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Age and the &4 variant of the apolipoprotein E gene (APOE €4) are two major drivers of Alzheimer’s disease (AD). APOE is also the
major determinant of longevity. How age and APOE interact in the development of AD is largely unknown. In this study we
integrate metabolomics (N = 274,259) and proteomics (N = 54,219) data in plasma from the UK Biobank with the metabolomics
(N=514) and proteomics (N = 618) data in brain from the Religious Orders Study and the Rush Memory and Aging Project
(ROSMAP) to understand the interplay of age, APOE €4 and metabolome in the development of AD. We find that levels of
B-hydroxybutyrate (BHBA) and branch-chained amino acids (BCAAs) are dysregulated in plasma and brains of AD patients. APOE €4
carriers manifest significantly higher plasma concentration of BHBA that is detectable as early as 37 years of age and remains high
throughout the studied age range of 37-73 whereas the plasma concentrations of BCAAs decline in APOE €44 carriers after the age
of 58 years. Proteomic signatures of APOE €4, BHBA and BCAAs suggest downregulation of lysosome, immune and insulin-like
growth factor (IGF1) transport/uptake pathways in plasma, and downregulation of the tricarboxylic acid (TCA) cycle, neurexins/
neuroligins and clathrin-mediated endocytosis pathways in brain. Our data identifies two major shifts in metabolism occurring
decades apart over the age course in AD in APOE €4 carriers. These include early ketogenesis that manifests around late 30 s and
gluconeogenesis, which manifests around the age of 60 years.
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INTRODUCTION

Alzheimer’s disease (AD) is characterized by a metabolic shift that
occurs in the brain as well as in blood [1]. Metabolomic signatures
in the blood involving ketone bodies, branched-chained amino
acids (BCAAs), glucose, triglycerides, fatty acids, carnitines, and
altered lipid metabolism have been consistently associated to the
risk of dementia across studies [2-6]. Blood metabolites may
capture the dynamic interplay between the disease processes in
and outside the brain and the adaptive mechanisms that occur
during the development of dementia and may thus predict the
risk and progression of disease [5]. However, beyond prediction,
from a biological perspective the relationship between the
metabolism in the brain and blood is far from understood. While
some of the metabolic changes seen in patients may reflect the
disease process, others may be epiphenomena of the complexity
of dementia. For example, the 10 years period before the onset of
dementia is characterized by anxiety, depression, and weight loss

[7, 8]. The latter is a major determinant of blood metabolite levels
and may explain in part the metabolic changes seen in
Alzheimer’s patients and those with other types of dementia.

The risk for late-onset AD is largely determined by age and the
epsilon 4 (e4) variant of the apolipoprotein E gene (APOE) [9]. The
effects of age and APOE are intertwined, with APOE being a major
determinant of longevity [10, 11]. Study of aged transgenic APOE
£4* mice showed bioenergetic deficits in the brain that involve the
TCA cycle at old age [12]. A gap in our knowledge is whether APOE
is involved in the TCA cycle in humans and how APOE's
longitudinal interaction with age influences overall blood meta-
bolic signature. Studies of metabolites influenced by APOE over
the life course in large population-based studies may help to
disentangle the role of APOE in aging. Integrating metabolomic
and proteomic signatures in blood and brain may shed light on
the pathways that can explain the pattern of metabolic changes in
future dementia patients.
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In this study, we aim to understand the relationship between
metabolic signatures of AD and its early endophenotypes in
plasma and brain. To this end, we integrated the data of 274,259
randomly selected participants from the UK Biobank, who were
characterised for 172 metabolites assessed by proton nuclear
magnetic resonance ("H-NMR), with that of 516 participants of the
Religious Orders Study and the Rush Memory and Aging Project
(ROSMAP). We use Mendelian Randomization (MR) to infer
whether disease-associated metabolites are a cause or a
consequence of the disease process. For the metabolites
confirmed with MR, we study the relationship across the APOE
genotypes over age in plasma in non-demented individuals. To
elucidate the molecular mechanisms underlying the metabolic
shift observed in AD we identify proteomics pathways involving
dysregulation of the metabolites in plasma and brain tissue and
compare those to the proteomics pathways disrupted in APOE &4
in plasma and brain.

MATERIAL & METHODS

Study design and participants

We performed a prospective, population-based cohort study
based on the UK Biobank dataset [13], which comprised more
than 500,000 participants aged from 37 to 73 years at recruitment
(2006 to 2010). Among them, a random subset of 274,259
individuals was characterized using the high-throughput 'H-NMR
metabolomics (Nightingale Health, Helsinki, Finland) platform. The
participants were registered with the UK National Health Service
and from 22 assessment centres across England, Wales, and
Scotland using standardized procedures for data collection, which
included a wide range of questionnaires, anthropological mea-
surement, clinical biomarkers, genotype data, etc. The imaging
data were collected during the third instant follow-up with ~50 K
subjects. The participants’ hospital inpatient records and death
registration were obtained and updated frequently. The updated
data until September 2020 were used to define incident diseases
in the current study. Further detail on the rationale, study design,
survey methods and data collection are available elsewhere [13].
The current study is a part of UK Biobank projects 30418
and 61054.

