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Abstract

Background: Understanding metabolic mechanisms associated with cognitive changes
preceding an Alzheimer’s disease (AD) diagnosis could advance our understanding of AD
progression and inform preventive methods.

Objective: We investigated the metabolomics of the early changes in executive function and
delayed recall, the earliest aspects of cognitive function to change in the course of AD
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development, in order to better understand mechanisms that could contribute to early stages and
progression of this disease.

Methods: This investigation used longitudinal plasma samples from the Wisconsin Registry for
Alzheimer’s Prevention (WRAP), a cohort of participants who were dementia free at enroliment
and enriched with a parental history of AD. Metabolomic profiles were quantified for 2,324
fasting plasma samples among 1,200 participants, each with up to three study visits, which
occurred every two years. Metabolites were individually tested for association with executive
function and delayed recall trajectories across age.

Results: Of 1,097 metabolites tested, levels of seven were associated with executive function
trajectories, including an amino acid cysteine S-sulfate and three fatty acids, including erucate

(22 : 1n9), while none were associated with delayed recall trajectories. Replication was attempted
for four of these metabolites that were present in the Vietnam Era Twin Study of Aging (VETSA).
Although none reached statistical significance, three of these associations showed consistent effect
directions.

Conclusion: Our results suggest potential metabolomic mechanisms that could contribute to the
earliest signs of cognitive decline. In particular, fatty acids may be associated with cognition in a
manner that is more complex than previously suspected.

Keywords

Alzheimer’s disease; amino acids; cognition; executive function; fatty acids; longitudinal analysis;
metabolomics

INTRODUCTION

Recent technological advances have made metabolomic studies increasingly feasible for
Alzheimer’s disease (AD) researchers [1-3]; however, most of these studies have been
limited to cross-sectional approaches comparing patients with either AD or mild cognitive
impairment (MCI) to controls. In these early stages of AD metabolomics research, few
metabolites have been found to be associated with AD in more than one study [1, 4].
Because neuropathological changes that lead to the development of AD occur decades
before its clinical presentation [5-8], longitudinal investigations preceding its diagnosis
could add to our current knowledge. In particular, understanding how metabolites correlate
with subtle changes in cognition prior to AD diagnosis could help identify causal
mechanisms contributing to its onset. This is supported by several studies that have
identified metabolites associated with cognitive decline, suggesting that metabolomics could
provide key insights into the prevention of cognitive decline and AD [9-13].

Executive function and memory deficits occur in the very early stages of AD, prior to
deficits of language and visuospatial functions [14-16]. Studies have shown that these
deficits are associated with AD pathology (such as amyloid and tau accumulation) in
patients beginning in their 60s [17-19] and are associated with subsequent global cognitive
decline [20]. Metabolite levels associated with early cognitive changes in executive function
and memory could be particularly indicative of underlying biological mechanisms and
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pathways contributing to the pathology of AD and could ultimately inform stronger
predictive models for this disease.

Using participants from the Wisconsin Registry for Alzheimer’s Prevention (WRAP), we
investigated whether longitudinally measured plasma metabolite levels predicted age-related
cognitive changes (i.e., trajectories) for executive function and memory (delayed recall),
which were also measured longitudinally. WRAP participants are enriched for a parental
history of AD, and as such, we anticipate cognitive changes to occur earlier in this
population, as they could reflect early changes related to AD pathology. Results from each
of these association analyses were further explored using Mendelian randomization (MR)
and a metabolite pathway analysis. Replication analyses were performed using an
independent sample of participants from the Vietnam Era Twin Study of Aging (VETSA).

MATERIALS AND METHODS

Participants

Study participants were from WRAP, an ongoing longitudinal study of initially dementia
free middle-aged adults that allows for the enrollment of siblings and is enriched for a
parental history of AD. Further details of the study design and methods used have been
previously described [21, 22]. Analyses did not include the baseline WRAP visit due to
subsequent protocol changes regarding sample collection procedures and tests included in
the neuropsychological battery. Analyses included up to three study visits for each
participant, which occurred every two years (spanning a time period of up to four years),
with plasma samples and cognitive measures collected concurrently within the same study
visit. This study was conducted with the approval of the University of Wisconsin, University
of California, and Boston University Institutional Review Boards in accordance with the
Helsinki Declaration, and all participants provided signed informed consent before
participation.

