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Background: Cerebral Amyloid Angiopathy (CAA) is one of the major causes of intracerebral
haemorrhage and vascular dementia in older adults. Early diagnosis will provide clinicians with an
opportunity to intervene early with suitable strategies, highlighting the importance of
presymptomatic CAA biomarkers.

Objective: Investigation of pre-symptomatic CAA related blood metabolite alterations in Dutch-
type hereditary CAA mutation carriers (D-CAA MCs).

Methods: Plasma metabolites were measured using mass-spectrometry (AbsolutelDQ® p400 HR
kit) and were compared between pre-symptomatic D-CAA MCs (n=9) and non-carriers (D-CAA
NCs, n=8) from the same pedigree. Metabolites that survived correction for multiple comparisons
were further compared between D-CAA MCs and additional control groups (cognitively
unimpaired adults).

Results: 275 metabolites were measured in the plasma, 22 of which were observed to be
significantly lower in the D-CAA MCs compared to D-CAA NCs, following adjustment for
potential confounding factors age, sex and APOE &4 (p<0.05). After adjusting for multiple
comparisons, only spermidine remained significantly lower in the D-CAA MCs compared to the
D-CAA NCs (p<.00018). Plasma spermidine was also significantly lower in D-CAA MCs
compared to the cognitively unimpaired young adult and older adult groups (p<.01). Spermidine
was also observed to correlate with CSF Ap40 (rg=.621, p=0.024), CSF Ap42 (rg=.714, p=0.006)
and brain Ap load (rs= —-.527, p=0.030).

Conclusion: The current study provides pilot data on D-CAA linked metabolite signals, that also
associated with AP neuropathology and are involved in several biological pathways that have
previously been linked to neurodegeneration and dementia.

Keywords

Vascular dementia; Cerebral amyloid angiopathy; Blood biomarkers; Early diagnosis;
Metabolomics; Hereditary cerebral haemorrhage with amyloidosis - Dutch type; Intracerebral
haemorrhage

Introduction

Sporadic Cerebral Amyloid Angiopathy (CAA) is associated with the accumulation of
amyloid-B (Ap) in the cerebral vasculature and is one of the major causes of intracerebral
haemorrhage and vascular dementia observed in older adults [1]. While the Boston criteria
facilitates the diagnosis of possible and probable CAA, a definitive CAA diagnosis can only
be achieved by post-mortem neuropathological examination [2], impeding further research
investigating pre-symptomatic CAA biomarkers. Identification of pre-symptomatic CAA
biomarkers will enable early diagnosis, thereby enabling clinicians with an opportunity to
inform patients on associated bleeding risks with intravenous thrombolysis or
anticoagulation therapy.

The Dutch-type hereditary Cerebral Amyloid Angiopathy (D-CAA, also known as
hereditary cerebral haemorrhage with amyloidosis Dutch type, HCHWA-D) mutation
carriers (MCs), predominantly found in a few families originating from the Katwijk and
Scheveningen villages in the Netherlands, present a unique opportunity to study the pre-
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symptomatic phase of CAA. In D-CAA MCs, a point mutation on codon 693 (guanine to
cytosine transversion, E693Q) of the amyloid precursor protein gene (APP), results in the
accumulation of abnormal Ap E22Q peptide and thereby severe CAA [3]. Given that
inheritance of the D-CAA mutation results in 100% penetrance, pre-symptomatic
individuals carrying the D-CAA mutation can be diagnosed by genetic analysis [4]. Further,
D-CAA MCs manifest symptoms, particularly intracerebral haemorrhage, at a relatively
young age (50-60 years), and therefore present as a suitable model to explore pre-
symptomatic CAA-related changes, relatively close to symptom onset, with minimal
influence of age associated co-morbidities.

Cerebrospinal fluid (CSF) A levels and brain A load via positron emission tomography
(PET) have previously been evaluated as potential CAA markers using pre-symptomatic and
symptomatic D-CAA and sporadic CAA cohorts. Lower CSF AB40 and AB42
concentrations and higher A PET signals have been reported in pre-symptomatic and
symptomatic D-CAA MCs and sporadic CAA individuals compared to non-carrier (D-CAA
NCs) and control individuals, respectively [5-7]. However, due to the invasive nature of
lumbar punctures and the costs involved with amyloid-PET, potential blood biomarkers for
pre-symptomatic CAA need to be investigated, as less invasive and cost-effective measures
to detect CAA in its pre-symptomatic phase.

