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STRATIFICATION 8Y SEX AND APOE GENOTYPE IDENTIFIES METABOLIC
HETERCGENEITY IN ALZHEIMER'S DISEASE

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority 10 U.8. Provisional Patent Application No. 62/815,856, filed
on March 8, 2018, and U.8. Provisional Palent Application No. 62/818,655, filed on March 14,

2019, each of which is incorporated by reference here in in its entirety.

FEDERALLY SPONSORED RESEARCH
This invention was made with Uniled States government support under National Institutes
of Health /National Instifute on Aging grant numbers RF1 AGO58242 and R0O1 AGO57452. The

United States government has certain rights in the invention.

TECHNICAL FIELD

Described herein are methods for stratifying Alzheimer's disease among male and female
subjects by analyzing biomarker metabolites. In one aspect, the biomarker metabolile comprises
one or more of PC as C44:4, PC ae C44:5, or PA ae C44:8; or PC ae C44:4, PC ae C44:5, PC
aa C32:1, PC aa C32:0, or PC ae C42:4.

BACKGROUND

Female sex has long been regarded a major risk factor for Alzheimer's disease (AD). ltis
assumed that out of 5.3 million people in the United States who were diagnosed with AD at age
65 or older, more than 60% are women. Also, estimates indicate that the fifelime risk of
developing AD at age 45 may be almost double in females than in malss [1, 21 However, the
exact role and magnitude of sexual dimorphism in predisposition and progression to AD are
controversial [3-6]. While age is the strongest risk factor for late-onset AD (LOAD), the higher life
expectancy of women only partially explains the observed sex difference in frequency and lifetime
risk [7]. Complexity is added by several genetic studies showing a significant sex difference in
effects of the APOE £4 genolype, the sirongest common genelic risk factor for LOAD. These
studies report risk estimates for ¢4 carriers being higher in females than in males, a finding that
seems to be additionally dependent on age [8-13]. APOE &4 has also been described o be
associated with AD biomarkers in a sex-dependent way with again larger risk estimates for
women than for men [8, 14-16], although thess findings have not been fully consistent across
studies [16, 17] Additionally, studies have suggesied that sex differences in AD may change

during the frajectory of disease [18], with overall risk for mild cognitive impairment (MCI), the
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prodromal stage of AD, being higher in males [19, 20}, while progression to AD occurs at a faster
rate in females, aileast partly in APOE ed-dependent ways[3, 8, 10, 18, 21, 221 The mechanisms
underlying this sex-linked and parily intertwined APOE £4- and age-dependent heterogeneity in
AD susceptibility and severity are only beginning to unravel, calling for novel approaches to further
slucidate molscular sex differences in AD risk and biomarker profiles.

interestingly, all three of the aforementioned major AD risk factors, L.e., age, APOE &4
genotype, and sex, have a profound impact on metabolism [23-29], supporting the view of AD as
a metabolic disease [30-32]. In recent years, availability of high-throughput metabolomics
techniques, which can measure hundreds of smail biochemical molecules (metabolites)
simultansously, allows for the study of metabolic imprints of age, genetic variation, and sex very
broadly, covering the entire metabolism: (i} Age-dependent differences were observed in levels
of phosphatidyicholines (PCs), sphingomyelins (8Ms), acylcamitines, ceramides, and amino
acids [28, 33]. A panel of 22 independent metaboliles explained 59% of the total variance in
chronological age in a large twin population cohort.  In addition, one of these metabolites, C-
glycosyliryptophan, was associated with age-related traits including bone mineral density, lung
[29] and kidney funclion [34]. (i) As expected from APOE’s known role in cholesterol and lipid
metabolism [358, 38], common genetic variants in this gene were associated with blood cholesterol
levels in genome- and metabolome-wide association studies [36, 37]. In addilion, associations
with levels of varicus SMs were identified [38, 38]. (iii) Analogous o age, sex also affects blood
levels of many meiabolites from & broad range of biochemical pathways. In a healthy elderly
population with mostly post-menopausal women, females showed higher levels of most lipids
except lyso-PCs, while the levels of most amino acids including branched chain amino acids
(BCAAS) were higher in males with the exception of glycine and serine, which were higher in
women [23, 241 In addition {0 studies investigating the impact of age and ssx on meiabolism
separately, Gonzalez-Covarrubias et al. recently reported sex-specific lipid signatures associated
with longevity in the Leiden Longevity Study [28]. In women, higher levels of sther-PC and SM
species were associated with longevity; in men no significant differences were observed. Thus,
based on results from large-scale metabolomics studies, aging may influence a wider range of
metabolites in women than men, highlighting the need for sex-siratified analyses.

Many of the metaboliles affected by female sex, age, and APOE genolype such as
BCAAs, glutamate, and various lipids appear o be altered in AD independent of these risk factors
[38, 40, 41]. In patients with MCI, alierations in lipid metabolism, lysine metabolism, and the
tricarboxylic acid cycle have been ocbserved {42, 43]. In one of the largest blood-based

metabolomics studies of AD, we identified metabolic alterations in various stages across the
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frajectory of the disease. For instance, higher levels of SMs and PCs were obssrved in early
stages of AD as defined by abnormal CSF AB,4 levels, whereas intermsdiate changes,
measured by CSF iotal tau, were correlated with increased levels of SMs and long-chain
acylcarnitines [44]. Changes in brain volume and cognition, usually noted in later stages, were
correlated with a shift in energy substrate utilization from fatly acids to amino acids, especially
BCAAs. Cther mestabolomics studies have reported meiabolic alterations in AD which support
these findings, including allerations in PCs in AD [43, 45-47] and sphingolipid transport and fatly
acid metabolism in MCIVAD compared to cognitively normal (CN) subjects [48]. Higher blood
concentrations of sphingolipid species were associated with disease progression and pathological
severity at autopsy [49]. Metabolomics analysis of brain and blood tissue further revealed that bile
acids, importani regulators of lipid metabolism and products of human-gut microbiome co-
metabolism, were allered in AD [50, 51] and associated with brain glucose metabolism and
atrophy as well as CSF AR and p-tau [52]. In most of these studies, sex as well as APOE ¢4
genotype, were used as covariates. Thus, sex-specific associations betwesen AD and metabolile
levels or associations that are modified by sex with opposite effect directions for the two sexes
might have been missed in these analyses. Similarly, sex-by-APOE genotype interactions would
have been masked.

What is needed are methods of stratifying Alzheimer's disease among male and female
subjects in male and female subjscts by analyzing bicmarker metabolites in comparison {o control

subjects.

SUMMARY

One embodiment described herein is a method for stralifying Alzheimer's disease among
male and female subjects, the method comprising:  the method comprising: determining in a
sample from the subject the level of at least one biomarker metabolite selected from the group
consisting of PC ae C44:4, PC ae C44:5, PA ae C44:6, PC aa C32:1, PC aa C32:0, and PC ae
C42:4; and diagnosing the subject as having Alzheimers disease or an increased risk of
Alzheimer's disease when the level of the at least one biomarker metabolite in the sample from
the subject is different from or greater than the level in a confrol. In one aspect, the biomarker
metabolites are selecled from PC ae C44:4, PC ae C44:5, and PA ae C44:8. In ancther aspect,
the biomarker metabolites are selecied from PC ae C44:4, PC ae C44:5, PC ag C32:1, PC asa
C32:0, and PC ae C42:4.

Another embodiment described herain is a method of diagnosing or detecting Alzheimear’s

dissase in a male subject, the mathod comprising: determining in @ sample from the subject the
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lsvel of at lsast one biomarker metabolile selected from the group consisting of PC as C32:1,
threonine, PC ae C36:1, PC ae C36:2, asparagineg, glycine, one hydroxy-SM (SM {OH) C16:1)},
PC ae C40:2, and C16:1; and diagnosing the subject as having Alzheimer's dissase or an
increased risk of Alzheimer's disease when the level of the at least one biomarker metabolite in
the sample from the subject is different from or greater than the level in a control. In one aspscdt,
the biomarker mstabolites comprise PC as C32:1. In another aspsci, the biomarker metabolites
comprise threonine. In another aspect, the biomarker metabolites are selected from PC ae C36:1,
PC ae C36:2, asparagine, glycine, and one hydroxy-SM (SM (OH) C16:1). In ancther aspect, the
biomarker metabolites are selected from PC ae C40:2 and C16:1. In ancther aspsct, the
biomarker metabolites comprise C16:1.

Ancther embodiment described herein is a method of diagnosing or datecting Alzheimer's
disease in a female subject, the method comprising: determining in a sample from the subject the
level of at least one biomarker metabolite selected from the group consisting of C5-DC {(C6-OH),
C8, C10, C2, valing, proline, and histidine; and diagnosing the subject as having Alzheimers
disease or an increased risk of Alzheimer’s disease when the level of the ai least one biomarker
metabolile in the sample from the subject is different from or greater than the level in a control.
In one aspect, the biomarker metaboliles comprise valine. In another aspect, the biomarker
metabolites are selected from C5-DC (C6-OH), C8, C10, C2, and histidine. In ancther aspect,
the biomarker metabolites comprise proline. In another aspect, the biomarker metabolites
comprise C10.

Another embodiment described herein is a method of diagnosing or detecting Alzheimer's
disease in an APOE ¢4 carrier subject, the method comprising: determining in a sample from the
subject the level of at least one biocmarker metabolite selected from the group consisting of PC ae
C44:6, PC ae C44.4, PC ae C44:5, and PC ae C42:4; and diagnosing the subject as having
Alzheimer's disease or an increased risk of Alzheimer's disease when the levei of the al least one
biomarker metabolite in the sample from the subject is different from or greater than the level in
a control.

Another embodiment described herain is a method of diagnosing or detecting Alzheimear’s
dissase in an APOE ¢4 non-carrier subject, the method comprising: determining in a sample from
the subject the level of the biomarker metabolite C10; and diagnosing the subject as having
Alzheimer's disease or an increased risk of Alzheimer's disease when the level of the biomarker
metabolite in the sample from the subject is different from or greater than the level in a control.

Another embodiment described herain is a method of diagnosing or detecting Alzheimear’s

dissase in a female APOE £4 carrigr subject, the method comprising: determining in a sample
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from the subject the level of at least oneg biomarker metabolile selected from PC ag C42:4, PC ae
C44.5, PC as C44:8, C10, and proline; and diagnosing the subjsct as having Alzheimer’s dissase
or an increased risk of Alzheimer’s disease when the level of the at least one biomarker metabolite
in the sample from the subject is different from or greater than the level in a control. In one aspect,
the sample from the subject comprises whole blood, serum, plasma, or cerebral spinal fluid (CSF).
In another aspect, the method further comprising administering to the subject a treaiment for
Alzheimer’'s disease. In another aspect, the control sample is taken from a subject or population

of subjects with normal cognition.

DESCRIPTION OF THE DRAWINGS

FiG. 1. Study rationale. A, This study aims to investigate the relationship between AD,
sex, and metabolic readouts in a systematic fashion. The background of this work are: first, it has
been reporied that AD risk may be increased in females; second, there are strongly pronounced,
highly significant, and often replicated sex differences in metabolite concentrations in the general,
healthy population; and, third, results have shown that there are significant associations of
metabolile levels with AD and its biomarkers. In this study, we examined: (i} if clinical diagnosis
of LMCl or AD influences metabolic sex diffsrences as seen in healthy controls; (i} by performing
stratified analyses by sex coupled with effect heterogeneity estimation, if sex modulates
associations of metabolite levels with three AD biomarkers across the A-T-N spscirum; and, (i),
as the APOEL &4 genotype is associated with meiabolite conceniration changes, it further is a
strong risk factor for laie-onset AD, and some reporis have staled a sex difference in risk
predisposition exerted by APOE4 status, we finally checked if effects of metabolites showing sex-
based effect heterogensity in their associations with AD are also modulated by APOE4 status.
Finally, we performed two-fold stratification by both sex and ARPOCE4 status in order to identify
potential interactions betwsen the two variables. B. To address the three ressarch questions of
this study, we first performed analyses of sex-metabolile associations for 138 metabolifes in the
ADNI cohort stratified by diagnostic group {question ). Subsequently, we performed phenotype
(A-T-N)-metabolite associations for 139 metabdlites in the ADNI cohort stratified by sex (question
i} and stratified by ARPOE 4 status; additionally, we performed phenolype (A-T-N}-metabolite
associations for the 21 significantly associated metabolites after stratification by sex plus APOE
£4 status {question iii).

FIG 2. Scatter plots showing Z-scores of effect estimates of metabolite associations with
A-T-N biomarkers for males (x-axis) versus those for fernales (y-axis). Homogeneous effecis

(i.e., those with same effsct direction and comparable effect size) are located close {0 the
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diagonal, hetsrogensous effects are located close to the anti-diagonal, and sex-specific effects
are located close to ong axis, L.&., x-axis for male-specific and y-axis for famale-specific effects,
respectively. Homogeneous, overall significant results are depicted as diamonds, effects with
significant heterogeneily are drawn as rectangles, and effects significant in only one sex are
displayed as lriangies. Metabolites additionally marked by an asterisk are significant in one sex
only and simultaneocusly show significant hsterogensity. Sex-specificity is further illustrated by a
color scale (blue: females; green: males). On the upper right panel, example boxplots of
metabolite residuals (obtained by regressing out included covariates) for each effect type are
shown separately for females and males with (in dark red) and without (in light red) C3F AR
pathoclogy, respeclively.

FIG 3. Boxplots showing residuals of proline levels (derived by regressing out covariate
effects) for A: the full sample; B: 1-fold stralifications by sex; C. 1-fold siratification by APCE4
status; and D 2-fold stratification by both sex and APOE4 status; separately for high (light blue)
and low {darker blue; derived by mean-spiit) FDG-PET values. The only subgroup showing a
significant difference in proline levels are APCE4+ females with substantially higher levels in
subjecis with lower brain glucose uptake

FiG. 4. Metabolic sex differences in the ADNI cohorts. We tested whether sex-associated
differences in blood metabolite levels differ between patients with probable AD, subjects with
LMCI, and CN subjects in the ADNI cohorts. We found 108 of 140 metabolites {0 be significantly
associated with sex after multiple testing comrection while adjusting for age, BMI, ADNI study
phase, and diagnostic group. 70 of these associations replicate previous findings in a healthy
population using. All SMs and the majority of PCs were more abundant in women. The majority
of bicgenic amines, amine acids, and acylcarnitines were more abundant in men. Siratifying
subjects by diagnostic group revealed that 53 of the 108 metabolites showing significant sex-
differences were also significant in each of the thres groups (AD, LMCH CN} alons, while 14
metaboliles showed no significant difference in any of the groups, probably due to lower statistical
power after stratification. No significant sex-differences were found that were not also significant
in the unstratified analysis.

FiGs. 5A-5U. Boxplots for 21 metabolites identified in relation o A-T-N biomarkers in 2-
fold stratified analyses. Boxplots are shown for: 5A: asparagine; 58: C10; 5C: C16:1; 5D C2; 8E:
C5-DC (CB6-OH); 5F: C8; 5G: glycine; 5H: histidine; 51: PC aa C32:0; 5J: PC aa C32:1; 5K: PC as
C36:1; 5L PC ae C36:2; 5M: PC ag C40:2; 5N: PC ae C42:4; 50: PC ae C44.:4; 5P: PC ae C44.5;
5Q: PC as C44:8; 5R: proline; 58 M (OH) C16:1, 3T: threoning; and 55U valine for 2-fold
stratified analyses by both sex and ARPOCE4 status (A pathological C8F ABia; T) mean-split CSF
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p-tau lsvels; N mean-split FDG-PET values). APOE4 status groups are plotied in separate
panels, females and males are distinguished by color (£ blus, mi: green), and binarized biomarker
groups are emphasized by lighter (lower-risk biomarker profile) and deeper (higher-risk biomarker
profile) colors.

