. Group comparison of
mild cognitive impairment groups (MCI-Stable and MCI-Converter)
based on baseline diagnosis and 2-year conversion status for PC ae
C44:4.

comparison correction using FDR (Table 3). Higher levels
of C3 and kynurenine were associated with higher mem-
ory scores. In contrast, higher levels of PC ae C44:4 and
PC ae C44:6 were associated with lower memory scores.
Higher kynurenine levels were associated with higher ex-
ecutive functioning scores, whereas higher levels of PC aa
C42:0, PC ae C44:4, PC ae C44:5 and PC ae C44:6

were associated with lower executive functioning scores.

Of the 615 MCI patients with both P180 metabolites
and a follow-up clinical diagnosis, 182 MCI patients pro-
gressed to Alzheimer’s disease dementia over the 2-year
period from the baseline visit (MCI-Converter) and 433
MCI patients remained stable over 2-year period from
the baseline visit (MCI-Stable). We performed an associ-
ation of levels of the nine identified metabolites at

Table 3 Results of association of the nine metabolites significantly associated with brain amyloid-§ deposition with

composite cognitive performance measures

Metabolite Memory composite score Executive function composite score
B (SE) Corrected P-value B (SE) Corrected P-value
c3 0.07 (0.02) 0.016 0.05(0.03) 0.148
Kynurenine 0.05 (0.02) 0.042 0.07 (0.03) 0.021
LysoPCa CI8:2 —0.01 (0.02) 0.893 0.04 (0.03) 0.213
PC aa C42:0 —0.05 (0.02) 0.074 —0.08 (0.03) 0.016
PC ae C42:3 —0.0004 (0.02) 0.987 —0.004 (0.03) 0.940
PC ae C44:3 —0.03 (0.02) 0.263 —0.05 (0.03) 0.132
PC ae C44:4 —0.06 (0.02) 0.038 —0.08 (0.03) 0.015
PC ae C44:5 —0.03 (0.02) 0.226 —0.08 (0.03) 0.015
PC ae C44:6 —0.05 (0.02) 0.040 —0.10 (0.03) 0.004
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baseline with MCI-to-Alzheimer’s disease dementia con-
version over 2 years (MCI-Stable and MCI-Converter).
Only PC ae C44:4 showed a significant group difference
between MCI-Stable and MCI-Converter groups after
FDR-correction (Fig. 3). The MCI-Converter group has
significantly higher levels of PC ae C44:4 at baseline
compared to the MCI-Stable group.

Discussion

In this report, we analyzed 140 targeted serum-based
metabolites in the ADNI cohort to investigate the relation-
ship between metabolite levels and amyloid-f deposition,
cognition, and disease progression. We identified nine
metabolites (C3, kynurenine, lysoPC a C18:2, PC aa
C42:0, PC ae C42:3, PC ae C44:3, PC ae C44:4, PC ae
C44:5 and PC ae C44:6) significantly associated with glo-
bal cortical amyloid deposition, including glycerophospho-
lipids, an acylcarnitine and a biogenic amine. Of the nine
amyloid-f-associated metabolites, six were significantly
associated with cognitive performance (C3, kynurenine, PC
aa C42:0, PC ae C44:4, PC ae C44:5 and PC ae C44:6),
and one metabolite (PC ae C44:4) was associated with
conversion to Alzheimer’s disease dementia from MCL

Our findings suggest that dysregulation of peripheral PC
metabolism is associated with earlier pathological changes
noted in Alzheimer’s disease as measured by amyloid-f de-
position as well as later clinical changes including changes
in memory and executive functioning. Higher levels of
seven PCs were associated with increased amyloid depos-
ition (lysoPC a C18:2, PC aa C42:0, PC ae C42:3, PC ae
C44:3, PC ae C44:4, PC ae C44:5 and PC ae C44:6). Of
these seven PCs, four were significantly associated with
cognitive performance. Higher levels of PC ae C44:4 and
PC ae C44:6 were associated with lower memory scores,
whereas higher levels of PC aa C42:0, PC ae C44:4, PC
ae C44:5 and PC ae C44:6 were associated with lower ex-
ecutive functioning scores. The MCI-Converter group had
significantly higher levels of PC ae C44:4 at baseline com-
pared to the MCI-Stable group.