Therefore, the aim of the current study was to utilize metabolomics to reveal systemic
biochemical changes associated with pre-symptomatic CAA pathogenesis that could serve
as potential blood biomarkers for early CAA diagnosis and also provide insight into the
biological pathways associated with the pre-symptomatic stage of CAA, relevant to future
preventative trials for both, D-CAA and sporadic CAA. Blood metabolite levels were
compared between pre-symptomatic D-CAA MCs (n=9) and NCs (n=8).We hypothesised
that individuals within the pre-symptomatic stage of CAA (i.e. prior to stroke and cognitive
impairment) will have specific metabolite alterations in the blood compared to D-CAA NCs.

Materials and Methods

Participants

Participants for comparison of plasma metabolites in D-CAA MCs versus D-CAA NCs from
the same APP E693Q D-CAA pedigree whose ancestors migrated from the Netherlands to
Australia, were enrolled in the Dominantly Inherited Alzheimer Network (DIAN) study at
Edith Cowan University, Western Australia (n=18). Upon DNA testing, ten participants were
found to be positive for the mutation while eight were negative. One D-CAA MC had a
history of stroke and was excluded from the current study in order to utilise a purely pre-
symptomatic cohort. Therefore, eight D-CAA NCs and nine D-CAA MCs were included,
and plasma metabolite concentrations were compared between these D-CAA NCs and D-
CAA MCs from the same pedigree. Further, for the validation of plasma metabolites that
survived correction for multiple comparisons analyses, two independent control groups of
participants were employed for comparison against the D-CAA MCs. These independent
control groups comprised cognitively unimpaired young adults without an autosomal
dominant Alzheimer’s disease mutation who were also enrolled within the DIAN study,
Australia (CU-1, n=7) and cognitively unimpaired older adults from the Kerr Anglican
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Retirement Village Initiative in Ageing Health (KARVIAH) cohort, Australia (CU-2, n=100)
[8] (Supplementary Figure 1). The study was approved by the human research ethics
committees at Macquarie University, Edith Cowan University and Washington University.
All participants provided informed written consent.

Plasma metabolite measurements

Endogenous metabolite concentrations were measured in fasted plasma samples employing a
targeted metabolomics approach. The samples were collected and stored at —80 °C prior to
analysis as described previously by Bateman and colleagues [9]. The targeted metabolomics
approach employed the AbsoluteIDQ® p400 HR kit (BIOCRATES Life Science AG,
Innsbruck, Austria). Metabolites with >40% of measurements below the lower limit of
detection (LLOD) were excluded from the analysis [10, 11]. Based on this, 275 metabolite
species in the plasma were analysed within the current study (See Supplementary Material
for further details).

Neuropsychological assessments

Neuropsychological data were obtained from the DIAN and KARVIAH databases,
respectively. Mini-Mental State Examination (MMSE), a measure of general cognitive
function (for DIAN and KARVIAH cohorts) [12], as well as the Clinical Dementia Rating
(CDR) scale, a semi-structured interview assessing dementia severity (DIAN cohort only)
[13], were utilised as measures of cognitive status in the current study.

CSF A concentration measurements

Cerebrospinal fluid (CSF) AB (Ap40, Ap42) concentrations were obtained from the DIAN
database for the D-CAA NCs and MCs from the same pedigree. CSF Ap40 and Ap42
concentrations were measured using INNOTEST® B-AMYLOID;_40) and INNOTEST® B-
AMYLOIDy_4p) (Fujirebio, Ghent, Belgium) as described previously [9].

Neuroimaging

Brain Ap load (measured via Positron Emission Tomography (PET) using ligand 11C-
Pittsburgh Compound B) represented by standard uptake value ratios (SUVR) were accessed
from the DIAN database for the D-CAA NCs and MCs from the same pedigree. The SUVR
utilised in the current study was calculated with FreeSurfer using the cortical mean (mean of
the prefrontal, temporal, gyrus rectus and precuneus) as the region of interest with the
cerebellar gray matter as the reference region, as described previously [14].