FiG. 6 Quotient normalization for baich removal exemplified for PC ae C44:5 The A,
shows boxplots of log2-iransformed levels of PC ae C44:5 in study samples for all baiches
{defined by 96-well plates) prior to quotient normalization. Differences between plates as well as
between runs for ADNI-1 (baiches 1-11) vs. ADNI-GO/2Z (balches 12-23) are clearly identifiable.
The B. shows log2-transformed levsis of PC ae C44:5 in study samples for all batches after
guoctient normalization using measurements for NIST standards. The shift betwsen ADNI-1 and
-G0/2 Is not significant any more, howsver, differences between single batches are still
observable. As measurements for NIST standards are assumed to be slable across plaies, the
remaining variability should be biological variance due to random distribution of study samples
across plates. To ascertain that this is the case, i.e. that technical confounds are removed but
true biological variance is retained, we perform additional QC steps using blinded
duplicatesftriplicates of study samples distribuied across batches and remove melabolites that
show excessive values for the coefficient of variation and the infraclass correlation coefficient.
The €. shows the log2-transformed (for clearer visualization) correction factors. These
correction or dilution factors are obtained for each baich and metabolite by dividing the giobal,
cross-batch mean conceniration of a metabolilie in NIST standards by the within-batch mean
concentration in NIST standards of the same metabolite. Metabolite concentrations in study
samples are then mulliplied by the factor derived for the batch a study sample was contained in.

FiG. 7. Estimation and significance of effect heterogeneity exemplified by the association
of C2 with CBF p-tau. &, Histograms of the disiribution of log2-fransformed CBF p-tau levels in
all samples, and for females and males separately. B. Histograms of the distribution of log2-
fransformed, Z-ascored C2 levels in all samples, and for females and males separalely. C.
Scatter plots of C2 levels versus CSF p-tau levels plus regression lines. In all samples, there is
absolutely no effect, in females there is a nominally significant correlation, and in males, there is
a non-significant opposite trend (.2, negative correlation). D, Density plots of the estimated

effects in all samples, females, and males.

DETAILED DESCRIPTION
Uniess otherwise defined, all technical and scientific terms used hersin have the same

meaning as commonly understood by one of ordinary skill in the arl.  For exampls, any
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nomendclaiures used in connection with, and techniques of, cell and tissue culture, molecular
biclegy, immunciogy, microbiology, genstics and protein and nucleic acid chemistry and
hybridization described herein are those that are well known and commonly used in the art. In
case of conflict, the present document, including definitions, will control. Preferred methods and
malerials are described below, although methods and materials similar or equivalent to those
described herein can be used in praclice or testing of the present disclosure. Al publications,
patent applications, patents and other references mentioned herein are incorporated by reference
in their entirety. The materials, methods, and examples disclosed herein are illustrative only and
not intended o be limiting. Further, unless otherwise required by context, singular terms shall
include pluralities and plural terms shall include the singular.

RN

The terms “comprisa(s),” “include(s},” “having,” "has,

»ou » ou

can,” “contain(s),” and variants

thereof, as used herein, are intended t0 be open-ended transitional phrases, terms, or words that

LIRS

do not preclude the possibility of additional acts or structures. The singular forms “a,” “and” and

“the” include plural references uniess the context clearly dictates otherwise. The present

P T

disclosurs also contemplates other embodimenis “comprising,” “consisting of and “consisting
essentially of” the embodimenis or elements presanted herein, whether explicitly set forth or not.

For the recitation of numeric ranges herein, each intervening number there belween with
the same degree of precision is explicitly contemplated. For example, for the range of 6-9, the
numbers 7 and 8 are contemplated in addition to 6 and 8, and for the range 6.6-7.0, the number
650,861,862, 83, 64,85,686,6.7, 68, 6.8, and 7.0 are explicilly contemplated.

“Subject” and “patient” as used herein interchangeably refers to any veriebrate, including,
but not Himited to, a mammal and a human. In some embodiments, the subject may be a human
or a non-human. The subject or patient may be undergoing forms of treatment. *Mammal” as
used herein refers to any member of the class Mammalia, including, without limitation, humans
and nonhuman primates such as chimpanzess and other apes and monkey species; farm animals
such as catlle, sheep, pigs, goats, llamas, camels, and horses; domestic mammals such as dogs
and cats; laboratory animals including rodents such as mice, rats, rabbits, guinea pigs, and the
fike. The term does not denote a paricular age or sex. Thus, adult and newborn subjects, as
well as fetuses, whether mals or female, are intended o be included within the scope of this term.

As used herein, the terms “reat”, “treating,” or “treatment” of any disease or disorder refer
in an embodiment, to ameliorating the disease or disorder (i.e., slowing or arresting or reducing
the development of the disease or at least one of the clinical symptoms thereof). In an
embodiment, “treat,” “reating,” or “treatment” refers to alleviating or ameliorating at least one

physical parameter including those which may not be discernible by the patient.



10

15

20

25

30

WO 2020/185563 PCT/US2020/021399

As used herein, the term “preventing” refers {0 a reduction in the frequancy of, or delay in
the onset of, symploms of the condition or disease.

As used herein, & subject is “in need of a treaiment if such subject would benefit
biclogically, medically, or in guality of life from such ireatment.

The term “prophylaxis’ refers to preventing or reducing the progression of a disorder,
either to a siatistically significant degres or to a degree detectable to one skilled in the art.

The term “substantially” as used herein means to a great or significant extent, but not
completely.

As used hersin, all percentages (%) refer o mass {(or weight, w/iw) percent unless noted
otherwise.

The term “about” as used herein refers to any values, including both integers and fractional
components that are within a variation of up to 210% of the value modified by the term “about.”

As used herein, the term "a,” "an,” "the” and similar terms used in the context of the
disclosure (especiaily in the context of the claims) are (o be construed o cover both the singular
and plural uniess otherwise indicated herein or clearly coniradicted by the contexi. In addition,

W

a,” "an,” or “the” means “one or more” unless otherwise specified.

EITH

Terms such as “include,” “including,” “contain,

35 4

containing,” “having,” and the like mean
“comprising.”

The term “or” can be conjunctive or disjunctive.

Here, we examine the role of sex in the relationship betwsen metabolic alterations and
AD, in order to elucidate possible metabolic underpinnings for the observed sexual dimorphism
in AD susceptibility and severity. Using metabolomics data from 1,517 subjects of the Alzheimer's
Disease Neurcimaging initiative (ADNI) cohorts, we specifically investigate how sex modifies the
associations of representative A-T-N biomarkers [53, 54} (A: CSF ABy.4; pathology,; T: CSF p-tau,
N: region of intersst (ROD-based glucose uptake measured by FDG-PET) with 140 blood
metaboliles by siratified analyses and systematic comparison of effects belween men and
women. In downsiream analyses, we then inspect sex-differences in metabolic effecis on AD
biomarkers for dependencies on APOE genolype, both by interaction analysis and sub-
stratification.

Embodiments described herein relate generally to the analysis and identification of global
metabolic changes in Alzheimer’s disease (AD). More particularly, materials and methods relating
to the use of metabolomics as a biochemical approach to identify peripheral metabolic changes
in AD patients and correlate them o cerebrospinal fluid pathology markers, imaging features, and

cognitive performance are described herin.
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Baseline serum samples were profiled from the Alzheimers Disease Neurcimaging
Initiative-1 (ADNI-1) cohort where vast data exist on each patient including cognitive decling and
imaging changes over many vears, information on CSF markers, genetics, and other “-omics”
data. CSF biomarkers were used to define early metabolic changes in cognilively normal
participants who have CSF pathology and {0 evaluate metabolic signatures that might be related
to ARz and tau pathology. Using partial correlation networks, progressive metabolic changes
were defined that accompany changes in CSF AR, CSF fau, brain struclure, and cognition,
whereas coexpression networks were used to connect key metabolic changes implicated in
disease. The relationship of metabolites with longitudinal cognitive and imaging changes hsiped
us define metabolic signatures correlated with disease progression. Key associations were also
present in multiple independent cohorts. The systems approach described in the present
disclosure facilitated the elucidation of metabolic changes along different slages during the
progression of AD and led o the identification of valuable peripheral biomarkers that can inform
and accelerate clinical trials.

The biochamical information about disease mechanisms that can be used as a roadmap
for novel drug discovery and establishment of blood-based biomarkers. Eight complementary,
targeted and non-targeted, metabolomics platforms are currenily in the process of generating
data on ADNI participants to define the metabolic trajectory of disease connecting central and
peripheral metabolic failures in a pathway and network context. The present disclosure expands
on bicchemical coverage to betier understand disease pathogenesis by using complemeniary
daia unique to ADNI-1. The unique opportunity of having longitudinal cognitive and imaging data
on each subject for close o a decade enables identification of peripheral biomarkers that are
disease related.

Accordingly, the present disclosure demonsirates the use of a targeted, highly validated
meiabolomics platform with the analysis guided by CSF markers and imaging data. Using 1,517
base-line serum samples from the ADNI-1 cohort, relationships between meiabolomics data and
cross-sectional clinical, CSF, and MRI measures were systematically evaluated, as well as their
association with longitudinal cognitive and brain volume changes. Mulliple comparisons and
covariate-adjusted analyses, that includsd relevant medications, identified sets of metabolites that
became altered al specific disease stages (preclinical AD with biomarker-defined AD pathology
vs. symplomatic stages). Using partial correlation networks, the results of the present disclosure
integrates data on the metabolic effecis on AD pathogenesis, linking central and peripheral
metabolism in a way that consistently addresses bicchemical irajeciories of disease with this

established tamporal sequence of pathophysiological stages of AD.
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AR Pathology

Embodiments described herein identified changes in biomarker metabolites in early AD
subjects, including biomarkers defined preclinical stages in CN participants, which were present
in higher concentrations as compared to controis. These included a specific set of PCs (e.g., PC
ae C36.2, PC as C40.3, PC ae C42.4, and PC ae C44.4) and SMs (8M (OH) C14.1, SM C16.0).
These biomarker metabolites were associated with abnormal CSF ABi_sx values in CN subjecls
to a similar degree as observed in MCI subjecis, indicating an early role of ether-containing PC
species and SM in the development of Alzheimer's disease. in some cases, these metabolites
wers aiso associated with later cognitive decline and global brain alrophy changes in the MCI
group. The data of indicate imbalances and/or dysfunction with phospholipid metabolism in early
phases of Alzheimer's disease progression. Partial correlation networks showed that the
pathological CSF ARz values were associated with two groups of lipids, composed primarily of
ether-containing PCs and relatively shori-chain SMs. Ether-containing FC (PC ae) biomarker
meiabolites are PC species with an ether linkage of an aliphatic chain {0 the first hydroxyl position
of glycerol. These lipids may represent a mixiure of lipid metabolites including but not limited to,
plasmalogens, acylalkyl PC, or PC containing an odd-numbered fatly acyl chain.  When
measured in a biclogical sample such as serum, for example, ether-containing lipids are derived
from liver metabolism and are possible indicators of peroxisomal function and lipid oxidation
status. Plasmalogsens and SMs may be enriched in membrane rafts where they facilitate signal
fransduction and serve as a source for lipid secondary messengers. The association of PCs and
SMs described in the present disclosure with early changes in AD and with pathological CSF AR
42 tevels may be indicative of early neurcdegeneration and loss of membrane function. Ether
linked PC biomarker metabolites may be found in high abundance in plasma membranes and are
a source for signaling moleculss, including platelet-activating factor and arachidonic acid.
Similarly, they may be found in high abundance in immune cells, are regulatory faciors, and may
be part of a link between inflammation and AD. Both SMs and ether-linked PCs may be located
in membrane rafts, suggesting that lipid rafis are directly associated with regulation of amyloid

precursor proiein processing, the production of AR, and facilitate its aggregation.

Tau Pathology
In accordance with embodiments of the present disclosure, pathological CSF ABi-q shows
an association with ether-linked PCs, and shorler chain SMs, but not amines, lysoPC, or

acyicarnitines. AR changes happen early in Alzheimer's disease, followed by accumulation of
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tau protein in the CSF. As described hersin, tau-related biomarker metabolites were different
both from those that comrelate with ARz as well as from melabolites associated with brain
atrophy and cognitive changes. Tau-related metabolites may belong to an inlermediate siage
between ARz accumulation and changes in imaging and cognitive function, further
demonsirating that different metabolic evenis occur at different disease stages. For sxample
long-chain acylcarnitines, PC ae C36:2, and SM.C20:2 were present in higher concentrations in
cognitively impaired subjects, as compared {0 controls, with AD-like C8F ARz values, indicating
that changes in these metaboliles are more specific to AD-related neurodegeneration.
Additionally, accurmulation of acyicarnitine spscies containing long fatty acyl chains indicales
maifunction of fatty acid transport and/or §-oxidation in mitochondria, inefficient utilization of faity
acids as energy substrates, and/or allerations in tau meiabolism. Levels of several acylcamitine
species were increased either at the MCI stage or in clinical AD,

The present disclosure provides the maiterial and methods pertaining o the use of
metabolomics and network approaches o identify lipid metabolic changes related to early stages
of AD, as well as later changss related to mitochondrial energetics and energy utilization. The
lipid changes identified herein reflect alterations in membrane struclure and function early in the
disease process and suggest a change in lipid rafts, which in turn, cause alterations in AB
processing. Over time, the changes in lipid membranes, particularly mitochondrial membranes,
may result in increased lipid oxidation, Ioss of membrane potential, and changes in membrane
transport.  In some cases, lipid membrane changes might involve disruptions in BCAA as an
energy source, production of acylcarnitines, and altered energy substrate utilization.

Amino acids are the monomeric building blocks of proteins, which in turn comprise a wide
range of biological compounds, including enzymes, antibodies, hormones, transport molscules
for ions and small molecules, collagen, and muscle fissuss. Amino acids are considered
hydrophobic or hydrophilic, based upon their solubility in water, and, more particularly, on the
polarities of their side chains. Amino acids having polar side chains are hydrophilic, while amino
acids having nonpolar side chains are hydrophobic. The solubilities of amino acids, impart,
determines the structures of proteins. Hydrophilic amino acids tend to make up the surfaces of
proteins while hydrophobic aming acids tend to make up the water-insoluble interior portions of
proteins. Of the common 20 amino acids, nine are considered essential in humans, as the body
cannot synthesize them. Rather, these nine amino acids are obtained through an individual's
diet. A deficiency of one or more amino acids can cause various imbalances and can lead to the
development of a disease condition(s}. Additionally, as described herein, the presence or

absence of one or more amine acids can indicate metabolic imbalances reflective of disease
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conditions, such as Alzheimer’s disease. Branched chain aming acids (BCAAs), which include
valine, leucine, and isoleucine, are among a subgroup of amino acids that can be predictive of
the development of Alzheimer's disease. As such, BCAAs can be used io treat such conditions
as they have been shown to function not only as protein building blocks, but also as inducers of
signal transduction pathways that modulate transiation initiation.