Biological samples

Plasma collection and sample handling—~Fasting blood samples for this study were
drawn the morning of each study visit, which was also the day cognitive testing was
completed. Blood was collected in 10mL ethylenediaminetetraacetic acid (EDTA) vacutainer
tubes. They were immediately placed on ice, and then centrifuged at 3,000 revolutions per
minute for 15 min at room temperature. Plasma was pipetted off within 1 h of collection.
Plasma samples were aliquoted into 1.0 mL polypropylene cryovials and placed in —80°C
freezers within 30min of separation. Samples were never thawed before being shipped
overnight on dry ice to Metabolon, Inc. (Durham, NC), where they were again stored in —
80°C freezers and thawed once before testing.

Metabolomic profiling and quality control—An untargeted plasma metabolomics
analysis was performed by Metabolon, Inc. using Ultrahigh Performance Liquid
Chromatography-Tandem Mass Spectrometry (UPLC-MS/MS). Quantification was
performed as previously described [23]; details regarding sample processing, MS analyses,
metabolite identification and quantification (resulting in metabolite “levels” described here)
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are outlined in the Supplementary Material. Metabolites within nine super pathways were
identified: amino acids, carbohydrates, cofactors and vitamins, energy, lipids, nucleotides,
partially characterized molecules, peptides, and xenobiotics.

Up to three longitudinal plasma samples were available for each participant. Metabolites
with an interquartile range of zero (i.e., those with very low or no variability due to
individuals having almost identical levels of the given metabolite) were excluded from
analyses (n7= 178 metabolites). After removing these metabolites, samples were missing a
median of 11.7% metabolites, while metabolites were missing in a median of 1.2% of
samples. Missing metabolite values were imputed to the lowest level of detection for each
metabolite. Metabolite values were median-scaled and log-transformed to normalize
metabolite distributions [24]. If a participant reported that they did not fast or withhold
medications and caffeine for at least eight hours, the sample was excluded from analyses (7
=159 samples). A total of 1,097 metabolites among 2,324 samples remained for analyses.

DNA collection and genomics quality control—DNA extraction, sample preparation,
genotyping, quality control, the calculation of principal components of ancestry, and
imputation are described in detail in Darst et al., 2019 [25]. Briefly, 1,340 samples were
genotyped using the Illumina Multi-Ethnic Genotyping Array at the University of Wisconsin
Biotechnology Center. Samples missing > 5% of genotypes, with inconsistent self-reported
and genetic sex, or whose genetic ancestry was not of European descent were excluded.
After excluding variants that were missing in > 5% of individuals, monomorphic, or not in
Hardy-Weinberg equilibrium, and using the HRC Imputation Checking Tool [26] for
additional quality control, 898,220 bi-allelic autosomal variants among 1,198 WRAP
participants remained for imputation, which was performed with the Michigan Imputation
Server v1.0.3 [27], using the Haplotype Reference Consortium (HRC) v.r1.1 2016 [28] as
the reference panel and Eagle2 v2.3 [29] for phasing. Post-imputation quality control (i.e.,
excluding imputed variants with an imputation quality score R2 < 0.80, MAF < 0.001, or
that were out of HWE), led to a total of 10,499,994 imputed and genotyped variants
available for analyses.

Cognitive phenotypes—Composite scores were calculated for executive function and
delayed recall based on a previous analysis [19]. Each composite score was calculated from
three neuropsychological tests, which were each converted to z-scores using baseline means
and standard deviations. The executive function composite score included the Trails Making
Test Part B (TMTB) [30] total time to completion, Stroop Neuropsychological Screen Test
[31] color-word interference total items completed in 120 s, and Wechsler Abbreviated
Intelligence Scale-Revised (WAIS-R) digit symbol coding subtest total items completed in
90 s [32]. The delayed recall composite score included the Rey Auditory Verbal Learning
Test (RAVLT) [33] long-delay free recall, Wechsler Memory Scale-Revised Logical
Memory (WMS-R LM) [34] delayed recall, and Brief Visuospatial Memory Test (BVMT-R)
[35] delayed recall. The TMTB was multiplied by negative one prior to being converted to z-
scores, so that higher z-scores indicated better performance. These z-scores were then
averaged to derive executive function and delayed recall composite scores at each visit for
each individual. We previously found that in the WRAP cohort, these two composite scores
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had significantly lower intraindividual variability (suggesting lower measurement error) and
greater sensitivity to age-related decline than corresponding factor scores [36].