Brain tissue used in this study was obtained from the autopsy
collections of ROSMAP [14], which is a longitudinal cohort study of
aging and dementia in elderly nuns, priests, brothers and lay
persons. Brain tissue used in this study was obtained from the
autopsy collections under brain donation programs with standar-
dized protocol [14, 15]. Tissue was from the dorsolateral prefrontal
cortex (Brodmann Area 9 where available). The postmortem
neuropathological evaluation, extent of spread of neurofibrillary
tangle pathology and neuropathologic diagnoses were made in
accordance with established criteria and guidelines [16].

Definitions of dementia and its related endophenotypes

UK Biobank. We defined incident dementia and the major
subtypes and onset date based on the previous outcome
adjudication guidelines in UK Biobank. In brief, the diseases were
based on the primary care or the ICD codes from hospital
admission electronic health records in the primary or any
secondary causes and/or death register. The earliest recorded
code date of diseases was used as the date of disease diagnosis.
Prevalent cases were defined as the participants with the disease
diagnosis date earlier than the first assessment date, reported in
the first time self-reported illness. They were excluded from the
analysis. The censor date was defined by either the first recorded
date of dementia, death date or the end of the digital recording
date, whichever happened first. Two baseline variables of
cognitive function were used based on previous publication
[171: (1) fluid intelligence score based on the unweighted sum of
the number of correct answers given to the 13 fluid intelligence
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questions (field 20016), and (2) reaction time based on mean time
to correctly identify matches in the cognitive test (field 20023).
The magnetic resonance imaging (MRI) was captured on the
median 9.3 years after the collection of the blood samples for the
NMR measurements. Four Alzheimer’s disease related brain MRI
regions (average of left and right sides) were selected, including
volumes of the entorhinal cortex (fields 26793 & 26894) and
hippocampus (fields 26562 & 26593) from the T1 structural brain
MRI, and fractional anisotropy (fields 25494 & 25495) and mean
diffusivity (fields 25521 & 25522) in the parahippocampal part of
the cingulum from diffusion MRI.

ROSMAP. In ROSMAP, we studied two direct neuropathological
variables, including overall amyloid levels and the levels of tangle
density, which were measured as the mean of the eight brain
regions tested. Three derived neuropathological variables were
calculated: global neuropsychiatric scores based on the summary
of AD pathology derived from counts of three AD pathologies:
neuritic plaques, diffuse plaques, and neurofibrillary tangles; AD
diagnosed based on the National Institute on Aging (NIA) Reagan
score [18], and neuropsychiatric diagnosis based on Braak and
CERAD scores [19]. More details on the study are available on the
website of Rush Alzheimer's Disease Center website (RADGC;
https://www.radc.rush.edu/). All subjects gave informed consent.

Covariates used in UK Biobank

The general covariates considered in the analysis included
baseline age (field 21022), sex (field 31), body mass index (BMI,
field 21001), fasting time (field 74), assessment center (field 54),
spectrometer (field 23650), ethnicity (field 21000), smoking status
(field 20116), alcohol intake frequency (field 1558), education (field
6138) and medication use (field 20003) from the verbal interview.
Medication status was based on the medication codes collected
from the verbal interview which were coded to Anatomical
Therapeutic Chemical (ATC) codes [20]. The medications con-
sidered in the covariates were selected based on our previous
publication [21], including five anti-hypertensives (C08, C09, C07,
C03 and C02), anti-diabetes (metformin and other anti-diabetes
under A10), lipid-lowering drugs (C10), digoxin (COTAA), antith-
rombotic (BOTAC06), proton pump inhibitors (PPI, A02BC), and
also 18 drug categories involved in the central nervous system
based on 4 digits of the ATC codes.

Genotype measurement in UK Biobank

UK Biobank genotyping was conducted by Affymetrix using a
bespoke BIiLEVE Axiom array for ~50K participants and the
remaining ~450 K on the Affymetrix UK Biobank Axiom array. As
the two arrays are broadly comparable with over 95% overlap in
assessed gene variants, they were combined. Genetic data was
phased prior to imputation with SHAPEIT3 followed by imputa-
tions using IMPUTE2. Details on genetic imputations are provided
elsewhere [22]. The APOE gene (alleles APOE €2, APOE €3, APOE €4)
was directly genotyped and defined by 2 single-nucleotide
polymorphisms (SNPs), rs429358 and rs7412. Detailed information
on the genotyping process and technical methods are available
on the UK Biobank website.

Metabolites and proteomics measurement

UK Biobank. The metabolites in UK Biobank were measured in
plasma of ~280,000 participants using targeted high-throughput
H-NMR metabolomics platform (Nightingale Health Ltd; biomarker
quantification version 2020) [23] which includes 249 metabolite
measures simultaneously quantified. They include clinical lipids,
lipoprotein subclass profiling with lipid concentrations within
14 subclasses, fatty acid composition, and various low-molecular-
weight metabolites such as amino acids, ketone bodies and
glycolysis metabolites quantified in molar concentration units. The
data obtained from the baseline sampling were used. For the
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samples with multiple measurements at baseline, one of the
values was extracted at random. A natural logarithm transforma-
tion of each metabolite was performed after the zero values were
replaced by the lowest value except for zero. In the current study
we did not analyse the lipoprotein ratios so in total 172
metabolites were tested for association.