In some cases, several ether-linked PC metabolites have been associated with a risk of
diabetes; insulin resistance may promote aminocacidemia and the use of amino acids for energy,
and BCAA and a-AAA have been identified as predictors of diabetes risk. BCAAs (e.g., valine,
lsucine, and isoleucine) are important for balanced metabolism and have been implicated in
insulin resistance, type-2 diabstes mellitus, and obesity. As described herein, low levels of valine
and its correlation with cognitive changes were demonstrated, pointing {0 an important rols for
this BCAA in cognitive changes in AD. Low levels of BCAAs have been implicated in hepatic
insulin resistance in liver disease and may have a broader role in insulin resistance in the brain.

in some embodiments, it may be desirabie to include a control sample. The control sample
may be analyzed concurrently with the sample from the subject as described above. The resulis
obiained from the subject sample can be compared {o the results obtained from the control
sample. Standard curves may be provided, with which assay results for the sample may be
compared. Such standard curves present levels of biomarker as a function of assay units {e.q.,
fluorescent signal intensity, biochemical indicator). Using samples taken from mulliple donors,
standard curves can be provided for reference levels of a biomarker mstabolite in subjects with
normal cognition, for example, as well as for "at-risk” levels of the biomarker metabolite {e.g., MCI
subjects) in samples obiained from donors, who may have one or more of the characteristics set
forth above.

One smbodimant described herein is a method of stratifying Alzhsimer's disease among
male and female subjects, the method comprising: determining in a sample from the subject the
level of at least one biomarker meiabolite selected from the group consisting of PC ae C44:4, PC
ae C44:5 PA ae C44.6, PC ag C32:1, PC aa C32:0, and PC ae C42:4, and diagnosing the subject
as having Alzheimer's disease or an increased risk of Alzheimer's disease when the level of the
at izast one biomarker metabolite in the sample from the subject is different from or greater than
the level in a control. In one aspect, the biomarker metlabolites are selected from PC ae C44:4,
PC ae C44:5, and PA ae C44:6. In another aspect, the biomarker metabolites are selected from
PC ae C44.4, PC ae C44.5, PC aa C32:1, PC aa C32:0, and PC ae C42:4. The method comprises
assaying a test sample and/or a control sample for a biomarker metabolite using an assay, for

example, designed io detect the melabolite iself (8.q., detectable labsl) and/or using an assay
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that compares a signal generatad by a detectable {abel as a direct or indirect indication of the
presence, amourt, or concentration of a biomarker metabolite in the test sample fo a signal
generated as a direct or indirect indication of the presence, amount, or concentration of a control.

Another embodiment described herein is a method of diagnosing or detecting Alzheimer's
disease in a male subject, the method comprising: determining in a sample from the subject the
lsvel of at lsast one biomarker metabolile selected from the group consisting of PC as C32:1,
threonine, PC ae C36:1, PC ae C38:2, asparagine, glycine, one hydroxy-SM (8M (OH) C16:1),
PC ae C40:2, and C16:1; and diagnosing the subject as having Alzheimer's disease or an
increased risk of Alzheimer's disease when the level of the at least one biomarker metabolite in
the sample from the subject is different from or greater than the level in a control. In one aspscdt,
the biomarker mstabolites comprise PC as C32:1. In another aspsci, the biomarker metabolites
comprise threonine. In another aspect, the biomarker metabolites are selected from PC ae C36:1,
PC ae C36:2, asparagine, glycine, and one hydroxy-SM (SM (OH) C16:1). In ancther aspect, the
biomarker metabolites are selected from PC ae C40:2 and C16:1. In ancther aspsct, the
biomarker metabolites comprise C18:1.

Another embodiment described herein is a method of diagnosing or detecting Alzheimer's
disease in a female subject, the method comprising: determining in a sample from the subject the
level of at least one biomarker metabolite selected from the group consisting of C5-DC {(C6-OH),
C8, C10, C2, valing, proline, and histidine; and diagnosing the subject as having Alzheimers
disease or an increased risk of Alzheimer’s disease when the level of the ai least one biomarker
metabolile in the sample from the subject is different from or greater than the level in a control.
In one aspect, the biomarker metabolites comprise valine. In another aspect, the biomarker
metabolites are selected from C5-DC (C6-OH), C8, C16, C2, and histidine. in ancther aspect,
the biomarker melabolites comprise proline.  In another aspect, the biomarker mestabolites
comprise C10.

Another embodiment described herein is a method of diagnosing or detecting Alzheimer's
disease in an APOE ¢4 carrier subject, the method comprising: determining in a sample from the
subject the level of at least one biocmarker metabolite selected from the group consisting of PC ae
C44:6, PC ae C44.4, PC ae C44:5, and PC ae C42:4; and diagnosing the subject as having
Alzheimer's disease or an increased risk of Alzheimer's disease when the level of the at least one
biomarker metabolite in the sample from the subject is different from or greater than the level in
a control.

Another embodiment described herain is a method of diagnosing or detecting Alzheimear’s

dissase in an APOE ¢4 non-carrier subject, the method comprising: determining in a sample from
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the subject the level of the biomarker mstabolite C10; and diagnosing the subject as having
Alzheimer's disease or an increased risk of Alzheimer's disease when the level of the biomarker
metabolile in the sample from the subject is different from or greater than the level in a conirol.

Another embodiment described herein is a method of diagnosing or detecting Alzheimer's
disease in a female AFPOE ¢4 carrier subject, the method comprising. determining in a sample
from the subject the level of at least oneg biomarker metabolile selected from PC ag C42:4, PC ae
C44.5, PC ae C44:6, C10, and proline; and diagnosing the subject as having Alzheimer's disease
or an increased risk of Alzheimer’s disease when the level of the at least one biomarker metabolite
in the sampie from the subject s different from or greater than the level in a control. In one aspect,
the sample from the subject comprises whole blood, serum, plasma, or cerebral spinal fluid (CSF).
In another aspect, the method further comprising administering to the subject a treaiment for
Alzheimer's disease. In ancther aspect, the conirol sample is taken from a subject or population
of subjects with normal cognition.

Ancther embodiment described herein provides a method for diagnosing or detecting
Alzhsimesr's disease in a subject. In accordance with these embodiments, the method includes
obiaining a sample from a subject (g.q., serum sample) and performing bicchemical analysis on
the sample o detect the presence of at least one biomarker metabolite. In some cases, the
biomarker metabolile is a carnitine biomarker metabolite, a phosphatidyicholine biomarker
metabolite, a sphingomyelin biomarker metabolite, or any combinations thereof. Detecling the
biomarker metabolite can then be used to establish an association with the subject having at least
one independent indicator of Alzheimer's disease, such that the subject is diagnosed with having
Alzheimer's disease if at least one biomarker metabolile is detecled. The method may also
include administering a treatment to alleviate one or more symptoms of AD and may aiso include
assessing the biomarksr metabolite again in order to determineg if the treatment is therapeutically
beneficial.

In some embodiments, the present disclosure provides methods for diagnosing or
detecting Mild Cognitive Impairment (MC!l) in a subject, and/or distinguishing between early
phases of AD from late stales of AD. In accordance with these embodiments, the method includes
obiaining a sample from a subject {(g.g., serum sample} and performing bicchemical analysis on
the sample o detect the presence of at least one biomarker metabolite. In some cases, the
biomarker metabolile is a carnitine biomarker metabolite, a phosphatidyicholine biomarker
metabolite, a sphingomyelin biomarker metabolite, or combinations thereof. Detecting the
biomarker metabolite can then be used to establish an association with the subject having at least

ong independsnt indicator of MCL The method may also include administering a treatment {0
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alleviate one or more symploms of MCI and may also include assessing the biomarker metabolite
again in order to determine if the ireatment is therapeutically beneficial.

In still other embodiments, the present disclosure provides a method for predicling the
outcome of a subject suspected having AD. In accordance with these embodiments, the method
includes obtaining a sampile from a subject and psrforming biochemical analysis on the sample
to detect the presence of at least one biomarker metabolite. in some cases, the biomarker
metabolite is a carnitine biomarker metabolite, a phosphatidyicholine biomarker metabolite, a
sphingomyelin biomarker metabolite, or combinations thereof. The method may also include
assessing at least one independent indicator of AD in the subject, such that detection of the at
feast one biomarker metabolite is associated with the subject having at least one independent
indicator of AD. In some cases, the subject is predicted to develop AD if at least one biomarker
metabolite is detected. The method may also include adminisiering a treatment to alleviate one
or more symptoms of MCI and may also include assessing the biomarker metabolite again in
order to determine if the trealment is therapeutically beneficial.

As described and used herein, “sample,” “test sample,” and “biological sample” refer o
fluid sample containing or suspected of containing a biomarker metabolite. The sample may be
derived from any suitable source. In some cases, the sample may comprise a liquid, fluent
particulate solid, or fluid suspension of solid particles. In some cases, the sample may be
processed prior to the analysis described herein. For example, the sample may be separated or
purified from s source prior {0 analysis; however, in certain embodiments, an unprocessed
sample containing a biomarker melabolite may be assaved directly. In one embodiment, the
source containing a biomarker metabolite is a human bodily substance (e.g., bodily fluid, blood
such as whole blood, serum, plasma, urine, saliva, sweat, spulum, semen, mucus, lacrimal fluid,
lymph fluid, amniotic fluid, interstitial fluid, lung lavage, cerebrospinal fluid, feces, tissue, organ,
or the like}. Tissues may include, but are not limited to skeletal muscle tissue, liver lissue, lung
tissue, kidney tissue, myocardial lissue, brain fissue, bone marrow, cervix tissue, skin, eic. The
sample may be a liquid sample or a liquid extract of a solid sample. In certain cases, the source
of the sample may be an organ or tissug, such as a biopsy sample, which may be solubilized by
tissue disintegration/cel lysis.

It will be apparent to one of ordinary skill in the relevant art that suitable modifications and
adaptations to the compositions, formulations, methods, processes, and applications described
herein can be made without departing from the scope of any embodiments or aspects thereof.
The compositions and methods provided are exemplary and are not intended to iimit the scops

of any of the specified embodiments. All of the varicus embodiments, aspects, and oplions
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disclosed herein can be combined in any variations or iterations. The scope of the compositions,
formulations, methods, and processes described herein include all actual or potential
combinations of embodiments, aspects, options, examples, and preferences herein described.
The exemplary compositions and formulations described herein may omit any component,
substitute any component disciosed herein, or include any component disclosed elsewhers
herein. Should the meaning of any terms in any of the patents or publications incorporated by
reference conflict with the meaning of the ferms used in this disclosure, the meanings of the terms
or phrases in this disclosure are controlling. Furthermore, the foregoing discussion discloses and
describes merely exemplary embodiments. Al patents and publications cited herein are

incorporated by reference herein for the specific teachings thereof.
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EXAMPLES

Exampie 1

Study Participants

Data used in the preparation of this arlicle were obtained from the ADNI database. In the current
study, we included 1,517 baseline serum samples of fasting participants pooled from ADNI
phases 1, GO, and 2. Demographics, diagnostic groups, and numbers and distributions of key
risk factors are provided in Table 1. AD dementia diagnosis was esiablished based on the NINDS-
ADRDA criteria for probable AD. Mild cognitive impairment (MCI) participants did not meet these
AD criteria and had largely intact functional performance, meeting predetermined criteria for
amnestic MCI [55]. Of the 1,517 subjects, 68% were female and 828 were male, with 708 AFQOL
£4 carriers and 808 non-carriers. In the combined stratification by sex and APOE ¢4 status
{(APOE4™ = 0 copies of ¢4, APOE4" = 1 or 2 copies of £4), the APOE &4 non-carriers were
separated into 374 females and 435 males, while of APOE &4 carriers 315 were female and 393

were mals.

Table 1. Characteristics of the 1,517 ADNI samples included in this study
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Global oN sMC EMCI MO AD
Dataset
Noubjects 1517 362 g3 270 490 302
Sex {m/f) 828/689 177/185 39/54 149/121 298/192 165/137
A 73.72 74.61 7234 71.26 74.03 74.79
g (+7.25) (25.77) (£5.70) (+7 63) (27 63) (£7.77)
- 26.86(¢ 26.99 28 .46 27.96 26.45 25 88
4.82) (24.53) (46.23) (£5.36) (24.27) (£4.69)
e ducation 15.88 16.24 16.78 15.95 15.84 15.18
(2 87) (£2.79) (2 55) (2 67) (£2.91) (23.01)
APOE4-/+ 800708 *  261/101 64/29 155/115 2241266 105/197
CsF 1082 * 236 84 245 308 209
available
iﬁth'%m‘ 407/675 134/102 57/27 1221123 75/233 18/190
CSF Abeta 1052.73 1324.60 1395.01 1172.73 89635 697.95
(1601.70)  (285213)  (2618.19)  (2568.12)  (s501.80)  (:431.49)
C5F o-Tau 27.79 2201 21.66 2434 30,81 36.38
P (214 56 ) (£9.19) (£9.14) (£14.03) (£14.04) (£16.07)
FDG-PET 1143 * 247 a3 268 318 217
available
FDG-PET 617 20.7T) 6.53 (£0.58) 6.60 (20.58) 644 (10.60) 6.08 (:0.68) 5.36 (:0.73)
*Numbers for combined stratification:
APOE4- APCEA APOE4” APOEA
females males females males
Total 374 435 315 393
CSE 267 315 292 278
available
FDG-PET 278 337 230 208
available

CN: cognitively normal; SMC: subjective memory complaints; EMCI: early mild cognitive impairment;
MCI: mild cognitive impairment; AD: probably Alzheimer's disease; BML body-mass-index; APOE44:

non-carriers and carriers of the APOE ¢4 allele, respectively.

Metabolomics Data Acquisition

Metaboliles were measured with the targsted AbsolutslDQ-p130 metabolomics kit
(BIOCRATES Life Science AG,
chromatography (UPLCYMS/MS system (Acquity UPLC (Walters), TQ-8 triple quadrupole MS/MS
Sample

Innsbruck, Ausiria), with an ultra-psrformancs  liquid
{Waters)) which provides measurements of up o 186 endogenous metabolites.
exiraction, metabolite measurement, identification, quantification, and primary quality control

(QC) followed standard procedures as described before [44, 56].