Statistical analyses

Metabolome-wide association studies—All associations were tested using linear
mixed effects regression models implemented in the SAS MIXED procedure. The use of
mixed models enables the inclusion of longitudinally measured metabolites and
longitudinally measured cognitive function. To assess whether metabolite levels were
associated with age-related cognitive trajectories, an interaction term between metabolite
level and age at study visit was used to predict cognitive composite scores (i.e., executive
function and delayed recall). The 1,097 metabolites were each tested in separate models, as
were the two cognitive outcomes (1,097*2 = 2,194 models). Models included fixed effects
for metabolite level, age at study visit (centered on mean baseline age), and potential
confounders or variables that could add noise to the model: sex, self-reported ancestry,
cholesterol-lowering medication use (the most commonly used class of medications in our
sample), sample storage time (which could impact metabolite levels), education, a genetic
risk score for APOE (described previously, and found to be associated with cognitive
function [37]), and practice effects (using visit number, as practice effects can influence
cognitive scores). Random intercepts were included for within-subject correlations due to
repeated measures (i.e., longitudinal measures) and within-family correlations due to the
enrollment of siblings. All 1,200 participants had complete covariate data and one or both
cognitive measures; however, some were missing either executive function (complete
observations for at least one visit: 1,176, at least two visits: 890, and three visits: 205) or
delayed recall (complete observations for at least one visit: 1,199, at least two visits: 908,
and three visits: 212), and these participants were excluded from respective analyses. The
two sets of p-values resulting from testing executive function and delayed recall trajectories
were separately corrected for multiple testing using the Benjamini-Hochberg [38]
adjustment with an alpha of 0.05.

Mendelian randomization—MR [39] was used to assess whether levels of any individual
metabolite identified in our association analyses (i.e., metabolites associated with either
executive function or delayed recall trajectories) could causally influence cognition.
Metabolic quantitative trait loci (mQTLs) were identified as genomic variants influencing
metabolite levels with a p < 0.001 using genome-wide association study (GWAS) summary
statistics provided by the authors of a recent publication by Long et al., 2017 [40]. A
polygenic score (PGS) was created for each metabolite identified in our association analyses
that also had GWAS summary statistics available. PGSs were defined as the sum of an
individual’s metabolite-increasing alleles weighted by the effect sizes from GWAS summary
statistics. PGSs were created using the additive allelic scoring function in PLINK 1.9 [41]
after LD pruning variants within each PGS (R? > 0.50). The strength of the PGSs as
instrumental variables was determined by assessing the relationship between each PGS and
the corresponding measured metabolite levels using Pearson r and the F-statistic; otherwise,
measured metabolite levels were not included in MR analyses. To be consistent with our
discovery models, interactions between each PGS and age were tested for association with
cognition using linear mixed effects regression models. Models included fixed effects for
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mean centered age, sex, education, practice effects, the PGS, and the first four principal
components of ancestry to account for potential population stratification. They also included
random intercepts for repeated measures and sibling relationships. Due to our limited sample
of non-European ancestry individuals and the strong potential for confounding due to
population stratification in genetic association studies, MR analyses were limited to
European ancestry individuals who had genetic data (N = 1,111 with 2,191 samples total).

Metabolite pathway analysis—Results from association analyses were further
investigated using a metabolite pathway analysis. Metabolites included in this analysis were
those associated with either executive function or delayed recall trajectories with an
unadjusted p < 0.05 and that had a Kyoto Encyclopedia of Genes and Genomics (KEGG)
compound 1D [42]. Metabolites on our panel with KEGG compound 1Ds were used as the
reference panel for this analysis. The pathway analysis was conducted using MetaboAnalyst
4.0 and included both an overrepresentation analysis, which was assessed using a
hypergeometric test, and a pathway topology analysis, which was assessed using relative-
betweenness centrality [43]. The overrepresentation analysis tests whether a user-defined list
of metabolites represents a particular pathway of metabolites more than expected by chance.
The pathway topology analysis considers the structure of a pathway by assessing how
connected metabolites are within a pathway. If a pathway contains metabolites that connect
dense clusters of other metabolites, the pathway would have a high impact score, as changes
to its metabolites would likely have a strong impact on other metabolites within the pathway.

