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Abstract

Studying the correlation between cerebrospinal fluid (CSF) metabolites and the Alzheimer’s
Disease (AD) biomarkers may offer a window to the alterations of the brain metabolome and
unveil potential biological mechanisms underlying AD. In this analysis, 308 CSF metabolites from
338 individuals of Wisconsin Registry for Alzheimer’s Prevention and Wisconsin Alzheimer’s
Disease Research Center were included in a principal component analysis (PCA). The resulted
principal components (PCs) were tested for association with CSF total tau (t-tau), phosphorylated
tau (p-tau), amyloid B 42 (AB42), and AB42/40 ratio using linear regression models. Significant
PCs were further tested with other CSF NeuroToolKit (NTK) and imaging biomarkers. Using

a Bonferroni corrected p <0.05, five PCs were significantly associated with CSF p-tau and

t-tau and three PCs were significantly associated with CSF Ap42. Pathway analysis suggested
that these PCS were enriched in six pathways, including metabolism of caffeine and nicotinate
and nicotinamide. This study provides evidence that CSF metabolites are associated with AD
pathology through core AD biomarkers and other NTK markers and suggests potential pathways
to follow up in future studies.

Keywords

Alzheimer’s disease; CSF metabolomics; principal component analysis; total tau; phosphorylated
tau; amyloid p 42/40

Introduction

Alzheimer’s disease (AD), a neurodegenerative disorder, is characterized by the progressive
decline in cognition and functional status. The pathology of AD may begin 20 years

before the clinical symptoms appear and two established pathological changes in AD

brains are the extracellular deposits of amyloid B (AB), which form amyloid plaques,

and intraneuronal aggregates of hyperphosphorylated and misfolded tau, giving rise to
neurofibrillary tangles (DeTure and Dickson, 2019). Besides these two changes and their
corresponding cerebrospinal fluid (CSF) biomarkers of Ap 42, phosphorylated-tau (p-tau),
and total-tau (t-tau), recent studies have shown that CSF biomarkers of synaptic dysfunction,
astrocyte activation, microglial activation, and inflammation are also associated with
neurodegeneration and AD (Antonell et al., 2019; Mila-Aloma et al., 2020). However, the
potential mechanisms linking these CSF biomarkers to neurodegeneration and AD have not
been established.

Advancements in omics technologies enable the use of novel approaches to study the
biological changes involved in AD. One promising approach is metabolomics, which can
identify and quantify a large number of small molecules (<1500 Da), such as amino

acids, carbohydrates, and lipids, simultaneously in a biological sample (Hasin et al., 2017).
Metabolites are relevant to the current physiological state of a cell (Enche Ady et al., 2017).
Fluctuations in metabolite levels may be involved in the disease process and can give insight
into the underlying mechanisms of the disorder (Toledo et al., 2017). As the downstream
alterations resulting from transcripts or proteins, metabolites can build a bridge to link those
upstream molecular changes to AD pathophysiology. On the other hand, metabolites can
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also be influenced by modifiable risk factors such as diet, physical activity, or pollutants.
Thus, metabolites also open a window for us to learn how modifiable risk factors influence
the biological molecules and lead to AD.

So far, several studies have examined targeted or untargeted human metabolomics in blood,
post-mortem brain tissue, CSF, and saliva that associate with clinical AD status or AD
biomarkers (Koal et al., 2015; Paglia et al., 2016; Guiraud et al., 2017; Toledo et al.,

2017; Huan et al., 2018). Multiple metabolic pathways, such as those involving: alanine,
aspartate, and glutamate; glycerophospholipids; sphingolipids; homocysteine-methionine;
and polyamines, have been reported to be associated with clinical AD, mild cognitive
impairment (MCI), or AD biomarkers (Wilkins and Trushina, 2018). However, among those
metabolomic studies, few of them (Guiraud et al., 2017; Koal et al., 2015) have been
conducted in CSF, with a particular dearth of untargeted CSF metabolomics studies, since
untargeted metabolomics aims at discovery and relies on a large sample size, which has
been hard to achieve in CSF thus far. An untargeted approach measures a larger number of
metabolites and is useful for hypothesis generation by conducting comprehensive analyses
to identify previously undiscovered metabolites and metabolic pathways that are associated
with disease (Schrimpe-Rutledge et al., 2016; Wilkins and Trushina, 2018). Since the CSF
surrounds the extracellular space of the brain, it is an ideal fluid to study the pathological
changes occurring in the central nervous system in the early stages of AD. Correlating
metabolites in the CSF with established and developing AD biomarkers may: elucidate
additional changes that are associated with early AD disease pathology, enhancing our
knowledge of the disease; develop new biomarkers for preclinical and clinical AD diagnosis;
and provide candidates for AD treatment.