Metabolomics Data Processing
Metabolomics daia processing foliowed the processing protocol previously described [44,

56] with a few adjustments. In brief, raw metabolomics data for 182 metabolites was available for
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1,681 serum study samples and, for each plate, 2-3 NIST Standard Reference samples were
available. Furthermore, we had blinded duplicated measurements for 18 samples (ADN-1) and
blinded iriplicated measurements for 17 samples (ADNI-GO and -2} distributed across plaies. We
first excluded 22 metabolites with large numbers of missing values (> 40%). Then, we removed
plate baich effects using cross-plate mean normalization using NIST metabolite concentrations.
Duplicated and triplicated study samples wers then ussd io calculate the cosfficients of variation
{exclusion crilerion >20%) and intra-class correlation {exclusion criterion <0.65) for esach
metabolite. We removed 20 metabolites that viclated these thresholds. Next, we excluded non-
fasting samples (n = 108), imputed missing metabolite data using half the value of the lower limit
of detection per metabolite and plate, iog2-transformed metabolite concenirations, centsred and
scaled distributions 10 a mean of zerc and unit variance and winsorized single ocutlving values o
3 standard deviations. We then used the Mahalanobis distance for delection of mullivariate
subject outliers, applying the critical Chi-square value for p < 0.01 and removing 42 subjecis.
Finaily, metabolites were adjusted for significant medication effecls using stepwise backwards
sglection {see [56]). The final QC-ed metabolomics dataset was further resiricted o individuals
having data on all significant covariates, resulting in the study dataset of 140 metaboliles and
1,517 individuals,

Phenotype Data and Covariate Selection

We limited association analyses of meiabolites with AD {0 early detectable
endophenotypes, more specifically to the pathological threshold for CSF ARz, levels of
phosphorviated tau protein in the CSF (p-tau), and brain glucose metabolism measured by [18F]
fluorodeoxyglucose (FDG)-positron emission tomography (PET). Bassline data on these
biomarkers for ADNI-1, -GO, and -2 participants was downlcaded from the LONI online portal
{ida.loni.usc.edu}. For CSF biomarker data, we used the dataset generated using the validated
and highly automated Roche Elecsys electrochemiluminescence immunocassays [57, 58], For
FDRG-PET, we used a ROl-based measure of average glucose uptake across the left and right
angular, left and right temporal and bilateral posterior cingulale regions derived from
preprocessed scans (co-registered, averaged, standardized image and voxsl size, uniform
resolution) and intensity-normalized using a pons ROI o obtain standard uptake value ratio
(SUVR) means [59, 60]. The pathological CSF ARq4z cub-point (1,073 pg/ml) as reported by the
ADNI biomarker core for diagnosis-independent mixture modeling (see
adni.loni.usc.edu/methods/) was used for categorization since CSF AB.42 concentrations were

not normally disiribuled. Processed FDG-PET values were scaled and centered {0 zero mean
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and unit variance prior 10 association analysis, p-tau levels were additionally log2-transformed.
Furthermore, we exiracted covariates including age, sex, body-mass-index (EMI; calculated using
baseline weight and body height), number of copies of the APOE 4 genotype, and years of
education. Covariates were separated into forced-in (age, sex, ADNI! study phase, and number
of copies of APOE ¢4) and covariates (BMI, education) seiectable by backwards selection. ADNI
study phase was included to adjust for remaining metabolic differences betwesn baiches (ADNI-
1 and ADNIGO/-2 were processed in separate runs), as well as differences in PET imaging

technologies.

Association Analyses

Association analyses of the three AD biomarkers with metabolite levels were conducted
using slandard linear (p-tau, FDG-PET) and logistic (pathological AR regression. For
pathological CSF AR, only BMI was additionally selected, while for p-tau and FDG-PET the full
set of covariates was used. The siratification variables sex and copies of APOE £4 were excluded
as covariates in the respective group-specific association analyses (i.e., sex in sex-siratified and
copies of APOE 4 in APQOE4z: status-siratified analyses, respectively). Foridentifying metabolic
sex-differences, we used linear regression with metabolite levels as the dependent variable and
age, sex, BMI, ADNI study phase, and diagnostic group as explanatory variables and retrieved
statistics for sex. To adjust for multiple testing, we accounted for the significant correlation
structure across the 140 mstabolites and delermined the number of independent mestabolic
features (i.e., tesis) using the method of Li and Ji [61] to be 55, leading {0 a threshold of Bonferroni
significance of 8.08 = 10™. To assess significance of heterogeneity between strata, we followed
the methodology of [24, 682] that is similar to the determination of study heterogensity in inverse-
weighted meta-analysis. We further provide a scaled index of percent heterogeneity that is similar
to the P statistic [63].

Bootstrapping Analysis

Bootstrapping was performed using ordinary nonparametric bootstraps for each of the
three A-T-N biomarkers separatsly. For this, we drew random indices with replacement a 1000
times from all participants in ADNI with the biomarker available. Association analysis was
performed on each bootstrap using the same regression models as described above. We then
calculated the bias of the effect estimates (i.e., the difference between effect estimates obtained
in the original analyses and the respective average effect estimate across all bootstraps}, as well

as the bootstrap-1 {or studentized) 95% confidence interval that is taking inlo account the variance
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of the estimales in sach single bootstrap. Averaged bootsirap statistics were obtained using the
mean of the beia estimales and the mean of their standard errors across the set of 1000
bootstraps and using their ralio as siatistic to refrieve associated two-tailed p values from the

standard normal distribution.

Power Analysis

In 2ach power analysis, we transformed covariaie-adjusted effect sizes {o sample size-
weighted standardized effects (Coher’s d). For metabolic sex differences, we calculated the
power for two-sample i tests o identify significant sexual dimorphisms for metabolites with the
standardized effect sizes observed in the pooled ADNI samples at Bonferroni significance in CN
participanis, participants with MCl, and patients with probable AD. To obiain estimates of sample
sizes required to replicate metabolile associations and helerogeneily estimates, we used the
same approach with power fixed to 50% (the post hoc/observed power to find resulis at p values
equal or below the respective applied threshold, i.e., nominal or Bonferroni significance). Thereby,
we estimated sample sizes assuming perfectly balanced data seis {with respect {0 sex and APOE
£4 status). This is a very rough approximation as it further assumes that the effect sizes reporied
for ADNI are generalizable {o any replication cohort. Therefore, reporied required sample sizes

may deviate in reality.

Replication Analysis in ROS/MAP

Replication analysis in ROS/MAP and AIBL. The ROS/MAP studies are both longitudinal
cohort studies of aging and AD at Rush University and are designed to be used in joint analyses
to maximize sample size. Both studies were approved by an institutional Review Board of Rush
University Medical Center. All participanis signed an informad consent and a repository consent
to allow their biospecimens and data {0 be used for ancillary studies. We measured meatabolits
levels using the AbsolutelDQ-p180 metabolomics kit in 586 serum samples from 559 participants
{37 additional samples from follow-up visits). Brain amyloid pathology data were available for 89
participants (126 serum sampies) comprised of 40 CN, 28 MCI, and 21 AD participants; 100
participanis (137 serum samples) had brain tau pathology data (46 CN, 28 MCH, and 26 AD). To
obtain maximal power for replication, we included longitudinal metabolomics data where available
and applied linear mixed models for association analysis. We used the same covariates as in
ADNI, including study phase (ROS or MAP), sex, age at visit, BMI, copies of APOE 4, and
education {(only for tau pathology). Race was added as additional covariate. Random effects

(intercept) in the mixaed models were included for both visit and participant identifiers.
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AIBL is a longitudinal study of over 1100 people assessed over > 4.5 ysars to determine
which biomarkers, cognitive characteristics, and health and lifestyle faciors determine subseguent
development of symptomatic AD. The AIBL study was approved by the institulional ethics
committees of Austin Health, St Vincent's Health, Hollywood Private Hospital and Edith Cowan
University, and all volunteers gave writien informed consent before participating in the study. We
had access {0 measurements of CSF p-tau for 94 participants (82 CN, 7 MCI, and 5 AD) with
lipidomic data available. In contrast to ADNI, lipidomic daia in AIBL was assessed on the UHPLC-
MS/MS platform of the Metabolomics Laboratory of the Baker Hearl and Diabetes Institute,
Melbourne, Australia, and not the AbsclutelDQ-p180 meiabolomics kit. As a consequence,
maiching measures of only three metabolites (PC ae C36:1, PC as C36:2, and SM (OH) C16:1)
could be derived in AIBL and were available for replication.  Association analysis was performed
for log-transformed CS8F p-tau levels and the three metiabolite measures using linear regression
while adjusting for sex, age, BMI, APOE ¢4 status, and education. For both ROS/MAP and AIBL,
sex and AFOL t4 respectively, were omilted as covariates in siratified analyses and

heterogensity estimates were calculaied as in ADNL
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We then performed a targsted analysis o replicate associations of PC ae C44:4, PC as
C44:5, and PC ae C44.6 with AB1-42 pathology using post-mortem, neuropathology-derived
measures of total amyloid load in the brain. This phenotype was transformed to sguare root
values {0 get values closer {0 a normal distribution.  Linear regression models were adjusted for
age at blood draw, sex, study cohori (ROS vs. MAP), race, number of copies of APOE ¢4, as well
as vears of education. All three p-values were Bonferroni significant when adjusting for three test

{(p-value threshold of p < 1.667), complete resull statistics were:

biomarker metabolite effect se p-vaiue
total amyloid in PC ae Cd44:4 0.30741 0.10277 0.00373
the brain PC ae C44:5 {3.2656 0.10257 0.01149
PC as C44:6 0.30882 0.10212 0.00328

Replication Analysis in AlBL

We had access {o measurements of CSF p-tau for 94 subjects (82 CN, 7 MCI, and 5 AD) in
conjunction with targeted, guantitative lipidomics data (UHPLC ESI-MS/MS platform of the
Metabolomics Laboratory of the Baker Heart and Diabeles Institute, Melbourne, Australia). The
applied ipidomics technology provides greater resclution than the p 180 (which reports many lipids
in form of sums of falty acid chains). With the available data, we were able to derive measures of
three metabolites (PC ae C36:1, PC ae C36:2, and SM (OH) C16:1) by summing up the, partly

fractionized, levels of the following lipids:

PC ae C36:1
o 100% - PC(O-18:0/18:1)

o 100% - PC{15-MHDA_18:1)
o 100% - PC(17:0_18:1)

® 44% - SM(d16:1/23:0)/SM{d17:1/22:0)

PC ae C36:2
o 100% - PC(C-18:1/18:1)

o 100% - PC(C-18:0/18:2)

o 100% - PC{15-MHDA_18:2)
o 100% - PC(17:0_18:2)

SM (OH) C16:1
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® 100% - SM(d16:1/19:0}
® 100% - SM{d18:/17:0) + SM{d17:1/18:0}

To ascertain that the thus relrieved sums/metabolite measures are comparable, we
performed regression analysis (Table 3) of the derived measures against the corresponding p180
metabolites in ADNI-1 for which data on both platforms are available. Overall, R%values for these
comparisons were >60%, corresponding to an estimated overall correlation of »77.45%, which
provides strong evidence for the applicability of this approach.

Of the 94 total subjects available for CSF p-tau analysis, 48 were female and 48 male and
72 APOE td- and 22 APOE ¢4+; mean age was 73.9 (+ 5.8) years. CSF p-tau dala was obtained
by analyzing CSF samples in duplicate using the enzyme-linked immunosorbent assay (ELISA):
INNOTEST PHOSPHO-TAU(181P) (P-tau181P) (Innogenetics, Ghent, Belgium).

Metabolomics data processing was performed very similar as for the ADNI, except that
we used pooled plasma quality conirol (QC) sample-based median quotient normalization for
batch removal instead of utilizing NIST standard plasma (exemplified in FIG. 6A-C). We then did
a largeted analysis 1o replicate associations of the three metabolilte measures with CS5F p-tau.
Association analysis was performed for log-transformed C8F p-fau lsvels and the three metabolite
measures using iinear regression while adjusting for sex, ags, BMI, APOCE ¢4 status, and level of
education {(categorized in 5 groups: 0 = 0 to 6 years of education, 1 =710 8 years, 2 =010 12
vears, 3 = 13 to 15 vears and 4 = 15 yearst). In sex-stratified analyses, sex was omitted as

covariate. Heterogeneity estimates were calculaled as in ADNI

Table 3. Replication Analysis in AIBL- Resulis of association analysis and heterogensity
estimation

pooled analysis males
biomarker metabolite
effect se p-value effect se p-vaiue
PC ae
C36:1 -0.014  0.110 0.803 0133  £.145 $.383
. PC ae
CSF p-tau £36:2 -0.124 0110 0.261 0.081 ©.154 $.682
SM (OH)
C16:1 -0.039 0.109 0.724 0.191  0.150 0.210
femnales sex difference . )
interaction
gffect  se p-valuye & p-value 2 p-value
-0.240 0.152 0.122  1.77¢ 0.075 43.783 $.087
-0.298 0.151 0.057 | 1658 0.087 39.705 0.111
-0.274 0.150 0.076 | 2.190 0.029 54.328 0.016
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Example 2

in this study, we used CSF biomarkers, FDG-PET imaging, and metabolomics data on
140 metabeolites to investigate metabolic effects in relation to sex and AD and their inferaction.
Out of 1,517 ADNI participants, 1,082 had CSF AB; and p-tau levels and 1,143 had FDG-PET
data available (Table 1, supra). We included all individuals with respective data regardiess of
their diagnostic classification, as we were intsrested in these three repressntatives of the A-T-N
AD biomarker schema [53, 54] as our main readouts. In this dala set, there was no significant
difference in the number of APOE4x subjects between females and males. Of the three AD
biomarkers, only p-tau levels were significantly different between sexes (corrected P = 0.01) with
slightly higher leveis observed in females.

Previcus studies consistently showed widespread mestabolic sex-differences, metabolic
imprint of genetic variance in the APOE locus, as well as significant associations between blood
metabolites and AD biomarkers that are independent of {i.e., adjusted for) sex. In the current
study, we add the specific examination of the following ceniral questions (FiG. 1A). ) Are
meiabolic sex-differsnces changed due io presence of {probable} AD?, (i} Are mstabolite
associations with A-T-N biomarkers modified by sex?, and (iii) Is there evidence for APOE4 status
influencing metabolite associations with A-T-N biomarkers that show differences between sexes?

To address the three research guestions of this study (FIG. 1B), we first performed
analyses of sex-metabolite associations for 139 metabolites in the ADNI cohort siratified by
diagnostic group (gusstion ). Subseguently, we performed phenotype (A-T-N}-mstabolite
associations for 132 metabolites in the ADNI cohort stratified by sex {guestion i) and stratified by
APQOE £4 status; additionally, we performed phenotype (A-T-N)-metabolite associations for the 21

significantly associated metabolites after stratification by sex plus APOE ¢4 status (guestion iii).

No significant change of metabolic sex differences in AD

In a first slep, we tested whether sex-associated differences in blood metabolile levels
differ between patients with probable AD, subjects with late MCI, and CN subjects in the ADNI
cohorts. in the complete cohort (7 = 1,517}, we found 108 of 139 metabolites to be significantly
associated with sex aftsr multiple lesting correction while adjusting for age, BEMI, ADNI study
phase, and diagnostic group. 70 of these associations replicate previous findings in a healthy
population using a prior version of the same metabolomics platform [24] that provides
measurements on 92 out of the 108 melabolites identified in ADNL All SMs and the majority of
PCs were more abundant in women. The majorily of biogenic amines, amino acids and

acyicarnitines were more abundant in men.
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Stratifying subjects by diagnostic group revealed that 53 of the 108 metabolites showing
significant sex-differences were also significant in sach of the three groups (AD, MCI, CN) alone,
while 14 metabolites showed no significant difference in any of the groups, probably due to lower
statistical power after stratification (Table 4 and FIG. 4). Significant sex-differences limited to one
diagnostic group were found for 8 metabolites (PC aa C34:1, PC ae C34:3, PC ae C36:3, PC as
C36:4, PC as C38:5, PC ae C40:5, Histidineg, C8/C4:1-DC} in patients with probable AD, for 7
metabolites (C0O, C3, C8, C18:2, SDMA, Spermidine, 14-OH-Fro) in the MCI group, and for 6
metabolites (PC ag C42.0, PC ae C32:1, PC ae C42:3, SM{OH) C24:1, Sarcosine, Aspariate) in
the CN group, although no significant sex-differences were found that were not aiso significant in
the full cohort. Comparisons of beta estimates for sex between AD and CN groups showed no
significant effect hsterogeneity, indicating reduced power as source for these observed
differences. Only PC aa C34:1 showed significant {p = 0.029) heterogeneily between AD patients
compared to CN subjects. Interestingly, in the larger healthy cohort used as reference, sex did
not significantly affect the blood level of this metabolite when adjusting for the same covariates
as in this study (i.e., age and BMI) [24]. In summary, we found that sex differences of blood
metabolile levels are consistent (if we neglect the reduced power due to stralification) across

diagnostic groups and, thus, do not seem to be directly affected by presence of MCl or AD status.