Participants—Findings were replicated using VETSA, a prospective longitudinal study of
middle-aged adults and protective influences on cognitive aging in a community-dwelling
sample comprised of individual male twins drawn from the larger Vietnam Era Twin
Reqgistry [44]. The Registry is defined on the basis of military service sometime between
1965 and 1975. VETSA participants are reasonably representative of American men of the
same age in terms of lifestyle and health characteristics based on Center for Disease Control
data [45]. Nearly 80% reported no combat exposure. Participants were not selected or
excluded on the basis of any diagnostic characteristics. The only criteria were that
participants had to be 51-59 years old at recruitment and both twins in a pair were willing to
participate. Participants were administered identical protocols at the University of
California, San Diego or Boston University. In this analysis, both twins from a pair were
examined at the same site. The complete protocol has been described previously [44].

Metabolomic profiling and quality control—Plasma samples were collected at
baseline for 60 VETSA participants. Similar to WRAP, untargeted plasma metabolomics in
the VETSA cohort were measured by Metabolon, Inc. using UPLC-MS/MS. Also consistent
with WRAP, fasting blood samples (8 + h) for this study were drawn in the morning on the
same day cognitive testing was completed. Plasma samples were collected in 10 mL EDTA
tubes, aliquoted, and stored at —80°C. Metabolomic data preprocessing procedures were
identical to those used in WRAP.
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Cognitive phenotypes—At each visit, VETSA participants undergo an extensive
neurocognitive test battery comprising 13 neuropsychological tests (23 scores) covering
seven cognitive domains [45, 46] which were designed to avoid ceiling effects in middle-
aged adults. Seven neuropsychological tasks were used to calculate a common executive
function measurement, including Stroop, AX-Continuous Performance Test, Delis-Kaplan
Executive Function System (D-KEFS) Trail Making Test, D-KEFS category switching,
WMS-III letter numbering, reading span, and WMS-I11 digit span, as previously detailed
[47]. As metabolomic samples were measured at baseline, baseline cognitive measures were
used for replication analyses.

Statistical analyses

RESULTS

Participants

Replication analyses were performed for putative metabolites identified in WRAP using
linear mixed models, with cognitive function as the dependent variable and an interaction
term between metabolite level and age as the primary predictor of interest. Models included
fixed effects for age, metabolite level, zygotic status, and education and a random effect for
twin pair. p-values of < 0.05 were considered significant.

Since VETSA was limited to baseline samples, significant WRAP findings were also re-
analyzed in WRAP using only the first sample available (i.e., excluding subsequent data
points and reducing the analysis to cross-sectional data). The purpose of this was to improve
the comparability between results in the two studies. These cross-sectional models were
identical to the initial mixed models used in WRAP with the exception of excluding the
random intercept that accounted for within-subject correlations as no repeated measurements
were included in cross-sectional models.

A total of 1,200 WRAP participants with 2,324 longitudinal plasma samples (1.9 visits on
average per participant) were available for analyses. At baseline for the current study, 69.2%
of participants were female, 93.8% were non-Hispanic White, and participants were 60.8
years old with a bachelor’s degree, on average (Table 1). Executive function and delayed
recall cognitive measurements for each participant and each study visit are shown in
Supplementary Figurel. Participant seach had 1,097 plasma metabolites available for
analyses, 347 (31.6%) of which were of unknown chemical structure. Properties of each
metabolite, such as biochemical name, super pathway, and sub pathway are described in
Supplementary Table 1.

Metabolome-wide association studies

Executive function—All metabolome-wide association results are detailed in
Supplementary Table 1. Seven metabolite-by-age interactions were significantly associated
with executive function (Figs. 1A, 2, and Table 2). Levels of cysteine S-sulfate, an amino
acid, had the strongest association (unadjusted p = 5.2e-05), with lower levels of cysteine S-
sulfate associated with poorer executive function with increasing age (Fig. 2A). The six
other significant metabolites showed the opposite relationship with age and executive
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function, such that higher metabolite levels were associated with poorer executive function
with increasing age (Fig. 2B-G). These metabolites included erucate (22 : 1n9) (a
monosaturated omega-9 fatty acid), four partially characterized molecules (glycine
conjugate of C1gH1205, fatty acid 8 : 1 acyl glutamine conjugate, fatty acid 6 : 1 acyl
glutamine conjugate, and C1,H130s), and one unknown metabolite (X-18887). A composite
score of these seven metabolites was calculated by averaging the seven metabolites within
each sample (after negating cysteine S-sulfate due to the opposite effect observed). The
association between the interaction of this metabolite composite score and age was highly
associated with executive function (p = 3.4e-14; Supplementary Figure 2).