Statistical analysis

Descriptive statistics including means and standard deviations, or proportions were
calculated for D-CAA MCs versus D-CAA NCs (from the same pedigree)/ CUs, with
comparisons employing linear models or Chi-square tests as appropriate, in Table 1 and
Supplementary Table 1. Composite scores were generated by taking the mean of the z-scores
of the variables of interest. Linear models were employed to compare continuous variables
(plasma metabolites concentrations and composite scores) between D-CAA MCs and D-
CAA NCs from the same pedigree corrected for covariates age, sex and apolipoprotein E e4
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genotype (APOE e4) status. Response variables were natural log transformed as necessary
to better approximate normality and variance homogeneity. Adjustments for multiple
comparisons were carried out using Bonferroni correction for metabolites compared
between D-CAA MCs and D-CAA NCs, from the same pedigree, after correcting for
covariates. Metabolites that survived correction for multiple comparison analyses
(p<.00018), were further validated by comparing them between D-CAA MCs and
independent control groups (CU-1 and CU-2). Spearman’s correlation (rs) was employed to
evaluate the strength of the association between plasma metabolites (that survived correction
for multiple comparisons) with CSF A concentrations and brain Af load. All analyses were
carried out on the platform R.

Participant characteristics

Characteristics of D-CAA NCs and D-CAA MCs from the same pedigree are presented in
Table 1, wherein no significant differences were observed between the D-CAA NCs and
presymptomatic MCs, except for CSF Ap concentrations (p<.05) and brain AB load (p<.05)
as expected [6, 7].

Participant characteristics of D-CAA MCs compared to additional D-CAA mutation non-
carrier groups (CU-1 and CU-2) are presented in Supplementary Table 1. No significant
differences in demographic characteristics were observed between the D-CAA MCs and the
additional D-CAA mutation non-carrier groups, except for age, wherein the D-CAA MCs
were significantly older than CU-1 group participants (p<.0001) and significantly younger
than CU-2 group participants (p<.0001).

Plasma metabolite differences between D-CAA mutation carriers and non-carriers

Association

On investigating metabolite alterations in the D-CAA MCs compared with the D-CAA NCs
from the same pedigree, 22 plasma metabolites out of the 275 metabolites measured,
belonging to the biogenic amine, amino acid, hexose, acylcarnitine (AC), sphingomyelin
(SM) and phosphatidylcholine (PC) classes, were observed to be significantly lower in the
D-CAA MCs, following adjustment for potential confounding factors age, sex and APOE 4
genotype status at a significance level of p<0.05 (Table 2, Figure 1). However, after
adjusting for multiple comparisons, only spermidine remained significantly different
between D-CAA MCs and NCs (p<.00018). On comparing spermidine levels between D-
CAA MCs and CUs, spermidine levels continued to be lower in the D-CAA MCs (CU-1:
p=.008; CU-2: p<.0001, Table 3, Figure 2).

of CSF AB with plasma spermidine

Within the D-CAA MCs and D-CAA NCs from the same pedigree, a significant positive
association was observed between CSF AB40 and spermidine (rg=.621, p=0.024). Further, a
positive association was observed between CSF Ap42 and spermidine (rs=.714, p=0.006).
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Association of brain A load with plasma spermidine

Given that brain Ap load was significantly higher in the D-CAA MCs compared to the NCs,
we expected that spermidine will be inversely associated with brain Ap load given that
spermidine was significantly lower in D-CAA MCs. Indeed, an inverse association was
observed between brain AB load and spermidine (rs= —.527, p= 0.030) within the D-CAA
MCs and D-CAA NCs from the same pedigree.