Tabie 4. Meiabolic imprint of sex in ADNI cohoris for all participants and stratified by diagnostic groups
{CN, LMCI, and probable AD). Additionally, the results from the Miltelstrass et al. study in the
population-based KORA cohort are given

ADNI subjects {(n = 1,517}

Metabolite Pathway Levels higherin  Abs. Diff. {mean) p-vaiue
Creatinine Biogenic Amines males (.891 1.54E-73
SM C18:1 Sphingolipids females 0.877 4. 75E-72
SM C18:1 Sphingolipids females 0.884 8.73E-70
PCaa 323 Glycerophospholipids females (.865 1.23E-69
SM (OH) C22:2 Sphingolipids females 0.844 7.08E-88
SM C28:2 Sphingolipids females 0.786 3.47E-58
PC ae C30:2 Glycerophospholipids females 0.790 4.72E-57
PCaaC34:3 Glycerophospholipids females (.783 1.46E-55
PC aa C38:3 Glycerophosphaolipids females 0.753 3.14E-52
PCaa 344 Glycerophospholipids females 0.722 1.82E-47
SM C18:.0 Sphingolipids females 0.711 3.38E-48
Isoleucine Amino Acids males 0.708 550E-45
PC aa C38:5 Glycerophospholipids females $.692 1.35E-43
PC ae C38:0 Glycerophospholipids females 0.674 4.96E-41
PC aa C36:8 Glycerophospholipids females 0.654 3.14E£-39
PC ae C32:2 Glycerophosphaolipids females (.6848 8.51E-38
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PC ag C40:5

SM (OH) C22:1

PC az C38:4
PC aa C40:6

lysoPC a C28:1

PC aa C25:1
PC ae C42:1
PC aa C426
PC aa C36:1
PC aa C32:1
PC ae C440:3
ShM C24:1
PC aa C42:5
Methionine
SM C16.0
PC aa C40:3
PC ac 0388
PC ae C38:3

SM (OH) C16:1

PCas G422
PC aa C30:0
PC ae C34:1
PC aa C35:8
Valine
PC ae C36:1

SM (OH) C14:1

Giycine
Proline
PC ae C40:2
PC aa C38:0
PC ae C40:1
PC aa C36:3
PC aa C36:5
Tryptophan
PC aa C40:4
PC ae C40:8
PC aa C32:0

lysoPC a C161

PC aa C36:4

PC ae C44:3

PC aa C24:0
Cs

lysoPC a C18:2

PC ae C34:0
PC aa C34:1

Glycerophospholipids
Sphingolipids
Giycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Sphingolipids
Giycerophospholipids
Amino Acids
Sphingolipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Sphingolipids
Giycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Amino Acids
Glycerophospholipids
Sphingolipids
Amino Acids
Amino Acids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Amino Acids
Glycerophospholipids
Glycerophospholipids
Giycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Acylcarnitines
Glycerophospholipids
Giycerophospholipids
Glycerophospholipids

females
females
females
females
females
females
females
females
females
females
females
females
females
males
females
females
females
females
females
females
females
females
females
males
females
females
females
males
females
females
females
females
females
males
females
females
females
females
females
females
females
males
males
females
females
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0.634
0.634
0.617
0.619
0.614
0.588
0.587
0.582
0.57¢9
0.570
0.553
0.539
0.540
0.533
0.529
0.529
0.525
0.514
0.505
0.502
0.497
0.499
0.491
0.482
0.492
0.479
0.480
0.475
0.474
0.469
0.457
0.451
0.448
0.446
0.439
0.425
0.422
0.409
0.401
0.404
0.400
0.395
0.385
0.373
0.359
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8.51E-37
1.62E-36
5.87E-35
1.68E-34
7. 14E-34
1.84E-31
6.86E-31
2.47E-30
3.09E-30
1.48E-2¢9
1.31E-27
1.44E-28
1.84E-26
5901&-26
8.52E-28
1.75E-25
3.23E-25
TA7E-24
3.278-23
7.10E-23
243E-22
2.38E-22
5.51E-22
8.16E-22
7.84E-22
5.83E-21
6.24E-21
1.37E-20
1.62E-20
3.71E-20
3.862E-19
1.46E-18
1.48E-18
3.94E-18
551E-18
9.61E-17
2.58E-16
1.74E-15
2.38E-15
3.52E-15
5.82E-15
1.38E-14
6.26E-14
4 52E-13
2.62E-12
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C14:1
PCaaC4az2:4
PCas C34:2

C16:1
PC ae C36:2

SM (OH) C24:1
SM C24:0
PC ae C42:3
PC aa C42:1
C6 {C4:1-DC)
C18
PC ae C36:3
PC aa C42:0
PC aa C40:2
PC ae C32:1
Kynurenine
PC ae C38:0
PC ae C34:0
C3
Histidine
SM C286:1
PC ae C40:5
SM C286.0
PC ac C38:5
Asparagine
PC ae C34:3
Saroosine
Aspariate
PC ae C38:4
co
PC ae C38:5
T4-OH-Pro
C5-DC (CB~-OH)
Tauring
Spermidine
lysoPC a C24:0
PC ae C404
PC ae C36:4
PC aa C42:2
SDMA
C7-DC
(1¢]
Threonine

Serine

ci8:2

Acylcarnitines
Glycerophospholipids
Glycerophospholipids

Acylcarnitines
Glycerophospholipids

Sphingolipids

Sphingolipids
Glycerophospholipids
Glycerophospholipids

Acylcarnitines

Acylcarnitines
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids

Biogenic Amines
Glycerophospholipids
Glycerophospholipids

Acylcamitines

Amino Acids

Sphingolipids
Glycerophospholipids

Sphingolipids
Glycerophospholipids

Amino Acids
Glycerophospholipids
Biogenic Amines
Amine Acids
Glycerophospholipids

Acylcarnitines

Glycerophospholipids
Biogenic Amines
Acylcamitines
Biogenic Amines
Biogenic Amines
Glycerophospholipids
Giycerophospholipids
Glycerophospholipids
Glycerophospholipids
Biogenic Amines
Acylcarnitines
Acylcarnitines
Amino Acids
Amino Acids
Acylcamitines

females
females
females
females
females
females
females
females
females
females
males
females
females
females
females
maies
females
females
males
males
females
females
females
females
males
females
males
females
females
maies
females
males
females
females
males
females
females
females
females
maies
males
males
males
females
males
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{.357
0.357
$.355
0.352
0.349
0.342
0.340
0.342
0.33¢9
0.330
0.331
0.330
3.326
0.322
0.318
0.313
0.306
0.308
0.299
0.284
0.283
0.290
0.289
0.285
.286
0.283
0.281
0.264
0.261
0.246
0.246
{0.245
0.232
0.229
0.225
0.228
0.223
0.219
0.219
0.219
0.203
0.198
0.182
0.188
0.176
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2.93E-12
3.38E-12
5.03E-12
6.81E-12
1.44E-11
2.80E-11
2.69E-11
2.84E-1
3.77e-11
1.02E-10
1.67E-10
1.31E-10
2.03E-10
3.29E-10
6.50E-10
9.57E-10
2.48E-09
3.20E-09
6.12E-09
1.81E-08
1.32E-08
1.53E-08
2. 10E-08
2.73E-08
2.78E-08
3.70E-08
5.258E-08
3.00E-07
3T77e-07
1.52E-06
1.68E-06
2.48E-08
6.28E-086
9.78E-06
1.06E-05
1.43E-05
1.37E-05
2.00E-05
2.01E-05
2.06E-05
7.43E-05
1.26E-04
2.23E-04
2.85E-04
6.18E-04
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Tyrosine Amino Acids males 0.178 8.52E-04
PC ae C42:5 Glycerophospholipids females 0173 7.83E-04
CH {n = 362} MO (n = 490}

Levels Abs. Diff. Levels Abs. Diff.
higher in {mean} p-value  power higher in {mean) p-value power

males 0.854 4 43E-22 1.000 males 0.921 3.33E-25 1.000
females 0.875 2.70E-18 1.000 females 0.755 1.38E-18 1.800
fermnales 0.883 1.33E-18 1.000 females 0.767 1.18E-17 1.600
females 0.914 4.74E-20 1.000 females 0.761 207817 1.600
females 0.872 2.55E-18 1.000 fermales 0.754 5.20E-17 1.000
fernales 0.830 1.82E-18 1.000 females 0.829 1.22E-20 1.600
females 0.838 7.43E-17 1.000 females 0.686 2.75E-14 1.600
females 0.785 3.58E-18 1.000 females 0.718 1.26E-14 1.600
females 0.755 1.02E-13 1.000 females 0.744 5.18E-17 1.800
fermnales 0.800 2.08E-15 1.000 females 0.688 4 88E-14 1.600
famales 0.733 8.11E-13 1.000 fernales 0.729 4 48E-16 1.600

males 0.874 2.38E-18 1.000 males 0.697 6.63E-14 1.000
fernales 0.747 2.00E-13 0.699 females 0.822 1.23E-11 1.600
females 0.811 9.08E-18 $.289 females 0.832 52812 1.600
females 0.786 7.77E-18 0.098 femnales 0.631 4.98E-12 1.600
females 0.877 3.82E-11 0.697 females 0.587 1.20E-09 1.800
females 0.651 2.38E-10 0.996 females 0.618 512E-12 1.600
famales 0.592 8.58E-08 0.986 fernales 0.601 2.21E-11 1.600
females 0.604 4 54E-08 0.944 fermales .533 347E-09 1.000
fermnales 0.694 1.06E-11 0.994 females 0.649 1.12E-12 1.600
females 0.695 9.08E-12 $.283 females 0.541 2.10E-08 £.999
females 0.605 4 00E-08 0.087 females 0.807 §.56E~12 0.989
fernales 0.578 2.24E-08 0.e87 females 0.549 3.68E-08 0.989
females 0.549 1.06E-07 0.985 females 0.586 9.62E-11 .998
famales 0.489 2.48E-08 0.084 fernales 0.584 3.12E-10 0.098
females 0.532 2.76E-07 £.e80 females 0.827 4.48E-12 0.287
fermnales 0.632 7.48E-10 0.972 females 0.512 4 01E-08 $.995
females 0.539 1.88E-07 $.262 females 0.524 1.48E-08 £0.993
females 0.509 9.18E-07 0.962 fermales £.620 6.92E-12 0.983

males 0.879 3.25E-11 0.857 males 0.449 8.82E-07 0.882
females 0.517 8.74E-07 0.953 females 0.475 2.30E-07 .991
females 0.476 4 80E-06 0.953 females 0.539 571E-089 0.991
females 0.805 4.24E-08 £.949 females 0.387 2.23E-05 0.280
fermnales 0.549 9.83E-08 0.937 females 0.435 2.93E-06 $.985
famales 0.578 1.99E-08 0.927 fernales 0.445 1.10E-06 0.683
females 0.508 9.84E-07 0.922 fermales .480 3.42E-07 0.981
fernales 0.514 8.80E-07 0.916 females 0.588 1.70E-10 0.979
females 0.483 3.09E-08 0.918 females 0.488 2.28E-07 £0.979
females 0.584 1.43E-08 0.906 females 0.477 2.82E-07 0.975

36



WO 2020/185563

males
fernales
fernales
females
males
fernales
females
females
fernales
females
males
females
fernales
females
females
fernales
females
females
males
males
females
females
fernales
females
females
fernales
fernales
females
females
fernales
females
females
males
females
females
females
fernales
males
females
fernales
males
males
fernales
fernales
females

0.564
0.476
0.537
0.473
0.605
0.556
0.533
0.513
0.31¢9
0.518
0.461
0.384
0.564
0.410
0.386
0.281
0.431
0.493
0.480
0.478
0.366
0.188
0.385
0.320
0.367
0.455
0.368
0.363
0.231
0.363
0.418
0.186
0.165
0.310
0.425
0.273
0.359
0.476
0.211
0.367
0.277
0.290
0.301
0.339
0.330

4.65E-08
4.50E-06
2.02E-07
4 83E-06
3.98E-09
7.45E-08
3.66E-08
7.72E-07
2.34E-03
5.69E-07
9.09E-06
1.82E-04
4 84E-08
8.33E-05
2.12E-04
7.39E-03
3.57E-05
1.99E-06
3.64E-06
4 16E-08
4 .60E-04
7.40E-02
2.25E-04
2.22E-03
4. 46E-04
1.18£-05
4.24E-04
5.03E-04
2.78E-02
5.09E-04
6.26E-05
7.79E-02
1.16E-01
3.06E-03
4.77E-05
9.48E-03
5.86E-04
4.79E-06
4.47E-02
4 35E-04
8.36E-03
5.62E-03
4.02E-03
1.24E-03
1.62E-03

g.e07
0.908
$.885
0.904
0.878
0.877
0.866
0.841
0.826
0.818
0.814
0.797
8.757
0.746
0.708
0.681
0.689
0.677
0.661
$.624
0.581
0.528
0.519
0.520
0.513
0.502
3.481
0.464
0.458
0.485
0.454
0.420
0.422
0.41¢9
0.405
0.391
$.376
0.359
0.334
0.333
0.310
0.292
0.289
3.281
0.278

37

males
females
females
females
males
females
fernales
females
females
females
males
females
females
fernales
females
females
females
females
males
males
fernales
females
females
females
females
females
females
females
females
females
fernales
females
males
females
females
females
females
males
females
females
males
males
females
females
fernales