In this study, we aimed to determine which CSF metabolites and pathways are associated
with a comprehensive panel of AD biomarkers in two cohorts: the Wisconsin Registry for
Alzheimer’s Prevention (WRAP) and the Wisconsin Alzheimer’s Disease Research Center
(ADRC). We first reduced the dimension of untargeted CSF metabolites by using principal
components analysis (PCA) and then tested the associations between the resulting principal
components (PCs) and AD biomarkers. The biological functions of significant PCs were
then analyzed using pathway analyses.

Methods

2.1 Participants

WRAP began recruitment in 2001 as a prospective cohort study, with initial follow up four
years after baseline, and subsequent ongoing follow up every two years (Johnson et al.,
2018). WRAP is comprised of initially cognitively-unimpaired, asymptomatic, middle-aged
(between 40 and 65) adults enriched for a parental history of clinical AD (Johnson et

al., 2018). At each visit, the participants undergo comprehensive medical and cognitive
evaluations. Follow up is discontinued if dementia develops. Additional details of the study
design and methods of WRAP have been described previously (Johnson et al., 2018). From
the WRAP cohort, we identified 133 self-reported non-Hispanic white individuals with CSF
biomarker and metabolomic data. The sample size for other racial/ethnic groups was too
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small (n<10) to calculate accurate coefficients, so these participants were excluded from the
analyses.

The Wisconsin ADRC’s clinical core cohorts started in 2009 and are comprised of well-
characterized participants who undergo cognitive testing and physical exams every two
years (Bettcher et al., 2018). The Wisconsin ADRC has a cohort of initially cognitively-
unimpaired, asymptomatic middle-aged (between 45 and 65) adults with a similar study
design to WRAP (the Investigating Memory in Preclinical AD-Causes and Treatments
(IMPACT) cohort) (Darst et al., 2017; Racine et al., 2016; Vogt et al., 2018). From the
IMPACT cohort, we identified 205 self-reported non-Hispanic white participants with CSF
biomarker and metabolomic data. As with WRAP, the sample size for other racial/ethnic
groups was too small (n<10) to calculate accurate coefficients, so these participants were
excluded from the analyses.

Data from the 133 WRAP participants and 205 Wisconsin ADRC IMPACT participants

were combined for the PCA analysis. This study was conducted with the approval of the
University of Wisconsin Institutional Review Board, and all participants provided signed
informed consent before participation.

2.2 CSF sample collection and CSF biomarkers quantification

Fasting CSF samples were collected via lumbar puncture using a Sprotte 25- or 24-gauge
spinal needle at the L3/4 or L4/5 interspace with gentle extraction into polypropylene
syringes. More details can be found in the previous study (Darst et al., 2017). Importantly,
the CSF collection for WRAP and the Wisconsin ADRC follows the same protocol and the
lumbar puncture for both studies is performed by the same group of well-trained individuals.

All CSF samples were batched together and assayed for biomarkers using the Roche
NeuroToolKit (NTK), a panel of automated Elecsys® and prototype immunoassays (Roche
Diagnostics International Ltd, Rotkreuz, Switzerland) at the Clinical Neurochemistry
Laboratory, University of Gothenburg, using the same lot of reagents, under strict quality
control procedures. The immunoassays of Elecsys p-amyloid(1-42), B-amyloid(1-40),
Phospho-Tau (181P) and Total-Tau, as well as S100 calcium-binding protein B (S100b)
and interleukin-6 (IL-6) were performed on a cobas e 601 analyzer (Roche Diagnostics
International Ltd, Rotkreuz, Switzerland) (Van Hulle et al., 2020). The remaining NTK
panel was assayed on a cobas e 411 analyzer (Roche Diagnostics International Ltd,
Rotkreuz, Switzerland) including a-synuclein, glial fibrillary acidic protein (GFAP),
chitinase-3-like protein 1 (YKL-40), soluble triggering receptor expressed on myeloid cells
2 (STREMZ2), neurofilament light protein (NfL), and neurogranin (Van Hulle et al., 2020).