In our previous publication using p180 data from the
ADNI cohort, we reported PC ae C44:4, PC ae C44:5 and
PC ae C44:6 were all associated with CSF Af pathology,
and PC ae C44:4 and PC ae C44:5 were further associated
with brain glucose metabolism as measured by FDG PET.*
Effect directions were consistent with our current findings.
Other studies reported associations of PCs with changes in
cognition that become apparent later in the disease.”**”** In
addition, there is research to suggest PC metabolism is per-
turbed in Alzheimer’s disease. Gonzalez-Dominguez et al.”
reported an increase of PCs in serum samples of patients
with Alzheimer’s disease. Results from previous studies sug-
gest dysregulation in the biosynthesis, turnover and acyl
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chain remodelling of phospholipids that is in line with
increased phospholipid breakdown due to phospholipase A2
(PLA2) over activation.>***° Perturbations in PC metabolism
appear to play a role in several key molecular pathways in-
trinsic to cognitive decline and Alzheimer’s disease including
neuroinflammation through arachidonic acid signalling, amyl-
oid precursor protein processing through phospholipase A2,
and cholesterol transport through high-density lipopro-
teins.>' ™ Furthermore, PCs play a critical role in the bal-
ance between cell proliferation and death which has clear
implications for the pathogenesis of Alzheimer’s disease.”*
Ether-linked PCs may be located in membrane rafts and
could support the hypothesis that lipid rafts play a critical
role in Alzheimer’s disease through the promotion of amyl-
oid-p peptide and its aggregation.*> Amyloid-f peptides are
derived from the proteolytic processing of amyloid precursor
protein within lipid rafts.*® In addition, many proteins associ-
ated with Alzheimer’s disease, including f- and y-secretase as
well as amyloid-f protein precursor have been found in lipid
rafts.>” Abnormal lipid rafts have been noted in post-mortem
brain samples from Alzheimer’s disease patients.”® While
these associations with lipid metabolites and amyloid-f accu-
mulation may shed led on mechanisms related to Af path-
ology in Alzheimer’s disease, given the limitations of the
current study including its cross-sectional design and meas-
urement of blood in the periphery, we cannot make assump-
tions about directionality.

LysoPC C18:2 was significantly associated with
increased amyloid accumulation in a widespread pattern
especially in the bilateral frontal, temporal, and parietal
lobes. Lyso PC C18:2 was proposed as part of a bio-
marker panel that predicted conversion to Alzheimer’s
disease.®” Levels of lysoPC C18:2 were reduced at base-
line in future converters, but tended to increase after con-
version to Alzheimer’s disease,®” similar findings were
reported in the Vienna Transdanube Aging (VITA)
study.** However, it should be noted that the VITA
study reported elevated levels after diagnosis of probable
Alzheimer’s disease compared to non-demented controls,
whereas the values reported by Mapstone et al. were
below those of age-matched cognitively normal controls
even after diagnosis of Alzheimer’s disease. The levels of
these lipids may be heavily dependent on the study popu-
lation, including the age distribution and the length of
time between the measurements of lipids and conversion.
LysoPCs are known to play a role in inflammation*' and
have both pro- and anti-atherogenic properties.*” Low
levels of plasma lysoPC 18:2 predict memory impair-
ment®” and declines in gait speed in older adults,*® both
of which are known to be associated with Alzheimer’s
disease. Amyloid-f may directly disrupt integrity of the
lipid bilayer by interactions with phospholipids.**