Proteomic profiling of 54,219 participants from the UK Biobank
was carried out for protein analytes measured via the Olink
Explore platform that links four Olink panels (Cardiometabolic,
Inflammation, Neurology, and Oncology). UK Biobank Olink data
are provided as Normalized Protein eXpression (NPX) values on a
log2 scale. Details on sample selection, processing, and quality
control are provided elsewhere [24].

ROSMAP. Metabolomic data used in the current study was
generated in 514 samples with fresh frozen brain tissue -
dorsolateral prefrontal cortex (DLPFC) using Metabolon Precision
Metabolomics platform which used an ultrahigh performance
liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)
system (Metabolon, Inc., Morrisville, USA). Details of metabolomic
assessments are provided in the supplement and also available in
previous publications [25, 26].

The tandem mass tag (TMT) isobaric labelling mass spectro-
metry method was used to measure the protein abundance from
cortical microdissections of the DLPFC of 618 individuals from
ROSMAP [27]. Before TMT labelling, individuals were randomized
by covariates (such as age, sex, PMI and diagnosis), into batches
(eight individuals per batch). MS/MS (MS2) and SPS-MS3
techniques were used for 45 and five TMT batches via the
Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific),
respectively. The results were normalized and log2-transformed.
Details on sampling, proteomics quantification and quality control
are provided in the supplement and elsewhere (https://
www.synapse.org/#!Synapse:syn17015098).

Statistical analysis
All analyses were performed in R statistical software (version 4.3.1)
and the two-tailed test was considered.

Metabolite association analysis. In the UK Biobank, we used a Cox
proportional hazards models to estimate the relationship between
the metabolite levels at baseline and the risk of incident
dementia/AD/VAD during the follow-up. Individuals who were
younger than 60 years old at the time of recruitment were
excluded from this analysis to make sure cox proportional model’s
assumptions are not violated. A false discovery rate (FDR) of 0.05
was used to identify significance. For the association analysis, we
adjusted for a number of covariates including age, sex, BMI,
fasting time, smoking status, alcohol intake frequency, education,
ethnicity, physical activity, assessment centre, spectrometer, and
27 drugs which were previously found to be associated with the
majority of the Nightingale metabolites [21].

We further tested the association of metabolites with early
endophenotypes of AD (fluid intelligence, reaction time, hippo-
campus volume, entorhinal cortex volume, fractional anisotropy
and mean diffusivity in the parahippocampal cingulum). Endo-
phenotypes were modelled as independent variables in a linear
regression model adjusted for the same confounders as in the
analysis of dementia. Since metabolite spectra may change as a
consequence of disease, these analyses were performed in the
participants who were free of dementia by the end of the follow-
up. Following the protocol from UK Biobank, the head size and all
the head position coordinates and imaging site were also adjusted
for when analysing brain imaging data.

Mendelian randomization (MR). MR analyses were performed

using the ‘TwoSampleMR’ library of the R software (version 4.3.1).
Genetic instruments for AD were extracted from the publicly
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available Genome-wide association study (GWAS) of clinically
diagnosed AD by Kunkle et al. [28]. The instruments for the
metabolites were extracted from the largest GWAS of nightingale
metabolites by Richardson et al. [29]. Default settings were used to
identify genetic instruments, i.e., p-value < 5*10° and r2 < 0.001.
Steiger test for directionality was used to elucidate causal
direction.

The role of age and APOE on metabolite levels. To determine the
impact of age on metabolites (BHBA and BCAAs) across APOE
genotypes, we calculated mean levels of metabolites per 6-year
age bin across the full age range (37 to 73 years) in non-demented
individuals (excluding both prevalent and incident cases of
dementia). Difference between means was tested using T-test
for the differences of means. A sensitivity analysis was performed
in healthy population, excluding all known cases of non-
communicable diseases by the end of the follow-up. Further, an
age-of-onset association analysis using linear regression analysis
adjusted for age at recruitment and sex was performed within
APOE €4 carriers to test if the metabolites were associated with
age-of-onset among patients.

Proteomic signatures of APOE, BHBA and BCAAs and pathway
analysis

UK Biobank (plasma): Proteomic signatures of APOE, BHBA and
BCAAs were constructed in non-demented individuals using a
linear regression model adjusting for age, sex and plate. Multiple
testing correction was performed using the Benjamini-Hochberg
FDR correction. Pathway analysis of significant proteins was
performed using the STRINGS database.

ROSMAP (brain): Proteomic signatures were constructed in the
brain in all individuals for which there was data on proteomics and
metabolomics available (N=312). Linear regression analysis
adjusted for sex was used to perform the association analyses
with proteins. Multiple testing correction was performed using the
Benjamini-Hochberg FDR correction. Pathway analysis of nomin-
ally significant proteins was performed using the STRING
database.