2.3 Neuroimaging biomarkers

A subset of WRAP and Wisconsin ADRC participants underwent Pittsburgh Compound
B (PiB) positron emission tomography (PET) and T1-weighted magnetic resonance
imaging (MRI). The details regarding PiB radiopharmaceutical synthesis, PET and MRI
acquisition protocols, and image processing have been previously described (Bendlin

et al., 2012; Johnson et al., 2014; Sprecher et al., 2015). Briefly, tissue segmentation,
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spatial normalization, and anatomical delineation for PET analysis was performed on T1-
weighted MRI using SPM12’s unified segmentation algorithm (Ashburner and Friston,
2005) (www.fil.ion.ucl.ac.uk/spm) and software written in MATLAB. Gray matter, white
matter, and CSF volumes were extracted from the native space tissue segments using the
Tissue Volumes module in SPM. Total intracranial volume (ICV) was calculated by adding
up the grey matter volume, white matter volume, and CSF volume. The total brain volume
(TBV) was calculated as the sum of grey and white matter adjusted for ICV in analyses.
Hippocampal volumes (HV) were obtained using FSL FIRST (Patenaude et al., 2011) and
were adjusted for ICV in analyses.

PET regions of interest were obtained by applying the inverse deformation field from
SPM12’s segmentation to the Automated Anatomical Labeling Atlas (Tzourio-Mazoyer et
al., 2002), and restricting the resultant ROIs to voxels with P(GM)>0.30. [C-11]PiB were
dynamically acquired 0—70 minutes post-injection on either a Siemens EXACT HR+ or
Siemens Biograph Horizon PET/CT tomograph. The reconstructed PET time series were
smoothed, interframe realigned, dynamically denoised, and registered to T1-weighted MRI.
Amyloid plaque burden (i.e., global PiB distribution volume ratio [DVR]) was assessed by
calculating the mean distribution volume ratio across eight bilateral regions of interest using
Logan graphical analysis with the cerebellar gray matter as reference region (k2bar = 0.169
min~1) (Lopresti et al., 2005).

2.4 CSF metabolomic profiling and quality control

CSF metabolomic analyses and quantification were performed in one batch by Metabolon
(Durham, NC) using an untargeted approach, based on Ultrahigh Performance Liquid
Chromatography-Tandem Mass Spectrometry platform (Bridgewater BR, 2014). Details of
the metabolomic profiling were described in an earlier study (Darst et al., 2019).

The number of metabolites present in CSF is less than that found in other fluids, such

as blood. A total of 412 CSF metabolites were identified and quality control procedures
were performed (Supplemental Figure 1). First, 46 metabolites missing for at least 80%
(Denburg et al., 2021) of the individuals were excluded. The original missing percentages
are provided in Supplemental Table 1. Then the values for each of the remaining metabolites
were scaled so that the median equaled 1. Since all the endogenous metabolites should be
present in the human body, missing values indicate a value below the technical detection
level. For the 325 endogenous metabolites, the missing values were then imputed to half of
the lowest level of detection. However, for xenobiotic metabolites, e.g., drug metabolites,
missing values likely indicate the absence of the metabolite in the sample; these metabolites
were imputed to 0.0001 (a value near zero that could be accepted in the analytic software),
as recommended by Metabolon. No metabolites with zero variability between individuals
and 2 metabolites with an interquartile range of zero were excluded. Log10 transformation
was applied to normalize the data. After quality control, 308 metabolites with known
biochemical names (i.e., metabolites that could be chemically identified using existing
metabolite libraries) remained for this investigation. Since both WRAP and the Wisconsin
ADRC are longitudinal studies, we generally had 2—3 measures of each metabolite per

Neurobiol Aging. Author manuscript; available in PMC 2023 September 01.


http://www.fil.ion.ucl.ac.uk/spm

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dong et al. Page 6

individual, each approximately two years apart. The average of the multiple measures of
each metabolite within each individual were calculated and used for the PCA.