Delayed recall—No metabolite-by-age interactions were associated with delayed recall
after adjusting for multiple comparisons. The three strongest interactions included
heneicosapentaenoate (21: 5n3) (a polysaturated fatty acid, unadjusted p = 9.0e-05), X —
02269 (an unknown metabolite, unadjusted p = 3.8e-04), and erucate (22 : 1n9) (unadjusted
p=5.3e-04) (Fig. 1B). Four of the seven metabolites associated with executive function
showed a similar relationship with delayed recall, although none were statistically
significant (erucate (22 : 1n9), X — 13866, X — 12104, and cysteine S-sulfate, all unadjusted
p-values <0.20) (Supplementary Fig. 3).

Mendelian randomization—GWAS summary statistics were available for three of the
seven metabolites associated with executive function (cysteine S-sulfate, erucate (22 : 1n9),
and X-13866, an unknown metabolite) and used to create a PGS for each metabolite. The
three PGSs were fairly weak instruments, with correlations with corresponding metabolites
ranging from r=-0.03 to 0.004 and the largest ~statistic = 1.71, well below the commonly
used Fstatistic threshold of 10 [48] (Supplementary Table 2). Not surprisingly, associations
between executive function and the PGSs-by-age were not significant (each p= 0.54). Thus,
MR analyses were insufficient to draw conclusions about the nature of the relationship
between the metabolites and executive function.

Metabolite pathway analysis—Of the 1,097 metabolites tested, only 291 had KEGG
compound IDs that were recognized by MetaboAnalyst and could be used as the reference
panel for the pathway analysis. A total of 254 metabolites met the inclusion threshold of an
unadjusted p < 0.05 for the cognitive metabolite pathway analysis; however, only 82 of these
were identified metabolites with KEGG compound IDs. These metabolites most strongly
represented pathways involved in inositol phosphate, ether lipid, and amino sugar and
nucleotide metabolism, although none of the pathways identified were statistically
significant (Supplementary Figure 4 and Supplementary Table 3).

Replication—Sixty non-Hispanic White men from the VETSA cohort were available for
replication analyses and were 57 years of age on average at baseline (SD = 2.3) with an
associate degree, on average (Supplementary Table 4). This included 15 pairs of
monozygotic twins and 15 pairs of dizygotic twins, for 30 twin pairs total. All of these 30
pairs had no cognitive impairment (NCI) at Wave 1 (year 2003 to 2008) but were discordant
for the development of mild cognitive impairment (MCI) in VETSA at Wave 2 (five years
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later), meaning that within a twin pair, one twin developed MCI and the other twin remained
NCI.

Of the seven metabolites associated with executive function in WRAP, four were present in
VETSA (cysteine S-sulfate, erucate (22 : 1n9), X-13866, and X-18887) and the interaction
between these metabolites and age was tested for association with executive function. Three
of these metabolites showed effect trajectories that were strikingly consistent with WRAP
findings (Supplementary Figure 5), although they fell short of statistical significance
(cysteine S-sulfate, p= 0.35; erucate, p=0.11; and X-13866, p= 0.09), while one
metabolite was not at all associated (X-18887: p=0.93) (Supplementary Table 1). A
composite score of these four metabolites was calculated by averaging the four metabolites
within each sample (after negating cysteine S-sulfate due to the opposite effect observed),
and the interaction between this metabolite composite score and age was tested for
association with executive function. The trajectory was consistent with results from WRAP,
although the association fell short of statistical significance (p=0.08; Supplementary Fig.
5).