RESULTS

Metabolome-wide association of dementia and its
endophenotypes

Table 1 summarizes the characteristics of the 119,419 participants
included in the metabolome-wide association analysis after
exclusions (age <60 years). During follow-up time until June
2023 (mean follow-up years = 12.4), 3344 participants developed
dementia, including 1,582 diagnosed with AD and 878 with
vascular dementia (VAD). 85 of the 172 metabolites were
significantly associated with all-cause dementia (FDR < 0.05)
adjusting for ethnicity, age, sex, fasting time, BMI, smoking status,
alcohol intake, education, 27 medications for various chronic
conditions, assessment centre, fasting time and spectrometer
used for the NMR measurements, (Supplementary Table 1). These
include increased levels of various large and very large high
density lipoprotein (HDL) subfractions, intermediate density
lipoproteins (IDLs), sphingomyelins and 3-hydroxybutyrate (BHBA,
3-hydroxybutyrate) and decreased levels of various fatty acids,
triglycerides, very low density lipoprotein (VLDL) subfractions, and
the branched-chain amino acids (BCAAs) valine, leucine, and
isoleucine. 77/172 were significantly associated with AD. These
included 65 that were significantly associated with dementia and
an additional 12 mainly consisting of increased levels of low-
density lipoprotein (LDL) subfractions (Supplementary Fig. 1).
Association of BHBA was stronger with AD (Beta=0.16, FDR =
7.2¥107°%%) compared to all-cause dementia (Beta = 0.098, FDR =
2.1*10°%). VAD showed a slightly different metabolomic
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signature associating with only 36/172 metabolites, of which 16
overlapped with dementia and AD (Supplementary Table 1,
Supplementary Fig. 1). Figure 1 shows that all-cause dementia and
AD strongly cluster while VAD clusters more weakly, failing to
associate to the BCAAs leucine and isoleucine, BHBA, HDL levels,
triglyceride and phospholipid levels in various lipid particles and
most VLDL particles. VAD appears to be unique associated to high
levels of apolipoprotein B, (large) LDL concentration, phospholi-
pids in very large high-density lipoprotein (HDL), and total,
remnant and free cholesterol and low albumin levels. Sensitivity
analysis (performed for AD) by additionally removing all prevalent
and incident cases of CVD, diabetes, and kidney and liver diseases
did not influence the results (Supplementary Table 2, Supplemen-
tary Fig. 2).

When comparing the metabolomic signatures of dementia with
that of its early endophenotypes including volumes of hippo-
campus and entorhinal cortex, fractional anisotropy (FA) and
mean diffusivity (MD) in parahippocampal cingulum, fluid
intelligence and reaction time in dementia-free individuals, results
were overall consistent for VLDL subfractions, triglycerides, BCAAs
and fatty acids (Fig. 1). Also consistent with the findings for
dementia, high levels of BHBA were significantly associated with
lower fluid intelligence (Beta=—0.06, FDR = 1.6¥1071°, Supple-
mentary Table 3) and increased reaction time (Beta=1.26,
FDR = 2.4*107%). For HDL, LDL and IDL subfractions results were
inconsistent between dementia and its early endophenotypes in
direction of the effect estimates (Fig. 1). Taken together, our
findings suggest that the metabolic shift occurs several years prior
to the diagnosis of dementia. However, as the disease process is
insidious in the prodromal stage for most dementias, we cannot
exclude that the metabolic shift is a consequence of an early
phase of the disease.

Inferring causal direction with Mendelian Randomisation (MR)
We used MR to infer whether the metabolic shift we observed is
upstream or downstream of the disease process. MR was only
possible for AD, which is well characterized genetically. At present,
data on genetics of VAD does not allow a reliable MR. Results of
MR for AD suggest that changes in metabolite levels of BHBA and
BCAAs (valine, leucine and isoleucine) (Supplementary Table 4) are
downstream of the disease process. Other metabolites that
showed significance in MR were inconsistent in the effect
direction with the association results and hence were excluded
from further analyses. There was no significant evidence for any of
the metabolites that they are causally associated to AD. The
sensitivity analysis shows that the results for BHBA are only driven
by the APOE locus (rs429358/rs7412) (Supplementary Fig. 3), which
is the key instrumental variable for both AD and BHBA. However,
the test for horizontal pleiotropy was not significant (Supplemen-
tary Table 5) and the Steiger test for directionality suggests that
high plasma concentration of BHBA is a consequence of the
disease process (Supplementary Table 6).

The interplay between APOE, age, BHBA and BCAAs

To further investigate the relationship of BHBA and BCAAs in
plasma with APOE over the lifetime, we determined the mean
concentrations of these metabolites across APOE genotypes and
age groups in the UK Biobank population who did not develop
dementia during follow-up (n = 268,368; age ranging from 37 to
73 years, Fig. 2). Plasma levels of BHBA increase with age across all
the APOE genotypes (Fig. 2). However, BHBA levels in the APOE €44
and €24/€34 carriers were significantly higher compared to the
non-carriers across all age groups (Fig. 2, Supplementary Table 7).
Since APOE is a pleiotropic gene with effects on several other
diseases that occur in midlife, early differences in the concentra-
tion of BHBA across different APOE genotypes may also be
attributed to these midlife diseases. However, a sensitivity analysis
excluding all incident and prevalent cases of non-communicable

SPRINGER NATURE

diseases showed the same pattern for BHBA (Supplementary Fig.
4) and the differences in BHBA concentration across the APOE
genotypes remain significant. Taking together this finding with
that of the MR suggests that high plasma levels of BHBA may be
an early marker of AD and detectable as early as in the late 30s.