2.5 Statistical analysis

2.5.1 PCA and association tests—In order to group correlated CSF metabolites and
reduce the data dimension and multiple testing burden due to hundreds of CSF metabolites
and more than ten AD endophenotypes in our analysis, PCA was applied by using the
within-individual averaged values of each of the 308 CSF metabolites. The PCA was
conducted using the R function “prcomp”. All the PCs that explained up to 90% of the
variance (Jolliffe, 2005) in CSF metabolites were extracted for association tests. After PCA,
the associations between these PCs and the last visit value of four core AD biomarkers:
p-tau, t-tau, Ap42, and AB42/40, were tested using the linear regression method while
adjusting for age at last visit of biomarkers, sex, years of education, and cohort. A sensitivity
analysis using a fixed-effects meta-analysis model weighted by the sample size of each of
the two cohorts, instead of using combined samples, was also conducted to calculate the
pooled estimates and p values. Another sensitivity analysis was conducted by excluding the
8 samples that were not collected after fasting for at least 12 hours. Then, the significant PCs
were tested with nine other NTK biomarkers: AB40 as a marker of amyloid production;
S100b, YKL-40, and GFAP as markers of astrocyte activation; STREM2 and IL-6 as
markers of microglial activation and inflammation; and NfL, neurogranin, and a-synuclein
as markers of synaptic damage and neuronal degeneration, as well as three imaging markers:
MRI TBV, MRI HV, and PiB DVR. The values of all biomarkers were log10 transformed
and the pairwise correlations among all NTK biomarkers are shown in Supplemental Figure
2. All tests used the Bonferroni adjustment to correct p values for multiple testing. The
Bonferroni-adjusted significance threshold was p<0.05.

2.5.2 Biological relevance of significant PCs—For each significant PC, the
metabolites were ranked by the absolute values of their loadings. Potential functional
pathways of each PC were identified from the Kyoto Encyclopedia of Genes and Genomes
(KEGG) Homo sapiens pathway database (Kanehisa and Goto, 2000; Okuda et al., 2008)

by conducting pathway analyses of the top 10% of the ranked metabolites in a web-based
software, MetaboAnalyst5.0 (Chong et al., 2018). By inputting the metabolites’ human
metabolome database (HMDB) IDs and using the default hypergeometric test and the
relative-betweenness centrality, which is a measure of centrality in a graph based on the
shortest paths that passes through the vertex, enriched pathways were identified. Pathways
were considered as important if the impact score, which represents an objective estimate of
the importance of a given pathway relative to a global metabolic network, was >0.1 (Wang et
al., 2016). The position of these important metabolites in the KEGG pathway was examined.

2.5.3 Caffeine metabolism analysis—Pathway analysis suggested that four of the
most significant PCs were enriched for metabolites in the caffeine metabolism pathway
(impact score >0.1). Consequently, the associations between caffeine intake and those four
significant PCs were tested in WRAP (caffeine intake was not measured in the Wisconsin
ADRC). Caffeine intake was assessed via questionnaire. All participants were asked “During
the past month, how often did you drink any caffeinated beverages? (e.g., coffee, tea, soft
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drinks)” with possible responses including “1 = less than once per day, 2 = 1-2 per day, 3
= 3-5 per day, 4 = 6 or more per day.” A mediation analysis from baseline caffeine intake
through the PC enriched in the caffeine metabolism pathway to the last visit of p-tau and
t-tau was conducted in the WRAP cohort using linear regression models adjusting for the
mean age, sex, years of education, and body mass index (BMI).

In the combined cohort, the associations between the two tau outcomes and the mean

values of the five caffeine metabolism metabolites in the four significant PCs, theobromine,
caffeine, paraxanthine, 7-methylxanthine, and 1-methylxanthine, was tested. Additionally,
the pairwise ratios of the four caffeine metabolism metabolites that formed a feedback

loop (theobromine/caffeine, caffeine/paraxanthine, paraxanthine/7-methylxanthine, and 7-
methylxanthine/theobromine) were also tested for association with tau. The linear regression
model was used for each metabolite or metabolite ratio adjusted for age at last visit of
biomarkers, sex, years of education, and cohort.

3. Results

3.1 Participant characteristics

We included 338 participants from both WRAP and the Wisconsin ADRC IMPACT cohort
for the main analysis. Table 1 shows the sample characteristics of WRAP, Wisconsin ADRC
IMPACT, and all participants. In general, 133 (39.3%) were from WRAP and 205 (60.7%)
were from Wisconsin ADRC IMPACT. After combining the cohorts, two thirds of the
participants were female and the mean age at the last CSF collection (used for the AD
biomarkers) was 61.5 (SD=6.9) years. The mean years of education was 16.3 (SD=2.4). The
mean Mini-Mental State Examination (MMSE) total scores at the last CSF collection for
WRAP and Wisconsin ADRC IMPACT participants were 29.5 (SD=0.9, min=26, max=30)
and 29.4 (SD=0.8, min=27, max=30), respectively.