0.475
0.468
0.447
0.525
0.377
0.432
0.393
0.374
0.385
0.451
0.351
0.400
0.32¢
0.451
{0.450
0.351
0.430
0.315
0.486
0.391
0.373
0.301
0.333
0.31¢9
0.249
0.315
0.223
.289
0.320
0.303
0.278
.241
0.436
0.173
0.292
0.328
0.288
0.244
0.413
0.379
0.428
{.286
0.307
0.18¢
0.265
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247207 3.875
6.32E-07 0.975
7.55E-07 {.966
6.40E-08 0.974
4 48E-05 0.863
3.72E-06 0.962
2.07E-05 0.857
7.06E-05 0.945
5.55E-08 0.937
8.87E-07 0.932
2.22E-04 0.830
1.37E-05 0.220
4 47E-04 {.895
1.77E-06 0.887
8.98E-07 $.859
1.71E-04 (.840
3.70E-06 0.847
7.40E-04 0.837
1.80E-07 0.824
2.81E-05 0.794
8.69E-05 0.756
1.71E-03 0.705
2.78E-04 0.695
8.97E-04 0.697
8.03E-03 0.680
7.22E-04 0.87¢9
2.04E-02 {.668
1.74E-03 0.640
4.52E-04 0.833
1.31E-03 (.640
3.318-03 0.629
7.33E-03 0.580
2.45E-06 0.583
8.32E-02 0.580
1.76E-03 0.574
5.39E-04 0.558
2.26E-03 0.540
9.72E-03 0.519
1.08E-05 $.489
5.05E-05 0.487
3.47E-06 0.458
1.88E-03 0.435
1.20E-03 0.432
4.08E-02 .420
4.872-03 0.416
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females 0.357 8.36E-04 0.265 fermales £.078 3.89E-01 0.389
males 0.330 1.57E-03 0.269 males 0.208 277E-02 0.405
females £0.312 2.88E-03 0.258 females 0.113 2.26E-01 0.389
males 0.353 7.40E-04 {.254 males 0.261 4. 73E-03 0.384
females 0.383 5.27E-04 £.205 females 0.149 1.03E-01 $.316
fermnales 0.319 2.28E-03 0.196 females 0.077 4 .01E-01 0.303
males 0.125 2.37E-01 0.180 males 0.449 1.30E-06 0.250
females 0.282 7.12E-03 0160 fermales .053 5.68E-01 0.250
males 0.243 2.03E-02 0.157 males 0.427 8.19E-08 0.246
females 0.249 1.72E-02 $.128 females 0.047 8.14E-01 0.204
females 0.154 1.43E-01 0.123 females 0.289 1.89E-03 0.184
males 0.081 3.88E-01 0119 males 0.407 6.54E-08 $.188
females .1486 1.66E-01 0.119 females 0.169 7.37E-02 0.188
females 0.225 3.21E-02 0.114 fernales 0.128 1.73E-01 0.180
females 0.222 3.44E-02 0.105 fermales £.014 8.76E-01 0.167
fermnales 0.110 2.98E-01 0.1086 females 0.253 7.40E-03 0.168
males 0.244 2.04E-02 $.105 males 0.377 4 28E-05 0167
males 0.166 1.18E-01 {.080 males 0.260 4 63E-03 0.127
males 0.145 1.66E-01 0.074 males 0.332 3.40E-04 0.117
males .288 5.80E-03 0.087 males 0.140 1.43E-01 0.105
famales 0.244 2.01E-02 0.081 fernales 0.205 2.97E-02 0.097
males 0.080 5.68E-01 0.049 males £.358 1.58E-04 $.078
males 0.181 8. 54E-02 0.049 males 0.082 5.08E-01 0.077
females £0.235 2.57E-02 $.048 females 0.11¢ 2.04E-01 0.072
AD {n=302) difference between CN and AD
hﬂiyg??:i::sin A;?fggf‘ p-value power Difft  Diff pvalue  Diff I
males 0.806 5.18E-13 1.000 -1.048 2.95E-01 4.6804
famales .955 1.00E-18 1.000 -0.579 5.63E-01 {.000
famales 1.607 1.68E-20 1.000 -0.899 3.869E-01 0.000
females 0.82¢9 2.78E-17 1.000 -0.108 9.13E-01 $.000
females 0.833 3.53E-14 1.000 0.282 7.78E-01 {.060
famales 0.878 2.54E-15 1.000 -0.329 7.42E-01 0.000
females 0.784 9.57E-13 1.000 £.308 7.58E-01 0.000
fernales 0.870 7.76E-15 1.000 -0.827 5. 98E-01 0.000
females £.837 2.71E-14 $.289 -0.878 5.84E-01 £.000
females 0.682 1.82E-09 {.098 0.812 4 17E-01 0.000
females 0.785 1.00E-12 0.697 -0.432 8.66E-01 $.000
males 0.644 1.55E-08 0.997 -1.579 1.14E-01 36.680
famales 0.757 1.22E-11 0.986 -0.064 9.48E-01 0.000
females 0.711 281E-10 0.943 .691 4 90E-01 0.000
fernales 0.805 1.01E-07 0.089 1.231 2.19E-01 18.732
females 0.789 5.22E-12 $.288 -0.832 527£-01 £.000
females 0.704 4 53E-10 {.083 -0.358 7.22E-01 0.000
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females 0.685 4 74E-10 {.083 -0.703 4.82E-01 8.000
fermales 0.757 5.40E-12 0.976 -1.047 2.95E-01 4.458
famales 0.651 7.90E-08 0.977 0.291 7.71E-01 {.000
females 0.514 8. 49E-06 0.974 1.208 2.27E-01 17.239
females 0.502 1.08E-05 0.658 .686 4.93E-01 $.000
females 0.662 5.14E-09 0.956 -0.576 5. 64E-01 {.000
females 0.612 7.18E-08 0.952 -0.418 8.76E-01 0.000
females 0.632 2.73E-08 {.950 -0.847 3.43E-01 8.000
fermales 0.548 1.44E-06 0.941 -0.104 9.17E-01 0.000
females 0.483 1.56E-05 0.923 0.923 3.56E-01 0.000
females 0.586 1.85E-07 0.904 -0.312 7.55E-01 $8.000
females 0.615 4.81E-08 0.805 -0.707 4.79E-01 $.000

males 0.592 2.22E-07 $.895 -0.584 5.58E-01 {.000
females 0.545 1.40E-06 0.888 -0.187 8.52E-01 0.000
females 0.643 1.02E-08 {.889 -1.447 2.84E-01 10.505
females 0.722 6.48E-11 .581 -0.797 4 25E-01 {.000
females 0.554 1.56E-06 0.882 -0.027 9.78E-01 0.000
females 0.487 2.38E-05 (.845 0.599 5.49E-01 $8.000
fermales 0.550 1.67E-06 0.838 -0.277 7.82E-01 0.000
famales £.385 9.00E-04 $.828 0.843 3.89E-01 {.000
females 0.537 2.88E-06 0.831 -0.355 7.23E-01 0.000
females 0.545 1.46E-08 0.813 0.283 7.92E-01 $.000

males 0.560 9.61E-07 0.816 -0.025 9.80E-01 {.000
females 0.512 9.53E-08 0.816 -0.238 §.12E-01 0.000
females 0.288 5.72E-04 0.784 0.910 3.83E-01 8.000
fermales 0.436 2.11E-04 0.810 0.243 8.08E-01 0.000

males 0.451 9.10E-05 8.774 -1.021 3.07E-01 2.065
females 0.441 1. 14E-04 0.773 0.760 4 47E-01 $8.000
females 0.616 3.81E-08 0.759 -0.424 8.71E-01 $.000
females 0.524 5.49E-08 0.727 -0.076 9.40E-01 {.000
females 0.575 4.81E-07 0.709 -1.678 9.38E-02 40.324
females 0.439 1.25E-04 {.699 0.523 8.01E-01 8.000

males 0.718 2.72E-10 0.694 1.714 8.85E-02 41.666
females 0.520 4.87E-08 0.673 -0.832 4.05E-01 0.000
females 0.505 8. 18E-06 0.629 0.391 5.96E-01 $8.000
females 0.521 5.82E-08 0.617 -0.731 4.85E-01 $.000
famales 0.381 1.13E-03 $.574 0.032 9.75E-01 {.000
females 0.570 3.48E-07 0.549 -1.908 5.64E-02 47.585
females 0.355 2.25E-03 0.557 £.492 8.23E-01 8.000
females 0.370 1.30E-03 0.544 0.809 4 18E-01 {.000

males .380 9.85E-04 0.52¢ -0.854 5.13E-01 0.000

males 0.366 1.58E-03 0.493 -0.730 4 865E-01 $8.000
fermales 0.357 2.21E-03 0.453 0.059 9.53E-01 0.000
famales 0.522 4 18E-08 $.405 -2.187 2.87E-02 54,282
females 0.441 1.12E-04 0.397 -0.372 7.10E-01 0.000
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females 0.480 5.36E-05 0.398 -0.811 3.82E-01 8.000
fermales 0.426 2.16E-04 0.392 -0.384 7.01E-01 0.000
famales 0.376 1.H1E-03 $.382 0.517 6.05E-01 {.000
females 0.425 2.48E-04 0.373 -0.368 7.13E-01 $8.000
females 0.388 1.43E-03 0.350 -0.031 8.75E-01 $.000
females 0.468 3.65E-05 0.345 -1.550 1.21E-01 35.468
females 0.351 2.37E-03 0.350 0.078 9.38E-01 0.000
females 0.421 2.06E-04 0.341 -0.020 9.84E-01 8.000
fermales 0.411 4.11E-04 0.312 -1.451 1.47E-01 31.670
males 0.435 1.46E-04 0.315 1.748 §.04E-02 42.808
females 0.486 2.26E-05 0.312 -1.148 2.51E-01 12.883
females 0.334 3.48E-03 0.301 0.584 5.53E-01 $.000
famales £.483 1.38E-05 $.280 -1.43¢ 1.50E-01 30.487
females 0.369 1.32E-03 0.277 -0.067 9.47E-01 0.000
males 0.419 2.71E-04 0.264 -0.374 7.09E-01 8.000
females 0.415 3.15E-04 0.244 -1.318 1.88E-01 24124
females 0.088 3.98E-01 0.243 1.727 §.42E-02 42.080
males 0.265 2.20E-02 0.225 -0.079 9.37E-01 $8.000
males 0.493 1.74E-05 0.212 1.322 1.86E-01 24384
famales {.358 1.95E-03 $.209 -0.363 7.17E-01 {.000
females 0.396 5.44E-04 0.203 -0.372 7.10E-01 0.000
females 0.269 9.66E-03 0.200 0.202 8.40E-01 $.000
females 0.504 1.07E-05 0.181 -0.961 3.37E-01 {.000
males 0.352 2.20E-03 0.184 0.137 §.91&-01 0.000
females 0.430 1.82E-04 0.185 -0.764 4.45E-01 8.000
males 0.108 3.59E-01 0.182 -1.564 1.18E-01 38.073
famales 0.323 5.92E-03 $.14¢6 0.251 8.02E-01 {.000
females 0.382 9.29E-04 0.140 -0.407 5.84E-01 $8.000
males 0.229 4 43E-02 0.113 0.673 5.01E-01 $.000
females 0.519 4 46E-08 0.114 -1.560 1.19E-01 35.608
males 0.206 7.84E-02 0.112 -0.234 8.15E-01 0.000
females 0.255 2.48E-02 0.092 -0.037 9.70E-01 8.000
fermales 0.154 1.87E-01 0.087 -0.003 9.97E-01 0.000
males 0.140 2.25E-01 0.084 0.315 7.52E-01 0.000
females 0.270 2.08E-02 0.084 -0.796 4 .26E-01 $8.000
females 0.246 3.28E-02 0.081 -0.132 8.95E-01 $.000
famales 0.457 4.70E-05 8.075 -1.589 1.12E-01 37.075
females 0.376 1.13E-03 0.075 -1.711 8.71E-02 41.559
males 0.120 2.96E-01 0.075 -0.793 4.28E-01 8.000
males 0.081 4 81E-01 0.057 -0.548 §.84E-01 {.000
males 0.223 5.51E-02 0.053 0.486 6.20E-01 0.000
males 0.180 1.06E-01 0.048 -0.626 5.31E-01 $8.000
fermales 0.109 3.50E-01 0.044 0.883 3.88E-01 0.000
males 0.108 3.48E-01 $.035 0.305 7.81E-01 {.000
males 0.332 4.34E-03 0.035 0.971 3.32E-01 0.000
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females 0.176 1 26E-01 0.033 0.382 7.02E-01 0.000
AD {n = 302} difference between CN and AD

hg;:’f:ﬁn B;;fg{:‘;f‘ p-value power Difft  Diff pvalue  Diff /2

males 0.806 5.18E-13 1.000 1,048 2 95E-01 4 604
females 0.955 1.00E-18 1.000 -0.578 5 63E-01 0.000
females 1.007 1 68E-20 1.000 -0.899 3 69E-01 0.000
fernales 0.929 3.78E-17 1.000 -0.109 9.13E-01 0.000
famales 0.833 3.53E-14 1.000 0.282 7 78E-01 0.000
females 0.876 2 B4E-15 1.000 -0.329 7.42E-01 0.000
fermales 0.794 9.57E-13 1.000 0.308 7 58E-01 0.000
females 0.870 7.76E-15 1.000 -0.527 5 98E-G1 0.000
females 0.837 2.71E-14 0.999 -0.576 5 G4E-01 0.000
females 0.682 1 82E-09 0.998 0.812 4 17E-01 0.000
fernales 0.795 1.00E-12 0.987 -0.432 6.66E-01 0.000

males 0.644 1 55E-08 0.997 -1579 1 14E-01 36.680
females 0.757 1 22E-11 0.996 -0.064 9.49E-01 0.000
fermales 0.711 2 61E-10 0.993 0.691 4 80E-01 0.000
famales 0.605 1.01E-07 0.989 1.231 2 19E-01 18.732
females 0.769 5.22E-12 0.988 -0.632 5.27E-01 0.000
females 0.704 4.53E-10 0.983 -0.356 7.22E.01 0.000
females 0.695 4.74E-10 0.983 -0.703 4 82E-01 0.000
females 0.757 5.40E-12 0.976 -1.047 2 95E-01 4.458
females 0.651 7.90E-09 0.977 0.291 7.71E-01 0.000
fernales 0.514 8.49E-06 0.974 1.208 2 27E-01 17.239
famales 0.502 1.08E-05 0.958 0.686 4 93E-01 0.000
females 0.662 5.14E-09 0.956 -0.576 5 G4E-01 0.000
fermales 0.612 7.18E-08 0.952 -0.418 6.76E-01 0.000
females 0.632 2.73E-08 0.950 -0.947 3 43E-01 0.000
females 0.548 1 44E-06 0.941 -0.104 9.17E-01 0.000
females 0.493 1 56E-05 0.923 0.923 3 56E-01 0.000
fernales 0.586 1.85E-07 0.904 -0.312 7 55E-01 0.000
famales 0.615 4.91E-08 0.905 -0.707 4 79E-01 0.000

males 0.592 2 22E-07 0.895 -0.584 5.59E-01 0.000
fermales 0.545 1 40E-06 0.888 -0.187 8.52E-01 0.000
females 0.643 1.02E-08 0.889 4117 2 B4E-01 10.505
females 0.722 6.48E-11 0.881 -0.797 4 25E-01 0.000
females 0.554 1 56E-06 0.862 -0.027 9.78E-01 0.000
fernales 0.487 3.38E-05 0.845 0.599 5 49FE-01 0.000
females 0.550 1 67E-06 0.838 -0.277 7.82E-01 0.000
females 0.385 9.00E-04 0.825 0.843 3.99E-01 0.000
fermales 0.537 2 68E-06 0.821 -0.355 7.23E-01 0.000
famales 0.545 1 4BE-06 0.813 0.263 7 92E-01 0.000

males 0.560 9.61E-07 0.816 -0.025 9.80E-01 0.000
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females 0.512 9.53E-08 0.818 -0.238 8.12E-01 8.000
fermales 0.398 5.72E-04 0.784 0.910 3.83E-01 0.000
famales 0.436 2. HE-04 8.810 0.243 8.08E-01 {.000

males 0.451 9.10E-05 0.774 -1.021 3.07E-01 2.065
females 0.441 1.14E-04 0.773 0.780 4.47E-01 $.000
females 0.618 3.91E-08 0.759 -0.424 6.71E-01 {.000
females 0.524 5.49E-08 0.727 -0.078 9.40E-01 0.000
females 0.575 4 81E-07 0.70% -1.678 9.38E-02 40.324
fermales 0.439 1.25E-04 0.699 0.523 6.01E-01 0.000