For BCAAs (valine, leucine and isoleucine), their levels increase
until age 58 and do not significantly differ across the age groups
between the carriers and non-carriers of the APOE &4 allele (Fig. 2,
Supplementary Table 8). Of note for BCAAs is that after an age of
60, a sharp (significant) decline in APOE €44 carriers is observed
(Fig. 2), suggesting that BCAAs change as part of the aging
process. Combining the trends over age and by APOE genotypes
with the results of MR suggest that changes in BCAAs are most
likely a later consequence of dementia than the changes in BHBA.
In line with these findings, increase in the levels of BHBA was
significantly associated with lower age-of-onset (B=—2.48, p-
value =3.6*10"%) and higher levels of valine (8=6.09, p-
value = 9.3*107%), leucine (8=8.61, p-value =4.9*10"%) and
isoleucine (B=11.77, p—value:6.7*10’°5) were associated with
higher age-of-onset among APOE €4 carriers.

Comparing proteomic signatures of APOE €4, BHBA and
BCAAs in plasma

To understand the interplay between the APOE gene, BHBA and
BCAAs in plasma, we identified proteomic signatures of APOE €4
and compared these with the proteomic signatures of BHBA and
BCAAs in non-demented individuals in the UK Biobank. There
were 257/2923 proteins significantly associated (FDR < 0.05) with
APOE €4, of which 180 were downregulated and 77 were
upregulated (Supplementary Table 9). The downregulated pro-
teins were enriched in pathways involved in the regulation of
insulin-like growth factor (IGF) transport and uptake (Reactome;
FDR < 4.9¥107%), immune system (Reactome; FDR < 1.5¥107 %),
and lysosome (KEGG; FDR = 2.9*10 '®) among several others that
were less significant (Supplementary Table 10). Of these, IGF
transport/uptake and the immune system were also involved in
the upregulation of plasma BHBA and downregulation of BCAAs
(Supplementary Tables 11 and 12, Supplementary Figs. 5 and 6),
with immune system (FDR = 5.2¥10"°%), more specifically invol-
ving neutrophil degranulation (6.6*1072%) being much more
significant in the upregulation of the plasma levels of BHBA.
Further, upregulated BHBA associated proteins in plasma were
also significantly enriched in the lysosome pathway (KEGG;
FDR = 1.4*10~%) (Supplementary Fig. 6). Looking into the cellular
localization, the APOE e4-downregulated proteins were enriched
in extracellular region (FDR=2.1*10"*"), lysosome (FDR=
7.9%107'®) and azurophil granules (FDR = 4.8%*10%%) (Supplemen-
tary Fig. 7). All three cell components were also significantly
enriched with proteins that were associated with increased levels
of BHBA in plasma, while the proteins associated with low
concentration of BCAAs were enriched in extracellular region,
vesicle, cell surface and plasma membrane.

Proteins that were upregulated in APOE €4 carriers in plasma
were not enriched in any specific pathway (Supplementary Table
13). Proteins that were downregulated with increased plasma
BHBA concentration were involved in glycosaminoglycan binding,
heparin binding, vitamin digestion and absorption, nitrogen
metabolism and neurogenesis among several other pathways
(Supplementary Table 14). Proteins that were upregulated with
high levels of BCAAs (valine) were enriched in pathways involved
in the immune system, platelet activation, apopotosis and
lysosome among several others (Supplementary Table 15).

The two known proteomic markers of AD, i.e., neurofilament
light (NEFL) and glial fibrillary acidic protein (GFAP) were
significantly associated with BHBA (NEFL; beta=0.05, FDR=
6.1¥10"%7, GFAP; beta =0.086, FDR=25*10""7), valine (NEFL;
beta= —0.04, FDR=72*10"%°, GFAP; beta=-004, FDR=
1.0¥107%%), leucine (NEFL; beta = —0.05, FDR = 2.8*10 *¢, GFAP;
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Fig. 1 Heatmap illustrating the results of metabolome-wide association analysis. Z-scores from the association analyses are plotted. Red
colour indicates positive association and blue indicates negative association. Significant associations are marked as 0.01 < FDR < 0.05 (¥),
0.001 < FDR < 0.01 (**), 0.0001 < FDR < 0.001 (***) and FDR < 0.0001 (+++). MD mean diffusivity, FA fractional anisotropy.
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beta=—0.05, FDR=1.2*10""3) and isoleucine (NEFL; beta=
—0.04, FDR=7.3*10"2", GFAP; beta = —0.07, FDR = 1.5*10"°")
(Supplementary Table 9). These findings are consistent with their
association with AD.

APOE €4, BHBA and BCAAs and AD related pathology in

the brain

We next studied association of BCAAs and BHBA with AD and AD
pathology in the brain tissue from the ROSMAP study. In the brain,
high valine levels were significantly associated with varying AD-
related pathological changes, including tau pathology as mea-
sured with the Braak stage (beta =0.60, p = 2.9 X 103), neuritic
plaques based on the Consortium to Establish a Registry for
Alzheimer's Disease (CERAD) score (beta=0.79, p = 2.0¥10~ %),
and AD, (beta=1.44, p=9.1*10"%%. Other BCAAs (leucine and
isoleucine) showed a similar pattern of association. Low levels of
BHBA were significantly associated with Braak stage (beta=
—0.05, p=7.3*10"%) but not with amyloid pathology (Supple-
mentary Table 16). When stratified by the APOE genotypes, APOE
£44 exhibit lower levels (albeit not significant) of BHBA and higher
levels of BCAAs compared to non-carriers and heterozygous
carriers (Fig. 2), which is in the opposite direction compared to the
observations in the plasma.