3.2 PCA and association test results

From the PCA, the first 30 PCs explained just over 90% of the variance of all 308
metabolites (Supplemental Table 2). Among these 30 PCs, PC13, PC16, PC20, PC22, and
PC29 were significantly associated with CSF p-tau and t-tau after adjusting for multiple
testing (estimates of the effect, p-values, and Bonferroni-adjusted p-values are shown in
Table 2). PC8, PC16, and PC22 were significantly associated with CSF AB42. None of the
PCs were associated with AB42/40. Figure 1 shows the metabolites ranked by the absolute
value of their loading for each significant PC (metabolites in the top 10% of loadings are
displayed). Some metabolites had high loadings for multiple PCs (e.g., kynurenate for PC8,
PC20, and PC22). The estimates and significance of the effect from meta-analyses of the
WRAP and Wisconsin ADRC IMPACT cohorts and the sensitivity analyses, which excluded
8 samples not collected after fasting for at least 12 hours, were similar and can be found in
Supplemental Tables 4 and 5.

As shown in Table 3 and Figure 2, among the 6 significant PCs, PC13 was significantly
associated with Ap40, GFAP, STREMZ2, neurogranin, and a-synuclein after adjusting for
multiple testing. PC 16 was associated with Ap40, GFAP, neurogranin, and a-synuclein.
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PC20 was associated with Ap40 and neurogranin. PC22 was associated with AB40,
S100b, YKL40, GFAP, sTREMZ, neurogranin, and a-synuclein. PC29 was associated with
YKL-40, GFAP, and MRI TBV.

3.3 Biological relevance of significant PCs

We conducted a pathway analysis using metabolites with an assigned human metabolite
database (HMDB) ID and ranked absolute value of loadings in the top 10% for

each significant PC (Figure 1). We identified six unique pathways showing enrichment

in PCs associated with AD biomarkers (Figure 3). Four pathways were enriched in

more than one significant PC: caffeine metabolism (including paraxanthine, caffeine,
theobromine, 1-methylxanthine and 7-methylxanthine), which was enriched in PC8, PC13,
PC16, and PC20; nicotinate and nicotinamide metabolism (including nicotinamide and
1-methylnicotinamide), which was enriched in PC13, PC20, and PC22; and butanoate
metabolism (including acetoacetate and 2-hydroxyglutarate), and synthesis and degradation
of ketone bodies (including acetoacetate), which were both enriched in PC16 and PC20
(Table 4). The positions of the five metabolites included in the caffeine metabolism pathway
are shown in Figure 4 (Kanehisa and Goto, 2000; Okuda et al., 2008), in which caffeine,
theobromine, paraxanthine, and 7-methylxanhine compose a metabolic feedback loop.

3.4 Caffeine metabolism analysis

In the WRAP cohort, among the four PCs that were enriched for the caffeine metabolism
pathway, PC16 was significantly associated with caffeine intake at baseline (Table 5,
p=1.49E-02). While there was suggestive evidence for mediation of the association between
caffeine intake and both p-tau and t-tau by PC16, this was not statistically significant
(p=0.096 and p=0.08, respectively; Supplemental Figure 3). In the combined cohort, the
metabolite, 7-methylxanthine, was associated with both p-tau (p=0.01) and t-tau (p=0.03),
but no ratios were associated with the two tau outcomes (Supplemental Table 6).

4. Discussion

In this analysis, we aimed to identify potential CSF metabolites and pathways associated
with AD pathology and to understand their roles in AD pathogenesis. Using untargeted
CSF metabolomics data from the combined WRAP and Wisconsin ADRC IMPACT cohorts
and PCA, we were able to reduce the whole CSF untargeted metabolomics data to 30