Discussion

The current study is the first to report on blood metabolite alterations associated with the
pre-symptomatic stage of D-CAA i.e. prior to stroke and cognitive impairment. Currently, in
addition to a lack of a treatment, there is also no early diagnostic test for CAA. Within the
present study, two-hundred and seventy-five metabolite species in the blood were compared
between D-CAA MCs and NCs, wherein 22 metabolites were observed to be significantly
lower in the D-CAA MCs following adjustment for potential confounding factors. However,
after adjusting for multiple comparisons, only spermidine remained significantly altered.
Spermidine was also observed to have a positive association with CSF Ap40 and Ap42 and
an inverse association with brain Ap load.

The biogenic amine spermidine has been reported to manifest antioxidant and anti-
inflammatory properties, promote mitochondrial metabolic function and respiration, and
enhance proteostasis and chaperone activity [15]. Oral supplementation and dietary intake of
spermidine has been reported to positively influence cognitive performance in older adults at
risk of AD and inversely, with all-cause mortality [16, 17]. Furthermore, decreased
spermidine levels in the plasma have been observed in AD patients compared to individuals
with mild cognitive impairment (MCI) and healthy controls [18]. While these observations
are in line with the findings of lower spermidine levels in D-CAA MCs seen within the
present study given that 80% of AD patients show CAA comorbidity [19], the exact
mechanisms are currently not known. However, it is known that the neuroregulatory action
of spermidine results from its interaction with ionotropic receptors, particularly N-methyl-D-
aspartate (NMDA\) receptors, and the neuroprotective properties of spermidine are posited to
result from the inducement of autophagy in glial or neuronal cells and suppression of
inflammation [15, 20]. The ability of spermidine to permeate the mammalian blood brain
barrier remains elusive, however it has been suggested that spermidine may act through
peripheral routes that involve modulating inflammation via cytokines and immune cells that
can reach the cerebral tissue [15, 21, 22].

Additionally, other metabolite alterations observed within the current study, although did not
survive correction for multiple comparisons, have been reported to be associated with nitric
oxide homeostasis, oxidative stress, inflammation, mitochondrial function, glucose and cell
membrane lipid metabolism, biological pathways that have previously been implicated in
neurodegenerative diseases [10, 11, 23-29].

It is recognised that this study has limitations given its modest sample size and that further
studies are required to validate these exploratory findings in independent groups comprising
pre-symptomatic D-CAA MCs and age- and sex-matched NCs. Additionally, future studies
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also need to investigate whether similar metabolite alterations are present between
individuals with pre-symptomatic sporadic CAA and age- and sex-matched controls.
Furthermore, future studies also need to investigate whether similar metabolite alterations
can differentiate individuals with pre-symptomatic CAA (D-CAA and sporadic) from age-
and sex-matched individuals with preclinical AD (familial and sporadic, prior to symptom
manifestation) and symptomatic AD (familial and sporadic). The consideration of
longitudinal changes in metabolite alterations in the CAA pathology progression or CAA
pathogenesis trajectory will also allow evaluation of metabolite alterations as prognostic
markers to track disease severity and serve as potential novel therapeutic targets.
Furthermore, while a few studies using proteomics and transcriptomics techniques on post-
mortem brain tissue with CAA have been carried out [30-32], employing similar proteomics
and transcriptomics techniques in blood samples from patients with sporadic CAA and D-
CAA will complement the CAA-associated metabolite alterations observed within the
current study, contributing to efforts in developing a robust panel of pre-symptomatic blood
markers for CAA.

It is also important to acknowledge the challenges involved in investigating biomarkers for
pre-symptomatic CAA, given the rare incidence of D-CAA and thereby the inaccessibility to
large independent D-CAA cohorts for validation, even though D-CAA MCs serve as a
suitable model for such research. Further, access to blood samples from individuals within
the pre-symptomatic stage of sporadic CAA may prove to be another challenging aspect.
Additionally, expanding the current pilot observations to sporadic CAA will also be a future
challenge given the presence of mixed pathologies and comorbid conditions in such cases,
wherein there are usually traces of AD pathology in CAA brains and traces of CAA in AD
brains [33], therefore raising the question of whether biomarker/metabolite alterations
observed are associated with CAA pathology and/or AD pathology. To understand whether
metabolite changes are associated with CAA pathology or AD pathology, studies employing
“disconnected” cases (severe CAA with no or very mild AD, and vice versa) will be
particularly informative. Further, age related vascular comorbidities such as hypertension or
diabetes may also contribute to mixed pathology in individuals with sporadic CAA and will
therefore need to be accounted for.