Proteomic signatures of APOE, BHBA and BCAAs in the brain
To understand the interplay between the APOE gene, BHBA and
BCAAs in the brain, we first identified the proteomic signatures of
APOE, BHBA and BCAA in the brain. Using the proteomic
signatures, we then identified molecular pathways involved in
up-/downregulation of these metabolites in the brain and
compared those with the pathways differentially regulated in
APOE €4 carriers (Supplementary Table 17). Proteins that were
downregulated in the APOE €4 carriers in the brain tissue were
enriched in pathways including neurexins & neuroligins (Reac-
tome: FDR=24*10"%), TCA cycle (Reactome; FDR < 3.6*10%)
and clathrin-mediated endocytosis (Reactome; FDR = 2.3*10 %%
(Supplementary Table 18).

Proteins that were upregulated with high levels of BHBA in the
brain were significantly enriched in the mitochondrial translation
pathways (Reactome; FDR < 7.81*10'%; Supplementary Table 19),
while those involved in downregulation were enriched in
cholesterol metabolism (Reactome; FDR = 2.9*10~%%) and immune
system (Reactome; FDR =2.1*10"%; Supplementary Table 20).
Proteins that were upregulated with higher levels of BCAA (valine)
were enriched in immune system regulation (Reactome; FDR =
1.8#10" "% Supplementary Table 21) and those downregulated
were enriched in the processing of mRNA (Reactome; FDR=
2.5%10"%) and neurexin & neuroligins/synapse formation (Reac-
tome; FDR = 7.3*107%°) and clathrin-mediated endocytosis (Reac-
tome; FDR = 8.8%10%%) (Supplementary Table 22).

When compared with pathways up-/downregulated in APOE €4
carriers, downregulation of mitochondrial metabolism (Reactome;
FDR =3.6*10"") overlaps with BHBA, while downregulation of
neurexin & neuroligins/synapse formation (Reactome; FDR=
24*10°%) and clathrin-mediated endocytosis (Reactome; FDR =
2.3*107%% overlaps with that of valine.

Proteins involved in the transport of BHBA and BCAAs across
the blood brain barrier (BBB) and mitochondria

The inverse associations of BHBA and BCAAs in plasma and brain
may be explained by a dysfunction of the BBB. Therefore, we
investigated BBB and mitochondrial transporters for these
metabolites in relation to AD, MCl, and AD pathology in brain in
ROSMAP (Supplementary Table 23). The neuronal transporter of
BHBA MCT2 (SLC16A7) was marginally downregulated in the brain
in those with mild cognitive impairment (beta=—-1.63, p-
value =0.04). A similar trend was observed for AD and AD
pathology but was not significant. However, the BBB transporter
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of BHBA MCT1 (SLC16A1) was not differentially regulated in those
with MCI, AD or AD pathology. The BBB BCAA transporter LAT1
(SLC7A5) was significantly downregulated in the brain in AD
(beta = —3.61, p-value = 3.5¥107%%) and AD pathology including
amyloid (CERAD; p-value =5.01*10"%) and tau (Braak; p-value =
1.38*107%). For APOE €4, we found that SLC4A10 was significantly
downregulated. SLC4A10 is a sodium/bicarbonate cotransporter
which plays an important role in regulating intracellular pH [30],
and may contribute to the secretion of cerebrospinal fluid (by
similarity). In genome wide association studies, the gene encoding
the solute carrier is implicated in cortical thickness, hippocampal
and total brain volume, and cognitive function. Further, several
mitochondrial transporters (SLC25A6, SLC25A11, SLC25A27 and
SLC25A46) were marginally downregulated in APOE €4 carriers
and in AD pathology (Supplementary Table 23) while BCAA
transporter (SLC6A15) and mitochondrial glutamate transporter
(SLC25A13) were upregulated.

DISCUSSION

Combining data from 274,259 individuals from the UK Biobank
and the results of Mendelian randomisation, we find that early
pathology underlying AD leads to an increase in plasma levels of
BHBA and decrease in the levels of BCAAs (valine, leucine and
isoleucine). High plasma BHBA was significantly associated with
lower fluid intelligence and higher reaction time in non-demented
individuals and an increased risk of future AD and dementia.
Increased concentration of plasma BHBA in APOE £4" is seen
decades before the onset of dementia and remains high
throughout the studied age range of 37-73 years independent
of other comorbidities. We further find that plasma BHBA levels
associate with NEFL, a marker for neurodegeneration, and GFAP, a
marker for brain inflammation. These observations suggest that
high plasma BHBA could be an early marker of ongoing subclinical
AD pathology, which is paralleled by low levels in the brain. The
BCAAs were found to be decreased in persons at increased risk of
AD and dementia and associate with hippocampal volume, fluid
intelligence reaction time and fractional anisotropy. MR suggests
that plasma BCAAs decrease as a consequence of the subclinical
disease process. However, decline in BCAA concentration in the
plasma of non-demented APOE €44 carriers appears to start after
the age of 60, suggesting it to be a late(r) life consequence. In the
brain the association patterns are reverse, i.e.,, concentrations of
BHBA are decreased and those of BCAAs are increased along with
AD pathology. Proteomics analysis in plasma suggests that
downregulated proteins in APOE €4* localized in the lysosome
play a key role in the upregulation of BHBA while downregulated
proteins in APOE &4* that are enriched in IGF transport and uptake
and immune system pathways overlap with the differential
regulation of both BHBA and BCAAs in plasma. In brain, we find
strong evidence for downregulation of proteins involved in the
TCA cycle, neurexin & neuroligins/synapse formation, and clathrin-
mediated endocytosis in APOE 4", the latter two correspond
directly with upregulation of valine in the brain.