PCs that explained the majority of the variance in CSF metabolites. Among the 30

PCs, six were associated with CSF p-tau and t-tau, AB42, other NTK biomarkers such

as a-synuclein, NfL, and neurogranin, and total brain volume. Based on the significant
correlation between PC13 and markers of astrocyte activation and synapse function, the
metabolites and pathways in PC13 may be involved in the role astrocytes play in synapse
function. PC22 was most strongly correlated with p-tau and t-tau, but also with markers of
axonal injury and synaptic dysfunction. The significant PCs provide potential metabolites of
interest such as paraxanthine, 1-methylxanthine, theobromine, 7-methylxanthine, caffeine,
acetoacetate, and nicotinamide, and pathways such as metabolism of caffeine, nicotinate
and nicotinamide, and butanoate, and synthesis and degradation of ketone bodies for AD
pathology. These metabolites and pathways may be worthy of further research.
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Caffeine metabolism is driven primarily by cytochrome P450 1A2 (CYP1AZ2) enzyme-
mediated demethylation, resulting in the formation of three major metabolites. Of these,
paraxanthine accounts for 80-85% of the metabolites, with the remainder consisting
primarily of theobromine and theophylline (Jandova et al., 2019) After caffeine enters the
human body, it is quickly absorbed in the gastrointestinal system and distributed into the
blood and body tissues (Ofiatibia-Astibia et al., 2017). Importantly, caffeine can cross the
blood-brain-barrier (BBB) and enter the brain by simple or facilitated diffusion (Liu et al.,
2005). Accumulating evidence suggests a protective role of caffeine intake in AD. In a
systematic review of 28 epidemiological reports and experimental studies based on animal
and cell AD models (Panza et al., 2015), both cross-sectional (Valls-Pedret et al., 2012; Wu
etal., 2011) and longitudinal studies (Lindsay, 2002; Vercambre et al., 2013) have suggested
that caffeine intake is associated with reduced risk of cognitive impairment, dementia, and
AD.

Several studies have tested the relationship between caffeine intake and AD pathology

(i.e., brain amyloidosis and tau pathology). Previous mouse model studies have suggested
several potential mechanisms of caffeine’s protective effect against AD. First, long-term
caffeine intake may increase the production of CSF, thus improving CSF turnover and
clearance of potentially toxic metabolites such as Ap (Han et al., 2009). Second, in an APP
transgenic mouse model, long-term caffeine intake could limit the brain production of Ap
due to reduced expression of both pB-secretase and presenilin-1/y secretase (Arendash et

al., 2006). Third, caffeine has antioxidant and anti-inflammatory capacities and the ability
to block the disruption of the BBB and A1 and A,a receptors, which are the adenosine
receptors where caffeine binds in the brain (Arendash et al., 2006). Finally, chronic caffeine
intake could prevent the development of spatial memory deficits and improved memory has
been associated with reduced hippocampal tau phosphorylation and proteolytic fragments
in the hTau mouse model (Laurent et al., 2014). In our mediation analysis, although the
mediation effects were only marginally significant, they provide some evidence that the
caffeine metabolism pathway may be mediating the association between caffeine intake and
tau pathology and are worth of future replication in a larger sample.

Less research has been conducted to analyze other methylxanthines such as paraxanthine
and theobromine’s effect on AD. In a longitudinal study of 299 participants of the
Amsterdam Dementia Cohort, high levels of theobromine were detected in CSF and were
associated with clinical progression to dementia (de Leeuw et al., 2020). A mouse model
study of Parkinson’s disease has shown that paraxanthine exerts a neuroprotective role

in dopaminergic neurons by stimulating the ryanodine receptor (Xu et al., 2010). In our
analysis, we found that CSF 7-methylxanthine (PC8, PC16, and PC20) was significantly
negatively associated with both p-tau and t-tau, providing new evidence for a putative role of
methylxanthines in AD pathophysiology.

In a study of 88 patients with AD or MCI, a significant positive correlation was found
between the concentrations of theobromine, both in the CSF and in the plasma, with

CSF AB42 in the AD patients (Travassos et al., 2015). In a diet experiment of mice, a
significant decrease of cognitive impairment was found when mice were fed with a diet
rich in theobromine, polyphenols, and polyunsaturated acids, and the potential mechanism
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may involve the modulation of the catecholaminergic and cholinergic systems (Fernandez-
Fernandez et al., 2015). To our knowledge, our study is the first to analyze the association
between CSF caffeine metabolites and p-tau and t-tau in humans with a relatively large
sample size. The significant associations are worth replicating and exploring in future /n
vivo studies.