To improve the comparability of VETSA and WRAP findings, we also tested the association
between the seven significant metabolites identified in WRAP and executive function using
cross-sectional models that were limited to the first sample available. Although these
analyses had greatly reduced power compared to the full initial analyses (as it excluded
1,124/2,324 or 48.4% of samples), the interaction between age and each of the seven
metabolites were associated with executive function with p< 0.16, with three
age*metabolite interactions having a p < 0.05 (unknown metabolites X — 13866, X — 12839,
and X — 12104; Supplementary Figure 6). All interaction effect directions were consistent
with the initial findings based on the full sample.

DISCUSSION

In our longitudinal metabolomics investigation of cognitive trajectories, we identified seven
metabolites that are associated with changes in executive function, one of the earliest aspects
of cognition to decline in AD progression. Replication of four of these metabolites in an
independent cohort showed that three of them, namely an amino acid cysteine S-sulfate, a
fatty acid erucate (22 : 1n9), and an unknown metabolite, had strikingly consistent effect
directions, although p-values did not reach statistical significance. We did not identify
metabolites significantly associated with changes in delayed recall, another aspect of
cognition that declines early in AD progression. Our study suggests that levels of these
specific metabolites correspond with executive function trajectories in late middle-aged
adults with increased risk for AD.

The associations we observed between metabolite levels and executive function trajectories
could provide insights into mechanisms contributing to cognitive decline. In particular,
lower levels of the amino acid cysteine S-sulfate were associated with poorer executive
function with increasing age. The involvement of cysteine metabolism in AD has been
implicated in a pathway analysis of previous AD metabolomics studies [1], and our results
further suggest that this relationship could depend on age. Cysteine S-sulfate is a glutamate
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receptor agonist that can lead to calcium influx in nerve cells and neurotoxicity when present
in high levels [49, 50]. In a previous investigation, we reported the heritability of plasma
cysteine S-sulfate to be 46.8%, suggesting that it is strongly influenced by both genetic and
environmental factors, and we reported that levels of cysteine S-sulfate increase with age
[51]. Potential dietary sources of cysteine S-sulfate include hazelnut, star anise, agar, and
sorghum (The Food Database, FooDB). Cysteine S-sulfate has been shown to drive
excitotoxic neurodegeneration in individuals with molybdenum cofactor deficiency, an
autosomal recessive inborn error of metabolism characterized by early childhood death [52].
This supports our finding that high levels of cysteine S-sulfate may be detrimental to
cognitive function earlier in life. However, experiments using model organisms will be
crucial to understand the mechanisms by which cysteine S-sulfate could have protective
effects later in life.

The opposite pattern was seen for the six other metabolites associated with executive
function, which included three fatty acids, where higher metabolite levels were associated
with poorer executive function with increasing age. One possible explanation for this could
be that these particular metabolites may be metabolized faster in younger years and slower
in older years, and compensation is needed in younger years to account for the quick
metabolism. We previously found that plasma levels of these six metabolites significantly
increase with age [51], supporting this hypothesis. One of the three fatty acids was erucate
(22 : 1n9), an omega-9 fatty acid that readily crosses the blood-brain barrier [53] and has
been shown to enhance memory performance in mice [54]. Erucate is mainly found in
Brassica family of plants, including kale, mustard, Brussel sprouts, and broccoli, and it
makes up ~40-50% of the oils in mustard seed, rapeseed, and wallflower seed (FooDB).
Taken together with erucate’s low heritability of 15.6% [51], this suggests that plasma levels
of erucate are predominantly influenced by dietary factors.