BHBA is a ketone body synthesized from fatty acid oxidation in
the mitochondria in the hepatocytes [31] and transported to the
brain via the BBB transporter MCT1 (SLC16A1) as an energy
substrate in the absence of glucose [32]. While astrocytes are also
ketogenic, most BHBA in the brain is supplied by the liver [32].
BHBA is considered as a more efficient energy source compared to
glucose, yielding more free energy per mole of oxygen to fuel ATP
production and fewer by-products of reactive oxygen species [33].
Since glucose metabolism is impaired in AD, ketogenic diets have
been shown to improve cognitive symptoms in those with mild
cognitive impairment or AD over a short period of time [34]. These
benefits, however, are limited to APOE €4 in both human and
animal studies [34]. In APOE &4* despite rise in the plasma
concentration of BHBA after ketogenic diet, no improvements in
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cognition have been observed in all intervention studies [34]. In
our study, we observed high plasma levels of BHBA in the
prospective AD patients, which is consistent with previous studies
[5, 6]. We further observed that BHBA levels were higher in APOE
£4" compared to APOE &4 across the age range of 37-73 even in
completely healthy individuals, which is consistent with decreased
brain glucose metabolism observed in healthy APOE &4*
individuals aged 20-39 with fluorodeoxyglucose positron emis-
sion tomography (FDG-PET) [35]. We also found that the BHBA
levels in the brain were low in AD pathology and in APOE &4*
(albeit not significant). This suggests impaired energy metabolism,
in particular glucose metabolism, in APOE €4* early on in life,
which triggers ketosis in the liver, producing ketone bodies to be
used as energy substrates. Under normal hypoglycemic circum-
stances increased plasma concentration of BHBA increases the
expression of MCT1 (SLC16A1) — mono carboxylate transporter of
the BBB - leading to a greater influx of the metabolite in the brain
[32]. However, in our study, we did not observe increased
expression of MCT1 in the brain. Together, these observations
suggest that increased plasma concentration of BHBA does not
lead to an increase in the brain levels in APOE 4" as one would
expect under normal hypoglycaemia, suggesting problems in the
uptake of BHBA at the BBB through a yet unknown mechanism.
This might explain why ketogenic diets were ineffective in
improving cognitive symptoms in APOE 4. Secondly, we
observed that higher plasma levels of BHBA were associated with
poorer fluid intelligence and reaction time in non-demented
individuals in our study. This finding is in contrast to the earlier
reported benefits of ketone bodies on cognitive function [34]. It
may be that there are short-term benefits of ketogenesis through
improved vascular functioning [36] but in the long-term, the risks
outweigh benefits [37, 38]. A question to answer is whether at
early age, high plasma levels of BHBA in APOE £4* are still
associated with high levels in the brain but that with aging there
develops a resistance preventing BHBA entry into the brain.
Besides being a secondary energy source, BHBA also acts as a
histone deacetylase inhibitor, modulating transcription and
translation of proteins involved in various physiological processes
[33], including altering the permeabilities of endothelium and
epithelium tissues to support pivotal processes and reducing the
activities of some high energy-consuming cells [33]. Ketogenic
diet has been associated with reduced gut microbial diversity and
composition, and an increase in the abundance of pro-
inflammatory bacteria [39], dysregulation of mitochondrial func-
tion, cardiac fibrosis and inflammation [40, 41]. Because of these
conflicting reports, ketone bodies have been termed as a “double-
edged sword” [33, 42]. Our own in-depth analysis of the proteomic
signatures of BHBA in plasma showed upregulation of several
molecular and biological processes including immune system,
hemostasis and lysosome, and downregulation of glycosamino-
glycan binding, nitrogen metabolism, vitamin digestion and
absorption and neurogenesis. Since an increase in the plasma
concentration of ketone bodies signals energy deficiency in the
body, it is intuitive to think that their elevated concentration will
lead the body to prioritise some vital functions at the cost of
others for energy conservation [33], which is acceptable for a short
period but undesirable in the long run as observed in APOE £4*. A
recent study in mice shows that ketogenic diet induces cellular
senescence in multiple organs by inducing p53 signalling through
adenosine monophosphate-activated protein kinase and increas-
ing p21 [43]. Given these observations, we hypothesise that
elevated levels of BHBA in plasma are an early consequence of the
disease process in AD modulated by APOE &4, which might
contribute to exacerbation of disease symptoms over time.
Reduced levels of BCAAs in the blood of AD patients are long
recognised [3, 44-48]. Nevertheless, an interesting novel finding of
this study is the distribution of BCAA concentrations in the
periphery across the age range. It shows a very different pattern
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compared to ketone bodies: the levels of valine increased with
age up to 58 years. After the age of 60, BCAA levels decline in all
APOE genotype carriers but the decline in APOE €44 is steeper and
significant. The negative association of BCAAs in the periphery
and dementia is independent from the effect of cardiometabolic
disorders, as diabetes, cardiovascular diseases and obesity, which
are associated with higher levels of valine in the periphery [49-53].
The decrease of BCAA levels after the age of 60 may be related to
weight loss observed for patients with AD before diagnosis of
disease [54]. When glucose cannot be used as an efficient energy
source in the brain anymore, fatty acids derived from stored
adipose tissue are the first alternative energy sources [12, 55], thus
reducing weight. If fatty acids are no longer available, amino acids
derived from muscle tissue may be used for energy production
[56]. On the other hand, we identified increased levels of BCAAs in
the brain of individuals with AD, which is in the opposite direction
of their association in the periphery. This may be explained by the
increased requirement of BCAAs in the brain [57]. Due to failing
glucose metabolism, besides ketone bodies, more valine in the
periphery must be transported to the brain to meet the energy
requirements of the brain. Compared to ketone bodies, BCAAs,
especially valine, readily cross the BBB via the LAT1 (SLC7A5)
transporter in exchange for glutamine [48]. LAT1 expression is
concentration-dependent and increases with rising plasma con-
centrations of BCAAs [48]. We found that LAT1 was down-
regulated in the brain in AD and AD pathology. Given low
concentration of BCAAs in the plasma of future AD patients, their
accumulation in the brain may be reflective of their defective
metabolism in the brain. BCAAs catabolism is dependent on
mitochondrial enzymes [48]. Our brain proteomic signatures of
APOE &4 revealed that the entire mitochondrial machinery was
downregulated in APOE €4* and with AD pathology, including TCA
cycle enzymes as well as the mitochondrial transporters. To be
used as energy substrates by mitochondria, BCAAs (valine in
particular) rely on gluconeogenesis [58]. It is therefore intuitive to
think that the accumulation of BCAAs in the brain points towards
their defective catabolism.