We found that higher levels of propionylcarnitine (C3)
were associated with less amyloid-f deposition in the
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bilateral temporal and frontal lobes. Previous studies
reported perturbations in acylcarnitines in Alzheimer’s dis-
ease and MCI patients compared to cognitively normal con-
trols as well as diagnostic converters.”®***** In our
previous publication examining effects of sex and APOE &4
on the metabolome using ADNI data,*® we reported signifi-
cant sex differences in MCI patients in multiple acylcarni-
tines (i.e. CO, C3, C9 and C18:2). Mapstone et al.*’
reported significantly lower plasma levels of C3 in the con-
verter group, before and after phenoconversion to MCI/
Alzheimer’s disease, and in the MCI/Alzheimer’s disease
group. In a separate study, levels of C3 were significantly
lower in MCI compared to cognitively normal controls.**
Acylcarnitines are involved in energy metabolism, mito-
chondrial function, neurotransmission and neuroprotec-
tion.*® Acylcarnitines directly reflect the oxidation rate of
amino acids and fatty acids.*’*° Gonzalez-Dominguez
et al.’' demonstrated the deficit of several acylcarnitines,
including C3, in the brain (hippocampus, cortex, and
cerebellum) of APP/PS1 transgenic mouse model of
Alzheimer’s disease. Short- and medium-chain acyl groups
are catalyzed by acyltransferases that are located in
microsomes and peroxisomes, whereas long-chain acyl
groups are catalyzed by carnitine palmitoyltransferase I
and II located on the mitochondria membranes. Our
results could suggest selective perturbed metabolism of
short-chain  acylcarnitines in the peroxisomes.’®**
Propionylcarnitine reflects the propionyl CoA pool which
is a byproduct of isoleucine and valine catabolism. A dir-
ect link between branch chain amino acids (BCAA) and
C3 has been demonstrated by a rise in circulating levels
of C3 in response to BCAA supplementation.’® We and
others have implicated BCAAs in cognitive decline,

Alzheimer’s disease diagnosis, and Alzheimer’s disease
risk 20:26,54-56

We report that higher levels of kynurenine were associ-
ated with widespread decreased amyloid-f accumulation,
especially in the bilateral temporal, parietal, and frontal
lobes as well as higher memory and executive function
scores. An independent study of older adults with normal
global cognition reported a positive correlation between
plasma Afi.4, and metabolites in the kynurenine path-
way.”” These same metabolites were also associated with
plasma neurofilament light chain, an emerging marker of
neurodegeneration and inflammation.>” Plasma neurofila-
ment light chain, a marker of axonal cytoskeletal dam-
age, and plasma Af have been shown to reflect brain Af
deposition.’®*”? However, it is possible that axonal dam-
age may be due to other aetiologies related to axonal in-
jury including vascular pathologies or traumatic brain
injuries. The kynurenine pathway is dysregulated in neu-
roinflammation, and chronic activation of the kynurenine
pathway has been implicated in Alzheimer’s disease and
other neuropsychiatric disorders, including depression,
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suicidality and schizophrenia.®®*° Neuropsychiatric symp-
toms are common among Alzheimer’s disease patients
with up to 80% reporting at least one neuropsychiatric
symptom.®® This could suggest that in Alzheimer’s dis-
ease, the neuroinflammatory consequences of chronic acti-
vation of the kynurenine pathway could be a factor in
cognitive changes and/or neuropsychiatric symptoms
noted in the disease. Metabolites in the kynurenine path-
way, including kynurenine, readily cross the blood brain
barrier suggesting that circulating levels may contribute
significantly to cerebral pools.®” However, it should be
noted that while mechanistic data (e.g. quinolinic acid
neurotoxicity and 3-hydroxyanthranilic acid mediated re-
active oxidative species production®®®”) support the role
of kynurenine pathway metabolites in Alzheimer’s disease
pathogenesis, it is still unclear if these are causative of
disease  or  merely the result of  chronic
neuroinflammation.

As metabolomics data are only available at one time
point, current analyses are cross-sectional and therefore
we were unable to explore issues related to causality. The
current metabolomics platform does not allow one to de-
termine the acyl chain composition. To address this issue,
we have profiled ADNI samples on a highly informative
platform that provides semi-quantitative measurement of
over 800 lipid species and allows one to determine acyl
chain composition. The LC-MS/MS method used in this
lipidomics platform allows for improved structural char-
acterization of lipids.”” Owing to the sample recruitment
strategy used in the ADNI cohort, which was designed to
model a simulated clinical trial for MCI and Alzheimer’s
disease, participants were selected for symptoms and
early-stage pathology and are likely to differ in significant
ways from those recruited into population-based cohorts.
As data from both designs become available, the differ-
ence between these two sampling strategies is likely to re-
veal important factors related to early disease and the
role of comorbidities.

The present study provides insight into the association
of serum-based circulating metabolites with brain amyl-
oid-f accumulation across the whole brain. Perturbations
in PC metabolism may point to issues with membrane
restructuring leading to the accumulation of amyloid-f in
the brain. Additional studies are needed to explore
whether these metabolites play a causal role in the patho-
genesis of Alzheimer’s disease or if they are biomarkers
for systemic changes during preclinical phases of the
disease.
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