males 0.718 2.72E-10 0.684 1.714 §.65E-02 41.666
females 0.520 4 87E-06 0.673 -0.832 4 .05E-01 $8.000
females 0.505 §.18E-08 0.629 0.391 8.96E-01 $.000
famales 0.521 5.82E-08 8.617 -0.731 4 85E-01 {.000
females 0.381 1.13E-03 0.574 0.032 9.75E-01 0.000
females 0.570 3.48E-07 0.549 -1.808 5.84E-02 47 595
females 0.355 2.25E-03 0.557 0.492 6.23E-01 {.000
females 0.370 1.30E-03 0.544 0.809 4.18E-01 0.000

males 0.380 9.85E-04 0.529 -0.654 5.13E-01 $8.000

males 0.366 1.58E-03 0.483 -0.730 4.85E-01 0.000
famales 0.357 2.21E-03 $.453 $.059 9.53E-01 {.000
females 0.522 4.19E-086 0.405 -2.187 2.87E-02 54.282
females 0.441 1.12E-04 0.397 -0.372 7.10E-01 $.000
females 0.480 5.36E-05 0.398 -0.911 3.62E-01 {.000
females 0.428 2.16E-04 0.382 -0.384 7.01E-01 0.000
females 0.376 1 HE-03 0.382 0.517 8.05E-01 8.000
fermales 0.425 2.48E-04 0.373 -0.368 7.13E-01 0.000
famales 0.368 1.43E-03 $.350 -0.031 9.75E-01 {.000
females 0.468 3.65E-05 (.345 -1.550 1.21E-01 35.468
females 0.351 2.37E-03 0.350 0.078 9.38E-01 $.000
females 0.421 2.06E-04 0.341 -0.020 9.84E-01 {.000
females 0.411 4. 11E-04 0.312 -1.451 1.47E-01 31.670

males 0.435 1.46E-04 0.315 1.748 8.04E-02 42.808
fermales 0.486 2.26E-05 0.312 -1.148 2.51E-01 12.883
females 0.334 3.48E-03 0.301 0.584 5.53E-01 0.000
females 0.493 1.38E-05 0.290 -1.439 1.50E-01 30.487
females 0.389 1.32E-03 0.277 -0.067 89.47E-01 $.000

males 0.419 2.71E-04 $.264 -0.374 7.08E-01 {.000
females 0.415 3.18E-04 0.244 -1.318 1.88E-01 24.124
females 0.088 3.88E-01 (.243 1.727 8.42E-02 42.090

males 0.265 2.20E-02 0.225 -0.079 9.37E-01 {.000

males 0.483 1.74E-05 0.212 1.322 1.86E-01 24.384
females 0.358 1.96E-03 0.209 -0.363 717E-01 $8.000
fermales 0.398 5.44E-04 0.203 -0.372 7.10E-01 0.000
famales .289 9.86E-03 8.200 0.202 8 40E-01 {.000
females 0.504 1.07E-05 0.191 -0.961 3.37E-01 0.000
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males 0.352 2.20E-03 0.194 0.137 8.91E-01 3.000
fernales 0.430 1.82E-04 0.185 -0.784 4 45E-01 0.000
males £.108 3.59E-01 g.182 -1.564 1.18E-01 38.073
females 0.323 5.92E-03 (.148 0.251 8.02E-01 30.000
females 0.382 9.28E-04 0.140 -0.407 6.84E-01 $.000
males 0.229 4 43E-02 8.113 0.873 5.01E-01 0.000
females 0.519 4.46E-086 0.114 -1.560 1.19E-01 35.908
males 0.20¢ 7.84E-02 g.112 -0.234 8.15E-01 3.000
fernales 0.255 2.48E-02 0.082 -0.037 9.70E-01 0.000
females 0.154 1.87E-01 $.087 -0.003 9.87E-01 {.000
males 0.140 2.25E-01 0.084 0.315 7.52E-01 0.000
females 0.270 2.05E-02 0.084 -0.728 4.28E-01 $.000
famales {.248 3.28E-02 3.081 -0.132 8.95E-01 £.000
females 0.487 4.70E-05 0.075 -1.589 1.12E-01 37.075
females 0.37¢ 1.13E-03 0.075 -1.711 8.71E-02 41.559
males 0.120 2.96E-01 0.075 -0.793 4. 28E-01 0.000
males 0.081 4.81E-01 $.057 -0.548 5.84E-01 {.000
males 0.223 551E-02 0.053 0.496 5.20E-01 0.000
males 0.180 1.06E-01 0.048 -0.626 5.31E-01 0.000
famales £.109 3.50E-01 3.044 0.863 3.88E-01 £.000
males 0.108 3.46E-01 0.035 0.305 7.61E-01 0.000
males 0.332 4 .34E-03 0.035 0.971 3.32E-01 $.000
fernales 0.178 1.28E-01 0.033 0.382 7.02E-01 0.000
ADNI vs. KORA KORA F4 {Mittelstrass ef al.}

Lavels higher in Effect p-value
consistent females -0.2 3.50E-82
consistent females -0.2 1.30E-101
consistent females -0.2 1.40E-108
consistent females -0.2 1.10E-124
consistent females -0.3 7.50E-100
consistent females -3.2 9.10E-53
consistent females -0.1 2.70E-3¢9
consistent females -0.1 1.30E~12
consistent females -0.1 1.40E-19
consistent females -0.1 3.10E-38
consistent males 0.2 1.60E-190
consistent females -3.1 4.30E-22
consistent females -0.1 5.80E-21
consistent females -0.2 3.70E-90
consistent females -0.1 2.40E-47
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Sex modifies associations of metabolites with AD biomarkers.

To investigate whether sex modifies the association between AD endophenotypes and
metabolite concentrations, we tested for associations of the three repressniative A-T-N
biomarkers, CSF ABi-42 pathology, CSF p-tau levels, and brain glucose uptake measured via
FDG-PET imaging, with concentrations of 140 biood metabolites. We did this in the full dala sst,
as well as in women and men separately using multivariable linear and logistic regression,
followed by analysis of helerogeneity of effects between sexes. Table 5 lists the resulis of these
analyses for all metabolite-phenotype combinations, as well as analyses of sex-by-mstabolite
interaction sffects on A-T-N biomarkers, that fulfilled at least one of the following criteria: (i}
associations that were significant (at a Bonferroni threshold of p < 8.09 x 107 in the full cohort;
(iiy associations that were Bonferroni-significant in one of the two sexes; (iii) associations that
showed suggestive significance {(p < 0.05) in one sex coupled with significance for effect
heterogeneity betwesn female and male effect estimates. Resuits for all metabolites, phenotypes
and siatistical modsis are provided in Table 8. Systematic comparison of estimated effects in
men and women for all metabolites is shown in FIG. 2. Based on this comparison, we classified
metabolite — A-T-N biomarker associations into homogenous effects if metabolites showed very
similar effects in their association to the biomarker for both sexes and heterogeneous effects if
sffects showed maijor differences between the sexes with opposite effect directions of the sams
metabolite for men and women or substantially larger effects in one of the sexes. If an effect was
heterogeneous and significant in males but not females or vice versa, we considered if sex-

specific.
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Homogeneous Effects

We refer 1o homogenous effects where similar alteraiions in metabolite levels ars
associated with AD biomarkers in men and women. Metabolites with homogenous effects lie on
or close to the diagonal going through the first and third quadrant when plotting the effect
estimates in women against those in men in FIG. 2. We identified eight significant homogenous
metabolite-phenciype  associations with A-T-N  biomarkers: C8F AR pathology was
significantly associated with levels of three related acyl-alkyl-PCs (PC ae Cd4:4, PC ae C44:5,
PC ae C44:8). Two of those (PC ae C44:4 and PC ae C44.5) were also significantly associated
with brain glucose uptake (FDG-PET) in addition to three other PCs (PC aa C32:1, PC aa C32:0
and PC ae C42:4). For p-tau, we did not ideniify any homogenecus, overall significant
associations. Notably, none of the associations categorized as homogenous showed any
indication of effect heterogeneity between sexes, and only one association reached significance
in the sex-stratified analyses: higher blood levels of the diacyl-PC PC aa C32:1 were associated

with {ower glucose uptake in brain in the male stratum alone despite lower power.

Heterogenaous Effects

We refer {0 heterogenesous effects where a metabolite shows opposile effect directions for
the same phenotype in men and women, or substantially larger effects in one sex leading to
significant hetercgeneity and/or sex-metabolite interaction. Metabolites showing these types of
sffects fall mainly info the second or fourth quadrant (with the exception of sex-specific sffects)
when confrasting the effect estimates for men and women in the plots for the thres A-T-N
phenotypes in FIG. 2. In our study, we identified a total of 15 associations in this calegory
(including three sex-specific effects). For CSF ARz, we identified two heterogeneous effects
with threonine showing a sex-specific effect (see paragraph below) with greater effect size in
males and valine with a larger effect in females; while valine was not significanily associated (P
= (0.78) with CSF ARz pathology in males, in females, it showed a nominally significani negative
association with an estimated heterogeneity of F = 40.3%. CSF p-tau was the biomarker with the
fargest number of hetercgeneous associations: acylcarnitings C5-DC (C6-CHj), C8, C10 (sex-
apecific}, and C2, as well as the amino acid histidine showed stronger asscciations in females,
while the related acyl-alkyl-PCs PC ae C36:1 and PC ae C36:2, the amino acids asparagine and
glycing, and one hydroxy-SM (SM (OH) C18:1) vielded stronger asscociations in males {all £ >
50%); associations with FDG-PET revealed three helerogeneous effects, with acyl-alkyl PC ae
C40:2, and the acyicarnitine C18:1 (sex-specific) showing a larger effect in males (# = 55.3%),

and profine having a larger effect in females (F = 64.8%). Notable, 9 of the 15 reported
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heterogeneous associations showed opposite effect directions between sexes, and in 7 cases,
the intsraction term (sex * metabolite) was also significantly {at p < 0.08) associated with the

respective biomarker.

Sex-Specific Effects

We refer to sex-specific effects where mstabolite associations are only significant in one
sex with either significant effect helerogeneity between males and females or significant sex-
metabolite interaction. In FIG. 2, metabolites with this effect category fall into the area close to
the x- {male-specific) or y- (female-specific) axes of the three effect plots for the different A-T-N
phenotypes. In {otal, we found three instances of this effect type. Mals-specific effects were seen
for threonine with pathological C8F AR (posilive association) and C16:1 with FDG-PET
{negative associalion). We also identified a single female-specific effect, where higher levels of
the medium-chain acylcarnitine C10 were associated with higher C3SF p-tau. This association
was simultaneously the strongest seen for p-tau in the analysis of the full cohort yet seems to be
driven by female effects only.

We assessed the significance of the effect of helerogeneily as exemplified by the
association of C2 with CSF p-tau (FIG. 7A-D). Heterogensity eslimation as applied here
investigates if there is a significant difference in the estimated distributions of association effects
seen for two strata (here, females and males). These analyses are not directly aiming at
determining the direction of effects in one of the strata {which may change for insignificant
associations), but are examining if there is a significant difference in the variance-weighted
estimated effects. A significant test thus identifies associations that show significantly different
effects in two strata that cannot be identified in a pooled analysis adjusting for the stratifying
variable, as seen in the density curve of the estimated effect distribution across all samples (which
is centered close to 0). These analyses are naturally assuming a close-to-normal disiribution of

effect sizes (as is regression), which we could validate for >90% of investigated effects.

intertwined modulation of metabolite effects by sex and APCE

Previcus reports suggested that the APOE ¢4 genotype may exert AD risk predisposition
in a sex-dependent way [8-13]. In order to investigate potential relationships between sex and
APOE4 status on the metabolomic level, we selected the 21 metabolites identified in the previous
analyses (Table 5) and performed association analyses with the three selected A-T-N biomarkers,
now stralified by APOE4 stalus and adjusted for sex. Using the same effect categories

(homogeneous, heterogeneous, and group-specific) as for the sex-siratified analyses revealed
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that metabolite effecis in APOE €4 carriers vs. non-carriers also show effects from ail three
categonies (Table 7). homogeneous effects were notad for the overall significant associations of
PC aa C32:1, PC ae C44.4, PC ae C44:5, PC aa C32:0, and PC ae C42:4 with FDG-PET.
Heterogeneous effects again formed the largest group {(n = 11), with proline and glycine showing
opposite effect directions on CSF AR« pathology and C8, valine, glycine, and proline having
opposite sffect directions on FDG-PET for ¢4 carriers vs. non-carriers, respectively. 5 metabolites
with heterogeneous effects even showed APOE4 status-specific effects: (i) the associatlions of
PC ae C44:6, PC ae C44:4, PC ae C44:5, and PC ae C42:4 with pathological CSF ARy in APOE
e4 carriers. In case of PC ae C44.8, PC as C44:5, and PC as C44.4, the group-specific effects
wers strong enough to drive the signal to overall significance in the full sampile. (i) the association
of acylcarnitine C10 with FDG-PET in ARPCE g4 non-carriers.

Some metabolic effects are specific to female g4 carriers.

When we stratified separately by sex and APOCE4 status, we observed several metabolites
(Cg, C10, valine, glycine, and proline} that showed heterogeneocus effects on AD biomarkers in
both stratifications. To investigate potential additional subgroup-specific effects, we combined
the two stratifications and investigated the selecied metabolite set for sex-by-APOE4 status effect
modulations. Although the group of APOE ed-carrying women was the smallest among the four
strata, all Bonferroni-significant associations ware found in this subgroup (Table 8): higher levels
of three acyl-alkyl PCs (PC ae C42:4, PC ae C44:5, and PC as C44:8) wers associated with
pathological CSF AR, higher acyicarnitine C10 was associated with increased CSF p-fau, and
higher proline levels were associated with decreased FDG-PET values (FIG. 3). The latier
association was not observed in any other of the performed analyses. Of note, except for the
association of C10 with p-tau, we found significant (p < 0.05) interaction effects between the
meiabolites and APOE4 status on their associated endophenotypes in females only, while the

effects in males were not significantly (p > 0.1) modulated by APOE4 siatus.

Estimates of effects and effect heterogeneity are stable.

To investigate the robustness of findings reported in this study, we performed 1000
bootstrap re-samplings for each A-T-N biomarker {o generate simulated population-based effect
distributions for all significant associations. Overall, the difference between effect estimates
obtained in the three rounds of original analvses (pooled sample, onefold, and twofold
stratification) and the respeclive average effect estimate across all bootstraps (i.e., the variability

by means of estimated bias) was marginal. We also did not find any instance of an originally
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significant association (at PREG < 0.05) where the bootsirap-t 85% confidence interval contained
zero. This means that the simulated population effect as estimated by bootstrapping is unequal
fo zero, suggesling robustness of our reported findings. Further, 81.97% of simulaled effect
distributions were normally distributed (PShapiro-Wilk > 0.05). Bootstrapping replicated
significance of associations at the respeclive p value thresholds and the expected (post hoc)
power of 2 50% with only three exceptions: estimated effect heterogensity bebtwaen sexes for the
association of valine with pathological CSF ARz was, although on average {i.e., averaged
across all 1000 samples) significant, only significant in 49.9% of bootsiraps; the significant
associations of PC as C44:5 and PC as C42:4 with pathological CSF ARz in APOE g4-carrying
fernales on average narrowly missed the Bonferroni-correcied significance threshold (PREG =
9.45 x 10™ and PREG = 9.77 x 107, respectively), although both metabolites showed Bonferroni-

significant p values in » 50% of bocotistraps.