To conclude, the current study provides pilot data on D-CAA linked metabolite signals, that
also associated with AP neuropathology and are involved in several biological pathways that
have previously been linked to neurodegeneration and dementia. Further studies are required
to validate observations from the current study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Plasma metabolites altered between D-CAA mutation non-carriersand carriersfrom

the same pedigree.

Metabolites measured in the plasma were compared between D-CAA mutation non-carriers
(D-CAA NCs, n=8) and pre-symptomatic mutation carriers (D-CAA MCs, n=9) employing
linear models. Composite scores for acylcarnitine (AC) and sphingomyelin (SM) were
generated from the mean of the z-scores of AC and SM species, respectively, as listed in
Table 2. Line segments within the plots represents the median and the error bars represent
the interquartile range. *represents p<0.05, **represents p<0.005, ***represents p<0.001.
SDMA, symmetric dimethyl arginine; AC, acylcarnitine; SM, sphingomyelin; PC-O,

phospholipid with choline headgroup and presence of an alkyl ether substituent.
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Plasma spermidine levels were compared between D-CAA mutation carriers (D-CAA MC)
and D-CAA mutation non-carrier groups (D-CAA NC from same pedigree as D-CAA MC,
cognitively unimpaired young adults (CU-1) and cognitively unimpaired older adults
(CU-2)) using general linear models. The line segment within the plot represents the median
and the error bars represent the interquartile range.
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Table 1.
Study participant characteristics.
D-CAA NC D-CAA MC p p?
N 8 9 - -
Sex (M/F) 3/5 3/6 0.858 | -
Age (Mean+SD) 43.5+6.57 44.11+4.31 0.822 | -
EYO (years; MeanSD) —6.09+6.43 -5.27+4.30 0.759 | -
APOE 4 (%) 375 22.2 0.490 | -
MMSE (Mean+SD) 28.63+1.60 28.67+1.41 0.955 | -
CDR global=0 (%) 100 100 - -
Stroke (%) 0 0 - -
CSF AB40 (pg/mL; MeanSD) 9882.92+3076.97 | 6971.35+1088.65 | 0.051 | 0.039
CSF Ap42 (pg/mL; Mean+SD) 618.63+206.81 311.67+154.85 0.012 | 0.007
CSF Ap42/AB40 (Mean+SD) 0.068+0.027 0.045+0.018 0.108 | 0.034
Brain Ap load (SUVR, Mean+SD) | 0.985+0.078 1.209+0.221 0.016 | 0.014

Page 13

Characteristics including sex, age, expected years to symptom onset (EYO) based on age at symptom onset of biological mutation carrier parent,
APOE &4 status, Mini Mental State Examination (MMSE) scores, Clinical Dementia Rating (CDR) scale scores, history of stroke, cerebrospinal
fluid (CSF) Ap4O0 levels, CSF AB42 levels, CSF Ap42/AB40 ratios, CSF total tau (t-tau) levels, CSF phosphorylated tau (p-tau) levels, CSF p-tau/t-
tau ratios, plasma Ap40, plasma Ap42 levels and plasma AB42/AB40 ratios have been compared between Dutch-type hereditary cerebral amyloid
angiopathy (D-CAA) mutation non-carriers (NCs) and pre-symptomatic carriers (MCs) from the same pedigree. Chi-square tests or linear models
were employed as appropriate. CSF parameters presented were only compared between seven NCs and six MCs, due to missing data. CSF Ap42
and AB40 were measured using the INNOTEST B-AMYLOID(1-40) and INNOTEST B-AMYLOID(1-42) (Fujirebio, Ghent, Belgium). Brain Ap

load was measured via Positron Emission Tomography and is presented as the standard uptake value ratio (SUVR) of the ligand, 11C—Pittsburgh

Compound B, uptake in the cortical region (mean of the prefrontal, temporal, gyrus rectus and precuneus) as the region of interest with the

cerebellar gray matter as the reference region. p@ represents p-values adjusted for age, sex and APOE e4 carrier status. p<0.05 were considered as

significant.
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Table 2.