Fatty acids have long been suspected to influence cognitive performance, but studies have
had mixed findings regarding their role, particularly of omega-3 fatty acids [55, 56]. Our
results suggest that this role may be difficult to define because the implications of these
metabolite levels change as individuals age. This is further supported by similar
relationships we found for two partially characterized fatty acids: fatty acid 8 : 1 acyl
glutamine conjugate and fatty acid 6 : 1 acyl glutamine conjugate, both of which also have
low heritabilities of 28.4% and 13.3%, respectively [51]. More information about these two
metabolites could prove useful in understanding the relationship between fatty acids and
cognitive function. A recent study reported higher levels of docosapentaenoate (22 : 5 n-6), a
long-chain polyunsaturated fatty acid, to be associated with less decline of information-
processing speed in a sample of midlife African Americans [10], supporting the association
between higher fatty acids levels and better cognition function in midlife. Beyond cognitive
performance, omega fatty acids have also been shown to be dysregulated in certain brain
regions of patients with AD pathology [50], further strengthening the potential relevance of
fatty acids. Given the importance of dietary factors on circulating fatty acid levels, our
findings could be followed up in model organism experiments controlling for dietary fatty
acid intake using an age-dependent dosing scheme while monitoring cognitive performance
across the lifespan.
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This study has several limitations. The pathway analysis we performed was highly limited
due to the large number of metabolites in our panel that did not have KEGG compound IDs
with several of our significant findings being partially characterized or unknown
metabolites. This is a notable challenge in the field of metabolomics and greatly underscores
the importance of continued efforts to identify and characterize metabolites. The PGSs we
developed for our MR assessment were weak instrumental variables and did not allow us to
determine whether levels of the metabolites we identified are causally related to executive
function. Although our replication in VETSA was not based on longitudinal data, the
executive function score was not measured identically, and VETSA was limited to men with
a narrower age range and less education on average than WRAP participants, the striking
similarity of the effects of cysteine S-sulfate and erucate on executive function across age
suggests that our findings are robust. However, the relatively small sample size of the
replication cohort is likely why replication analyses did not reach statistical significance. It
is also possible that dietary differences between WRAP and VETSA could have contributed
to the lack of statistical significance in VETSA, given the potential importance of dietary
factors to the identified metabolites. Replicating metabolomics findings is a current
challenge in the field of metabolomics, as differences in sample handling, laboratory
platforms, and quantification techniques can lead to variation in metabolite levels and
different sets of metabolites identified [3]. Replication with a larger sample, ideally one with
longitudinally measured metabolites and longitudinally measured cognitive function from a
healthy aging population, will be necessary to further validate our observed associations.
Further, future investigations using other analytic approaches to measure executive function
could serve as a means to identify additional metabolites associated with cognitive
trajectories.

The lack of findings for delayed recall does not rule out the possibility that metabolites
could be involved in this aspect of cognition—we previously reported that the executive
function composite score had notably lower intraindividual variability and greater sensitivity
to age-related decline relative to the delayed recall composite score [36], which could
explain why we only identified metabolites associated with executive function. It is also
possible that the relevant metabolites may not have been captured in our investigation (e.g.,
the plasma metabolites measured may be relevant to vascular cognitive impairment, in which
executive function is commonly impaired early on), that our sample was not large enough to
identify weak associations, or that our cohort has not yet experienced sufficient cognitive
decline to identify metabolite levels associated with delayed recall trajectories. While we
observed decline in cognition with age, although to a lesser degree for delayed recall than
executive function (Supplementary Fig. 1), practice effects and non-random return patterns
(i.e., participants with better cognition being more likely to return for follow-up visits) often
resulted in participants having improved cognitive measures in later study visits (as seen in
Table 1 and Supplementary Fig. 1). This likely weakened our findings, as adjusting for
practice effects does not account for non-random return patterns. Future investigations using
other analytic approaches to measure both executive function and delayed recall could serve
as a means to identify additional metabolites associated with cognitive trajectories. As
metabolomics technologies continue to improve, the field will be able to quantify and
identify metabolites more comprehensively and it will become more feasible to generate
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metabolomics data in large cohorts, which could contribute to an improved understanding of
the biological mechanisms contributing to cognitive decline and AD progression.

Using a large panel of longitudinal metabolomics data, we found that levels of certain
plasma metabolites, including amino acid cysteine S-sulfate and fatty acid erucate, were
associated with age-related changes in executive function, one of the earliest aspects of
cognitive function to change in the course of AD development. It will be important for future
population-based and experimental studies to investigate whether these metabolites are
causally associated with executive function, which could lead to the elucidation of
mechanisms influencing early stages of AD and ultimately inform preventative measures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Manhattan plot of metabolome-wide association results for cognitive composite scores. A)

Seven metabolite*age interactions were significantly associated with executive function. B)
No metabolite*age interactions were significantly associated with delayed recall. Both sets
of results used a Benjamini-Hochberg adjusted p-value threshold (red horizontal line).
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Contour plots showing executive function trajectories by seven metabolite levels. The x-axis
represents age, y-axis represents standardized metabolite levels, and z-axis represents the
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(indicated by the darker blue regions), with the exception of cysteine s-sulfate, where there
opposite is true. Unadjusted p-values are indicated for each test.
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