Replication of results in independent cohorts

To the best of our knowledge, ADNI is currently the only study of AD with data on both AD
biomarkers and meiabqlite levels with sufficient sample sizes to conduct the reporied analyses.
Estimates of required sample sizes for replication of our findings are provided in Table 2. We
nevertheless sought independent replication of our resulis in two other studies with subsets of the
examined variables available: (i) the Rush Religious Order Siudy and the Rush Memory and
Aging Project (ROS/MAR), for which we had access to 128 and 137 data points with data on p180
metaboliles and data on overall amyloid load and severity of tau pathology in the brain (based on
post-mortem neuropathology assessment), respectively (Supplementary Note 1). (i) the
Australian Imaging, Biomarker & Lifestyle Flagship Study of Ageing (AIBL) with data on C5F p-
tau and comparable measuremenis of three lipid speciss (PC as C36:1, PC as C36:2, and SM
(OH) C16:1) in 94 parlicipants. Both studies had less than one guarter of the mean required
sample size (n = 677).

We were able o replicate all homogeneous associations reported for pathological CSF
AR1—-42 (PC as C44:6, PC as C44:5, and PC ae C44.4) in ROS/MAP at p values significant after
Bonferroni comrection (PREG < 2.94 x 107°) and with the sams effect directions as in ADNI, despite
the different measure for AR pathology. For eight of the 14 sex- and APOE ¢4 status-siratified
associations for AR and tau pathology, we observed non-zero effect heterogeneity estimates (12
of 1.4-45.7%), albeit non-significant. The three metabolite measures in AIBL all showed non-zero
effect heterogeneily estimates (12 of 39.7-54.3%) in the sex-stratified analyses with C3F p-iau,
with effect heterogeneity being significant for SM (OH) C16:1 (PHET = 0.016}. Combined, AIBL
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and ROSMAP vielded non-zero heterogensity estimates for two out of four reporied group
comparisons for AR pathology and eight out of ten reporied group comparisons for CSF p-fau and
brain tau pathology.

In this study, we investigated the influence of sex and APQE4 status on metabolic
alterations related {o representative A-T-N biomarkers (CSF AB+-a pathology (A), CSF p-tau (1),
FDG-PET (N)). By stratified analyses and systematic comparison of the effects estimaled for the
two sexes, we revealed substantial differences bebween mean and women in their associations of
blood metabolite levels with these AD biomarkers, although known sexual dimorphisms of
metabolite levels themselves were unaffected by the disease.

Differences between the sexes were largest for associations of metabolites and CSF p-
tau levels. Noiably, this biomarker was not significantly associated with any mstabolite when
including all subjects and adjusting for both sex and copies of APOE &4, vet association analysis
stratified by sex (but still adjusted for copies of APOE ¢4) revealed a significant, female-specific
metabolite/CSF p-tau association despite the smaller sample size. In contrast, for CSF AR
and FDG-PET, in addition to heterogensous, sex-speacific effects, we also found homogenous
effects, where metabolite concentrations showed the same trends of melabolite levels correlating
with CSF AR pathology and/or lower brain glucose uptake in both sexes.

For many of the metabolites with different effects for the sexes, we additionally observed
significant effect heterogensity betwesn carriers and non-carriers of the APOE ¢4 allels,
suggesting intertwined modulation of metabolic effects by sex and APCE genciype. Indeed, two-
fold stratification revealed metabolite associations that were either driven by or even specific o
the group with presumably highest risk, APOE £4 carrying females. Qur resulis, thus,
demonsirate the importance of stratified analyses for getling insights into metabolic underpinnings
of AD that ars seemingly restrictad {0 a specific group of paiients.

The metabolites showing effect helerogeneity across AD biomarkers in this study highlight
sex-specific dysreguilations of energy metabolism (acylcamitines C2, C5-DC/CB-0OH, C8, C10 and
C16:1 for lipid-based energy metabolism [64], amino acids valine, glycine, and proline as markers
for glucogenic and ketogenic energy metabolism [65-67]), energy homsosiasis (asparagine,
glycing, proline, and histidine [66-70]}, and (meiabolic/nuirient) siress response (threonins,
proline, histidine [87, 68, 71])

While these pathways have been linked to AD before, our work
presents first evidence and molecular readouts for sex-related metabolic differences in AD.

For instance, in our previous report, we discussed the implication of falling lipid energy
metabolism in the context of AD biomarker profiles, starting at the stage of pathological changes

in CSF tau levels [44]. Ths current study now provides further insights in this topic, marking this
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finding to be predominant in females. Mors specifically, we observed a significant female-spacific
association of higher levels of acylcarnitine C10 with increased lavels of CSF p-tau, with two other
metaboliles of this pathway (C8 and CA-DC/CS-CH) narrowly falling short of meeling the
Bonferroni threshold. This indicates a sex-specific buildup of medium-chain fatly acids in females,
suggesting increased energy demands coupled with impaired energy production via mitochondrial
beta-oxidation [84].

Interestingly, the significant heterogeneity of association results between sexes for CSF
p-tau and glycine, with higher levels of glycine being linked to higher levels of CSF p-tau in men,
indicates that energy demands are squally upregulated in males as in females. In conirast {o
women, men, however, appear io compensate this demand by upregulation of giucose energy
metabolism as glycine is a positive marker of active glucose metabolism and insulin sensitivity
[66]. Findings for acylcarnitines in females are further contrasted by the observed male-specific
association of higher levels of the long-chain acylcarnitine C16:1 with decreased brain glucose
uptake, which might indicate that in males there is a swilch to provision of fatly acids as alternative
fusi when glucose-based energy metabolism is less effective. As we did not observe the buildup
of medium- and shorl-chain acylcarnitines as seen in females, we assume that, in males, energy
production via mitochondrial beta-oxidation may be sustained, at least in early disease.

Evidence corroborating sex-specific processes in energy homeostasis linked to changes
in CSF p-tau levels is provided by the significant heterogeneily estimatss for histidine with lower
levels of histidine being linked to higher levels of C3F p-tau in women. Depletion of histidine has
been shown {0 be associated with insulin resistance, inflammatory processes, as well as oxidative
stress, especially in women with metabolic dysregulation [68, 69].

We further identified a helerogenecus association of valine with lower levels in females (P
< (.05}, but not in males, with AB..4; pathology. Valine, a BCAA and important energy carrying
malecule, has been reported o be associated with cognifive decline and brain atrophy in AD, as
well as with risk for incident dementia [41, 44]. The lower levels observed in AD are in conirast
to other complex phenotypes such as type 2 diabeles, insulin resistance, or obesily [65, 72],
where higher levels of BCAAs are found, and may indicale a swilch 1o increased snergy
consumption via degradation of amino acids in AD. A recent study highlighted decreasing levels
of valine as being significantly associated with all-cause mortality [73]. Besides implications for
energy metabolism, results from our study may thus characterize lower levels of valine also as a
marker for increased female vulnerability to pathogenic processes in general and to -amyloidosis

in AD in particuiar.
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The higher effect size of genetic risk for AD exerted by the APCE ¢4 alisle in females
compared to males still awaits molecular elucidation. Here, we tried (o elaborate on potential
interrelated risk predispositions from a metabolomic point of view. We therefore investigated if
APOE4 status may also modulate metabolic readouts of AD-linked A-T-N biomarker profiles
identified in sex-centered analyses. We found that indeed the majority (68.8%) of observed
associations betwesn melabolites and AD biomarkers shows significant heterogensity between
APOE4 staius groups.

Notably, the full set of metabolites vyielding significant effect heterogeneity when
comparing APOE s4-carriers vs. non-carriers {(C8, C10, giycing, proline, and valine) also showed
significant heterogeneity estimates in the sex-stratified analyses. We therefors applied two-fold
stratification by sex and APOE4 status (o ideniify potential interactions between both variables
{FIG. 5A~U)). This analysis revealed several associations that showed Bonferroni significance in
the group with presumably the highest AD risk, namely APOE4+ females. One of those, the
significant association of higher proling levels with reduced brain glucose uplake, was not
observed in any of the three other strata, in the one-fold stratifications, or in the full sample,
emphasizing the value of more fine-granular stratified analyses as proposed here.

The heterogeneity of metabolile effects identified in our study might, in parl, explain
inconsistencies (e.g., [74] vs. [75]) in associations of metabolites and AD reported in different
studies (e.g., if sex and AFOE genotype are distributed differently and sample sizes are small).
Besides the heterogeneous, sex-specific effscts observed for metabolite associations with CSF
ABi_s; and FDG-PET biomarkers, we also found associations of these biomarkers with
metabolites that showed the same effecis in women and men. In particular, phosphatidylcholines
that presumably contain two long-chain fatly acids with, in tolal, 4 or 5 double bonds (PC as
C44.4, PC ae C44.5) were significant for both AD biomarkers. Such homogeneous metabolite
associations would be expected {0 replicate well across studies.

To test this assumption in an independent sample, we performed & targeted analysis using
the three PCs associated with CSF AR pathology in 86 serum samples of subjects in the
ROS/MAP cohorts: all three associations were Bonferroni significant (PC ae C44.4 - P =373 =
107% PC ag C44:5-P = 1,15 x 107% PC ae C44:6 - P = 3.28 x 107%) in ROS/MAP with consistent
effect directions. Of note, in ROS/MAP, we used a different measure of amvloid pathology (lotal
amyloid load in the brain), which is known {0 be inversely correlated with CSF AR_q levels [76].
This inverse relationship was mirrored by metabolite effect estimates. These resulls provide

gvidence for homogeneous associations {o be relevant across cohoris.
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We were able to show that for the majority of the non-homogeneous findings reported
(60%), the interaction term betwssen metabolile levels and sex were also significant in the pooled
analysis. When siratifving by APOE4 status, this was true for an even higher fraction of cases
{72.7%). This provides an additional line of support for the conclusions drawn in this work.

Effect heterogeneily between subgroups linked o energy metabolism as reported in this
study has ssveral important implications for AD research. First, this helerogeneity could explain
inconsistencies of metabolomics findings between siudies as observed for AD if parlicipants
showed different distributions of variables such as sex and APOE g4 genotype. Second, pooled
analysis with modsl adjustment for such variables as iypically applied for sex can mask
subsiantial effects that are relevant for only a subgroup of people. This is also frue for
combinations of stratifying variables as we demonstrated for the association of proline with brain
glucose uptake in female APOE ¢4 cariers. As a consequence, drug trials may be more
successful if acknowledging between-group differences and targeting the subgroup with the
presumably {argest benefit in their inclusion criteria. For ensrgy metabolism in particular, group-
spacific dietary interventions precisely fargeting the respective dysfunctional pathways may pose

a promising alternative to de novo drug development.
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CLAIMS

What is claimed:

1. A method for stratifying Alzheimer’s disease among male and female subjects, the method
comprising:
determining in a sample from the subject the level of at least one biomarker metabolite
selected from the group consisting of PC ae C44:4, PC as C44:5, PA ae C44:6,
PC aa C32:1, PC aa C32:0, and PC ae C42:4; and
diagnosing the subject as having Alzheimer's disease or an increased risk of Alzheimer's
disease when the level of the al isast one biomarker metabolite in the sampie from

the subject is different from or greater than the level in & control.

2. The method of claim 2, wherein the biomarker metaboliles are selected from PC ae C44:4,
PC ae C44:5, and PA ae C44.8.

3. The method of claim 2, wherein the biomarker mstabolites are selected from PC ae C44.4,
PC ae C44:5 PC aa C32:1, PC aa C32:0, and PC ae C42:4.

4. A method of diagnosing or detecting Alzheimer's disease in a male subject, the method
comprising:
determining in a sample from the subject the level of at least one biomarker metabolite
selected from the group consisting of PC ae C32:1, threonine, PC ae C36:1, PC
ae C36:2, asparagine, giycing, one hydroxy-SM (BM (OH) C16:1), PC ae C40:2,
and C16:1; and
diagnosing the subject as having Alzheimer's disease or an increased risk of Alzheimer's
disease when the level of the at least one biomarker metabolite in the sample from

the subject is different from or greater than the level in a control.

8. The method of claim 4, wherein the biomarker metabolites comprise PC ae C32:1.
8. The method of claim 4, wherein the biomarker metabolites comprise threonine.
7. The method of claim 4, wherein the biomarker metaboliles are selected from PC ae C36:1,

PC ae C356:2, asparagine, glycing, and ong hydroxy-3M (8M (OH) C16:1).
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The method of claim 4, wherein the biomarker metaboliles are selected from PC ae C48:2
and C16:1.

The method of claim 4, wherein the biomarker metabolites comprise C16:1.

A method of diagnosing or detecting Alzheimer's disease in a female subject, the meathod

comprising:

determining in a sample from the subject the level of at least one biomarker metabolite
selected from the group consisting of C5-0C (C6-0OH), €8, C10, C2, valing, proline,
and histidine; and

diagnosing the subject as having Alzheimer's disease or an increased risk of Alzheimer's
disease when the level of the at least one biomarker metabolite in the sample from

the subject is different from or greater than the level in a control.

The method of claim 10, wherein the biomarker melabolites comprise valine.

The method of claim 10, wherein the biomarker metabolites are selected from C5-DC (CB-
OH), €8, C10, C2, and histidine.

The method of claim 10, wherein the biomarker metabolites comprise proline.

The method of claim 10, wherein the biomarker metabolites comprise C10.

A method of diagnosing or detecting Alzhsimer's dissass in an APOE &4 carrier subject,

the method comprising:

determining in a sample from the subject the level of at least one biomarker metabolite
selected from the group consisting of PC ae C44.6, PC ae C44:4, PC ae C44:5,
and PC ae C42:4; and

diagnosing the subject as having Alzheimer's disease or an increased risk of Alzheimer's
disease when the level of the at least one biomarker metabolite in the sample from

the subject is different from or greater than the level in a control.
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18. A method of diagnosing or delecting Alzheimer's disease in an APCE ¢4 non-carrier
subject, the msthod comprising:
determining in a sample from the subject the level of the biomarker metabolite C10; and
diagnosing the subject as having Alzheimer's disease or an increased risk of Alzheimer's
disease when the level of the biomarker metabolite in the sample from the subject

is different from or greater than the level in a control.

17. A method of diagnosing or detecting Alzheimer’s disease in a female APOE &4 carrier
subject, the method comprising:
determining in a sampie from the subject the level of al least one biomarker metabolits
sslected from PC ae C42:4, PC ae C44:5, PC ae C44:8, C10, and proline; and
diagnosing the subject as having Alzheimer's disease or an increased risk of Alzheimer's
disease when the level of the at least one biomarker metabolite in the sample from

the subject is different from or greater than the level in a control.

18. The method of any of claims 1-17, wherein the sample from the subject comprises whole

bicod, serum, plasma, or cerebral spinal fluid (CSF).

19. The method of any of claims 1-18, the method further comprising administering to the

subject a treatment for Alzheimer’s disease.

20. The method of any of claims 1-19, wherein the control sample is taken from a subject or

population of subjects with normal cognition.
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