Acetoacetate in the butanoate metabolism and synthesis and degradation of ketone bodies
pathways may also be involved in AD pathology. Acetoacetate is produced in the liver and
released into the bloodstream as an energy source during periods of fasting, exercise, or

as a result of type 1 diabetes mellitus, when glucose levels are low. It can cross the BBB
and be used by the brain for energy. From a six-week intervention study of a Mediterranean-
ketogenic diet, which aimed at shifting the main fuel used by the body from glucose to
ketone bodies, in participants with subjective memory complaints and MCI, CSF Ap42
was increased, CSF tau was decreased (only in MCI) and the CSF Ap42/tau ratio was
increased (greater in MCI) (Neth et al., 2020). In the current study, acetoacetate was not
associated with any of the AD biomarkers after Bonferroni correction, indicating that a set
of metabolites in these pathways may be important, not a single metabolite.

Animal model experiments have studied the functions of nicotinamide, in the nicotinate and
nicotinamide metabolism pathway. For example, nicotinamide treatment has been shown

to reduce levels of oxidative stress, apoptosis, and PARP-1 activity in an AB42-induced

rat model of AD (Turunc et al., 2013). Nicotinamide also has the ability to restore

cognition in AD transgenic mice by reducing a specific phospho-species of tau (Thr231)
(Green et al., 2008). Another study has shown that the nicotinamide loaded functionalized
solid lipid nanoparticles can improve cognition in an AD rat model by reducing tau
hyperphosphorylation (Vakilinezhad et al., 2018). These preclinical findings suggest that
oral nicotinamide may be considered for evaluation in clinical trials on an effective treatment
for AD patients. Our results suggested that 1-methylnicotinamide and nicotinamide were
enriched in the nicotinamide metabolism in PC22, and PC22 was associated with CSF
biomarkers such as p-tau, t-tau, AB42, a-synuclein, YKL-40, and GFAP in human. Another
metabolite, kynurenate, which is synthesized from kynurenine, was in the top 10% of
loadings for PC8, PC20, and PC22 (Figure 1) and the kynurenine pathway leads to the
production of nicotinamide.

The sample size of the WRAP and Wisconsin ADRC IMPACT cohorts is relatively small
separately, however, we combined the two cohorts and also conducted a meta-analysis to
confirm the results. Another strength of the study is that we included a rich set of CSF
AD biomarkers from the NTK as well as imaging biomarkers for AD. Both WRAP and
the Wisconsin ADRC are longitudinal, with up to three metabolomics data points per
participant (average of 2 time points). Although we took the average of the values for
each metabolite in this analysis, further analyses that use trajectories of the longitudinal
measures can be done in the future, particularly once data for additional time points are
available. Since the mediation results were suggestive, inclusion of the IMPACT cohort
would have increased our power to detect mediation if such a relationship exists. However,
the IMPACT cohort did not collect information on caffeine intake, so we were unable

to replicate the mediation analysis from caffeine intake through PC16 to tau outcomes.
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Replication of this potential mediation effect in an independent cohort should be pursued
in a future study. The analysis conducted in both the WRAP and IMPACT cohorts only
included non-Hispanic white individuals due to a small sample size in other racial/ethnic
groups. Thus, the results may not be generalizable to other groups. Finally, two of the
metabolites in the significant pathways had a relatively large number of missing values:
nicotinamide (50%) and paraxanthine (55%), making replication in additional samples an
important next step.

In summary, our study provides different groups of CSF metabolites that are associated

with a variety of CSF AD biomarkers. The promising caffeine metabolism pathway and its
metabolites identified in this study provide new insights into how caffeine consumption may
help prevent AD through tau pathology, astrocyte activation, and synaptic function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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for PC8 (a), PC13 (b), PC16 (c), PC20 (d), PC22 (e), and PC29 (f).
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Figure 2. Plot of rounded Bonferroni-corrected p-values of the association between the 6

significant PCs and CSF and imaging biomarkers.
The colors of the cells indicate the p-value magnitudes.
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Figure 3. Pathway analysis results for all significant PCs.
The x-axis represents the pathway impact and the y-axis represents the pathway

enrichment. Larger sizes and darker colors represent higher pathway impact and enrichment,
respectively. The text of the pathway name is color coded such that each pathway has a
unique color across the figures to easily see which pathways are enriched in multiple PCs.
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Figure 4. The positions of 5 hit metabolites in the KEGG caffeine metabolism pathway
(Okuda et al., 2008). The green box shows a feedback loop composed of 7-methylxanthine,

paraxanthine, theobromine, and caffeine. The metabolites in red boxes are the five hit
metabolites in the caffeine metabolism pathway from the pathway analyses.
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