Of note is that of the 85 metabolites associated with dementia,
we could only link four, BHBA and the three BCAAs, valine, leucine
and isoleucine to AD using Mendelian Randomisation based on
our knowledge of the genetics of AD. This does not imply that the
other metabolites, in particular the lipids are not biologically
relevant. For instance, downregulation of BHBA levels in the brain
is associated with an abundance of proteins implicated in
cholesterol metabolism. When comparing the metabolomic
signatures of dementia with that of its early endophenotypes,
results were overall consistent for VLDL subfractions, triglycerides,
BCAAs and fatty acids. The study does suggest that bioenergetic
pathways and perhaps metabolism in general is completely
disturbed in dementia patients.

Despite the large sample size of the study, we still did not have
sufficient power to detect associations with VAD as the number of
cases was low in the UK Biobank. Secondly, the age range in the
UK Biobank is 37-73 years at recruitment, which limited our ability
to study APOE related changes in the metabolites in younger
people. From a clinical perspective, it would be interesting to find
out the exact age at which this metabolic shift, i.e., from glucose to
ketones happens in APOE &4 carriers as our data shows that it
happens before the age of 40. In the ROSMAP dataset, there were
a very few APOE €44 carriers, which resulted in a very low
statistical power to detect associations particularly in identifying
metabolomic and proteomic signatures of APOE. Further, ROSMAP
data consists of very old participants (age >70 years), conse-
quently it is not possible to determine early life changes in the
brain metabolomics and proteomics in APOE £4". This also made it
difficult to make a comparison with UK Biobank and might explain
the opposite effects of BHBA and BCAAs observed in plasma and
brain. Besides the age difference, the technical differences, i.e, in
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metabolomics assessment, adjustment for confounders, the
inherent difference in tissues (as gene expressions are tissue
specific) and the sample size might explain the plasma-brain
discrepancies observed in our study. Fourth, the differences in
proteomics measurements in plasma and brain, especially in the
coverage of proteins made it difficult to compare the identified
proteomic pathways. Finally, we have based our conclusions on
cross-sectional data, longitudinal assessment of metabolites in
plasma will provide a more accurate picture of how these
metabolites behave over time in cases and controls.

In conclusion, we find that the concentrations of BHBA and
BCAAs in plasma and brain are differentially regulated in AD
patients and modulated by age and APOE 4. High concentration
of plasma BHBA in blood may be a potential early marker of AD to
be studied further and our findings raises a question about the
effectiveness of interventions on BHBA in APOE €4 carriers, which
may have adverse effects. The low levels of valine in blood begs
for further research on the interplay between APOE &4, sarcopenia,
aging and energy metabolism including mitochondrial function
and the TCA cycle, particularly in the early phase of AD. A clinical
question to be answered is to what extent the lack of energy
interferes with the disease pathology and with the outcome of
trials. The proteomics signatures of APOE, BHBA and BCAAs
suggest downregulation of mitochondrial metabolism but also
involves the lysosome and immune system.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
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All procedures and research protocols were approved by the
corresponding ethical committees of collaborator’s institutions as
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found in the website of Rush Alzheimer’s Disease Center (RADC;
https://www.radc.rush.edu/). All participants provided written
informed consent for their involvement and use of their data
and tissue for research.
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