Plasma metabolites altered between D-CAA mutation non-carriers and carriers.

D-CAA NC D-CAAMC p p2 pP pt
Biogenic amines Mean  SD Mean SD
Spermidine 0.159 0.038 0.082 0.038 0.001 0.001 0.001 0.0001
SDMA 0.523 0.065 0.419 0.046 0.002 0.002 0.003 0.005
Amino acids
Phenylalanine 62.475 6.635 54.133 3.291 0.004 0.006 0.007 0.011
Tryptophan 65.463 12.288 54.956 7.003 0.044 0.022 0.022 0.035
Sum of hexoses
Hexoses 7999.5 983.656 6980.333 583.862 0.019 0.019 0.006 0.008
Acylcarnitines
AC(4:0) 0.397 0.127 0.286 0.124 0.089 0.076 0.083 0.041
AC(5:0) 3.958 0.966 2.893 0.761 0.023 0.021 0.026 0.040
AC(14:0) 0.026 0.005 0.019 0.006 0.015 0.019 0.023 0.006
AC(16:0) 0.080 0.019 0.063 0.011 0.033 0.035 0.043 0.049
Composite AC score 0532  0.474 -0.473 0.538 0.001 0.001 0.002 0.001
Sphingolipids
SM(30:1) 0.845 0.240 0.648 0.206 0.089 0.050 0.024 0.021
SM(32:2) 1.261 0.441 0.887 0.242 0.044 0.047 0.018 0.007
SM(34:2) 17.838 3.920 15.078 3.486 0.145 0.127 0.063 0.042
SM(35:1) 4.895 0.600 4.077 1.205 0.103 0.097 0.065 0.041
SM(36:1) 53.663 10.127 41.456 10.332 0.027 0.033 0.024 0.007
SM(36:2) 8.201 1.603 6.891 1.690 0.123 0.138 0.056 0.016
SM(37:1) 4.389 0.816 3.586 1.067 0.105 0.121 0.076 0.014
SM(38:2) 11.311 2861 9.199 2.449 0.122 0.121 0.105 0.033
SM(40:2) 34.4 9.455 26.342 9.227 0.096 0.087 0.076 0.040
SM(42:1) 24925 5.170 20.289 5.060 0.082 0.084 0.094 0.034
SM(42:2) 70.613 13.924 58.844 14.689 0.112 0.116 0.093 0.048
SM(44:2) 1.675 0.279 1.287 0.341 0.022 0.028 0.021 0.017
Composite SM score  0.447 0.697 -0.398 0.781 0.033 0.037 0.018 0.004
Phospholipids
PC-O(42:4) 0.621 0.275 0.368 0.157 0.032 0.028 0.018 0.024
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Metabolites measured in the plasma were compared between D-CAA mutation non-carriers (D-CAA NCs, n=8) and pre-symptomatic mutation

carriers (D-CAA MCs, n=9) employing linear models. p? indicates p-values adjusted for age; pb indicates p values adjusted for age and sex; p©

indicates p values adjusted for age, sex and APOE 4 status. Only metabolites with p®<0.05 have been presented in the current table and were
considered as statistically significant. All metabolite concentrations are presented in uM. SDMA, symmetric dimethyl arginine; PC-O, phospholipid
with choline headgroup and presence of an alkyl ether substituent.
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Table 3.
Comparison of plasma spermidine levels between D-CAA and CU adults.

D-CAAMC | cu- cu-2 p padi pa | p°

N=9 N=7 N=100

0.082+0.038 | 0.177+0.029 | 0.195+0.054 | <.0001 | <.0001 | .008 | <.0001

Plasma spermidine levels (presented in mean+SD, uM) in D-CAA MCs were compared with plasma spermidine levels in cognitively unimpaired
younger adults (CU-1) and cognitively unimpaired older adults (CU-2). p and padj represent univariate p-values before and after adjusting for age,
sex and APOE 4 carrier status. p& and pb represent pairwise comparisons between D-CAA MC and CU-1, D-CAA MC and CU-2, respectively.
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